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Abstract

Many commercial bioprocesses use complex media, containing lipid oil as either their 

sole carbon source or with a carbohydrate supplement. Compared to carbohydrates, oils 

have been shown to stimulate antibiotic productivity and provide a more cost effective 

means of supplying carbon, when assessed on a carbon per unit volume basis. Oil also 

has technical advantages, such as facilitating more concentrated feed addition (gram 

atoms of carbon per unit volume) and antifoam properties. The major disadvantage of 

oils, however is the sometimes inordinate residual concentration at the end of the 

process, which can interfere with efficient down-stream processing.

In this project, research has been undertaken to examine factors affecting lipid

utilisation and final residual oil concentration in 5 and 7 L fed batch fermentation of two
%

industrial, mutant strains of Streptomyces rimosus. One strain, M3 8182, had been 

subjected to significantly more cycles of mutation and selection than the other (M4018) 

and was the current production strain when the project was initiated. This project 

provided an opportunity to study the influence of physical bioreactor conditions on 

secondary metabolite production and lipid assimilation of highly mutated commercial 

strains.

On initially comparing the two strains, in addition to much greater OTC titres in 

M38182 than M4018 processes it was apparent that the final residual oil concentration 

differed considerably. The M38182 strain had an unmetabolised residual oil 

concentration of 18 gL'\ over double that of the M4018 strain. M3 8182 also attained a 

considerably higher broth viscosity than M4018. However, in experiments conducted to 

investigate the effect of broth viscosity on oil utilisation it was found that the final 

residual oil concentration was independent of viscosity.

Staining of the oil fed to the process was used in order to visualise oil within the broth. 

Image analysis indicated oil mainly existed as discrete droplets and that freshly fed and 

residual oil showed little interaction. The droplets were also considerably smaller (5 to 

30 pm) than the terminal eddy size (400 to 600 pm) in the broth. This suggested that the 

oil droplets behaved as rigid spheres, and that their diameter was not determined by the 

turbulent flow field alone. Droplet size was predicted reasonably well when a 

correlation based on the phase properties of the liquids was used (mean value of



approximately 60 pm), indicating that interfacial tension was important in determining 

droplet size.

Feeding of the oil in the form of a microemulsion decreased the oil droplet diameter to 

300 nm. This increased oil utilisation, which in turn decreased residual oil 

concentrations in processes of both strains. This indicated that a reduction in oil droplet 

size facilitated oil utilisation. The final residual oil in the M3 8182 strain was however 

still considerably higher than that in the M4018 strain. It is suggested that this could 

have been due to differences in cell surface properties or lipase specificity of the 

M3 8182 strain.

The results presented here improve our understanding of the factors involved in oil 

utilisation and indicate potential strategies for improving residual oil utilisation, and 

therefore decreasing the level of residual oil remaining unmetabolised. This should 

decrease the costs of secondary metabolite production by improving downstream 

processing and reducing raw material requirement.
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“b” ................................................................................................................................ 207
Figure 7.13. OTC production profiles for M38182 control fermentation and 
M38182 fermentation fed with microemulsion: duplicate fermentations ^a” and 
“b” ............................................................................................................................... 208
Figure 7.14. Oil utilisation profiles for M38182 control fermentation and M38182 
fermentation fed with microemulsion: duplicate fermentations ^a  ̂and ...... 209
Figure 7.15. Residual oil concentration profile for the M38182 control 
fermentation, as determined using the GC and solvent extraction methods.........210
Figure 7.16. Residual oil concentration profile for the M38182 microemulsion fed 
fermentations, as determined using the GC and solvent extraction methods....... 210
Figure 7.17. Fatty acid profile for M38182 control fermentation.......................... 211

Figure 7.18. Fatty acid profile for M38182 fermentation fed with microemulsion: 
duplicate **a**................................................................................................................212

Figure 7.19. Fatty acid profile for M38182 fermentation fed with microemulsion 
duplicate ................................................................................................................212

Figure 7.20. Mass balance of individual fatty acids showing the percentage
of each utilised compared to the total amount fed for the M4018
control fermentation................................................................................................... 216
Figure 7.21. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M4018 microemulsion fed 
fermentation.................................................................................................................217

xix



Figure 7.22. Mass balance of individual fatty acids showing the percentage
of each utilised compared to the total amount fed for the M38182
control fermentation................................................................................................... 217
Figure 7.23. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M38182 microemulsion fed 
fermentation.................................................................................................................218

Figure 8.1. Illustration of the rigid sphere hypothesis of oil droplet lipolysis....... 224
Figure 8.2. Illustration of the electrochemical double layer and movement of a 
droplet in a dc electrical field due to the zeta potential........................................... 226

Figure 9.1. Calibration curves for capryllic and capric acid...................................229

Figure 9.2. Calibration curves for lauric and myristic acid....................................230
Figure 9.3. Calibration curves for palmitic and stearic acid...................................230

Figure 9.4. Calibration curves for Oleic and linoleic acid.......................................231

Figure 9.5. Calibration curves for linolenic acid.......................................................231

XX



List of Tables

Table 1.1. Examples of streptomycete antibiotics....................................................... 5
Table 1.2. Antibacterial activity of the natural and semi-synthetic Tetracyclines ...9

Table 1.3. Common fatty acids.....................................................................................15

Table 1.4. The fatty acid composition of zero erucic acid rapeseed o i l ...................17

Table 1.5. Different oil supplements which improved antibiotic productivity........19

Table 1.6. Lipase producing microorganisms............................................................28

Table 1.7. Microorganisms known to produce extracellular lipase.......................... 29
Table 2.1. Source and grades of chemicals and media components used.................48

Table 2.2. Composition of spore preparation and storage media............................. 52

Table 2.3. Composition of TSBYG seed medium....................................................... 53

Table 2.4. Complex media composition..........................................................  54
Table 2.5. Complex media for batch shake flask fermentation.................................55

Table 2.6. List of sources of pseudoplastic thickening agents................   56
Table 2.7. The composition of émulsification and substrate reagents for lipase 
analysis............................................................................................................................ 60
Table 2.8. Composition of the assay reagents for ammonia analysis.......................71
Table 2.9. Flow rates for the ammonia assay reagents..............................................72
Table 3.1. Fatty acid composition of soybean and rapeseed oils.............................. 83
Table 4.1. Lipolytic activity in shake flask cultures of the M4018 S, rimosus strain 
using defined media and various carbon sources......................................................134
Table 4.2. Lipolytic activity in samples of whole broth, supernatant and 
resuspended cells from defined media shake flask fermentation............................136

Table 4.3. Lipolytic activity in shake flask cultures of Strain M38182 using defined 
medium and various carbon sources......................................................................... 141

Table 4.4. Lipolytic activity in samples of whole broth, supernatant and 
resuspended cells from defined media shake flask fermentation............................143

Table 5.1. Results of pseudoplastic thickening agent screen...................................152

XXI



a

Nomenclature

Gas-liquid interfacial area per liquid volume (m̂ m'̂ )
A Area (m̂ )
AI After inoculation (-)
AIv After inoculation volume L
BI Before inoculation (“)
C* Saturated dissolved oxygen concentration (mol m'̂ )
C l Dissolved oxygen concentration (mol m'̂ )
CAP Common agricultural policy (-) , ,
CER Carbon evolution rate (mmol. L' h" )
CoA Coenzyme-A (-)
Condition A Media and process conditions for M4018 process C-)
Condition B Media and process conditions for M3 8182 (-)

D32

process
Sauter mean diameter (m)

di Impeller diameter (m)
DOT Dissolved oxygen tension (% air saturation)
F Force (N) '
g Acceleration due to gravity (ms‘*)
HPLC High performance liquid chromatography (■)
K Consistency coefficient (PaS“)
kp Plastic viscosity (Pa*^s’̂ )
kL Overall Mass transfer coeffecient (ms'*)
MIC Mean inhibitory concentrations (-)
n Flow behaviour index of the broth (-)
Ni Impeller speed (rps)
NIR Near mfra-red (-)
OTC Oxytetracycline (“)
OTR Oxygen transfer rate (mol m' liquid s' )
OUR Oxygen uptake rate (mmol L'* h'*)
PCV Packed cell volume (%)
Pg Gassed power (W)
Pug Ungassed power (W)
Po Power number (■)
Q Gas flow rate (m̂ s'*)
RQ Respiratory quotient (CER/OUR) (-)
RSO Rapeseed oil (-)
TCA Tricarboxylic acid (-)
TLC Thin layer chromatography (-)
TSB Tryptone soya broth (")
V Velocity (ms* )
V Volume (m̂ )
Vi Viscosity function (-)
We Weber number (-)
X A distance (m)

XXll



Greek symbols

Y Shear rate (s ') ,
s Local energy dissipated per unit liquid volume wkg'
X Microscale of turbulence (m)
M Viscosity (Kgm-'s-')
R Apparent viscosity (Kgm's-‘)
V Kinematic viscosity (m̂ s"')
P Density
c Interfacial tension (Nm')
T Shear stres (Kgm-'s")

X Xlll



Chapter I. Introduction

1.0. Introduction

This research was carried out in order to investigate the utilisation of oil and in particular 

the problem of residual oil in oil based fed batch fermentation of Streptomyces rimosus.

A review of the relevant literature was initially conducted to investigate the importance 

of the organism and its product; the use of lipid oils in fermentation media; lipase 

enzymes; and finally rheology, mixing and oxygen mass transfer in stirred bioreactors.

The review therefore begins with the importance of actinomycetes and streptomycetes in 

terms of classification, morphology, secondary metabolite production and the economic 

importance of these bacteria. The review then discusses Streptomyces rimosus and 

particularly oxytetracycline, the commercially important antibiotic produced by this 

organism, more thoroughly. The review of oxytetracycline (OTC) more specffically 

includes details of structure, function, uses and biosynthesis. Also reviewed is the limited 

information available regarding the industrial production of OTC.

The review then progresses to discuss the addition of lipid oils to fermentation processes 

and in particular the additions made to those fermentations that produce secondary 

metabolites. Also reviewed are the advantages and disadvantages of these oil additions. 

The major disadvantage to the use of lipid oils is that a significant proportion of the 

substrate remains unused at the end of the fermentation; the review therefore places 

particular emphasis on this.

In order for an organism to utilise a lipid oil substrate, it must produce a lipase enzyme. 

These enzymes are responsible for the first step in the catabolism of triglycerides (the 

main constituent of lipid oil). Lipase activity is therefore important in oil utilisation. The 

research review therefore includes an investigation into lipases with particular emphasis 

on microbial lipases. The review specifically includes details of enzyme distribution in 

relation to the cell, specificities shown by lipases and factors affecting the activity of 

these enzymes.

The review investigated some of the process variables that may afifect both cell growth 

and oil utilisation. The concepts of rheology and viscosity are introduced and particular 

reference is made to the complex rheology of non-Newtonian fermentation broth. The 

mechanism of mixing in stirred bioreactors, including its effects on the organisms, are
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also discussed. Finally, oxygen mass transfer and how it is influenced by addition of oil is 

reviewed.

1.1 Actinomycetes

1.1.1 Introduction to the Actinomycetes

The XQim Actinomyces was first used by Harz in 1877 to describe an infectious agent in 

cattle as Actinomyces bovis. This term, meaning “ray fimgus”, was used due to the 

radial arrangement of the organism’s filaments (Waksman, 1950). Thus the existence of 

actinomycetes has been recognised for over a century. For much of this time, they were 

regarded as an unusual group of organisms with similarities to both bacteria and fimgi 

(Goodfellow et al, 1984J, For this reason, in the early twentieth century they were 

assigned to an order distinct fi*om the Eubacteriales, or true bacteria, known as the 

Actinomycetales (Waksman, 1950). Later work during the 1950s determined the true 

prokaryotic nature of the actinomycetes (Goodfellow et a l , 1984). Since this early 

classification using morphology alone, newer methods have been developed which 

include physiological characteristics, the composition of cell constituents (for example 

the cell walls), and finally the presence in the cell of characteristic lipids, sugars, and 

quinones (Omura, 1986). The actinomycetes are Gram positive bacteria, which sporulate 

and are saprophytic in nature (Goodfellow et a l, 1988). However, a short, accurate 

definition has been difficult to determine; they have on occasion been referred to as 

“prokaryotic fungi”, due to the filamentous morphology exhibited when cultured on a 

solid substrate. Gottlieb (1973) used the more appropriate term “bacteria which have the 

ability to form branching hyphae at some stage in their development”. However, Gottlieb 

then went on to criticise this, commenting that “this attribute is tenuous and often 

requires imagination to believe in”. Therefore, a more accurate definition would be 

“prokaryotic bacteria with elongated cells or filaments that generally show some degree 

of branching” (Goodfellow and Cross, 1984).

The difficulty in obtaining an accurate definition predominantly stems fi*om the widely 

varying morphology exhibited by the actinomycetes. This ranges fi’om relatively ‘simple’ 

rods and cocci to complex mycelial organisation bearing similarities to that observed in 

some eukaryotic systems, for example fungi (Locci and Sharpies, 1984). Such variation 

is influenced by factors including species, strain, physical environment and growth phase.
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The actinomycetes also vary in their distribution in nature; there are few natural 

substances entirely free of their presence. They have been isolated in a vegetative state 

in, for example, soils, lakes and composts, as well as being found in a dormant transitory 

state in substances such as sea water and dust (Waksman, 1950). However, despite such 

wide distribution, they are nearly all chemoheterotrophic, and therefore depend on the 

oxidation of organic molecules to provide both energy and carbon (Bader, 1986). In 

addition to this, a mesophilic temperature; an organic or inorganic nitrogen source; 

mineral salts; a pH close to neutral; and in almost all cases, oxygen are required for 

growth (Bader, 1986).

Actinomycetes initially became of interest during the late nineteenth century with the 

discovery of their capability to cause a significant number of diseases in plants, animals 

and humans (Goodfellow et a l, 1984). These include the potentially fatal diseases of 

diphtheria, tuberculosis and leprosy. It was not until the 1940s that the true medical and 

commercial value of these organisms was realised. This was due to the unearthing of 

their remarkable ability to produce a range of useful bioactive secondary metabolites, 

most notably antibiotics. This began in 1940 with Waksman and Woodruff’s discovery 

and isolation of actinomycin, an antibiotic produced hy Actinomyces antibioticus (now 

reclassified as Streptomyces antibioticus) (Waksman and Woodruff, 1940). 

Unfortunately, actinomycin was toxic to animals and therefore had little therapeutic 

value. However, in 1944 Shatz and co-workers discovered the production of the 

antibiotic streptomycin by Streptomyces griseus (Shatz et a l, 1944). This compound had 

great therapeutic value. It was most highly regarded for the treatment of tuberculosis 

(Goodfellow e/fl/., 1984).

The above events and the earlier discovery of penicillin initiated a new era of antibiotic 

research, with much effort devoted towards the isolation of novel compounds. With this 

new impetus, many antibiotics produced by the actinomycetes were quickly elaborated.

A significant proportion of which found therapeutic application in humans and animals. 

Unfortunately in recent years, the rate of discovery has slowed but important finds are 

still being made. This is exemplified by the discovery in the late 1970’s of the 

avermectins, which are potent anthelmintics produced by Streptomyces avermitilis (Burg 

et a l, 1979). Although most of the antibiotic producing actinomycetes found belong to 

the Streptomycetes, other genera such as Actinomadura, Actinoplanes and
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Micromonospora also produce usefiil antibiotics. An example of this is an anticoccidial 

produced hy Actinomadura roseorufa (Warren et al, 1995a and 1995b). However, for 

the purpose of this work the Streptomycete genus is of utmost relevance.

1.1.2.The Streptomycetes

The genus Streptomyces belongs to the family Streptomycetaceae (Waksman and 

Henricci, 1943). They are considered the most abundant Gram positive, aerobic 

actinomycetes (Buchanan, 1917). When cultured on solid media their growth is 

elaborate, forming mycelia with long branching, aseptate filaments. The mycelium is 

generally 0.5-2 pm thick and can develop in two forms, aerial and substrate (Deitz,

1986). These types of mycelia are morphologically, structurally and physiologically 

different (Kalakoutskii and Agre, 1976), the aerial type is less highly branched, 

hydrophobic, and responsible for bearing $pores. Spores are a survival strategy, and are 

generally round or oval and are borne in chains that are often spirally coiled (Waksman 

and Henricci, 1943). The production of aerial mycelium and thus spores is influenced by 

a number of factors, including media composition, incubation temperature and nutrient 

depletion (Kalakoutskii and Agre, 1976). The substratal mycelia grow with radial 

branching, which can penetrate the surfaces of solid organic media by production of 

extracellular enzymes (Locci and Sharpies, 1984). These mycelia also contain cross walls 

that give them strength, thus preventing fragmentation.

Mass antibiotic screening programmes and the large numbers of Streptomycetes isolated 

made classification of the genus very problematic. This was remedied in 1966 with the 

advent of the International Streptomyces Project (ISP). This was an international 

collaborative study for the re-description of all previously described species of 

Streptomyces. Shirling and Gottlieb directed the study; it took forty investigators five 

years to complete. In addition, standardised methods for characterising Streptomyces 

species were published by Shirling and Gottlieb in 1966 (Deitz, 1986). During this study 

the ISP used factors including pigment production, growth on carbon compounds in 

synthetic media, and spore formation patterns as a basis for characterisation (Shirling and 

Gottlieb, 1966). In recent years, the presence of L-diaminopimelic acid (L-DAP) in the 

peptidoglycan of Streptomycete cell walls has been used to distinguish them from other 

actinomycetes.
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Of the actinomycetes, the Streptomycetes stand out as the most productive antibiotic 

synthesisers. In fact they are responsible for over 90% of the antibiotics which have 

found practical use in medicine and agriculture (Omura, 1986). These organisms also 

show great versatility in antibiotic chemistry, producing examples of almost all known 

structural classes of commercially important antibiotics (Crandall and Hamill, 1986). This 

is illustrated in Table 1.1. which is far from exhaustive and does not show the ability of 

some organisms to produce more than one antibiotic.

Table 1.1. Examples of streptomycete antibiotics.

Antibiotic group Antibiotic Streptomycete Reference
Peptides Actinomycin S. antibioticus Waksman and Woodruff 

(1940)
Aminocyclitols Streptomycin S.^iseus Shatz et afr (1944)
Tetracyclines Oxytetracycline S. rimosus Finlay era/. (1950)

Polyenes Nystatin * . S. noursei Hazen and Brown (1951)
3 -lactams Cephamycin C S. clavuligerus Nagarajan et a/. (1971)

Nucleosides Sinefimgin S. griseolus Hamill and Hoehn (1973)
Polyethers SaHnomycin S. albus Miyazaki er a/. (1974)

Anthracyclines Aclacinomycin A S. galileus 0\d et al (1975)
Macrolides Avermectins S. avermitilis Burg et al (1979)
Ansomycin Herbimycin S. hygroscopicus Omura eta/. (1979)

1.1.3. Streptomyces rimosus

The actinomycete S. rimosus was first isolated from a soil sample in 1950 by Finlay and 

co-workers, while carrying out an antibiotic screening programme for Charles Pfizer and 

Company, New York (Finlay et al, 1950). When cultured on solid media, S. rimosus 

produces Gram positive substrate and aerial mycelia. The later are responsible for 

bearing spores at some point in the life cycle. In submerged culture, the situation is more 

complex involving changes in morphology as growth develops. Doskocil et a l, (1958) 

divided this development into five distinct phases:

• The lag phase. An indefinite period that can last up to several hours. Gram positive 

filaments do not grow or change in morphology during this time.

• Growth of the primary mycelium. The rate of oxygen uptake and the biomass 

concentration of the mycelium increase. Morphologically the mycelium are long, thick 

and Gram positive.
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• Fragmentation of the primary mycelium. The primary mycelium undergoes 

complete fragmentation. Occasionally a few of the primary mycelia persist in their 

entirety.

• Growth of the secondary mycelium. Long, thin filaments develop from the 

fragments of the primary mycelium; these initially stain Gram negative. Some fragments, 

however, fail to germinate, thus a variety of morphologies remain in the culture media. 

The stimulus for the production of these secondary mycelia is the amount of phosphate 

ion present in the culture media. If excess phosphate is present, transition to this phase is 

inhibited (Hostalek and Vanêk, 1985). During this period oxytetracycline (OTC) 

production begins at a rapid rate.

• Stationary phase. On depletion of growth limiting substrates, a stationary phase 

commences. During this phase, fragmentation is again apparent, although in this case it 

occurs more gradually. OTC synthesis continues.

S. rimosus is of importance as a prominent synthesiser of tetracycline class antibiotics, it 

predominantly produces OTC and to a lesser extent tetracycline (Perlman et al, 1960). 

OTC (trade name Terramycin) is a commercially important broad spectrum antibiotic 

(Kime/ût/., 1994).

1.2 Oxytetracycline

1.2.1. Introduction to the Tetracyclines

Since the introduction of the first of the tetracycline antibiotics in 1948, they have played 

a highly significant role in the treatment of bacterial infections (Boothe and Hlavka, 

1985). This was due to their ability to inhibit a much wider spectrum of pathogens, than 

the then favoured penicillins, including many Gram negative bacteria. In addition, they 

have found importance as growth promoters when added to the food of livestock. In the 

early 1980s the annual production of tetracyclines was in the order of 1 1 , 0 0 0  to 13,000 

tonnes (Goodman, 1985). The discovery of the first Streptomycete tetracycline, 

chlortetracycline (CTC), by the Lederle Laboratories of The American Cyanamid 

Company (Duggar, 1948), was closely followed in 1950 by the discovery and
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introduction of OTC by the Charles Pfizer Company (Finlay et al, 1950). Shortly 

afterwards in 1953, the nomenclature parent of the group, tetracycline, was discovered 

and introduced. Tetracycline was found almost simultaneously, as a product of 

streptomycete fermentation (Minieri et a l, 1953), and by de-chlorination of CTC 

(Conover et al, 1953).

In an attempt to improve the therapeutic value of these naturally occurring tetracyclines, 

programmes of chemical modification were undertaken. Such programmes led to the 

fi-uition of over 1000 tetracycline derivatives. Only 4 have gained recognition in the 

treatment of infectious diseases. Two in particular, doxycycline (Stephens et al, 1963) 

and minocycline (Martell and Booth, 1967) have attained widespread usage. This is 

primarily due to more favourable pharmacokinetic properties, than conventional 

tetracyclines (Cuhna, 1985). As such the term, “ long acting” has been coined to describe 

these tetracyclines.

1.2.2 Structure and Function of Oxytetracycline

Collaboration between Pfizer and Harvard University during the early 1950s elucidated 

the structure of OTC. This was largely achieved by a series of degradation experiments, 

which are described in detail in a communication by Hochstein et a l (1953). The 

C22H24N2O9 compound consists of a tetracenequinone skeleton, common to all 

tetracyclines, with localised substituent groups. These substituents are responsible for the 

differentiation among the tetracycline family. In the case of OTC the usual hydrogen at 

position C5 of the skeleton is replaced with a hydroxyl group. The structure of 

Tetracycline is shown in Figure 1.1.

N M e

OH

12a10a 11a NH

OH
OHOH

Figure 1.1. The structure of oxytetracycline.
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The major mode of action of OTC, as with the other tetracyclines, is to prevent microbial 

protein synthesis. This is predominantly achieved by inhibiting the binding of aminoacyl 

transfer RNA to the 70S ribosome of bacteria (Suarez and Nathens, 1965).

The clinical use of tetracyclines has been thoroughly reviewed by Cuhna (1985). OTC 

exhibits broad-spectrum antimicrobial activity. In the past, it has been used as a treatment 

against many microbial infections, including bubonic plague and relapsing fever (Cuhna 

1985). It is also the starting molecule of choice for production of semi-synthetic 

tetracyclines. Semi-synthetic, or long acting, tetracyclines affect a wider range of 

pathogens, and in general are much more potent. Table 1.2. shows the antibacterial 

activity of the naturally occurring and the semi-synthetic tetracyclines. Unfortunately, the 

therapeutic value of tetracyclines has decreased in recent years due to increased bacterial 

resistance. They remain, however, the treatment of choice for a wide range of infections, 

caused by: Chlamydia (trachoma, psitticosis, urethritis, and lymphogranuloma 

venereum); Mycoplasma, (respiratory and genital infections); Rickettsia; 

Corynebacterium acnes (the primary organism responsible for acne); and Haemophilus 

influenzae in exaborations of chronic bronchitis (British National Formulary 25, 1993).

In addition to the clinical uses of tetracyclines, they have also been of great importance 

to the agricultural industry, in both animal husbandry and veterinary medicine. In the 

former, OTC has been shown particularly beneficial to improve feed efficiency and 

promote growth in poultry (Sieburth et a l, 1952) and swine (Clawsen and Alsmeyer, 

1973). The reason for improved performance has not been conclusively answered, but it 

is probable that it is due to the suppression of deleterious organisms in the animals 

intestine. This theory is supported by the work of Sieburth et a l (1952) and Bird et a l 

(1952). Early in the use of antibiotics in animal feeds, it was postulated that increased 

resistance to antibiotics would decrease the effect on growth . However, in a review by 

Bird (1980), the author concluded that after 30 years of use the tetracyclines were still 

effective.

The levels of tetracycline required to promote growth range fi’om between 10 to 55 

mgkg'* of feed. Despite this, combinations of feed antimicrobials have been developed 

which commonly contain 110 mgkg'\ Such combinations provide protection against 

disease, as well as promoting growth (Gustafson and Kiser, 1985). These growth
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promoters have possible links to increased antimicrobial resistance, and remain a 

contentious point due to public health considerations. With regard to veterinary 

medicine, OTC is widely used to remedy a variety of infections in a range of livestock, 

including swine, poultry, sheep and cattle. The causative agents of these infections 

include Mycoplasma sp. (in poultry and swine), Pasteurella sp. (in poultry and cattle), 

Fusobacterium sp. (in cattle), Leptospira sp. (in cattle and swine) and Campylobacter 

fetus (in sheep) (Gustafson and Kiser, 1985).

Table 1.2. Antibacterial activity of the natural and semi-synthetic tetracyclines 
(Adapted from Cuhna 1985).

Minimum inhibitory concentration (MIC) pgml ^
Microorganism -- Tetracycline Doxycycline Minocycline

Staphylococcus pyogenes 3.1 1 . 6 1:0.78
Streptococcus pyogenes (gp. a) 0.78 0.39 0.39

Streptococcus pneumoniae 0.8 0 . 2 0 . 2

Streptococcus viridians sp. 3.1 0.39 0.39
Escherichia coli 12.5 12.5 6.3

Enterobacter 25 25 12.5
Klebsiella 50̂ 50̂ 25
Serratia 2 0 0 ^ 50̂ 25

Neisseria ̂ onorrhoeae .78 0.39 0.39
Neisseria menin^tidis . 8 1 . 6 1 . 6

H influenzae 1 . 6 1 . 6 1 . 6

Mycoplasma pneumoniae 1 . 6 1 . 6 1 . 6

Ureaplasma urealyticum 0.4 0 . 1 0.13
Chlamydia 0 . 6 .06 0 . 0 2

Legionella pneumophila 5.2 1 . 0 0.43
 ̂A MIC o f 50 pgml‘‘ or greater is not clinically achievable (Cuhna 1985)

* The natural tetracyclines show little variation in activity. As such, they have been grouped 
under the generic term “tetracycline”.

1.2.3. Industrial Production of Oxytetracycline: The Fermentation Process

Since expiry of the original patent for OTC production held by Pfizer, a number of 

companies now manufacture oxytetracycline, including Pfizer. For commercial reasons, 

the literature is devoid of the full details of the precise fermentation processes used by 

these manufacturers. However, some reports of media components and the engineering 

environment do exist.
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The media used in the production of naturally occurring tetracyclines, as published in the 

patent literature, was reviewed by Goodman (1985). It is clear from this review that due 

to better productivity complex media was favoured for production, while defined media 

is usually restricted to research uses. Common to all complex media is a protein source, 

which may be supplemented with inorganic nitrogen as another source of nitrogen. 

Varieties of organic nitrogen sources have been used. These most often include soya 

bean meals and flours, blood meal, com steep liquor, yeast, peanut flours and cottonseed 

flours either alone or in combinations (Goodman, 1985). As the source of carbon and 

energy, these media usually contain a carbohydrate or glyceride oil. In the production of 

OTC, both types of carbon source have been used either alone or in conjunction 

(Goodman 1985). With respect to the sole use of triglyceride oil, Orlova (1961) found 

that oil could entirely replace starch, the most favourable carbohydrate. Results varied 

depending on the type of oil used. The author found productivity ranging from 47% of 

the starch control when using saturated coconut oil to 115% when using olive oil. Most 

of the remaining oils were in the 90% range. The tetracycline producing Streptomycetes 

also require Mg, Fe, Mn, Sr, Cu, Zn, and Co as trace elements (Behai 1987). These 

elements are often adequately supplied with the complex protein. Feedback inhibition of 

antibiotic production is prevented by the addition of calcium to bind the antibiotic in an 

insoluble form (Behai 1987).

Communications regarding the engineering environment are restricted to the production 

of chlortetracycline by Streptomyces aureofaciens. These are also limited to the use of 

mechanically agitated vessels, although, air agitated bioreactors can be used in the 

production of tetracyclines. Behai (1987) suggests that fermenters for the production of 

tetracyclines must secure a high level of oxygen saturation and exhibit excellent mixing.

A high level of agitation is therefore desirable. This may cause mycelial damage, which 

could decrease productivity. Tanks with a high aspect ratio are often used, as the 

hydrostatic pressure and gas hold up in such systems improves oxygen transfer at lower 

agitation rates (Ettler and Marouskova, 1984).

1 0
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1.2.4. Oxytetracycline Biosynthesis

Before discussing the biosynthesis of oxytetracycline, it is prudent to first give a short 

insight into the class of compounds to which the tetracyclines belong, the polyketides. 

Polyketides and their molecular genetics have been extensively reviewed by Hopwood 

and Sherman (1990).

Polyketides show great diversity in structure, but share a common pattern of 

biosynthesis. This begins with the construction of a carbon chain by the successive 

addition of simple carboxylic acid units; these units are most commonly residues of 

acetate, propionate and butyrate, but can on occasion be more complex. The linear 

carbon chain is extended by two carbon atoms at a time. After addition of each of these 

units, the p carbon invariably carries a keto group. Following addition, this kêto group 

may be removed, reduced to a hydroxyl or remain as a keto group. It is the remaining 

keto groups that give the family of compounds their polyketide name. Depending on its 

origin the second carbon atom donated to the polyketide chain carries different 

substitutions. For example in the case of acetate residues this would just be a hydrogen 

atom, whilst for propionate or butyrate it would be a methyl or ethyl group respectively. 

Ultimately, the side chain variations coupled with the differing fates of the keto groups, 

variable chain lengths, and the possibility of different stereospeciffcities, allows immense 

diversity in primary polyketide structure.

Fu et a l (1994) suggests that the overall biosynthetic pathway of OTC can be subdivided 

into two stages. Firstly, the biosynthesis of a tricyclic, presumably enzyme bound 

nonaketide intermediate (Figure 1.2.), this step occurs in the same way for all 

tetracyclines, followed by the transformation of the tricyclic nonaketide intermediate into 

various tetracyclines.

Synthesis of the nonaketide proceeds by head to tail condensation and simultaneous 

decarboxylation of malonyl-Coenzyme A (CoA) units. A molecule of malonamyl-CoA is 

used as the starter unit (Gatenbeck, 1961). The malonamyl CoA is derived directly from 

malonate (Gatenbeck, 1961; Thomas and Williams, 1985). Malonyl-CoA condensation 

units have to be synthesised from oxaloacetate. Which in turn is synthesised from acetyl- 

CoA (Behai et a l, 1977). The polyketide therefore has an Acetyl-CoA origin despite 

synthesis occurring through an active malonyl-CoA intermediate. Acetyl-CoA is

11
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converted to oxaloacetate via the tricarboxylic acid (TCA) cycle. This is evidenced by 

the radiolabeling studies of Behai et al. (1974). In this study, the authors observed 

radioactivity on the carboxyl group of acetate despite the addition of methyl labelled 

acetate to S. aureofaciens fermentation. They termed this phenomenon randomisation, as 

the acetate units were not directly used for nonaketide biosynthesis, but first fed into the 

TCA cycle with oxaloacetate being produced and “tapped” off for nonaketide 

biosynthesis. This acetyl-CoA substrate is provided by the glycolytic cleavage of 

saccharides, or the p-oxidation of fatty acids, when the organism is cultivated on 

polysaccharide or triglyceride oil respectively (Behai, 1987).

;n z y m e

OH

Figure 1.2. The structure of the tricyclic nonaketide ( Fu et al., 1994).

The synthesis of the nonaketide yields a linear enzyme bound compound. This undergoes 

partial cyclisation to produce its tricyclic counterpart. Thomas and Williams (1983) used 

(l,2 -̂ Ĉ2)acetate and nuclear resonance spectroscopy, to confirm that folding and 

cyclisation took place by a condensation reaction according to the scheme in Figure 1.3.

ES

NHz

.ES

.NHz

OH

Figure 1.3. The cyclisation of the linear nonaketide.
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After construction of the cyclic nonaketide, this compound undergoes a transformation 

to yield the tetracycline produced by that particular organism. McCormick (1965 and 

1969) and Miller (1967) used the conversion of biosynthetic intermediates by different 

blocked mutants of S. aureofaciens and S. rimosus, to prove the steps involved in the 

transformation. These steps proceed in the same manner for all of the tetracyclines, 

except for those involving C5 hydroxylation and Ĉ  chlorination for OTC and CTC 

respectively (Behai 1987). The steps involved in the transformation have been 

extensively reviewed by Hostalek and Vanêk (1985). The transformation of the cyclic 

nonaketide to OTC in S. rimosus is summarised in Figure 1.4.

Cyclic nonaketide

I Ce Méthylation; Cyclisation of ring A; and
▼ elimination of the Cg Keto group.
I

6-Methy pretetramid
C4 Hydroxylation

4-Hydroxy-6-methylpreteramid

Oxidation of Ci and C4 and hydration of C4a, Ci2a 

4-Keto-dedimethyl-aniino-anhydrotetracycIine

1

C4 Transamination

4-Amin^dedimethyl-amino-anhydrotetracycline

^  C4 Double N méthylation
Anhydrotetracycline

i Cô Hydroxylation 
Dehydrotetracycline

I C5 Hydroxylation 
Dehydrooxytetracycline

A cosynthetic factor mediated Csa and Cua reductionI
Oxytetracycline

Figure 1.4. Biosynthetic scheme of oxytetracycline (Adapted from Rhodes et aL, 
1981).
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1.3. Use of Lipids in Fermentation Processes

1.3.1. Lipids: Structure and Properties

Lipids are defined as a group of naturally occurring compounds that are sparingly soluble 

in water, but are very soluble in organic or bpopbilic solvents (Bauscb, 1993). Although 

seemingly inadequate, this definition is the most widely accepted, and is necessary due to 

the incredible diversity of the compounds classified to this group. This group includes 

waxes, steroids, carotenoids, prostaglandins, and triacylglycerides (Bauscb, 1993). The 

latter are the simplest, most abundant type and are of importance in the present work.

A triacylgyceride, or more commonly triglyceride, is a condensation product of one 

molecule of glycerol with three molecules of fatty acids (Figure 1.5.). The faûy acid 

component accounts for 94-96% of the total weight of the triglyceride. Fatty acids are a 

class of compounds consisting of a variable length hydrocarbon chain, with a terminal 

carboxylate group. They are synthesised by repeated condensation of malonyl CoA units. 

The carbon chain elongates by two carbon atoms with each round of condensation. This 

method of synthesis is analogous to the production of polyketide antibiotics. The fatty 

acids produced tend to be linear and contain an even number of carbon atoms (Stryer, 

1988). The carbon chain may either be saturated or contain one or more double bonds. 

Almost invariably, these double bonds are in the cis configuration (Stryer, 1988). A 

universal system of classification regarding the chain length and degree of saturation has 

been developed for describing the structure of fatty acids. For example, the classification 

18:0 represents a fatty acid containing 18 carbon atoms with no double bonds, while 

18:1 and 18:2 represent fatty acids containing 18 carbon atoms with land 2  double 

bonds respectively. The systematic nomenclature for the fatty acids is based on 

substituting “oic” for the final “e” of its parent hydrocarbon. For example 18:0 is called 

octadecanoic acid because the parent hydrocarbon is octadecane. Table 1.3. shows the 

nomenclature of some important fatty acids. It is diversity in the degree of saturation and 

chain length that is responsible for the properties of the fatty acids, and the 

triacylgyceride containing them (Stowell, 1987). These factors particularly afifect the 

melting point of a triacylgyceride, with higher saturation and shorter chain length leading 

to lower melting points.
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GLYCEROL + FATTY ACIDS -> TRIGLYCERIDE + WATER

Figure 1.5. The condensation of triglyceride.

Table 1.3. Common fatty acids (Adapted from Stryer, 1988).

Classification Comtnon name Systematic name
12:0 Laurate Dodecanoate
16:0 Palmitate Hexadeconoate
18:0 Stearate Octadeconoate
16:1 Palmitoleate Hexadecenoate
18:1 Oleate Octadecenoate
18:2 Linoleate Octadecadienoate
18:3 Linolenate Octadecatrienoate

Most naturally occurring triglycerides are termed “mixed”, since they have two or three 

different types of fatty acid chain per molecule of glycerol. However, the Cl 6 and CIS, 

both saturated and unsaturated, fatty acids tend to predominate. In addition to the 

triglycerides, glycerol can be condensed to yield just one or two fatty acids per molecule; 

these are known as monoacylglycerides and Diacylglycerides respectively. These 

compounds are found in trace quantities accompanying the triglycerides, unless the 

triglyceride has undergone partial hydrolysis.

The ability to utilise triacylglycerides as a carbon and energy source is widespread among 

both the eukaryotes and the prokaryotes. This is achieved by a lipase enzyme hydrolysing 

the ester links between the fatty acids and the glycerol backbone. The glycerol produced 

from this hydrolysis is phosphorylated and converted to glyceraldehyde-3-phosphate, 

which is then fed into the glycolytic pathway. Meanwhile, in order to reduce their 

cytotoxicity, the fatty acids are esterified to coenzyme A. These fatty acyl thioesters are
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then degraded by the p-oxidation pathway. In this pathway, the degradation of the fatty 

acyl thioester proceeds by the repeated removal and release of two carbon units in the 

form of acetyl-CoA. The two carbon shorter fatty acyl-Co A compound then undergoes 

another round of the pathway. This continues until a C4 ketoacyl-CoA remains. This 

compound is then thiolysised to yield two molecules of acetyl-CoA.

1.3.2. Commercially Important Lipids

The most important and abundant commercial lipids are of plant and animal origin, with 

over 80 % of that produced used for food use. In their natural environment, these lipids 

act as energy stores. They are often termed oils and fats, and are almost entirely 

composed of triglycerides (Stowell, 1987). The terms oil and fat are essentially 

interchangeable and are based on the melting point of a particular lipid. Lipids that are 

solid at ambient temperature are termed fats, while those that are liquid are termed oils 

(Stowell, 1987). Often, but not always, oils and fats are of plant and animal origin 

respectively.

Between fats and oils, oils tend to be more commercially important, contributing over 

75 % to total production (Florkowski and Purcell 1989). This is mainly due to evidence 

that saturated fatty acids, of which fats contain a greater proportion, may be instrumental 

in heart disease (Florkowski and Purcell 1989). Many oils also contain the C l8  

polyunsaturated Linoleic and Linolenic acids. These are termed essential fatty acids, 

since they cannot be synthesised by animal tissues and a deficiency can contribute to 

several diseases. The production of vegetable oils continues to increase with soybean oil 

dominating production (Stowell, 1987). The oil content of Soya is moderate, ranging 

between 19-20%. Other important commercial oils include palm, olive and rapeseed oils. 

Due to its relatively low cost, palm oil still has high commercial importance despite a 

high degree of saturation and a low seed oil content (< 20 %). The degree of saturation 

of the oil and low seed oil content is being improved by both biotechnological and 

traditional plant breeding methods (Florkowski and Purcell 1989). Rapeseed oil will be 

discussed in more detail in section 1.3.2.1. With regard to fets, lard and tallow are the 

most commercially important.
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1.3.2.1. Rapeseed Oil.

Rapeseed oil (RSO) is of particular importance for the purpose of this study. The oil is 

extracted from the seeds of Brassica napus and Brassica campestris, or more commonly 

winter and turnip rape respectively. The seeds have a high oil content, generally 

40-45 %(w/w). It is the major oil seed crop of countries with temperate climates, 

including Canada and Europe. Rapeseed oil from rape wildtype cultivars contains 

glucosinolates and approximately 45 % erucic acid (C22:l), both of which are 

undesirable for human consumption. Glucosinolates possess anti thyroid activity, and 

erucic acid has been shown to be poorly metabolised and implicated in fat accumulation 

(Stowell, 1987). Efforts in plant breeding and selection have created cultivars with 

decreased glucosinolates and erucic acid. As such RSO can now be classified into three 

categories based on the proportion of erucic acid it contains. These are high, low and 

zero, which contain approximately 45 %,-:5 % and 0 % erucic acid respectively. The 0 % 

erucic acid type is now almost exclusively grown (Stowell, 1987). The exact composition 

of RSO for a particular cultivar also varies slightly due to the climate and site of growth. 

ThO average fatty acid composition of zero Erucic acid is shown in Table 1.4. It is clear 

from this table that RSO is predominantly composed of Cl 8  unsaturated fatty acids.

As the acceptance of new cultivars spreads throughout Europe and Canada, the supply 

of RSO is likely to increase (Florkowski and Purcell, 1989). In addition, the EU common 

agricultural policy (CAP) subsidises the production of RSO in Europe; this is also likely 

to promote production. These two factors should create downward pressure on price, 

although the EU subsidy on RSO has an uncertain friture.

Table 1.4. The fatty acid composition of zero erucic acid rapeseed oil (From 
Stowell, 1987).

Fatty acid Symbol Content (% [w/wD
Saturated fatty acids - -

Palmitate 16:0 4.8
Sterate 18:0 0.9

Unsaturated fatty acids - -

Oleate 18:1 55.9
Linoleate 18:2 25.6
Linolenate 18:3 12.8
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1.3.3. Oil as a Substrate for Industrial Fermentations

Triglyceride oils were first added to fermentative processes as antifoam agents (Stowell,

1987). Foaming in the fermentation industry presents a major problem, as the fermenter 

has to be both aerated and agitated effectively. Foams are formed when there are surface 

active components present which are able to adsorb to and stabilise gas liquid interfaces. 

Antifoams decrease foaming by preferential adsorption at the gas-liquid interface. If 

uncontrolled, foaming can lead to productivity losses, via a number of mechanisms 

including loss of broth through “foam over” (Vardar-Sukan, 1988). Oils were originally 

used as they were readily available and could also be metabolised by the fermentative 

organism. The latter was particularly advantageous, as downstream processing was not 

impeded by the presence pf residual commercial antifoams. There are, however, 

disadvantages to using oils as antifoam agents. These include variable performance 

depending largely on the initial composition of the broth, and the large quantities that are 

required to have a significant effect. In recent years proprietary silicone and polyalkylene 

glycol antifoams have tended to replace oils. These have high antifoam properties at very 

low concentration (often <l%[v/v]).

During early investigations into the use of oils as antifoam agents, it was soon clear that 

this had a beneficial effect on productivity and cell growth. One of the earliest reports of 

this was by Stefaniack et al. (1946). These workers observed an increase in the rate of 

cell growth and productivity in Pénicillium chrysogenum fermentation, when using oil as 

an antifoam agent. Table 1.5. shows the use of different oil supplements that improved 

antibiotic productivity.

Often oil supplements are co-substrates, with carbohydrate being the major source of 

carbon and energy. Several workers have reported that when oil is used as a co

substrate, the time of addition is important if it is to have a stimulatory effect. Ishida and 

Isono (1952) communicated that the addition of soybean or castor oil in the lag and early 

exponential phase of growth of Pénicillium notatum fermentation resulted in increased 

titre. If the addition of oil occurred later, during the exponential phase of growth, cell 

lysis occurred. Yasunda et al. (1952) reported a similar observation. These workers 

considered this to be due to the build up of fetty acids to toxic levels during exponential 

growth, with a subsequent reduction in both growth and productivity.
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Table 1.5. Different oil supplements which improved antibiotic productivity.

Antibiotic Producing Organism oil supplement Reference
Fungichromin Streptomyces cinnamomeus Oleate McCarthy et al 

(1955)
Sistomycosin Streptomyces viridosporus Soybean meal Ehrlich et a l  (1955)

Filipin Streptomyces filipensis Palmitic acid Brock (1956)
Penicillin Penecillium chrysogenum Com oil Pan gf a/. (1959)
Lagosin S. cinnamomeus Palm oil Bessel et a l (1961)

Perimycin Streptomyces coelicolor 
var. aminophilus

Mevalonate Mohan et a l (1964)

Antinomycosin A Staphylococcus aureus Mevalonate Mohan et a l (1964)
DJ400 series Streptomyces Surinam Olive oil, coconut oil Siewert and 

Kieslich(1971)
Neomycin Streptomyces fradiae Oleic acid*, palmitic 

acid
Okazaki et a l 

(1974)
Clavulanic acid S. clavuligerus Rape seed oil Cavanagh et a l 

.(1994)
* Essential for antibiotic production

In addition to oils often benefiting antibiotic production, Stowell (1987), commented that 

oils could provide a readily available and cost effective form of energy and carbon. Bader 

et a l (1984) reported some of the merits of oil when compared to carbohydrate. They 

reported that in theory a typical oil contains approximately 2.4 times as much energy as 

glucose on a weight for weight basis (Figure 1.6 .). Moreover, oils are preferable to 

carbohydrates on a volume basis. For example, it takes over 5 litres of glucose (50% w/v 

solution) and only 1.24 litres of soybean oil to add 10 Kcal of energy to a fermentation 

(Stowell, 1987). The lower volume of oil enables the tank fill to be better optimised, as 

less of a void volume is required should a shot of oil be needed in response to a sudden 

fall in residual carbon.

Glucose oxidation

QHnO» + 6 O2 6CO2 + 6H2O + 670 Kcal mol' (3722 Kcal kg')

Oil oxidation

CssHiosO, +77.5 02 ^  55CÛ2 + 54H2O + 8100 Kcal mor'(8880 Kcal kg ')

Figure 1.6. Comparison of the oxidation of a typical oil and glucose (Bader et aL, 
1984).
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The use of oil as the sole carbon and energy source within production fermenters has 

also been reported by several workers. Orlova (1961) found that several types of oil 

could be used as the sole carbon source in oxytetracycline fermentation. Stowell (1987) 

reported the use of several types of oil as the sole carbon source for an undisclosed 

Pfizer antibiotic process.

More recently. Park et al (1994) reported that several oils could be used to replace 

starch as the sole carbon source for cephamycin C production by Streptomyces sp.

P6621. These workers found that soybean oil gave optimal results with a yield of 4.7 

times that from starch (the traditional substrate). However, the starch-based fermentation 

used in this comparison appeared to have very low, possibly limiting, dissolved oxygen 

tension for several hours early in the fermentation. Thus, this may not have been an 

objective comparison. Lee and Ho (1996) reported growth and production of" clavulanic 

acid by a wild type, and a high producing-mutant strain, of S. clavuligerus. They found 

that palm and palm-kemel oils and their oleic and stearic acid fi-actions, were suitable as 

sole carbon sources. A culture of S. fradiae grown on RSO as the sole carbon source, 

has been shown to produce 1.6 times more tylosin than a starch control (Choi et al, 

1996). These workers also found less marked improvements over starch with several 

other oils, including soybean, olive and peanut. Lee et al (1997) showed that S. fradiae 

could also produce tylosin when cultured on palm oil, palm kernel oil and their fi-actions 

as the sole carbon source.

The reason for improved productivity in the presence of lipids has not been 

comprehensively explained. In an early report, Stefaniack et al (1946) suggested that the 

antifoam properties of the oil were responsible for improved penicillin titre, due to 

greater oxygen availability in the absence of foam. The findings of Holtman (1945) 

disagree with this theory; this author cultured P. notatum on solid media with com oil as 

the main carbon source. In spite of foaming not presenting a problem on solid medium, 

an increase in antibiotic titre was still observed. There are also several reports suggesting 

that fatty acid breakdown products of oils influence cell membrane permeability, aiding 

the release of the product and thus increasing titre (Goldberg and Stieglitz, 1985; Sukan 

et al, 1989). There is, however, no direct evidence available to corroborate these 

suggestions.
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Unfortunately, there are several disadvantages to the use of oils, the most severe of 

which is the problem of residual oil (this will be elaborated further in Section 1.3.3.1.) In 

addition, oil is less oxidised than carbohydrate. Thus for a given energy input into a 

fermentation, oil has a 7 % higher molecular oxygen demand than carbohydrate. This is a 

significant problem for the highly oxygen demanding antibiotic processes. Oil also 

increases the viscosity of the fermentation broth, which in turn may decrease the oxygen 

transfer efiBciency in the fermenter (Stowell, 1987). However, it should be noted that this 

latter point might have little consequence on viscosity relative to highly viscous non- 

Newtonian fermentation broths.

1.3.3.1. The Problem of Residual Oil

The limiting residual level for oil in a fermenter can be much greater than that for a 

carbohydrate, which is generally close to tero (Stowell, 1987). Thus, an oil-based 

fermentation can show signs of carbon limitation when the concentration of the oil within 

the broth can be in the tens of grams per litre range. It is the oil in the fermentation broth 

when limitation occurs that is termed the residual oil. A significant level of residual oil is 

undesirable for several reasons. As previously commented, oil can increase the viscosity 

of the fermentation broth, which, as well as having consequences on the oxygen transfer 

efiBciency, also hampers many downstream operations. Furthermore, high residual oil in 

itself can also create downstream problems; for example, if uhrafilteration is implemented 

oil can foul the membranes used in this process. Further to these practical implications, 

residual oil is undesirable economically. Stowell (1987) commented that if it is assumed 

that broth is delivered containing 2  %(w/v) oil, then for a fermentation plant running 1 0 0  

fermentations a year delivering 1 0 0  tonnes of broth in each, the cost of the oil wasted 

would be £80,000 per annum (Costing based on £400.00 per tonne).

The first report on the problem of residual oil in antibiotic processes was most likely by 

Stowell in 1987, with reference to this problem in an undisclosed Pfizer process. The 

author suggested the residual oil could be due to either physical limitation of oil mass 

transfer in the fermenter, or the inability of the organism to metabolise certain 

components. The communication offers evidence that mainly supports the first theory. 

For example, in a soybean oil fed fermentation, the composition of the residual oil was 

very similar to the oil initially fed. Moreover, performance equivalent to a control was
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observed when the residual oil from a production scale fermenter was recovered and fed 

to a laboratory scale fermenter. However, Stowell (1987) also showed that when animal 

fat was fed, there was preferential utilisation of the unsaturated fatty acids. This could 

offer evidence towards a metabolic preference for predominantly unsaturated fatty acids, 

or may just be due to better dispersion of these unsaturated fatty acids. Tan and Gill 

(1985) also observed the presence of residual oil and preferential utilisation of 

unsaturated fatty acids in a culture of Saccharomycopsis lipolytica grown on a range of 

animal fats. A report by Alford et al. (1964) supports this. These workers observed that 

the lipase of S. lipolytica preferred unsaturated, oleoyl fatty acids. Further to this. Tan 

and Gill (1984) observed the near total utilisation of pure olive oil, which is entirely 

composed of oleoyl residue, by S. lipolytica. From these works. Tan and Gill concluded 

that, in addition to metabolic preference for some fatty acids, the availability of insoluble 

substrates to microbial attack was limited by the degree to which they were dispersed in 

the aqueous phase. They also suggested that under similar levels of agitation, oils, which 

are mainly composed of unsaturated fatty acids, were indeed more highly dispersed than 

the predominantly saturated fatty acid containing fats.

Since the first report by Stowell (1987), other workers have observed a similar 

phenomenon in other oil based antibiotic fermentations. Park et al. (1994) observed a 

residual oil concentration dependent on the initial concentration of oil in batch culture of 

cephamycin C producing Streptomyces sp. p6621. They found that if the initial 

concentration of oil exceeded 15 gL'% a residual was observed. They suggested that this 

could have been due to the production of some inhibitory by-product from the oil, as 

evidence from earlier studies indicated that the Cl 8  unsaturated free fatty acids were 

toxic to this organism in relatively low concentrations. Nevertheless, in later work by the 

same group (Mitsuru et al., 1997) with the same organism and fermentation conditions, 

except for a support that served to emulsify the oil, they observed complete consumption 

of oil for initial concentrations of up to 75 gL'\ It is reasonable to suggest that under 

these circumstance a similar, if not greater amount of the free fatty acids would be 

produced. Therefore, the residual may be influenced by factors other than inhibition, for 

example the degree of oil dispersal. Indeed, Park et al. (1994) also presented work 

regarding the affect of stirrer speed on the residual oil level, showing as stirrer speed 

increased, thus increasing dispersion, the residual oil concentration decreased. These 

findings are supported by Choi et al. (1996), who reported the effect of agitation on
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residual oil concentration in batch culture of S. fradiae with RSO as the sole source of 

carbon. They found that at an increased agitation rate of 650 rpm (equivalent to a tip 

speed of 1.19 ms'̂ ), the residual oil decreased to zero from an initial concentration of 

80 gL'V This increase in agitation increased power input and drastically reduced 

viscosity, the latter is presumably due to increased shearing of the mycelia. These 

workers concluded an increase in agitation rate decreased the oil droplet size, which in 

turn increased the specific surface area of the oil. In addition, Ohta et al. (1995) report 

that an increase in agitation rate reduced residual oil concentration in a neomycin 

producing S. fradiae culture grown on soybean oil. However, Large et al. (1998) 

reported that batch fermentation of iS. clavuligerus based on rapeseed oil, showed little 

change in oil utilisation over a tip speed range of 1.88 to 2.38 ms'\ Large and co

workers reported that over the range of tip speed studied, the viscosity of the 

fermentation broth did not change as significantly as in the work of Park et al. (1994), 

Ohta et al. (1995) and Choi et al. (1996). Thus, in these works the change in viscosity 

may be more significant than the alteration of agitation rate in affecting the availability of 

the oil and therefore the amount utilised.

An increase in agitation rate serves to decrease the size of the oil droplet by decreasing 

the size of the smallest, or terminal, eddies formed within the fermentation medium (see 

Section 1.6.2.). An eddy limits the degree of mixing within a particular liquid. Within an 

eddy, due to streamlining of rotational flow, mixing only occurs through difiusion. The 

size of the smallest eddies (X) can be estimated using the Kolmogorov scale of mixing 

(Equation 1.1):

J
( 1.1.)

Where e is the total energy input per unit liquid volume (Wm*̂ ) and u is the kinematic 

viscosity (m̂ s ’). From equation 1.1 it follows that the greater the power input to the 

fluid, the smaller the eddies formed. It is also apparent that viscosity plays a highly 

significant role in determining the size of the smallest eddies, with increasing viscosity 

giving larger eddies. The significance of viscosity in determining eddy diameter may 

explain the contrasting observations of Park et al. (1994) Ohta et al. (1995) and Choi et 

al (1996) with those of Large et al. (1998).
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It would therefore appear that the problem of residual oil within oil utilising antibiotic 

fermentations is becoming more widely acknowledged. It is also apparent that the 

majority of the evidence indicates the problem may be due to the physical inaccessibility 

of the substrate to the organism, rather than a metabolic deficiency. Attempts, therefore, 

to remedy the problem of residual oil has generally centred on improving the access of 

the organism to the oil. This has predominantly involved methods that serve to decrease 

the oil droplet size, since with smaller droplets the total interfacial surface area is 

increased. Interfacial area is also an important factor in lipase activity (see Section

1.4.1.).

Of the methods available to increase surface area, increased agitation rate has proved to 

be most popular. As previously mentioned this has been shown to be effective in 

reducing oil residual by Park et al. (1994), Ohta et al. (1995) and Choi et al. (1996). 

However, Large et al. (1998) contrasts these findings. Furthermore, increasing the 

agitation rate is not always practical as the increased shear created can cause severe 

mycelial damage. As an alternative to the use of increased agitation, surfactants can be 

used to emulsify oil and decrease droplet size.

The presence of a low concentration of surfactant has been variously reported to inhibit 

or stimulate microbial growth and/or product formation (Sukan et al., 1989). In the 

context of antibiotic production, Mitsuru et al. (1997) reported addition of surfactant to 

a cephamycin C producing culture of Streptomyces sp. P6621 grown on oil. These 

workers showed that 0.1% (w/v) addition of Tween 20 improved oil dispersion but 

lowered the concentration of consumed oil. The authors suggested this could be due to 

inhibition of mycelial growth in the presence of the surfactant. More recently. Large 

(1999) reports the addition of sodium dodecyl sulphate to rapeseed oil based, batch 

fermentation of S. clavuligerus. The author found that additions of between 0.05-0.1 

%(w/v) SDS caused increased growth and complete utilisation of residual oil. Mitsuru et 

al. (1997) also found emulsifying the oil substrate increases residual oil utilisation when 

using an inorganic mineral support. The porous support was added to batch culture of 

Streptomyces sp. P6621 with soybean oil as the sole carbon source. Addition of 15 gL*’ 

support resulted in complete oil utilisation up to a starting concentration of 75 gL'\ This 

approach however, may not be cost effective at production scale.
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1.4. Lipases and Triglyceride Hydrolysis

1.4.1. Lipases: Function and Activity

A lipase, or triacylglycerol hydrolase, can be defined as an enzyme that catalyses the 

hydrolysis of long chain aliphatic acids, or fatty acids, from acylglycerols at an oil/water 

interface (Jensen et al. 1983). Figure 1.7. illustrates this reaction. The ability to produce 

lipases has been found in a variety of organisms, with examples isolated fi*om plants, 

animals and microorganisms (see Section 1.4.2.). Lipases are required for these 

organisms to utilise lipids as carbon and energy sources.

TRIGLYCERIDE

I
DIGLYCERIDE + FREE FATTY ACID + WATERI

MONOGLYCERIDE + FREE FATTY ACID + WATER

:
GLYCEROL + FREE FATTY ACID + WATER

Figure 1.7. Cleavage of a triacylglycerol by a lipase.

The requirement for an oil/water interface for enzyme activation is one of the most 

characteristic features of lipases and distinguishes them from other esterases (Jensen et 

al. 1983). Thus, the natural substrates of lipases are water insoluble triglycerides of long 

chain fatty acids. Cleavage occurs at the interface between this substrate and the enzyme. 

Catabolism of water soluble carboxylic acid esters (the preferred substrate of esterases) 

by true lipase occurs at an extremely slow rate, if at all. Sarda and Desnuelle (1958) were 

the first to quantitatively demonstrate the activation of lipase by oil/water interfaces. 

These workers observed a fundamental difference in the mode of action of pancreatic 

lipase and an ordinary esterase based on the ability or inability to be activated by 

interfaces. Indeed, later work by Benzonana and Desnuelle (1965) suggested that for a 

particular oil the rate of hydrolysis is a directly related to the surface area of the oil/water 

interface. More recently, it has been shown that this phenomenon is not limited to 

emulsions, but also occurs when the substrate is in micella aggregates or as particles 

coating a solid support (Entressangles and Desnuelle, 1968; Brockman et al., 1973).
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It is possible to broadly categorise lipases into two groups; non-specific and specific 

lipases (Sztajer and Zboinska, 1988). The specific lipases are further subdivided based on 

the type of specificity. In a thorough review, Jensen et al. (1983) suggested that there are 

four types of known or expected specificity. These are Positional, Substrate, Fatty acid, 

and Stereo specificity. Combinations of these are also possible. Jensen and co-workers 

(1983) suggested that specificity was caused by the molecular properties of the enzyme, 

the structure of the substrate, and factors affecting the binding of the enzyme to the 

substrate. Also presented was a step by step methodology to allow determination of the 

type or types of specificity exhibited by a particular lipase. This is based on analysis of 

the products of partial lipolytic digestion of natural triglycerides of known structure and 

of synthetic acylglycerols.

Positional specificity for primary esters was one of the first types to be recognised. This 

type of specificity has been shown to occur in many lipases, including pancreatic lipase 

(Constantin et ai, 1960) and the lipases of the microbes, Aspergillus niger and Rhizopus 

delemar (Okumura et ai, 1976), to name three. A lipase displaying primary ester 

poritional specificity, hydrolyses the triglyceride releasing the fatty acids fi-om the outer 1 

and 3 positions only. This yields free fatty acids and incomplete breakdown products.

The latter are 1,2 (2,3)-diglyceride, and 2-monoglyceride (Figure 1.8.). However, over a 

long period of time complete hydrolysis will occur as the 2 -monoglyceride reverts to 

1 (3)-monoglyceride due to this isomer having greater energetic stability. Positional 

specificity for the number 2  glyceride has also been found, although this type is not as 

common.

0
II

0 CH 2O CR, 0 CH 2O H  0 CH2OH

II  1 II  1 II 1 +  R iC O O H
R 2C O C H  ^ R 2CO CH  +  R iC O O H  ^  R2C O C H  & R 2 C O O H  

1 1
C H 20C R 3

1 1 
CH2OCR3 CH 2O H

II II
0 0

TRIGLYCERIDE 1X  (2,3>DIGLYCERIDE 2-MONOGLYCERIDE 
+ FATTY ACID + 2  FATTY ACIDS

Figure 1.8. Hydrolysis of a triglyceride by a lipase displaying primary ester 
positional specificity.
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The activity of a lipase can depend on the length and degree of saturation of the fatty 

acids within a triglyceride. One of the earliest reports of fatty acid specificity was by 

Alford et al. (1964), regarding the lipase of Geotrichum candidum. In this publication, 

the authors reported preferential hydrolysis of oleic acid (18:1), regardless of position 

within a synthetic triglyceride. In a later review by Jensen (1974), the author reported 

fiirther characterisation of the specificity of this lipase for cis-9 unsaturation, as found in 

for example oleic acid. Sahani et al. (1976) reported that the lipase o ïAspergillus 

lipolyticum was also selective for unsaturated fatty acids. Regarding the afiect of fatty 

acid chain length, Iwai et al. (1975) communicated that a lipase fi-om Pénicillium 

cyclopium strain Westring preferred fatty acids with a chain length of between 8  and 10 

carbon units. Maoris et al. (1996) and Commenil et al. (1995) also observed preferential 

utilisation of medium (8-12 C) chain length fatty acids by the lipases oT4. niger strain 

BTL and Botrytis cinerea respectively. Papon and Talon (1989) reported that the activity 

of the lipases of Lactobacillus curvatus and Brochothrix thermospacta increased with 

decreasing fatty acid chain length. However, triglycerides containing shorter fatty acids 

are generally better dispersed, thus a greater interfacial area exists with these substrates 

and increased activity may be due to this, rather than fatty acid specificity.

1.4.2. Microbial lipases

Lipolytic activity has been found associated with a variety of organisms. Due to 

commercial interest, those produced by microorganisms have been the most thoroughly 

studied. Of these microbes, it is the fungi, yeast and bacteria that have been found the 

most prominent lipase producers (Table 1 .6 .).

The industrial applications of lipases have been reviewed by Macrae (1983). Traditionally 

the lipolytic activity of whole microbial cells has been exploited in the dairy industries. 

More recently, the wider industrial applications of lipase preparations to include areas 

such as food additives, oleochemistry, and detergent additives, has been realised (Taipa 

et al., 1992). This has initiated increased demand for highly active preparations of 

lipolytic enzymes and, in turn created the impetus for the isolation and characterisation of 

new enzymes. Due to their ease of manipulation and great diversity, microorganisms 

have become the source of choice for these new enzymes. Indeed, lipases fi-om microbial 

sources are now being produced on a large scale by several companies. Because of
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industrial interest, a greater understanding of the catalytic activity and kinetics of 

lipo lysis has also developed.

The screening of lipolytic activity of microorganisms is relatively simple and routinely 

takes place using agar plates containing either natural or synthetic triglycerides. Lipolytic 

activity generally gives rise to clear zones within such plates. After this, lipases are 

isolated and purified using an array of multistep techniques. These most often include 

ammonium sulphate precipitation, gel filtration, ion exchange chromatography, and more 

recently, affinity chromatography (Taipa et al. 1992).

Table 1.6. Lipase producing microorganisms (adapted from Sztajer and Zboinska, 
1988).

Microorganism Reference
S. lipolytica Tan and Gill (1985)

Achromobacter lipolyticum Kilara(1985)
C. acnes Kilara(1985)

Candida rugosa Linfield et al. (1984)
Pseudomonas fluorescens Fox et al (1983)
Propionobacterium acnes Greenman et al (1983)

R. delemar Shimaold et al. (1983)
Penecillium roqueforti Lambert and Menassa (1983)

A. niger Jensen et al. (1978)
Chromobacterium viscosum Suguira and Isobe (1974)

G. candidum Alford et al. (1964)

Malcata et al. (1992) reported that several purified lipases have undergone analysis to 

determine their primary structures. Interestingly all of these shared a region of homology 

containing histidine and serine. It is therefore, thought that the active site of these 

enzymes is composed of these amino acids. The remainder of the enzyme is 

predominantly composed of acidic amino acid residues. Some lipases have also been 

found to be associated with glycosidic and lipid residues (Malcata et al, 1992). With 

regard to size, Taipa et al. (1992) reports molecular weights of between 20-60,000 

Daltons for most isolated and purified microbial lipases. More recently, lipases of 80,000 

Daltons have been isolated fi'om Pénicillium candidum (de la Torre et al. 1996) and B. 

cinerea (Commenil et al. 1995). In addition, many of these purified microbial lipases 

have undergone partial characterisation with respect to their pH and temperature activity 

profiles, and stability at extremes of pH and temperature. In general, these lipases show 

optimal activity at a pH between 5.6 and 8.5 and at a temperature between 30 and 40°C.

28



Chapter I. Introduction

These enzymes show greatest stability at a neutral pH while thermostability appears to be 

highly variable, depending upon source (Malcata et a i  1992).

Of the microbial lipases that have been characterised, most are extracellular. Possibly, the 

earliest report of a secreted lipase was by Alford and Pierce (1961), who investigated the 

lipolytic activity of G. candidum. Since this early observation, many more secreted 

lipases have been reported. Table 1.7. shows some of the microbes known to secrete 

lipase. Microbial production of exogenous lipase has been reviewed by Sztajer et al. 

(1988). The reports of cell associated lipases are more limited (Papon and Talon, 1988 

and 1989; Jacobsen, et al., 1989; Misset et al, 1994; Gobbetti et al., 1996; Large et al., 

1999). Papon and Talon (1989) reported that the lipases produced by B. thermosphacta 

and L. curvatus were in the soluble fraction of the cell. Large et al. (1999) reported that 

the lipase produced by several Streptomycete species was cell associated, and suggested 

likely association with either the cell membrane or cell wall.

Table 1.7. Microorganisms known to produce extracellular lipase.

Microorganism Reference
P. candidum de la Torre et al. (1996)

A. niger strain BTL Macris et al. (1996)
Cahatia gigantia Christakopoulos et al. (1992)

Rhizopus oligosporus Nahas (1988)
Mucor miehei Hugh-Jenson et a/.(1987)

Rhizopus japonicus Aisaka and Terada (1981)
Pénicillium cyclopium strain Westring Iwai et al. (1975)

P. acnes Breuil and Kushner (1975)
C. viscosum Sugiura and Isobe (1974)
G. candidum Alford and Pierce (1961)

In many cases, the characterisation of microbial lipases has been extended to include 

specificity for the position, and the type of fatty acids in triglycerides. As previously 

stated, the lipases of A. niger and R. delemar display positional specificity, as does the 

lipase of Pseudomonas aeruginosa (Gilbert et al. 1991). Matori et a/. (1991) devised a 

relatively simple technique to determine the presence or absence of positional specificity. 

This technique involved partial digestion of triglyceride followed by analysis of the 

products of this digestion. If only 1,2 (2,3) diglycerides were present, 1,3, specificity was 

said to exist, if however, 1,3 diglycerides were also found, the lipase was said to be non

specific.
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1.4.2.1. Lipase activity in Streptomyces species.

There are only limited reports of lipases produced by the streptomycete bacteria. Rapp 

and Backhaus (1992) showed that the extracellular lipase activity towards triolein 

substrate was present in S. caelestis, S. laendulae and S. lipmani. Bormann et al. (1993) 

used tributyrin agar plates to test lipase activity in 243 strains oiStreptomyces', they 

found that 51 % of these showed significant activity. More recently (Large et al., 1999), 

investigated lipase activity in S. lividans, S. clavuligerus, S. coelicolor, S. rime sus and S. 

erythraea. They found all species produced cell associated lipase activity. Lipase activity 

of the strains investigated, with the exception of S. clavuligerus and S. coelicolor, was 

produced in the absence of oil in the process media.

1.4.3. Factors Affecting the Activity of Microbial Lipases

As remarked in the previous section, the majority of microbial lipases tend to be 

extracellular. Thus, the lipase is continually in contact with the culture medium and as 

such the composition of the medium and the fermenter environment will have a 

significant effect on enzyme activity. As cell membrane and cell wall bound lipases are 

also in contact with the culture medium these are likely to be in a similar situation. Since 

culture conditions also affect the organism that produces the lipase, the media 

composition and physical environment are also likely to have a marked eflfect on the 

properties of intracellular lipases. Therefore, irrespective of the type of lipase produced 

the cells surrounding environment is likely to have a profound effect on lipase 

production, activity and stability. These external factors include cultivation temperature, 

pH, nitrogen composition, carbon and lipid sources, concentration of inorganic salts, 

availability of oxygen and shear forces (Taipa et al. 1992).

1.4.3.1. Medium Composition

There have been many reports that the nitrogen source present in the medium influences 

the lipolytic activity of the culture. Several studies have shown improvements in lipolytic 

activity when complex nitrogen sources were added to the culture medium. In an early 

study, Cutchins et al. (1952) reported that addition of peptone to the medium improved 

lipolytic activity in a P. aeruginosa culture. This is supported by the recent work of 

Hatzinkolaou et al. (1996), who reported that media containing peptone and com oil
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gave the highest yield of lipase in A. niger cultures. Chopra and Chander (1983) found a 

two-fold enhancement in lipolytic activity of a Syncephalastrum racemosum culture 

when using complex nitrogen in the form of com steep liquor. Similarly, Nahas (1988) 

communicated that when a number of nitrogen sources were tested in a culture of R. 

oligosporus  ̂only soybean meal extract improved lipolytic activity. In contrast to this, 

Cordenons et al. (1996) found that as the complexity of the nitrogen source in an 

Acinetohacter calcoaceticus culture decreased, lipase levels increased.

In many cases, the presence of a minimal amount of triglycerides in the fermentation 

broth has been shown to be required for the stimulation of lipase production. Novotny 

and Dolezalova (1993) reported the optimal concentration of olive oil for the induction 

of lipase in a culture of Yarrowia lipolytica was 0.5 %(w/v). Similarly, Marek and 

Bednarski (1996) observed maximal lipolytic activity of Y. lipolytica in a media 

supplemented with 0.5 %(w/v) beef tallow. These workers also reported the stimulation 

of lipase production in several other fimgi following addition of triglycerides to the 

culture broth. Furthermore, glucose catabolite repression of lipase synthesis in all of the 

fimgi studied was also communicated. The findings of Macris et al. (1996) are in 

agreement with these results. They observed that the addition of lipid was essential for 

lipase production by A. niger, whilst it was completely repressed by glucose. The 

requirement for triglycerides to stimulate lipolytic activity is not limited to fimgi, Gilbert 

et al. (1991) found that the lipase activity of P. aeruginosa was strongly induced by 

triglycerides. This suggests that in these organisms lipolytic activity is not constitutive.

As a final point, in contrast to the aforementioned, several workers (Smith and Alford,

1966; Novotny et al., 1988) have noted an adverse effect of triglyceride on the synthesis 

of lipase by some lipolytic microbes.

The addition of anionic surfactants, particularly Tweens, to the culture medium have also 

been shown to promote lipase activity. In static submerged culture, the lipase of R. 

oligosporus was strongly promoted by addition of Tweens 20 and 80 (Nahas 1988). This 

is supported by the work of Gilbert et al. (1991), who found that Tweens, as well as 

triglycerides, could stimulate lipase production by P. aeruginosa. Enhanced production 

of lipase by G. candidum following addition of Tweens has also been reported (Jacobsen 

et ah, 1989). This positive effect may be due to these surfactants possessing a structure 

analogous to that of a triglyceride. However, it should be noted that more recently, it has
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been shown that Tweens have little efifect in stimulating lipolytic activity in Y. lipolytica 

(Novotny and Dolezalova, 1993), A. niger, Galactomyces geotrichum and R. miehei 

(Marek and Bednarski, 1996).

The afifect of minerals and metals on lipase activity is not entirely clear, as in general 

these affects tend to be dependent on the origin of the lipase. However, in most cases 

calcium and sodium ions have been found to be beneficial to lipase activity. Heavy metal 

cations usually have a detrimental effect (Malcata et al. 1992). In addition, it is generally 

recognised that lipolytic activity is repressed by the presence of di- and mono-glycerides 

(Macrae 1983), free fatty acids and alcohols (Rostrup-Nielsen et al. 1990).

I.4.3.2. Fermenter Environment

In addition to the composition of the media, the physical environment within a culture 

also influences the lipolytic activity. There is evidence to suggest that aeration is of great 

importance to lipase activity. Jacobsen et al. (1989) found that an enhancement in 

lipolytic activity accompanied the transfer of a G. candidum culture from a less well 

aerated shake flask culture to a small well aerated fermenter. This observation was 

supported by the recent work of Cavanagh (1996), who also reported an increase in 

specific lipolytic activity on transfer of a S. clavuligerus culture fi'om shake-fiasks to 

small scale stirred fermenters. Further to this, in several lipolytic fungal fermentations, an 

increase in lipolytic activity was found with increased surface area to volume ratio and 

therefore aeration in shake flasks (Marek and Bednarski, 1996).

To create good aeration conditions, effective mixing in the bioreactor is required. 

Effective mixing is also of paramount importance since this will affect the interfacial 

surface area of the oil/water emulsion. Effective mixing has implications if shear 

inactivation of lipases is considered. Lee and Choo (1988) found that in a model stirred 

tank reactor system, 0.1 %(w/v) solutions of lipase fi'om Candida cylindricae suffered 

shear inactivation. They concluded that inactivation increased with shear rate and 

shearing time but not with increasing shear stress. These workers also suggest that shear 

acts indirectly and it is in fact the increased contact with air/water interfiices at higher 

shear rates that bring about dénaturation. This is due to the high interfacial tension of 

these interfaces. Thus, it can be concluded that depending on the intensity, the rate of
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agitation and aeration can be both beneficial and detrimental to lipase activity. 

Consequently, careful optimisation of these parameters may be required.

In conclusion, to achieve optimal lipase activity careful consideration and development of 

the medium and physical environment are required. However, with regard to the present 

study, a compromise must be achieved between optimal lipase conditions and the overall 

requirement for optimisation of secondary metabolite production.

1.5. Rheology

1.5.1. Introduction: Viscosity and Newtonian Fluids

Rheology is the study of the deformation and flow of materials (Bader, 1986). Viscosity 

is an important rheological parameter, and is related to a fluids resistance to motion 

(Doran, 1995). Viscosity is the most significant factor afifecting the flow behaviour of a 

fluid and has a marked effect on heat and mass transfer, pumping, mixing and aeration 

(Atkinson and Mavituna, 1991). Changes in these parameters will significantly affect 

bioprocess performance and economics.

Viscosity is determined by relating the velocity gradient in fluids to the shear force 

causing flow to occur. This relationship can be explained by considering a viscous fluid 

undergoing laminar flow and, in particular, two parallel layers whose velocities are v and 

v + dv (Figure 1.9.). These layers, of area. A, are separated by a small distance. The upper 

layer will exert an accelerating force, F, on the lower layer and the lower layer will exert 

a retarding force on the upper layer. Because of these forces, the motion of the layers 

will dissipate unless relative motion is maintained by the action of an external force. 

Newton suggested that the fiictional force between the layers is proportional to the area, 

A, and the velocity gradient, dvidx, therefore:

dv
F x A » —  ( 1.2 .)

Equation 1.2 can be rewritten. The fluid velocity gradient is known as the shear rate (y 

[s'*]) of the fluid and can be defined as:

dvr = - ~  (1.3.)
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The force per unit area causing the fluid to flow is known as the shear stress (x [Pa]):
F

r =

Substituting Equations 1.3. and 1.4. into Equation 1.2. gives:

T cc y

(1.4.)

(1.5)

The proportionality constant of Equation 1.5. is termed the coefficient of viscosity of the 

fluid and is denoted by p, thus:

r (1.6.)

Newton’s law of viscosity is defined by Equation 1.6. and fluids following this law are 

referred to as Newtonian. The magnitude of p is measured in Pascal seconds (PaS), 

which is equal to 1 kgm ’s *. The viscosity of Newtonian fluids remains constant, as it is 

independent of shear stress or shear rate. This can be seen in a plot of x versus y, the 

slope of which is constant and equal to p (Figure 1.10.). Newton’s law applies to all 

gasses and many liquids, particularly low molecular weight liquids.

velocity
V+dV

Force dX

velocity

Figure 1.9. Viscous fluid in laminar flow (Adapted from Warren, 1994).
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Fluid Flow Curve Equation Apparent viscosity (jo.a)

T

Newtonian /  P
y /  T =  l̂y Constant

P a  =  P

T

Pseudoplastic 
(power law)

y

^ n Decreases with 
/  /  T =  Ky . ,

/  /  U a . mcreasmg shear rate.
( /  P a  =  Ky"'

Dilatant 
(power law) t  =  K t"  

n>l

Bingham
plastic T = To + KoY

Casson
Plastic

Increases with 
increasing shear rate 

Pa =  K f  '

Decreases with 
increasing shear rate 

when yield stress To is 
exceeded.

P a  =  ( V y )  +  K p

Decreases with 
increasing shear rate 
when yield stress To 

is exceeded

=

Figure 1.10. Summary of the flow behaviour of some common fluid types (Adapted 
from Atkinson and Mavituna, 1991).
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1.5.2. Non-Newtonian Fluids: Rheological Models

Many fermentation processes involve materials which exhibit non-Newtonian behaviour, 

such as starches, extracellular polysaccharides, and culture broth containing cell 

suspensions, filaments or pellets (Doran, 1995). Non-Newtonian fluids are classified 

according to the relationship between the shear stress imposed on the fluid and the shear 

rate developed. Common types of non-Newtonian behaviour include pseudoplastic, 

dilatant, Bingham plastic and Casson plastic (Atkinson and Mavituna, 1991). Flow 

curves of these fluids are shown in Figure 1.10. In the non-Newtonian fluids, as the flow 

curves indicate, the ratio between shear stress and shear rate is not constant. Thus, 

viscosity is not constant over a range of shear rates and shear stresses, and is therefore 

often referred to as the apparent viscosity (pa).

Varieties of mathematical models have been developed to correlate viscosity and shear 

forces. The use of these models allows the behaviour of fluids to be described in 

quantitative terms. However, none of these models gives a completely satisfactory 

description encompassing all fluids or the entire shear rate range for a given fluid 

(Warren, 1994). Common types of fluid behaviour and the respective models are 

summarised in Figure 1.10.

The power law model can be used to model the behaviour of Newtonian and non- 

Newtonian pseudoplastic and dilatant fluids which do not exhibit a yield stress.

T = K » { / y  (1.7)

Where;
T shear stress (Pa)
y shear rate (s ')
K consistency coefficient (PaS")
n power law index or flow behaviour index (-)

The parameters K  and n characterise the rheology of power law fluids. The power law 

index, n, allows quantitative rheological characterisation of the fluid, n = 1 corresponds 

to Newtonian behaviour; when n = < \  pseudoplastic behaviour is exhibited; and the fluid 

is dilatant when n = > 1. Thus with increasing shear rate the apparent viscosity of 

pseudoplastic fluids decreases while that of dilatant fluids increases. Pseudoplastic and 

dilatant fluids are therefore often referred to as shear thinning and shear thickening 

respectively.
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Some fluids require a finite yield stress (%b) to be applied before flow occurs. Such fluids 

are referred to as plastic. The Bingham plastic model postulates that the material behaves 

as an elastic solid for stresses less than the yield stress; the model describes Newtonian 

behaviour after flow has been initiated.

T =  To + KpJ (1.8.)

Where:
To yield stress (Pa)
Kp plastic viscosity

The Bingham plastic model is one of several models for plastic materials; a number of 

fluids also demonstrate yield stresses but do not exhibit Newtonian behaviour after the 

yield stress has been exceeded. A common example of which is Casson plastic behaviour. 

Once the yield stress has been exceeded, the behaviour of a Casson fluid is pseudoplastic. 

The Casson equation is used to describe such fluids:

Several of these models have been used to characterise the fluid properties of mycelia 

fermentation broth.

1.5.3. Rheology of Filamentous Fermentation Broths

In a fermentation broth, the presence of solid particles (including the cells) and excreted 

products may alter the rheological properties of the base fluid, water, producing a liquid 

with complex non-Newtonian characteristics (Kemblowski and Kristiansen, 1986). For 

unicellular fermentations which do not produce viscous fermentation products the 

behaviour is generally Newtonian with viscosity similar to water (Bader, 1986). The 

fermentations of filamentous organisms, for example Streptomyces sp. and fimgi, contain 

long filaments. These filaments tend to interweave creating mats that resist shear forces. 

The broths of such fermentations are therefore generally non-Newtonian and highly 

viscous. Most mycelia fermentations have been modelled as pseudoplastic fluids or, if 

there is a yield stress, Bingham or Casson plastic (Doran, 1995). The types of models 

used to describe the flow behaviour of non- Newtonian fermentation fluids have been 

discussed in reviews by Metz et al. (1979) and Oolman and Blanch (1986).
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Broth from Streptomycete fermentations has often been modelled using the power law 

model (Warren et aL, 1995b; Buckland et aL, 1988; Tuffile and Pinho, 1970). On 

application of this model, the n and K  values often exhibit a characteristic pattern over 

the time course of the fermentation. Specifically n starts just below unity (i.e. Newtonian 

conditions), then falls rapidly (due to mycelial growth) to show pseudoplastic behaviour 

for much of the fermentation. Towards the end of the fermentation, n, may rise due to 

lysis of the mycelia. In contrast, K, which is a measure of apparent viscosity, increases as 

fermentation time increases (Atkinson and Mavituna, 1991). Warren et aL (1995b) 

report that the rheology of <S. rimosus fermentation broth can be described using the 

power law model. The broth quickly exhibited pseudoplastic behaviour with the value of 

n falling to between 0.2 and 0.3 as soon as substantial growth had occurred; n remained 

between these values for the remainder of the fermentation. K, and therefore apparent 

viscosity, increased for much of the fermentation and then plateaued.

1.6. Stirred Tank Bioreactors

1.6.1. Introduction to Stirred Tank Bioreactors

The stirred tank reactor was traditionally used in the chemical industry, and during 

World War II was converted for production of penicillin. Thus, due to the non-bespoke 

nature of this type of reactor there are several shortcomings when it is used for the 

cultivation of microorganisms. These include limited gas throughput due to impeller 

flooding and damage to the microorganisms due to high shear (Chisti, 1989). 

Nevertheless, the aerated agitated tank remains the standard of the fermentation industry. 

There are two main reasons for this. First, many companies invested in stirred tank 

bioreactors in the 1960s and 1970s and these still have many years of useful life; 

particularly those that have been upgraded. Secondly, although not necessarily ideal for a 

particular fermentation, stirred tanks give good results for many different fermentations 

(Buckland and Lilly, 1993).

Stirred tank bioreactors are usually cylindrical in sliape, the edges of wliich are typically 

rounded rather than angled. Rounding of the edges eliminates sharp comers and pockets 

into wliich currents may not penetrate. Tlie aspect ratio of these fermenters can be varied 

over a wide range but is typically 3:1 (Doran, 1995). The vessel is mixed by mechanical 

agitation using impeller(s) mounted on a centrally located stirrer shaft; the shaft may

38



Chapter /. Introduction

enter the vessel through an aseptic seal situated either above or below the fermenter. The 

impeller(s) are typically 0.33 to 0.4 times the tank diameter, and available in a variety of 

styles. Multiple Rushton (6 bladed) turbine radial flow impellers were the design of 

choice from the 1950s to the early 1980s (Buckland and Lilly, 1993). These have now 

been superseded to some extent by axial flow hydrofoil impellers as used by Buckland et 

al. (1988). Mixing is usually aided by 4 equally spaced baffles positioned perpendicular 

to the vessel wall; the width of the baffles is typically 0.1 times that of the vessel 

diameter. In most agitated fermentations, the air is sparged into the fermenter just below 

the bottom turbine. Typically, a sparger ring is used that has a diameter 0.8 times that of 

the turbine.

1.6.2. Mixing in Stirred Fermentation Vessels

For aerated stirred tank fermenters the agitator has two main functions, namely the 

mixing of the vessel contents and the enhancement of heat and mass transfer (Lilly,

1986). On mixing fermentation broth in stirred vessels, large liquid circulation loops 

develop. For mixing to be effective, the fluid circulated by the impeller must sweep the 

entire vessel in a reasonable time. The velocity of the fluid leaving the impeller must also 

be sufficient to carry material to all parts of the vessel. In addition, it is essential that 

turbulence develops in the fluid, since mixing is certain to be insufficient if flow is not 

turbulent (Doran, 1995). The ideal of complete homogeneity of the liquid contents in a 

large scale fermenter is, however, unattainable in practice (Lilly, 1986). Although mixing 

times in small scale vessels can be in the order of a few seconds; this is sufficient to 

consider the contents well mixed. Mixing time is usually defined as the time to minimise 

concentration differences to an acceptable level throughout the entire liquid volume and 

can be measured by making pulsed additions to the liquid (Lilly, 1986).

The mechanism of mixing can be described as a combination of three physical processes 

(Doran, 1995): (I) distribution; (II) dispersion; and (III) diffiision. The scale at which 

mixing occurs decreases as this list is descended. Thus, distribution and diflusion are 

occasionally referred to as macromixing and micromixing respectively, and dispersion 

can be referred to as macro- or micromixing depending on the scale of fluid motion.

Distribution is the process by which fluid is transported to all regions of the vessel by 

bulk circulation currents. These currents are developed by the fluid passing through the
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highly turbulent impeller region. As the fluids leave the impeller region flow is slower 

and mixing is much less intense. The fluids, however, regularly return to the impeller 

region due to the periodic pumping action of the impeller. Although distribution is 

important in mixing, it is a relatively slow process and can often be the slowest step in 

the mixing process.

If the impeller speed is suflBciently high, then superimposed on the distribution process is 

turbulence. Turbulent flow occurs when the fluid moves erratically in the form of cross 

currents rather than in streamlines. The kinetic energy of turbulent fluid is directed into 

regions called eddies. Large eddies are formed by the action of the stirrer; these then 

breakdown into small eddies which produce even smaller eddies. This continues until the 

eddies are so small that they can no longer sustain rotational motion and their kinetic 

energy is lost as heat. This process of breaking up bulk flow into smaller and smaller 

eddies is termed dispersion; dispersion facilitates rapid transfer of material throughout 

the vessel. The degree of homogeneity in a fluid is, therefore, determined by the size of 

the smallest eddies. As mentioned previously (see Section 1.3.3.1.), the size of the 

smallest eddies can be estimated using the Kolmogorov scale of mixing (Equation 1.1). 

Within eddies mixing relies on diflusion, the final physical process. Diflusion is a slow 

process but can be accomplished rapidly over small distances.

1.6.3. Affect of Mixing on Morphology, Growth and Productivity

Mixing and the shear created from the high agitation rates required to achieve adequate 

mixing has been shown to affect the performance of secondary metabolite fermentations. 

In particular, shear is thought to cause damage to the long mycelia of filamentous 

organisms. In general, when gas bubbles are not present in the liquid, interactions 

between cells and turbulent eddies are considered to cause damage (Doran, 1995). Thus, 

when mycelial bacteria are compared to their unicellular counterparts, the mycelia 

generally suffer greater damage because their hyphae can be longer than the microscale 

of turbulence.

The agitation rate has been reported to affect the morphology of filamentous fungi (van 

Suijdam and Metz, 1981 ; Mitard and Riba, 1988; and Smith et aL, 1990). In general, 

increasing agitation rate was reported to decrease the main hyphae length and increase 

branching. With regard to Streptomycetes, Belmar-Beiny and Thomas (1991) studied the
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effect of agitation rate on S. clavuligerus. They found that growth and production was 

not very dependent on stirrer speed and noted that morphological features only changed 

under intense agitation (tip speed 4.6 ms '). They concluded that S. clavuligerus was not 

very shear sensitive, and suggested that this may have been due to the small lengths and 

diameters of the hyphae of the industrial strain investigated. The industrial strains of S. 

rimosus used in this work have also been reported to have short hyphae (Warren, 1994). 

Thus, the selection pressure applied to the development of these industrial strains 

presumably selects for organisms with shorter hyphae when compared to the wild type 

strains.

1.7. Oxygen Mass Transfer

1.7.1. An Introduction to Oxygen Mass Transfer

In aerobic fermentations, one of the most critical factors in successful operation is the 

adequate supply of oxygen to the microbial cells. This is primarily due to the low 

solubility of oxygen, which is approximately 8 mgf' in an average fermentation broth, 

under saturation conditions at 30°C (Stanbury et aL, 1995). Thus, in order to prevent the 

microorganism undergoing oxygen starvation, the culture must be continually supplied 

with oxygen. This is usually achieved by aeration and agitation of the fermentation broth. 

However, the productivity of many fermentation processes can still be limited by the 

availability of oxygen (Stanbury et aL, 1995) and therefore it is imperative to consider 

the factors which affect the efficiency of oxygen supply to the microbial cells.

The transfer of oxygen from the air to the cell has been suggested to happen in three 

steps (Bartholomew et aL, 1950). These authors described these steps as: the transfer of 

oxygen to the solution from an air bubble; the transfer of the dissolved oxygen through 

the bulk liquid to the microbial cell; and the uptake of dissolved oxygen by the cell. In 

addition, in this report, it was demonstrated that the limiting step in a Streptomyces 

griseus process was the transfer of oxygen from the bubble to the solution. On a more 

detailed level. Moo-Young and Blanch (1981) suggested there are eight resistances 

involved in oxygen transfer via these three steps, these are shown in Figure 1.11. Chisti 

(1989) communicates that not of all these resistances are significant, reporting that 

almost invariably the resistance due to the gas-liquid interface is the only one with any 

real importance. Thus, the transport of oxygen problem is limited to that of gas-liquid
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interfacial mass transfer. It should be noted, however, that in some cases the organism 

may use oxygen directly at the interface between it and the gas bubble and therefore 

affect and enhance oxygen transfer rates (see Figure 1.12.).

(1) Gas film

(7) Internal cell 
resistance(4) Bulk liquid

(8) Site of
biochemical
reaction

Oxygen

(6) CeU-liquid 
interface

(2) Gas-liquid 
interface

(3) Liquid 
film

(5) Liquid film

Microbial cellAir bubble

Figure 1.11. A generalised path of oxygen transport from an air bubble to a 
microbial cell; the sequence of numbers depict the various regions where resistance 
to transport may occur (Adapted from Chisti, 1989).

It is apparent, therefore that the rate of oxygen transfer is dependent on the gas-liquid 

mass transfer coefficient, ki, and the area available for transfer, i.e. the gas-liquid 

interfacial area ,a,. Furthermore, the difference in dissolved oxygen concentration in the 

liquid ( C l )  and the saturated dissolved oxygen concentration ( C * ) ,  which is effectively 

the driving force, also has an effect. Thus, the oxygen transfer rate (OTR) can be 

expressed as:

OTR = k , a { C - C j )  

Where

(1.11.)

ki = the mass transfer coefficient (ms ') 
a = gas-liquid interfacial area per liquid volume (m̂ m'̂ )
C = saturated dissolved oxygen concentration (molm ̂ )
Cl = dissolved oxygen concentration (molm' )̂

It is extremely difficult to determine either kt or a experimentally, however the combined 

parameter kia is readily measured; this parameter is known as the overall mass transfer
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coefficient and has units of reciprocal time. Thus, mass transfer in a fermenter is 

generally discussed in terms of kia rather than ki.

In aerobic fermenters, kia is dependent on the hydrodynamic conditions around the gas 

bubbles. Relationships between kia and parameters such as bubble diameter, liquid 

velocity, density, viscosity and oxygen diffiisivity have been investigated extensively and 

correlations between mass-transfer coefficients and important operating variables have 

been developed. These correlations are, however, empirical and their application to 

biological systems is generally poor (Doran, 1995). Under typical fermenter operating 

conditions, however, increasing the stirrer speed improves the value of kia. In contrast, 

except at very low sparging rates, increasing the gas flow is generally considered to exert 

only a minor influence on kia. In some cases, increasing the gas flow may drastically 

reduce kiO due to flooding of the impeller.

The rheology of fermentation broth can also affect the kia. In filamentous fermentations, 

the non-Newtonian and highly viscous nature of the fermentation broth can exert a 

profound effect on mass transfer. In an early report, Deindoerfer and Gaden (1955) 

commented that as the viscosity of P. chrysogenum fermentation broth increased the h a  

was observed to decrease by 85 %. More recently, Carrington et aL (1992) reported that 

the h a  of an industrial Streptomyces broth was observed to decrease with increasing 

viscosity. Pollard (1995) also observed decreasing h a  with increasing viscosity in pilot 

plant scale S. erythraea fermentations. Gbewonyo (1992) summarised that in general, a 

decrease in h a  is observed as the viscosity of the fermentation broth increases.

There are several methods that are widely used for the experimental determination of h a  

of a vessel, with the most effective method being the gas balance method. This method 

allows direct estimation of h a  during a fermentation. It involves measurement of the 

dissolved oxygen concentration and the oxygen content of the air inlet and outlet 

streams. The major drawback to this method is the capital expense in obtaining an 

instrument, such as a mass spectrometer, to ascertain the oxygen concentration of the 

outlet stream.
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1.7.2. T he Affect o f L ipids on M ass T ran sfe r

With addition of oil to a fermentation broth the situation described earlier of transfer of 

oxygen from the bubble to the cell is complicated further. Indeed, following addition of 

oil, the oxygen transfer process depicted in Figure 1.11. is extended to include other 

possibilities as shown in Figure 1.12.

Cell

Lipid

Gas

F igure  1.12. Possible ways fo r oxygen tra n sfe r  from  gas bubbles to  cells a fte r  
ad d itio n  o f oil (Rols and  G om a, 1989).

1) G as-liquid-solid  and  (2) gas solid tra n sfe r

These two methods of transport have been discussed previously (see Section 1.6.1.)

3) G as- lip id-liquid-solid  tra n sfe r

The oxygen is dissolved in the lipid, from which it is transferred to the aqueous phase 

where it is used by the cells. Yamane and Yoshida (1974) concluded that the transfer of 

oxygen from the lipid to the aqueous phase was much faster than the transfer of oxygen 

from the bubble to the lipid. To such an extent that the transfer of oxygen from the 

bubble to the aqueous phase could be said to occur instantaneously. In more recent 

work, it was suggested that the lipid acted as an active intermediary in the transfer of 

oxygen into the aqueous phase (Rols et al., 1990). These workers also suggested that 

layering of the oil as a thin film at the gas- liquid interface may cause an oxygen transfer 

rate increase. However, this will depend on the spreading coefficient and is thus 

dependent on the type of oil used.
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4) Gas-Iipid-solid transfer

Cells at the surface of the lipid droplets use the oxygen directly from the bubble. This 

type of transfer depends on the affinity of the cells for the lipid, and on the size of the 

emulsified droplets (Rols and Goma 1989). Mimura et al. (1973) proposed that for some 

hydrocarbon utilising bacteria, the cells can adsorb onto the surface of the oil droplets to 

form dense floes. These floes then tend to attach to the surface of air bubbles. However, 

this can be inhibited by emulsiflcants and other surface active agents which may be added 

to the media.

The relative amount of oxygen transfer by the above four methods is difficult to estimate, 

although it is thought that they all contribute to the overall mass transfer.

There appears to be some controversy on the nature of how lipid additions affect kia. It 

is generally reported that the lipid improves mass transfer. Rols and Goma (1991) 

communicate that additions of soybean oil up to 19 %(v/v), to a stirred tank operated at 

500rpm with 0.28 wm air flow-rate, gave linear increases in kia. The authors considered 

that the improvement was due to the oil acting as a vector for oxygen transfer. Liu et al. 

(1994) also report improved mass transfer after small additions (up to 4 %[v/v]) of 

various lipid compounds to a S. cerevisiae culture grown in a stirred tank operated at 

different stirrer speeds and air flow-rates. However, Benedek et a/. (1971) reported that 

additions of oil based antifoams to a stirred tank decreased kia. They also found that 

additions of salt increased kia, as salt causes coalescence while antifoams inhibit it. It is 

reasonable to suggest that in this investigation the detrimental effect of the antifoam on 

decreasing interfacial area outweighed any benefit from this compound acting as a 

vector. In a viscous non-Newtonian S. cinnamonensis fermentation the addition of oil 

over a certain concentration decreased antibiotic titres, this was considered to be directly 

related to decreased kia at the higher oil concentrations (Rezanka et al. 1984). It would 

therefore appear that whether oil additions hinder or aid mass transfer, is largely 

dependent on oil concentration and the system in which they are being used.
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1.8. Scope of the Work

The literature survey emphasised the industrial significance of the actinomycetes, S. 

rimosus and OTC. The literature showed that oils could be added to many secondary 

metabolite producing processes. These additions often increased secondary metabolite 

production and offered some economic and operational advantages over carbohydrate 

based media. The literature also highlighted the disadvantages to the use of oils, 

including the major one of a proportion of the oil added to the fermentation remaining 

unused at the end. It is clear from the survey that many factors could affect residual oil 

utilisation in complex fermentation broth. The review showed that although there are 

many reports of the problem of residual oil, research into the causes and possible 

remedies of this problem are limited. Reports of oil utilisation and the problem of 

residual oil in oil based fed batch fermentation are particularly scarce. This study will 

investigate oil utilisation and the problem of residual oil in oil based fed batch 

fermentation of S. rimosus. Investigations will be carried out using two strains of S. 

rimosus at 5 and 7 litre scale, with the aim of increasing the understanding of the 

problem, and reducing the concentration, of residual oil.

Greater understanding of the physical and chemical parameters of oil based 

fermentations, should allow a more strategic approach to increase product yields through 

increasing lipid metabolism. Reduction of residual oil levels should also decrease the 

costs of secondary metabolite production by improving downstream processing 

efficiency and reducing the raw material requirement. The knowledge gained from this 

study will have global applicability to the many antibiotic producing processes that 

contain lipid as part of their production medium.
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2.0. Methods and Materials

2.1. Fermentation oi Streptomyces rimosus

2.1.1. Organisms

An industrial mutant strain of 5. rimosus, strain M4018, was kindly supplied by Pfizer 

Ltd, Sandwich, Kent, U.K. This strain was used in fermentations conducted at both UCL 

and Pfizer Ltd. In addition, the current production mutant strain, M38182, was also 

supplied by Pfizer Ltd for investigations conducted at the Pfizer site only.

2.1.2. Media and Reagents

Many of the media components were also a gift courtesy of Pfizer Ltd. All other 

components and reagents were purchased from leading chemical suppliers. Table 2.1. 

summarises the source and grade of all components and reagents used.
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Table 2.1. Source and grades of chemicals and media components used.

Chemical/ media component Supplier Grade
Acetonitrile Merck HPLC grade

Acetyl chloride Merck AnalaR
Agar (no. 3) Oxoid -

Ammonium chloride Merck AnalaR
Ammonium nitrate Merck AnalaR

Antifoam Pfizer Ltd. -

Bacto peptone Difco -
Beef extract Difco -

Brij 35 Merck 30 %(v/v)
Calcium carbonate Pfizer Ltd. -

Calcium sulphate Merck AnalaR
Diethyl ether Merck AnalaR

Dried blood meal Pfizer Ltd.
Dried brewers yeast Pfizer Ltd. -

Formic acid Sigma AnalaR
Glucose Merck AnalaR
Glycerol Merck AnalaR

Gum arabic Merck AnalaR
Hexane Merck AnalaR

Hexane sulphonic acid Sigma HPLC grade
Methanol Merck HPLC grade

Nutrient agar Oxoid -

OTC dihydrate Pfizer -

Phenol Merck AnalaR
Potassium dihydrogen orthophosphate Merck AnalaR

Potassium carbonate Merck AnalaR
Potassium sodium tartrate Merck AnalaR

Rapeseed oil Pfizer Ltd. -
Sodium chloride Merck AnalaR

Sodium hydroxide Merck AnalaR
Sodium hypochlorite Merck GPR

Sodium nitrate Sigma AnalaR
Sodium nitroferricyanide Merck AnalaR

Soybean meal Pfizer Ltd. -

Sudan black B Sigma -

Sulphuric acid (conc.) Merck AnalaR
Toluene Merck AnalaR

Tributyrin Sigma AnalaR
Tri-sodium citrate Merck AnalaR

Tryptone soya broth Oxoid -
Yeast extract LabM -

Suppliers addresses are listed in Appendix I
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2.1.3. Fermentation Equipment

2.I.3.I. 5 L Fermentations

All 5 L fermentations were conducted at Pfizer Ltd., Sandwich, Kent, U.K.

2.1.3.11. Fermentation Vessel

3.1 L working volume fermentations were carried out using a glass, 5 L total volume, 

fiat bottom fermenter (Electrolab Ltd., Tewkesbury, Glos., U.K.). The head plate 

contained two 19 mm and three 12 mm diameter ports. These ports were used for probe 

insertion, additions and feeds. The vessel was sterilised by autoclaving. Agitation was by 

two 0.082 m diameter equispaced 6 bladed Rushton turbine impellers; the probes and 

cooling finger were strategically placed to behave as baffles. Aeration was via a Bunsen 

tube sparger mounted below the bottom impeller; the airfiow rate was monitored using 

rotameters. Temperature control was achieved by either passing cool water through a 

cooling finger, or heating via a heating mat placed beneath the vessel.

2.1.3.1.2. On-line Analysis

On line monitoring of dissolved oxygen tension (DOT) was achieved using Ingold, 

polargraphic, autoclavable, insertion electrodes (Electrolab Ltd., Tewkesbury, Glos., 

U.K.). The pH was monitored using Broadley James, gel filled, autoclavable, insertion 

electrodes (Electrolab Ltd., Tewkesbury, Glos., U.K.).

2.1.3.13. Gas Analysis

Inlet and exit gasses were monitored every few minutes using a Prima 600S Mass 

spectrometer (VG gas analysis Ltd., Cheshire, U.K.). The concentrations of oxygen, 

nitrogen, carbon dioxide and argon in these streams were measured. These values were 

then processed and compared by using Prima PC based software. This allowed 

calculation of oxygen uptake rate (OUR), carbon dioxide evolution rate (CER) and 

respiratory quotient (RQ). The RQ is the amount of carbon dioxide evolved divided by 

the amount of oxygen consumed. The software responsible for these calculations also 

logged the results at intervals of ten minutes.
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2.1.3.1.4. Control and Data Logging

Control of pH and temperature was achieved using an Anglicon-biosolo2 controller 

(Brighton Systems, Newhaven, Brighton, U.K.). Set points were controlled using 

proportional, integral, derivative (P.I.D) feedback control. These controllers also 

monitored DOT. The controllers were connected to a Siemens multireg Cl732 chart 

recorder (Siemens, Aktiengesellsghaft, Germany); this allowed logging of the fermenter 

pH and DOT profiles. The agitation rate was maintained using an Electro lab stirrer 

system (Electrolab Ltd., Tewkesbury, Glos., U.K.).

2.I.3.2. 7 L Fermentations

All 7 L fermentations were conducted at UCL

2.1.3.2.1. Fermentation Vessel

5 L working volume fermentations were carried out using a 7 L capacity, 0.4 m high x 

0.1.6 m wide, LH series 2000 fermenter (Inceltech/LH fermentation Ltd., Reading, 

Berks., U.K.). The vessel head plate contained eight 19 mm ports for electrode insertion, 

additions and feeds, air inlet and outlet, and sample port. The base plate also contained a 

number of ports. These were used for insertion of the temperature probe and heating 

element. Spare ports could be used for electrode insertion. Agitation was by two 

equispaced 0.062 m diameter 6 bladed Rushton turbine impellers; the vessel contained 4 

equispaced 0.31 m long by 0.021 m wide baffles. The vessel was sterilised in-situ by 

passing steam through internal coils. Temperature was maintained by passing cool water 

through the coils and by heating via the heating element. Aeration was via a ring sparger 

situated beneath the bottom impeller.

2.1.3.2.2. On Line Analysis

On line monitoring of dissolved oxygen tension (DOT) was achieved using Ingold, 

polargraphic insertion electrodes. The pH was monitored using Ingold gel filled, 

insertion, electrodes. Both electrodes were steam sterilisable and supplied by Ingold 

(Ingold, Life Science Laboratories Ltd., Luton, beds., U.K.).
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2.1.3.2.3. Gas analysis

Inlet and exit gas streams were analysed in the same manner as described in Section

2.1.3.1.3. The only difference being, that gas measurements where carried out using a 

MM8-80 mass spectrometer (VG gas analysis Ltd., Cheshire, U.K.).

2.1.3.2.4. Control and Data Logging

Control and monitoring of pH, temperature, gas flow rate and agitation speed was 

achieved using 8 loop PID TCS control units (Turnbull Control Systems Ltd., Worthing, 

U.K.). These controllers also monitored DOT. The data from the control units along 

with gas analysis data was logged by the real time data acquisition system, RT-DAS, 

computer programme (Acquisition Systems Ltd., Sandhurst, Surrey, U.K.) running on 

personal computers.

2.1.3.3. Shake Flask Fermentations

Sh^e flask experiments were carried out in 300 ml conical flasks. The initial working 

volume of the flask was 50 ml. The flasks were agitated on either HT-lnfors or Kuhner 

ISF-l-V orbital shakers (Infors AG, Basle, Switzerland; Adolf Kuhner, Schmeiz, 

Switzerland).

2.1.4. Fermentation Methods

2.14.1. Spore Production and Storage

To avoid strain degeneration, M4018 spores were generated from single colony isolates 

produced from serial dilutions of an existing slant culture. Several batches of fresh 

sprolulating slants were produced from each isolated colony. A sample of each of these 

batches was then tested for productivity using shake flasks (see Section 2.1.4.3.3.1).

Only batches showing good productivity were then stored for future use. Storage of 

slants was at -20°C for up to 1 year. Solid sporulating media of the composition shown 

in Table 2.2. was used for all stages except the productivity testing stage.
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Table 2.2. Composition of spore preparation and storage media.

Component Concentration (gL'*)
Beef extract 4
Yeast extract 1

Glucose 9
Sodium chloride 2.5

Agar (no. 3) 20

2.1.4.2. Seed Culture Preparation and Inoculation 

2.1.4.21. 5 L M38182 Process Fermentations

Seed culture preparation of M38182 for 5 L fermentations was prepared to a confidential 

process. It was therefore made up and provided by the Fermentation Process 

Improvement Laboratory at Pfizer Ltd.

2.1.4.2 2. 5 L M4018 Process Fermentations

Seed culture preparation of M4018 for the 5 L, Electro lab, fermentations was carried out 

in 3 L Fembach flasks. These flasks contained 350 ml of TSBYG medium, the 

composition of which is shown in Table 2.3. The pH of the prepared medium was not 

adjusted prior to sterilisation. The medium was sterilised by autoclaving at 121 °C for 30 

minutes.

Flasks were inoculated with 5 % (v/afler inoculation volume [AIv]) spore suspension 

containing 10̂ -10̂  spores ml''. Incubation was for 48 hours, at 210 rpm on a HT-Infors 

orbital shaker (Infors AG, Basle, Switzerland). The temperature of incubation was 29°C. 

After incubation, the packed cell volume (PCV) and pH of the culture was measured to 

ascertain whether acceptable growth had occurred. Acceptable growth was a PCV of 

0.8 %(v/v) or greater and a pH of between 6.5 and 7. PCV was measured by centrifuging 

a 15 ml aliquot of fermentation broth in a graduated tube at 550g for 10 minutes. A 

retrospective assessment of seed sterility was also carried out. Nutrient agar plates were 

streaked with seed and incubated at both 29°C and 37°C. Plates were then checked for 

monoculture on a daily basis for several days.
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Table 2.3. Composition of TSBYG seed medium.

Component Concentration (gL ')
Tryptone soya broth 30

Yeast extract 3
Glucose 10

Calcium carbonate 2

2.1.4.2 2. 7 L M4018 Process Fermentations

Seed preparation for the 7 L, M4018 process fermentations was carried out in 2 L 

Erlenmeyer flasks. These flasks contained 300 ml of TSBYG media (Table 2.3). The pH 

of the media was not adjusted prior to sterilisation. The flasks were sterilised by 

autoclaving at 121°C for 30 minutes. Flasks were inoculated with 5 %(v/AIv) spore 

suspension (10 -̂10  ̂spores ml '). Incubation was for 48 hours at 210 rpm, on a Kuhner 

ISF-l-V orbital shaker (Adolf Kuhner, Schmeiz, Switzerland). The temperature of 

incubation was 29°C. After incubation, analysis of growth was carried out in the manner 

desçribed in Section 2.1.4.2.2.

2.14.3. Fermentation Media

2.1.4.31. 5 L Fermentation

2.1.4.3.11. M38182 Process Fermentations

M38182 fermentations were carried out at Pfizer, Ltd. For commercial reasons, the 

precise details of the process can not be reported. However, it was an oil based fed batch 

fermentation with a complex protein source. In addition to the oil feed, the fermentation 

also had a nitrogen and trace element feed.

2.1.4.31.2. M4018 process fermentations

2.8 L of aqueous complex media, as described in Table 2.4, was added to the 5 L vessel. 

The fermenter was then autoclaved in a steam driven autoclave for 40 minutes at 126°C. 

The fermentation was operated in a fed batch mode with RSO and water feeds. The RSO 

feed contained 2 %(v/v) antifoam. The water feed was prepared using deionised water.
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Water feeding was necessary to prevent excessive losses due to evaporation. Both feeds 

were sterilised in a steam driven autoclave at 126°C for 1 hour prior to use.

Table 2.4. Complex media composition.

Component Concentration (gL *)
Soybean meal 38

Dried blood meal 19
Sodium nitrate 2.1

Ammonium nitrate 1.2
Rapeseed oil 7
Yeast extract 2

Antifoam 0.4 mlL’

To prevent product inhibition, early in the production phase it was necessary to 

precipitate the OTC. This was done by addition of calcium. A CaCOs and CaS0 4  water 

suspension shot was added to the fermenter after 24 hours of fermentation. This shot 

contained 10.5 g CaCO] and 2.7 g CaS0 4  dispersed in 200 ml deionised water. This was 

autoclaved in the same manner as the oil feed. After autoclaving, the CaC0 3 / CaS0 4  shot 

was kept agitated to prevent settling.

2.14.3.2. 7 L Fermentations

Only M4018 process fermentations were carried out in the 7 L vessel. 4.5 L of complex 

media (Table 2.4.) was prepared and added to the 7 L vessel. This was then sterilised at 

121°C for 40 minutes in-situ.

The rapeseed oil feed was made up and sterilised as described in Section 2.1.4.3.1.2. The 

CaCO] and CaS0 4  shot contained 17.5 g CaCOs and 4.3 g CaS0 4  dispersed in 200 ml 

deionised water. This was sterilised in the same manner as the RSO feed. A water feed 

was not necessary since the 7 L fermenter had an efficient condenser on the gas outlet.

2.1.4.3.3. Shake Flask Experiments

2.1.4.3.31. Complex Media

45 ml of complex medium with the composition shown in Table 2.5. was made up with 

deionised water and added to the 300 ml shake flasks. These were then capped using
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foam bungs and wax paper. Prepared flasks were sterilised for 20 mins at 126°C in an 

autoclave. Flasks were weighed before and after autoclaving. Evaporation during 

sterilisation was corrected for by filter sterilising appropriate amounts of deionised water 

into the flasks.

Table 2.5. Complex Media for Batch Shake Flask Fermentation.

Component Concentration (gL )
Soybean meal 38

Dried blood meal 19
Sodium nitrate 2.1

Ammonium nitrate 1.2
Rapeseed oil 30
Yeast extract 2

Calcium carbonate 2

2.1.4.3.3 2. Defined Media

Shake flask experiments were also carried out using a defined medium; the precise 

composition of this medium is confidential. However, this medium had a carbohydrate 

based carbon source and the flasks were buffered to pH 6.9. Flasks were prepared in the 

same manner as in section 2.1.4.3.3.1. With the exception of the sterilisation, which was 

carried out in an autoclave at 121 °C for 15 minutes.

2.1.4.3.4. Addition of the Lipid Dye, Sudan Black B, to Fermentations

Sudan black B (SbB) dye was added to certain fermentations on a weight of SbB to 

weight of RSO percentage basis. The SbB was first dissolved into the RSO before any 

additions were made. For shake flask batch fermentation, additions of oil containing 

varying concentrations of SbB were made to the flasks prior to sterilisation. For 

additions to fed batch fermentations, SbB was dissolved into the RSO/antifoam feed to 

give a 3 %(w/w) solution. The oil feed was then sterilised in the usual manner. RSO 

containing dye was either solely fed or alternated with oil not containing the dye.
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2.1.4.3 5. Addition of Pseudoplastic Thickening Agents to M4018 Process 

Fermentations.

A range of pseudoplastic thickening agents was obtained from food additive 

manufacturers (Table 2.6.). Initial investigations into the affect of these agents, involved 

monitoring changes in viscosity following additions to broth samples taken from a 

M4018 process fermentation. The agents were each tested at a range of concentrations. 

The method of testing involved addition of the agent to 50 ml of broth in a 100 ml 

beaker, this was then vigorously agitated for 30 minutes using a magnetic stirrer bar and 

stirrer. The viscosity of the broth was measured prior to the addition, and after the 

period of agitation.

Table 2.6. List of Sources of Pseudoplastic Thickening Agents

Thickening agent Source
Guar gum Arthur Branwell & Co. Ltd., Epping, Essex, U.K.

Gum karaya Arthur Branwell & Co. Ltd., Epping, Essex, U.K.
Satialgine S550 SKW Biosystems, Newbury, Berks., U.K.
Isagel TP8042 Pronova Biopolymer A.S., Drammen, Norway
Protanatal 686 Pronova Biopolymer A.S., Drammen, Norway

Thixogum 
CS IRX 53764

CoUoides Naturels International (U.K.) Ltd., Manchester, 
Lancs., U.K.

Guar gum Thew Amott & Co. Ltd.
Xanthan gum Thew Amott & Co. Ltd.

After this preliminary investigation, a screen was run in 5 L fermenters using the M4018 

process with minimum analysis. To these 5 L fermentations, additions of the thickening 

agents were made at the concentrations identified in the initial screening. This secondary 

screen identified Thixogum as the most suitable candidate for further studies. All 

additions were made prior to sterilisation on a percentage weight of agent/AIv basis.

2.1.4.3.6. Addition of RSO Emulsion to Fermentations.

An RSO emulsion was prepared and supplied by Henkel (Henkel KGaA, Düsseldorf, 

Germany). This emulsion was 44 %(w/w) deionised water, 40 %(w/w) RSO and 16 % 

(w/w) surfactant and provided a stable oil droplet with a mean diameter of SOOnm 

(de.Haut, 1999). The RSO emulsion was fed to both M4018 and M38182 process
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fermentations in place of RSO on a mass of RSO basis. The emulsion was sterilised as 

described in section 2.1.4.3.1.2.

2.1.4.4. Fermentation Conditions

2.1.4 4.1. 5 L Fermentations

Inoculation of the fermentation was by aseptic addition of 10 %(v/AIv) seed. The 

fermentation was maintained at 29°C. The pH was only controlled to a minimum level of 

6.8; this was achieved by automatic addition of 2M sodium hydroxide by a peristaltic 

pump. The stirrer speed was set to 760 rpm, giving a tip speed of 3.26 ms'\ The airflow 

rate was set to Iwm.

Prior to termination of oil feeding, oil was continuously supplied using a LKB 2132 

Microperpex peristaltic pump (Amersham Pharmacia Biotech AB, Uppsala, Sweden).

The rate of oil addition varied in order to maintain a residual oil concentration of 

between 20 and 25 gL'\ In most fermentations oil feeding was stopped. Water was 

supplied continuously fi*om 45 hours until completion of the fermentation; this too was 

pumped using a LKB 2132 Microperpex peristaltic pump. Water was supplied in order 

to maintain the volume of liquid in the vessel with a typical rate being 6 gh'\ After 

approximately 24 hours fermentation time, the CaCOs/ CaS0 4  shot was added.

The length of the fermentation varied and samples were taken at appropriate times. 

Contamination checks were regularly carried out using agar plates and Gram staining 

techniques. In the former, nutrient agar plates were streaked and incubated at both 29 

and 37°C. Plates were then checked for monoculture on a daily basis for several days.

For fed batch fermentations, upon completion of the fermentation process volume 

differences were accounted for. This meant that all fermentation parameters were back 

calculated on an after inoculation volume basis. This was achieved by taking into account 

initial and final broth weights, and all additions and subtractions (including evaporation) 

to the fermentation. This allowed calculation of a concentration/dilution factor, which 

could then be applied to correct any fermentation parameter, e.g. OTC concentration, for 

any dilution or concentration effects.
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2.1.4.4.2. 7 L Fermentations

In the 7 L vessel the fermentation conditions were kept as similar as possible to those in 

the 5 L fermentation. Agitation rate was kept constant on a tip speed basis; this gave an 

agitation rate of 1000 rpm (Impeller diameters are given in Sections 2.1.3.1.1. and 

2.1.3.2.1). Tip speed was used since, previously, Pfizer Ltd. had effectively scaled this 

process at laboratory scale using this parameter.

Oil was continuously fed using a Watson-Marlow peristaltic pump (Watson- Marlow, 

Wilmington, Massachusetts, USA). For the period of oü feeding the residual 

concentration of oil in the fermentation was again maintained at between 20 to 25 gL*'. 

Oil feeding was also stopped in these fermentations. The CaC0 3 /CaS0 4  shot was added 

after 24 hours fermentation time.

The length of the fermentation varied and samples were taken at appropriate times. The 

fermentation parameters were corrected for concentration/dilution in the manner 

described in the previous section. Contamination was also regularly assessed using the 

techniques also described in the previous section.

2.1.4.4.2. Shake Flask Fermentations.

300 ml shake flasks containing 45 ml of medium were inoculated with an aseptic seed 

culture addition of 10 %(v/AIv). Flasks were then incubated at 29°C on an orbital 

shaker. The shaker used was either a Kuhner ISF-l-V or a HT-Infors (Adolf Kuhner, 

Schmeiz, Switzerland; Infors AG, Basle, Switzerland). In both cases, the shaker was set 

to 220 rpm with a 5 cm throw. The length of the shake flask fermentations varied and 

harvesting was destructive. On termination of the shake flasks the broth was tested for 

contamination in the manner described in section 2.1.4.4.1.

Due to the large broth surface area to volume ratio, and the length of incubation time, 

the level of evaporation was significant: approximately 10 %(w/w) on average.

Therefore, for comparisons of fermentation parameters in different flasks the effects of 

broth volume were corrected for. This was achieved by weighing the flasks before and 

after their period of incubation and calculating concentration factors.
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2.2. Analytical Methods

2.2.1. Lipase Activity Assay

The lipase assay used was of the titrimetric type based on a method determined by Arima 

et al. (1972). The principle of this assay is the lipolytic hydrolysis of emulsified 

triglycerides according to the reaction:

Triglyceride + H2O Diglyceride + Fatty acid anion

Thus, by titration at an optimum pH the formation of fi'ee fatty acids per unit time can be 

measured. Lipase activity can then be estimated since the amount of titrant consumed 

will be directly related to the amount of anions released by lipolytic activity.

Lipolytic activity is largely dependent on the interfacial area available for activity. Thus, 

the substrate must be prepared as an emulsion which is stable for at least as long as the 

assay. Gum arable is the most widely used émulsification agent and was used in this 

work. The drawback to using gum arable is slight alkaline hydrolysis. In samples with 

low lipolytic activity this can result in non-linearity for the first few minutes of an assay 

(Cavanagh, 1996). To avoid this problem assays were carried out over a period of 10 

minutes.

2.2.1.1 Titration Equipment

A titrilab pH-stat comprising: VIT 90 video titrator; ABU 93 titraburete and SAM 90 

sample station was used for all assays (Radiometer, Copenhagen, Denmark). The 

equipment was checked and, if necessary, calibrated before each assay.

2.2.1.2. Reagents

The émulsification and substrate reagents were made up according to Table 2.7. When 

making the émulsification reagent the gum arable was added very slowly to the remaining 

components, which were under vigorous agitation. This mixture was then stored at 4°C 

for up to 1 month. Fresh substrate emulsion was prepared daily. All components were 

placed in a Waring blender and mixed at high speed for 20 seconds. Once made, the 

substrate reagent was kept stirring using a bench top magnetic stirrer. This was done to
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discourage coalescence. The titrant was 0.01 M sodium hydroxide, and was stored at 

room temperature in a sealed flask for no more than 1 month.

Table 2.7. The composition of émulsification and substrate reagents for lipase 
analysis.

Reagent Component Amount
Emulsification

reagent
Sodium chloride 17.9 g

KH2PO4 0.41 g
De-ionised water 400 ml

Glycerol 540 ml
Gum arabic 6g

Substrate reagent Tributyrin 15 ml
De-ionised water 235 ml

Emulsification reagent 50 ml

2.2.I.3. Sample Preparation

Several different types of sample were prepared in order to give an idea of the lipase 

location within the cell, these were:

a) Whole broth

b) Broth supernatant obtained by centrifuging whole broth for 25 minutes at 4000 g and 

4°C in a MSE Chilspin Labtop centrifiige.

c) The pellet produced fi’om (b) re-suspended in de-ionised water.

2.2.14. Sample Analysis

20 ml of substrate emulsion was placed in a reaction vessel at room temperature. The 

stirrer in the sample station was then started, and 0.25 g of the sample to be assayed 

added. The pH of the mixture was then adjusted using sodium hydroxide. In order to find 

the optimum pH for the lipolytic hydrolysis of tributyrin the adjusted pH was varied. 

After appropriate pH adjustment the titration was started and allowed to continue for 10 

minutes. Lipase activity was calculated from the rate of addition of alkali corrected for 

the rate in control samples. The controls used were either no sample (i.e. no enzyme) 

and/or boiled sample (i.e. denatured enzyme) both of which gave equivalent results.
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Assays on each sample were carried out at least twice. Broth samples could be stored on 

ice for up to 8 hours without significant effect on lipase activity measured.

The consumption of 1ml of O.OIM NaOH is equivalent to the liberation of 10 pmol of 

fatty acid, thus:

Volume activity = volume of NaOH consumed x 10 (Uml*‘)
Time period of assay

Where 1 U/ml was defined as the release of 1 micro-mole titratable fatty acid per minute 

under the assay conditions.

The coefficient of variance for the lipase assay was at a maximum of 10 to 15 % for 

assays conducted on samples with low activity. It was however more typically between 1 

and 2 % for the majority of the samples measured.

2.2.2. Lipid Assay

2.2i2.1. Total Lipid Assay

The lipid assay used was based on a Pfizer gravimetrical, solvent extraction method. It is 

used by Pfizer, Ltd. for process control of industrial fermentations.

All assays were carried out in at least duplicate. A known amount of fermentation broth 

(approximately 4 g) was accurately weighed (to 4 decimal places) into ether resistant 

50ml spin tubes. This was then acidified with 4 drops of concentrated H2SO4 , followed 

by a 25 ml addition of diethyl ether. The tubes were then capped and vigorously shaken 

for 2 minutes. The tubes were then centrifuged for 3 minutes at 2000 g in a bench top 

centrifuge. The upper ether layer was then decanted into pre-weighed (to 4 decimal 

places) 100 ml glass beakers. The ether was then evaporated by placing the beakers 

under an infi-a-red lamp in a fume cupboard. The ether extraction step was repeated on 

the aqueous phase a fiirther two times in order to remove all of the lipids from the broth. 

After the final extraction and evaporation to dryness, the beakers and lipid residue were 

weighed again and the concentration of lipid calculated via the following calculation:

(Mass of beaker & oil) - (Mass of beaker) = Mass of extracted lipids
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This was then used to calculate the lipid concentration:

Mass of lipids in kg/ Mass of broth sample in kg = kg of residual lipid 

concentration per kg of broth.

The result was then converted to give the final oil concentration in gL'‘. It was assumed 

that the broth had a density similar to water.

The coefficient of variance for the total lipid assay was greatest (5 to 10 %) in samples 

taken at the beginning of the fermentation (0 to 40 hours). This was thought to be due to 

poorer dispersion of the lipid and coalescence occurring in these samples. For the 

remainder of the fermentation, the coefficient of variance was more typically

0.5 to 1.5%.

2.2.2.2. Thin Layer Chromatography (TLC)

2.2.2.2.1. Lipid Extraction

Lipid was first extracted fi’om the fermentation broth using diethyl ether in the manner 

described in section 2.2.2.1. The only exception being that the ether was evaporated until 

dry under a stream of nitrogen gas with no infi*a-red lamp. This was done to prevent 

oxidation of the extracted material. Once dry, a known amount of lipid was dissolved in 

a known amount of hexane.

2.2.2.2.2. TLC Method

200 X 200 mm aluminium TLC plates pre-coated with silica gel 60 were used in all 

analyses (Merck Ltd., Poole, Dorset U.K.). A horizontal line was drawn approximately 

20 mm from the bottom of the plate. Samples were applied at equal distance along the 

axis of this line. A 5 pi sample was loaded in approximately 1 pi aliquots. Each aliquot 

was allowed to dry before adding the next.

The mobile phase solvent used in the TLC was diethyl ether: hexane: formic acid in the 

following volume ratios 7:3:0.1. A developing tank was filed with this solvent mixture 

to a depth of 10-15 mm. To obtain a saturated environment, the tank was lined with filter 

paper, sealed and left to equilibrate for 25 minutes. Plates were then lowered in to the 

tank and left to run. After a predetermined time the plates were removed and allowed to
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dry. The lipids and fatty acids were then visualised by charring, after spraying with 6% 

v/v concentrated H2SO4 in ethanol.

2.2.2.3. Gas Chromatographic Analysis of Fatty Acid Content of Total Lipid

Gas chromatography (GC) was used to determine the concentration and types of fatty 

acid that composed the total lipid in the fermentation broth. The fatty acid component 

constitutes, on average, 95 % of the total weight of a triglyceride. Therefore, the sum of 

the concentrations of the individual fatty acids should also give a good approximation of 

the total lipid concentration within the broth. This data should supplement the oil 

concentration values obtained from the solvent extraction, total lipid, assay described in 

Section 2.2.2.1.

The GC method used was very similar to one adapted by Large (1999) for use with 

streptomycete fermentation broth. This was developed from a previous method described 

by Lepage and Roy (1986). The method involves derivatisation of the fatty acids into 

fatty acid methyl esters (FAME’s) to improve separation by GC analysis.

2.2.2.3.1. Equipment

GC analysis was carried out using a Perkin Elmer Autosystem XL GC fitted with an 

integral autosampler and flame ionisation detector (FID) (Perkin Elmer, Norwalk, 

Connecticut, USA). Integration of detected peaks was done by a personal computer 

using a Turbochrom 4 software package (Perkin Elmer, Norwalk, Connecticut, USA). 

The column used was a Stabilwax-DA type (supplied by Thames Chromatography, 

Windsor, Berks., U.K.). The column dimensions were 30 m long with an internal 

diameter of 0.53 mm. The column had an internal coating of a bonded polyethylene 

glycol stationary phase of 0.25 pm thickness.

2.2.2.3.2. Preparation of FAME Standards

Highly pure mixtures (>98%) of the FAME derivatives of fatty acids with a carbon 

number of between 8 and 18 were purchased from Sigma (Sigma Chemical Company, 

Poole, Dorset, U.K.). They were bought in two kits containing equal amounts of each of 

the FAME’S. The first kit contained capryllic, capric, lauric, myristic, and palmitic methyl
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esters. The second contained methyl esters of palmitic, stearic, oleic, linoleic, and 

linolenic.

Chromatography grade hexane was used as a solvent to dissolve the FAME’s present in 

each kit. Serial dilutions with hexane were then carried out to give a concentration range 

of between approximately 25 mgL'* to 2 gL * for each of the FAME’s. These standards 

were used to create standard curves. For the range of concentrations tested, the 

calibration curves remained linear (Appendix II).

2.2.2.3.3. Sample Preparation: Derivatisation of Fatty Acids Within the 

Fermentation Broth

Derivatisation alters the Volatility of the fatty acids, thus giving better separation and 

peak shape on GC analysis. The conversion of fatty acids into FAME equivalents is 

popular in the analysis of fatty acids; this reaction is often termed transmethylation. The 

method of transmethylation used was the same as that carried out by Large (1999). This 

was a one step reaction, taking place in a single vial. The transmethylation is carried out 

on a sample in the presence of excess methanol using acetyl chloride as a catalyst. 

Toluene was also added to begin extracting the lipids and the méthylation products. In 

the reaction, the fatty acids are cleaved fi’om the glycerol backbone and then methylated. 

Thus, all fatty acids contained within the residual oil are analysed.

The method of derivatisation involved adding the sample and reactants to a 40 ml 

borosilicate vial with a PTFE lined Bakelite cap (Supelco, Sigma-AIdrich, Poole, Dorset, 

U.K.). Approximately 0.5 g fermentation broth was first added to the vial, the actual 

weight of the sample was measured and noted to 3 decimal places. Additions of 5ml of 

toluene followed by 10 ml of methanol were then made to the vial. To this mixture, 1ml 

of acetyl chloride was then added. Acetyl chloride reacts violently with water, since the 

fermentation sample contains water this addition was made over a period of 1 minute.

The vial was then tightly capped and mixed on a bench top whirlmixer for 30 seconds. 

The vial was then transferred to an oven set at 100°C for 1 hour. The vial was removed 

fi’om the oven and allowed to cool. When cooled, the pH of the reaction mixture was 

neutralised by a 5ml addition of 6 %(w/v) K2CO3. The K2CO3 solution was made using 

MilliQ quality water.
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The products of the reaction were then recovered. This was done using hexane in a two 

step extraction. A 5 ml addition of chromatography grade hexane was made to the vial; 

the vial was then recapped and shaken vigorously for 1 minute. The vial was then 

centrifuged at 2000 g for 2 minutes. Following centrifugation, the upper solvent layer 

was removed to a clean glass vial; this process was then repeated adding the second 

hexane extraction to the same vial. The total volume of solvent recovered in the 

extraction was measured in order to calculate the dilution of the sample.

To make ready for GC analysis, an aliquot of the extraction was then transferred to a 

glass GC vial with a screw cap containing a self sealing septa (Chromocol, W.G.C., 

Herts., U.K.). The vials were sealed under nitrogen and stored at -20°C until they could 

be assayed by GC. Control experiments showed that samples stored in this way for 1 

month showed no noticeable deterioration. The derivatisations of each sample were 

carried out in duplicate.

2.2.2.3.4. Method of Analysis

Samples and standards were loaded on the column by an automatic injection of 1 pi 

using the autosampler. A split injection was used, with a split ratio of 5:1. The 

temperature of the injector was set to 200°C. Initial column temperature was set to 

100°C, it was held at this temperature for 2 minutes following injection. After the 2 

minute holding period, column temperature was increased to 250°C at a rate of 8°C per 

minute. The column was then held at 250°C for a further 5 minutes. The FID 

temperature was also set at 250°C. Total run time was 26 minutes.

Injections of standards and samples were made in duplicate. Fresh standards were 

prepared and assayed with every batch of samples. Every tenth vial injected was also a 

standard. The coefficient of variance for the fatty acid analysis showed a similar trend to 

the total lipid analysis, with values initially between 2 and 4 % and then more typically 

less than 1 %.

2.2.2.4. Mass Balance of Oil to Determine Oil Utilised

Oil utilised over a particular period of the fermentation was calculated using a mass 

balance. This was based on amount of oil fed and any change in the residual oil
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concentration over this period. The amount of oil fed was based on weighing oil feed 

bottles to 0.1 g accuracy. The residual oil concentration was determined by the total lipid 

assay method (Section 2.2.2.1.) or by GC (Section 2.2.2.S.). The following equation 

was used in the calculation of oil utilised:

Oil fed (gL*‘) +/- Change in residual oil (gL'*) = Oil utilised (gL‘‘)

2.2.2.S. Microscopic Observation of Oil Droplets within the Broth

2.2.2.5.1. Equipment

Samples of broth were applied to glass microscope slides, covered, and observed using 

an Olympus BH-2 microscope (Olympus Optical Company [U.K.] Ltd., Southall, 

Middlesex, U.K.). To record microscopic images, an Olympus 0M4 camera was 

attached to the microscope. Photographs were taken using Fuji Reala film, since this 

afforded excellent colour reproduction.

2.2.2.5.2. Microscope Slide Preparation

Microscope slides were prepared fi*om broth samples immediately after sampling. An 

aliquot of broth was spotted onto a polished glass microscope slide. A cover slip was 

then applied to create a thin film of broth. Prepared slides were viewed immediately since 

over a period of time the quality deteriorated due to drying.

2.2.2.5.3. Viewing of Slides

Slides were viewed with an objective lens magnification of x40 and xlOO. Slides viewed 

with a xlOO objective were done so under oil immersion conditions. When viewing oil 

interactions the slides were examined and photographed at random.

2.2.2.5 4. Measurement of Oil droplet diameter

To aid in the visualisation of oil droplets, measurement studies were carried out in 

fermentations that had been fed with stained oil. Fields of view used in the analysis of 

residual oil droplet diameter were selected at random. The diameters of oil droplets in 

ten fields of view were measured for each slide. For each field of view, with the 

exception of those touching the edge, the diameter of all oil droplets was determined.
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Measurement was done using a pre-calibrated eye piece graticule. For each sample of 

fermentation broth two slides were prepared. This generally gave a droplet sample 

number greater than 50.

2.2.2.6. Near Infra-red Microspectroscopy for the Identification of Oil Droplets

The absorption of radiation in the near infrared (740nm-2500nm) wavelength range by a 

particular compound is determined by the chemical composition of that compound. It is 

therefore possible to distinguish between different substances by measuring the level of 

absorption/reflectance following exposure to near infrared (NIR) radiation. By using a 

suitable reference standard, this technique has been exploited for both the qualitative and 

quantitative analysis of fermentation components (Blanco, 1998).

2.2.2.6.I. Equipment

The NIR microspectroscopy equipment used in this study was supplied by Perkin Elmer 

(Perkin Elmer, Norwalk, Connecticut, USA). The equipment was still under 

development in a collaboration between Perkin Elmer and Pfizer, Ltd. It consisted of a 

Perkin Elmer Autoimage microscope linked to a Perkin Elmer FT-NIR 

spectrophotometer; the system was linked to a personal computer to allow control using 

Perkin Elmer Autoimage software. The raw data obtained from the system was 

processed using a “Delight” software package (Custom written for Pfizer Ltd by 

Development Inc., LaGrande, Oregon, USA.). This software package allows data 

analysis by creating 2"̂  derivatives of the raw data. Creating 2^ derivatives gives data 

based on the chemical composition of a compound by removing extraneous data brought 

about by the physical environment of the sample.

2.2.2 6.2. Preparation of Samples and Standards

Samples of fermentation broth were prepared as described in Section 2.2.2.S.2. Oil 

standards were prepared in the same manner as the fermentation broth samples.

Standards for dry media components were prepared by mashing these ingredients to give 

a fine powder; this was then applied to a slide and covered using a cover slip.
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2.2.2.6.3. Analysis of samples and standards

Standards and samples were scanned over a NIR radiation range of 1100 to 2500 nm. In 

a particular field of view a discrete region was scanned. The size and the position of the 

region scanned could be determined using a sight. In all cases, an area of 10 pm̂  was 

scanned. During scans of droplets and dry media components, the sight was positioned 

so that the area was filled as much as possible with the oil droplet/media component.

Only dyed oil droplets were scanned due to difficulty in distinguishing droplets not 

containing dye.

2.2.3. Oxytetracycline Assay

High performance liquid chromatography (HPLC) was used to assay the titre of OTC 

produced throughout each fermentation, against an OTC standard supplied by Pfizer Ltd. 

The method used was one developed by Pfizer Ltd.

2.2.3.1. OTC Standard Preparation

The standard used was OTC dihydrate salt (typically 91.9% pure). This was stored at 

4°C in a sealed container containing a desiccant. To prepare the standard solution a 

known amount (approximately 0.16 g) of OTC dihydrate was weighed on a four decimal 

place balance. The OTC salt was then washed into a 250 ml volumetric flask with 

approx. 40 ml of MilliQ water, pH 1.7 (acidified with H2SO4). This was then sonicated 

until the OTC precipitate dissolved. After complete dissolution the solution was made up 

to volume with acidified MilliQ water. The standard solution could then be stored at 4°C 

for up to 1 month.

2.2.3.2. Sample Preparation

All broth derived samples were prepared within 10 minutes of sampling the fermenter. 

Known amounts (approximately 3 g) of well-mixed whole broth samples were accurately 

weighed into conical flasks. These were then diluted using MilliQ water, acidified to pH

1.7, to give an estimated concentration of approximately 100 pgml*' OTC. In some cases 

a secondary dilution was also necessary. The flasks were then covered and stirred with a 

magnetic stirrer for 15 minutes. The mixture was then filtered through Watman number 5 

filter paper (Merck, Merck Ltd., Poole, Dorset, U.K.). The filtrate was then transferred
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to borosilicate glass HPLC vials and capped with self-sealing septa (Chromocol, W.G.C., 

Herts., U.K.). Vials were stored at 4°C until samples were assayed. The filtrates were 

usually assayed within a few days, but control experiments showed that they were stable 

for up to 3 weeks. The coefficient of variance for the OTC assay was consistently below 

1 %.

2.2.3.3. HPLC mobile phase

Fresh mobile phase was made up for each batch of samples. The mobile phase was made 

in one bottle and consisted of 20 % HPLC grade Acetonitrile, 80 % MilliQ water and

0.5 gL*' hexane sulphonic acid. The pH was adjusted to pH 1.7 using concentrated 

H2SO4. The solution was then filtered through a Watman 0.45 pm filter (Merck, Merck 

Ltd., Poole, Dorset, U.K.) into a 2 litre Buchner flask.

2.2.3.4. HPLC Equipment and Running Conditions

Samples were run through a Phenomenex, Prodigy 5, ODS 3, CIS reverse phase column 

(supplied by Thames Chromatography, Windsor, Berks., U.K.) at a flow rate of

1.T.mlmin *. The sample injection volume was 20 pi at Pfizer and 50 pi at UCL. 

Detection of OTC was by UV radiation at a wavelength of 270 nm. The overall run time 

was 5 mins with the retention time of OTC being approximately 3.5 minutes.

For assays conducted at UCL a Beckman System Gold HPLC system was used. This 

consisted of a 168 UV detector, a 126 pump and a 507 autosampler (Beckman Coulter 

[U.K.] Ltd., High Wycombe, Bucks., U.K.). For assays conducted at Pfizer a Varian 

HPLC system was used. This consisted of a 9100 autosampler, 9050 UV detector and a 

9010 Pump (Varian Ltd., Walton on Thames, Surrey, U.K.)

2.2.4. Rheological Measurements

2.2 4.1. Equipment

Rheological measurements were made using a Brookfield viscometer, model LVF 

(Brookfield Viscometers Ltd., Loughton, Essex, U.K.). The Brookfield viscometer used 

in this study was of the cup and bob type. The viscometer operates by rotating the bob in 

a cup containing a sample of the liquid to be measured. The instrument rotates the bob at
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a precise speed and measures the torque necessary to overcome the viscous resistance to 

movement caused by the sample on the bob. The bob is driven by a calibrated beryllium 

copper spring and the degree to which the spring is wound is proportional to the 

viscosity of the fluid. The use of the Brookfield cup and Bob viscometer to measure the 

viscosity of industrial actinomycete broth, including S. rimosus was reported by Warren 

et a i (1994). The instrument is supplied with several spindles that allowed variation in 

bob geometry. The instrument had speed settings of 6, 12, 30, and 60 rpm.

2.2.4.2. Sample Measurement

Broth viscosity measurements were conducted within 5 minutes of taking the sample. A 

Pfizer standard method was used for taking a single point viscosity measurement. 

Measurement was therefore made using a number 3 spindle attachment at 60 rpm; 

equivalent to a shear rate of 10 sec'*. The cup used in all measurements was a boiling 

tube. The spindle was immersed in the fermentation broth sample (taking care not to 

entrain air underneath the spindle) and lowered to allow the immersion groove to 

coincide with the surface of the broth. The motor was then switched on and the spindle 

was allowed to rotate for ten revolutions, after which the viscosity measurement was 

taken. The maximum coefficient of variance for viscosity measurement was 5 %, with 

more typical values of 2 %.

2.2.5. Ammonia Concentration Assay

Continuous flow colorimetry was used to analyse the concentration of ammonia in 

samples taken throughout most of the fermentations. The principle of the assay was the 

reaction of ammonia with alkaline hypochlorate and phenol to form indophenol blue 

using a nitroferricyanide catalyst. The concentration of indophenol blue was measured by 

absorbance at 640 nm.

2.2.5.1. Assay Reagents

The composition of the assay reagents is shown in Table 2.8, all solutions were aqueous 

and prepared using MilliQ quality deionised water. The complexing reagent was made up 

by dissolving the potassium sodium tartrate and sodium citrate in approximately 800 ml 

of deionised water, followed by adjustment to pH 5 using concentrated H2SO4. A 5 ml
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addition of Brij 35 wetting agent was then made before the solution was made up to 1 

litre with deionised water. The Brij 35 was purchased as a 30 %(v/v) solution.

The alkaline phenol solution was made up by initially preparing concentrated 

(approximately 200 ml) sodium hydroxide and phenol solutions separately. After the 

sodium hydroxide solution had cooled the concentrated solutions were combined and 

mixed, before making up to 1 L with deionised water. The alkaline phenol solution was 

transferred to an amber bottle, to prevent light degradation, and stored for a maximum of 

one month.

Table 2.8. Composition of the assay reagents for ammonia analysis

Reagent Component Concentration

Wetting agent Brij 35 30 %(v/v)

Complexing reagent Pottasium sodium tartrate 36 gL *

Tri-sodium citrate 24 gL *

Alkaline phenol Sodium hydroxide 36 gL *

Phenol 50 gL *

Sodium hypochlorite Sodium hypochlorite 10 %(v/v)

Sodium nitroferricyanide Sodium nitroferricyanide 0.5 gL '

Sodium chloride Sodium chloride 2gL-‘

2.2.5.2. Standard Preparation

A 1 gL"' ammonia stock solution was initially prepared with ammonium chloride and 

deionised water. Working standards with concentrations of 0.01, 0.02, 0.05, 0.1 and 

0.15 gL'' were prepared from this stock solution using deionised water.

2.2.5.3. Sample Preparation

Samples of fresh fermentation broth were flittered using a Whatman number 4 filter 

paper (Merck, Merck Ltd., Poole, Dorset, U.K.). Samples with an ammonia 

concentration expected to exceed 0.15 gL*’ were diluted with deionised water to give 

final concentrations in the range 0.01 to 0.15 gL *.
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2.2.S.4. Equipment and Assay Conditions

The equipment used was an Alpkem RFA/2 continuous flow analyser consisting of a 320 

module and a 301 auto sampler connected to an Alpkem 310 chart recorder (Perstorp 

Environmental, Silver Spring, Maryland, USA). The equipment allows continuous 

sampling by separating individual samples with a bubble of air. Table 2.9 shows the flow 

rates for the assay reagents.

Table 2.9. Flow rates for the ammonia assay reagents

Reagent Flow rate (plmin'*)

Air 118

Sodium choride 482

Sodium choride 287

Sample 74

Complexing reagent 118

Alkaline phenol 166

Sodium hypochorite 118

Nitroferricyanide 74

Sampler wash (deionised water) 947

Figure 2.1. shows the flow diagram for the system set up. To begin analysis, the system 

and pumps were switched on. The autosampler was set to sample for 25 seconds 

followed by a wash for 25 seconds; the wash used was deionised water. The photometer 

detector was configured with a 640 nm filter and a 10 mm flow cell. The detector was 

set with a standard calibration of 2.0 and a damping of 4. The temperature of the water 

bath was 37°C. The reference and sample gains were set to 5.00 v and 4.85 v 

respectively. The input switch of the chart recorder was set to 10 v and the chart speed 

to 0.5 cmmin '. The system was then allowed to equilibrate on reagents for 15 to 20 

minutes. After this time a steady bubble pattern should have developed. Following this, 

the chart recorder baseline was set to 5 % of full scale deflection. When a stable baseline 

was established the standards and samples were analysed.
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J  Solenoid valve Flow rate Reagents

118 glmin' Air

482 glmin Sodium chlorideWaste Dialyser
Membrane 74 filmin' Sample

118 filmin' Air

287filmin Sodium chloride37°e
Complexing reagent118 filmin'

166 filmin' Alkaline phenol

Hypochlorite118 filmin'

Nitroferricyanide74 filmin'

Deionised water947 filmin'
Sampler
wash

Waste
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Figure 2.1. Flow diagram of the continuous ammonia assay system.

2.2.S.5. Measurement of Standards and Samples

Standards were allowed to warm to room temperature and then transferred to 2ml plastic 

sample cups; samples were also transferred to these vials. The tray of the autosampler 

was loaded so that standards we resampled after every tenth sample to account for any 

instrument drift. After running the first standard the chart recorder was calibrated so that 

the peak height was 90 % of full scale deflection. A calibration curve based on the linear 

relationship of standard ammonia concentration and peak height was produced using 

linear regression. This was then used to calculate ammonia concentration in the samples 

of fermentation broth. Fermentation broth samples were assayed at least in duplicate.

The coefiBcient of variance for the ammonia assay was consistently less than 1 %.
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3.0. Comparison of Oxytetracycline Fermentation in Two 

S. rimosus Processes

Oil based antibiotic fermentation processes offer many economic and operational 

advantages over similar carbohydrate based processes. One exception is that the process 

becomes carbon limited with a proportion of lipid substrate added to the system 

remaining unmetabolised. This phenomenon was described in detail in Section 1.3.3, 

and is investigated here in the case of oil based, fed batch, oxytetracycline (OTC) 

fermentation by S. rimosus.

In this investigation, two industrial, mutant strains of S. rimosus were utilised. Pfizer 

Ltd. have used both strains, designated M4018 and M3 8182, in the industrial production 

of OTC, with M38182 being used most recently. The media and process conditions also 

varied for each strain. The M3 8182 strain was cultured using the optimised media and 

process conditions employed in the current industrial process operated by Pfizer Ltd; 

these are therefore confidential. Less optimised media and process conditions were 

developed specifically for culturing strain M4018; they are described in Sections 2.1.4.3 

and 2.1.4.4. The terms “M4018 process” and “M38182 process” are used here to refer to 

each strain and it’s corresponding media and fermenter operating conditions. The 

M3 8182 process produces significantly more OTC than the M4018 process. For 

commercial reasons, the precise quantity could not be reported, consequently OTC titre 

for the M3 8182 process is reported in arbitrary units.

To investigate the minimum concentration of oil at which the cultures become carbon 

limited it was necessary to stop the feeding of oil to the fermentation. This in effect 

turned the process from carbon source fed batch, to carbon source batch. Experiments 

investigating the effect of stoppage of oil feeding to both the M4018 and M38182 

processes were therefore conducted at 5 L fermentation scale. In addition, in order to 

distinguish between effects due to the strains and those due to the fermenter operating 

conditions, studies involving culturing each of the strains in the media and operating 

conditions of the other process were conducted.

This chapter provides a detailed introduction and characterisation of the M4018 and 

M3 8182 processes conducted with and without oil feed stoppage. Characterisation is 

based on typical fermentations and is in terms of exit gas analysis, pH, lipid utilisation 

and composition, DOT, and OTC production. The main purpose of the chapter is to
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provide detailed characterisations of the two processes rather than historical controls for 

later experiments. Since, in almost all investigations control and research fermentations 

were conducted together.

3.1. The M4018 Process

To investigate oil feed stoppage to the M4018 process a set of three fermentations were 

carried out. To one fermenter oil feeding was not stopped. To the other two, to assess 

the effects of oil feed stoppage on OTC production, the time of oil feed stoppage was 

varied

3.1.1. M4018 Process Conducted Without Oil Feed Stoppage

3.1.1.1. On-line Analyses: Off Gas, DOT and pH

Due to the particulate nature of the complex media and the hylphal morphology of S. 

rimosus, traditional methods of biomass quantification, for example dry weight and 

optical density, could not be used. Equally, due to the presence of protein in the soya 

and blood meal media components, total protein measurements could not be used to 

analyse changes in biomass. Exit gas analysis was therefore used in order to indicate 

growth of the organism.

Figure 3.1. shows the off gas analysis for an M4018 fed batch process, carried out in an 

Electrolab 5 L fermenter without oil feed stoppage. Over the first 15 to 20 hours of 

fermentation, OUR and CER showed rapid increases to around 30 and 20 mmolL'̂ h'̂  

respectively. This indicated exponential growth of the organism without any significant 

lag phase. The lack of a lag phase suggests that the seed used was in good condition for 

transfer. This rapid increase in OUR and CER was followed by a decline at 

approximately 15 to 20 hours, after which a gradual increase ensued. This decrease in 

the rate of OUR and CER increase continued until a peak of approximately 35 and 25 

mmolL'̂ h'̂  respectively occurred at around 40 hours. Following the decline of these 

peak values at 45 to 50 hours, OUR and CER remained reasonably stationary at 30 and 

20 mmolL‘*h'* respectively until a very gradual decline began at around 140 hours. This 

decline indicates decreased metabolism by the cells or possibly a degree of cell death. 

The trough at between 150 and 160 hours was most likely due to a temporary mass 

spectrometer line blockage (it appears that the values obtained were from carry over of 

the previous sample).
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The respiratory quotient (RQ) is the relationship between the amount of carbon dioxide 

evolved divided by the amount of oxygen consumed. It is particularly useful in 

indicating the carbon source being metabolised in the fermentation. Figure 3.1. also 

shows the RQ throughout the fermentation. The RQ was observed to quickly decline to 

a value of approximately 0.7 over the first 5 hours. After this initial decline, the RQ 

remained stable at around 0.7 for the rest of the fermentation. An RQ of around 0.7 

indicates that the carbon source being utilised was lipid oil (Ormstead et al., 1990). The 

initial decline in RQ could have been due to a transition in cell carbon metabolism to 

lipid oil from any glucose carried over in the seed, since metabolism of glucose 

typically has an RQ value of around 1 (Ormstead et a i, 1990).
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Figure 3.1. Off gas analysis of M4018 process fermentation, conducted in an 
Electrolab 5 L fermenter for 257 hours without oil feed stoppage. OUR (—), CER 
(—) and RQ (—). Media and process conditions as described in Sections 2.I.4.4.I. 
and 2.1.4 3.1.2.

Cells in submerged, aerobic, culture take up oxygen from the surrounding liquid 

medium. Rates of oxygen transfer are therefore very important when analysing 

fermentation data, particularly at high cell densities when cell growth can be limited by 

availability of dissolved oxygen (see Section 1.7.). Measurement of the percentage 

dissolved oxygen tension (DOT) as the fermentation progresses allows identification of 

any periods of potential oxygen limitation. Oxygen limitation is said to occur when the 

dissolved oxygen concentration falls below a critical value. This critical value is 

dependent on the organism, but under average operating conditions it is usually between 

5 % and 10 % of air saturation (Doran, 1995). Measurements of changes in percentage 

DOT also give an indication of cell activity.
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Figure 3.2. shows the DOT profile for this fermentation, the OUR profile is also shown 

for comparison. Initially (0 to 12 hours), DOT showed a rapid decrease as the cells 

removed oxygen from the medium as they grew exponentially. The DOT was then 

observed to go through a series of peaks and troughs between 15 and 40 hours. The 

general trend, however, was for a small reduction in DOT to a minimum of around 40 % 

at 30 hours. A minimum DOT of 40 % would indicate that oxygen limitation did not 

occur in the fermentation. After 40 hours, the DOT was observed to show an increase 

up to approximately 60 %. DOT remained stationary at this value until around 140 

hours. A constant DOT indicates a steady state where the oxygen uptake rate by the 

biomass is equal to the rate of oxygen transfer into solution. At 140 hours, the DOT 

began to show a steady increase reaching 65 % at 257 hours. From Figure 3.2. it is 

apparent that changes in DOT mirror those in OUR. This is to be expected since OUR is 
a measure of the removal of oxygen from the dissolved oxygen in solution, therefore 

any increase or decrease should have an inversely proportional consequence on DOT. It 
should be noted, however, that changes in the physical and chemical properties of the 

fermentation broth also affect DOT. The lack of response in DOT to the trough in 

OUR/CER observed between 150 and 160 hours (Figure 3.1.) supports the theory that 

this is indeed an artefact caused by a mass spectrometer line blockage.
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Figure 3.2. DOT (—) and OUR (—) profiles for M4018 process fermentation 
conducted without oil feed stoppage. Conditions as described in Figure 3.1.

In the production process only base direction pH control was used, consequently this
was also used in this work. This resulted in pH being controlled to a minimum of 6.8

only. Due to well known effects of pH changes on biomass growth and enzyme activity,
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control of pH is a crucial parameter in fermentation processes. Figure 3.3. shows the pH 

and OUR profiles throughout the M4018 fermentation conducted without oil feed 

stoppage; it can be observed that changes in pH correspond to changes in the OUR 

profile. This illustrates the interrelationship of pH with metabolism.

The pH of the medium prior to sterilisation was generally found to have a value of 

around 7.1. Sterilisation typically reduced the medium to a pH of between 6.7 and 6.8. 

On the occasions when the pH was below 6.8 it was therefore adjusted to 6.8 before 

inoculation with seed culture. This accounts for the initial pH of 6.8 observed in Figure

3.3.

Changes in the pH of fermentation broth may be related to changes in metabolism, 

which either utilise or produce acidic or basic metabolites (Bader, 1986). The pH was 

observed to remain at around 6.8 for the first 4 or 5 hours of the fermentation. This was 

due to the pH minimum being controlled by automatic base addition; this suggests that 

initially the culture was producing predominantly acidic metabolites. These are likely to 

have been acidic intermediates of carbon metabolism, such as pyruvate and acetate. 

Between 5 and 6 hours the culture pH was observed to rapidly increase from 6.8 to 

around 7.1, the culture was then observed to remain at this pH for approximately 4 

hours. This increased pH was most likely caused by release of ammonium ions, due to 

significant metabohsm of the nitrate component of the ammonium nitrate in the media. 

The decrease in pH from 7.1 to 6.8 between 10 and 11 hours was most likely due to a 

metabolic switch from utilisation of nitrate (which was exhausted) to the released 

ammonia. This pH decrease is likely to have been augmented by increases in acidic 

metabolites of carbon metabohsm. The latter may include free fatty acids and acetate 

from lipid metabolism.

The culture pH was controlled at 6.8 until around 15 hours, when a rapid increase was 

observed to around 7.2 by 17 hours. The pH then increased more graduahy to reach a 

value of 7.5 at approximately 40 hours. These increases are most probably caused by 

release of ammonia, as the complex protein in the media is deaminated in response to 

limitation of inorganic nitrogen. Furthermore, at approximately 24 hours the 

CaC0 3 /CaS0 4  addition was made (see Section 2.1.4.3.), this would affect media pH by 

increasing the buffering capacity of the media. Between 40 and 80 hours, the pH 

showed a gradual decrease to around 7.4., where it remained until termination of the 

fermentation at 257 hours. The general stability of the pH over this period (40 to 257
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hours) suggests that during the stationary phase of growth the amount of extracellular 

acidic and basic metabolites produced were in a steady state. A mildly alkaline pH of 

7.4 to 7.5 also suggests that concentration of basic metabolites exceeded acidic ones.

Figure 3.4. Show changes in ammonia concentration in samples taken from this 
fermentation. The changes in ammonia concentration generally correspond to those in 

pH. This indicates that changes in ammonia concentration are at least partly responsible 

for the observed changes in pH.

8.0

7.0

6.5
0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (h)

Figure 3.3. pH ( ) and OUR ( —) profiles for M4018 process fermentation
conducted without oil feed stoppage. Conditions as described in Figure 3.1.
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Figure 3.4. Ammonia concentration profile for M4018 process fermentation 
conducted without oil feed stoppage. Conditions as described in Figure 3.1. 
Ammonia assayed as described in Section 2.2.5.
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3.1.1.2. Off-line Analyses: Viscosity, Oxytetracycline and Lipid

Viscosity measurements were made on broth samples taken at regular intervals from the 

M4018 process fermentation conducted without oil feed stoppage. Figure 3.5. shows the 

results of this analysis plotted in conjunction with the OUR profile of this fermentation. 

Initially (0 to 5 hours) viscosity was observed to show a shght increase from 0.02 to 

0.05 kgm'̂ s"'. This was followed by a more rapid increase to 0.44 kgm'̂ s'̂  at 18 hours. 

This coincides with the exponential phase of biomass growth and suggests that growth 

of the hyphae was primarily responsible for this increase in viscosity. Broth viscosity 

was then observed to significantly decrease to 0.31 kgm'̂ s'* at 40.5 hours, an increase 

then followed to give a value of 0.36 kgm 's'̂  at 64.5 hours. Between 64.5 and 257 

hours a gradual decrease was observed to yield a final viscosity of 0.25 kgm" ŝ'\
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Figure 3.5. Viscosity (□) and OUR (—) profiles for M4018 process fermentation 
conducted without oil feed stoppage. Conditions as described in Figure 3.1. 
Viscosity measured as described in Section 2.2.4.

The viscosity profile shows a degree of correspondence with the OUR, indicating that

changes in viscosity were at least in part related to changes in biomass. Viscosity has

been used previously to assess the level of biomass in streptomycete fermentation. Sarra

et al. (1996) found that viscosity had a linear relationship with dry cell weight in

Saccharopolyspora erythraea (formally Streptomyces erythreus) fermentations. Large et

al. (1998) also used viscosity as an indication of biomass in batch fermentation of S.

clavuligerus. Furthermore, Warren (1994) presents evidence to suggest that the

viscosity of industrial S. rimosus fermentation was related to biomass concentration.

Changes in cell morphological characteristics also exert a profound influence on broth
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rheology (Doran, 1995). Doskocil et al. (1958) report that S. rimosus mycelium changes 

in morphology as the fermentation progresses (see Section 1.1.3.). In particular, after 

the initial exponential phase of growth, the mycelia show fragmentation followed by 

growth of secondary mycelia. These changes in morphology may account for the 

observed decrease and subsequent increase in viscosity observed between 20 and 60 

hours. Growth of the secondary mycelium may also account for the OUR peak at 

around 40 hours.

OTC concentration was assayed in samples taken regularly from the M4018 process 

fermentation conducted without oil feed stoppage. The first assay was conducted at 40 

hours. The results of these assays are plotted against fermentation time in Figure 3.6. 

Initially (40 to 88.5 hours) OTC concentration was observed to show a linear increase 

from 1700 to 3900 mgL'\ this gives a rate of production of 46 mgL' ĥ"\ Between 88.5 

and 161.5 hours production remained linear, but the rate decreased by approximately 

60 % to 18 mgL'^h'\ When the M4018 strain was cultured using the media and process 

conditions of the M3 8182 process, the 60 % decrease in rate of production did not occur 

(see Section 3.3.2.). This strongly suggests that this rate decrease was due to limitation 

of nitrogen and trace elements that were present in the feed delivered under the 

conditions of the M38182 process. The maximum observed OTC concentration of 5230 

mgL'* was at 161.5 hours. The OTC concentration remained at around this value for the 

rest of the fermentation.
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Figure 3.6. OTC (O) and oil utilised (V) profiles for M4018 process fermentation 
conducted without oil feed stoppage. Fermentation conditions as described in 
Figure 3.1. OTC assayed and oil utilised calculated according to Sections 2.2.3. and 
2.2.2.4. respectively.
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Broth samples were also regularly assayed for oil concentration (see Figure 3.8). This 

was used to calculate, by mass balance, the amount of oil utilised at any time during the 

fermentation, which is also plotted in Figure 3.6. In the early phase of the fermentation 

(0 and 40.5 hours), oil utilisation was linear with 22 gL‘‘ being used over this period. 

This gave an oil utilisation rate of approximately 0.55 gL'^h'\ From 40.5 through to 257 

hours, oil utilisation remained linear at a decreased rate of 0.4 gL"‘h’*. The total oil 

utilised was approximately 106 gL*̂  by 257 hours. The observed decreases in oil 

utilisation rate can be related to the changing phases of growth. The initial rate of oil 

utilisation (0.55 gL‘‘h**) was primarily over the exponential and deceleration phases of 

growth, as indicated by the OUR (Figure 3.1). The fall in rate to 0.4 gL'̂ h'* coincided 

with the fermentation entering the stationary phase of growth. Oil utilisation continued 

at a significant rate when OTC production had finished. This indicates that very little of 

the carbon added to the fermentation was converted into OTC. A full carbon mass 

balance was not possible due to difficulties in measuring biomass accurately.

To investigate any changes in the concentration of the individual fatty acids contained 

within the residual oil, broth samples taken from the M4018 process conducted without 

oil feed stoppage were also subjected to fatty acid analysis of the total lipid (Section

2.2.2.3.). The results of this analysis are plotted as relative percentage of fatty acids of 

the total lipid against time (Figure 3.7.) Also shown in Figure 3.7. is the residual oil 

concentration profile throughout the fermentation as determined by GC analysis. Since 

oil was continuously fed, accumulation or depletion of any fatty acid should indicate if 

S. rimosus has any fatty acid preferences. During the first 40 hours of the fermentation 

the relative percentage concentration of fatty acids changed most markedly (Figure

3.7.). At the start of the fermentation, the oil present is a mixture of soybean (from the 

fatted soya meal) and rapeseed oils. On starting oil feeding at 0 hours with rapeseed oil, 

the concentration of oil in the broth increased with rapeseed oil gradually dominating 

the composition. Comparison of the fatty acid composition of soybean and rapeseed oils 

shows that although they are composed of the same type of fatty acids the relative 

percentage of each type is different (Table 3.1.). If the composition of the oil in the 

broth at 0 hours is considered the following relative percentage composition was 

determined: 7.8 % palmitic acid; 2.5 % stearic acid; 42.2 % oleic acid; 36.4 % linoleic 

acid and 11.1 % linolenic acid (Figure 3.7.). This is consistent with what would be 

expected in a mixture of soybean and rapeseed oils. At 40.5 hours the composition had 

changed to 4.5 % palmitic acid, 2.5 % stearic acid, 58 % oleic acid, 24 % linoleic acid
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and 11 % linolenic acid. This was very similar to the fatty acid composition of rapeseed 

oil fed (Table 3.1). The change in fatty acid concentration during the first 40 hours of 

the fermentation was therefore unlikely to be due to preferential utilisation but rather the 

changes in type of oil present in the fermentation. From 40 hours until completion of the 

fermentation, the percentage fatty acid composition deviated little from that of the 

rapeseed oil fed to the fermentation; the only exception being a gradual increase in 

stearic acid (Figure 3.7.). This indicates that in general S. rimosus strain M4018 shows a 

preference for rapeseed oil fatty acids other than stearic acid.

I
0

!
1

▲---- ^---- Ï ----- A— Ï --- ^ ^

35

30

25 *1

i20 U 
8

&

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Time (h)

Figure 3.7. Fatty acid profile for M4018 process fermentation conducted without 
oil feed stoppage. Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic acid 
(T), linolenic acid (■) and residual oil profile (—A—). Fermentation conditions as 
described in Figure 3.1. Fatty acids and residual oil assayed according to Section 
2.2.23.

Table 3.1. Fatty acid composition of soybean and rapeseed oils.

Relative percentage content
Fatty acid Rapeseed oil * Soybean oil ^

Palmitic acid 5 12
Stearic acid 1.5 5
Oleic acid 61 25

Linoleic acid 2 0 .7 52
Linolenic acid 11.8 6

* Determined by GC analysis of sterilised rapeseed oil used in this wor c
 ̂From Stowell (1987)
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The GC method could also be used to give an estimate of the oil concentration within 

the fermentation broth. A comparison of the solvent extraction (Section 2.2.2.1.) and 

GC (Section 2.2.2.3.) methods for analysing oil concentration in the fermentation 

conducted without oil feed stoppage is shown in Figure 3.8.
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F i^re 3.8. Comparison of GC (<̂ ) and solvent extraction (^) methods for the 
analysis of residual oil concentration in M4018 process fermentation conducted 
without oil feed stoppage. Fermentation conditions as described in Figure 3.1. GC 
and solvent extraction analysis was carried out according to Sections 2.2.2.3. and
2.2.2.1. respectively.

The results of the two methods do not entirely agree. Initially (0 to 18 hours) the solvent 

extraction method gives a concentration lower than that of the GC method (Figure 3.8.). 

However, during this early period in the fermentation the precision of both assays 

appears not to be as good as later on, as indicated by the larger error bars. Early in the 

fermentation, rapid separation of the hydrophobic and hydrophilic phases occurs in 

samples removed from the fermenter. Thus, duplicate and triplicate aliquots taken from 

these samples for oil assay may suffer from random error with regard to the amount of 

oil they may contain. After 40.5 hours, the GC method gives lower concentrations than 

the solvent extraction method (Figure 3.8.). In contrast to the early situation, the 

difference in the results of the two assays appears to be less random. Indeed, the two 

assays follow the same profile, with the GC assay consistently being approximately 10 

% lower than the solvent extraction method. This suggests that one, other or both of the 

assays suffer from systematic error. The GC method is likely to under predict the actual 

concentration, as it does not take into account the glycerol component of the 

triglycerides, which can account for 5 % of the total weight of the oil. The solvent
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extraction method in contrast is likely to over predict, since it will co-extract and 

measure any other hydrophobic compounds along with the oil. Therefore, the actual 

concentration of oil is likely to fall somewhere between the results of these two assays.

3.1.2. M4018 Process Conducted With Stoppage of Oil Feeding

The time at which oil feeding was stopped in the M4018 process was initially 

investigated. In one fermentation oil feeding was stopped at 64.5 hours, this was soon 

after the fermentation had entered stationary phase and was producing OTC at the 

optimal rate. To a further fermentation oil feeding was stopped later at 137 hours. In this 

case, the fermentation was very much into the stationary phase of growth, and the rate at 

which OTC production occurred had decreased. In both cases, oil feeding was restarted 

when the final residual oil concentration remained the same for two or three assays (i.e. 

the concentration had reached a minimum level).

3.1.2.1. On-line Analyses: Off Gas, DOT and pH

Figures 3.9. and 3.10. show off gas analyses for M4018 process fermentations with 

stoppage of oil feeding at 64.5 and 137 hours respectively. These figures show a great 

deal of similarity. Indeed, up until the point of oil feed stoppage the traces are almost 

identical, as is that of the fermentation conducted without oil feed stoppage (Figure 

3.11.). The growth profiles were therefore previously explained in Section 3.1.1.1. The 

level of reproducibility in these fermentations is indicative of using identical inocula, 

media and vessels.

Regardless of the time at which oil feeding was stopped, off gas analysis showed OUR 

and CER displayed a rapid decline within I to 2 hours of stoppage. This was 

particularly so in the fermentation with stoppage at 137 hours, in which OUR initially 

declined at a rate of 0.6 mmolL’̂ h'* per hour before levelling off at around 175 hours. 

The rapid increase in OUR/CER observed just after 231 hours was due to oil feeding 

being restarted at 230 hours. The increase in RQ observed as the OUR/CER levelled off 

indicates a metabolic switch in carbon source metabolism. Conversely, the decrease in 

RQ following restarting of oil feeding indicates a switch back to using oil as the carbon 

source. In the case of stoppage at 64.5 hours (Figure 3.9.), the OUR showed an increase 

in rate of decline fi’om 0.26 to 0.46 mmolL’*h‘* per hour at approximately 95 hours. In a 

situation analogous to stoppage at 137, the rate of decline was observed to decelerate at 

approximately 125 hours (Figure 3.9). Once again the OUR/CER was observed to
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increase rapidly soon after oil feeding was restarted at 150 hours. The types of changes 

in RQ were also identical to those in the fermentation with oil feeding stopped at 137 

hours (Figure 3.9.). The fact that a rapid decline in OUR was not observed in the 

process without oil feed stoppage strongly suggests that this decline in metabolism was 

primarily due to stoppage of oil feeding. Indeed, the increase in OUR observed 

following restarting of oil feeding to fermentations starved of oil confirms this to be the 

case.

The fermentation with oil feed stoppage at 64.5 hours had a residual oil concentration of

24.5 gL'̂  (Figure 3.20.); this was 3 gL‘* higher than the fermentation with stoppage at 

137 hours. This variation in residual oil concentration, rather than the time at which oil 

feeding was stopped, may account for the difference in rate of decline in OUR. Since 

OUR declined in a manner more similar to stoppage at 137 hours when oil feeding was 

stopped at 63 hours in a fermentation with a residual oil concentration of 21 gL** (data 

not shown). Indeed, over the course of several experiments it was apparent that the rate 

at which OUR decreased was affected by the residual oil concentration when oil feeding 

was stopped to M4018 process fermentations. Consequently for fiiture experiments, 

within a set of fermentations oil feeding was stopped \̂dien the residual oil 

concentration was similar (± IgL' )̂ in all fermentations. To allow more time to 

manipulate residual oil concentration it was decided that for future experiments oil 

feeding would be stopped at a time between 110 and 140 hours. Stoppage at this time 

was also logistically more practical.

Figures 3.12. and 3.13. show the DOT and OUR profiles for the M4018 process 

fermentations with oil feed stoppage at 64.5 and 137 hours respectively. Again, these 

DOT profiles are very similar and, up until the point of oil feed stoppage, are like that of 

the fermentation in which oil feeding was not stopped (Figures 3.12., 3.13. and 3.2.).

The changes over the growth phase and stationary phase prior to stopping oil feeding 

are therefore explained in Section 3.1.1.1. Irrespective of the time of oil feed stoppage, 

DOT was observed to increase soon after. The increases in DOT were inversely 

proportional to the decreases in OUR. When oil feeding was restarted, DOT was 

observed to decrease in response to increases in OUR (Figures 3.12. and 3.13.).
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Figure 3.9. Off gas analysis of the M4018 process with oil feed stoppage at 64.5 
hours: OUR (—), CER ( ) and RQ (—). The fermentation conditions were as
described in Figure 3.1. “I” and “11” depict when oil feeding was stopped and 
restarted respectively.
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Figure 3.10. Off gas analysis of the M4018 process with oil feed stoppage at 137 
hours: OUR (—), CER ( ) and RQ (—). The fermentation conditions were as
described in Figure 3.1. “I” and “11” depict when oil feeding was stopped and 
restarted respectively.
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F igure 3.11. C om parison o f  O U R  profiles for M 4018 process conducted  w ithout oil 
feed stoppage (— ) and w ith  stoppage at 64.5 hours ( ) and 137 hours ( ). The
ferm entation  conditions w ere as described  in Figure 3.1.
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Figure 3.12. D O T  ( ) and O U R  (— ) profiles for the M 4018 process ferm entation  
w ith  oil feed ing stopped at 64.5 hours. C onditions as described in Figure 3.1. 
and “I!” dep ict when oil feed ing w as stopped and restarted respectively.
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Figure 3.13. D O T  ( ) and O U R  (— ) profiles for the M 4018 process ferm entation  
w ith  oil feed ing stopped at 137 hours. C onditions as described in Figure 3.1. “I” 
and “11” dep ict w hen oil feed ing w as stopped and restarted respectively.

The pH profiles of the fermentations conducted with oil feed stoppage again correspond 
well with each other, and that of the fermentation conducted without cessation of oil 
feeding (Figures 3.14., 3.15. and 3.3.). Regardless of the time that oil feeding was 

stopped, the pH was observed to remain at approximately 7.4 for some time (Figures

3.14. and 3.15.). A relatively rapid increase to around pH 8 was then observed to follow. 
The pH rapidly decreased back to approximately 7.4 after restarting the oil feed. The 

ammonia profiles of these fermentations suggest that these changes in pH were due to 

variations in ammonia concentration (Figure 3.16.). These changes in ammonia 

concentration can be related to switches in carbon source metabolism. When the 

ammonia concentration was relatively low, that is when the pH was at 7.4, RQ indicated 

that oil was still being utilised (Figures 3.9. and 3.10.). When ammonia and therefore 

pH began increasing the RQ was also observed to increase (Figures 3.9. and 3.10.). 

Increases in ammonia, pH and RQ all suggest a switch in carbon source metabolism to 

the deamination of proteins. Deamination of proteins is typically observed in 

fermentations that are carbon source limited.
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F igure 3.14. pH  ( ) and O U R  (— ) profiles for the M 4018 process ferm entation  
w ith  oil feed ing stopped at 64.5 hours. C onditions as described in Figure 3.1. “ P' 
and “ 11” depict w hen oil feed ing w as stopped and restarted respectively.
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Figure 3.15. pH  ( ) and O U R  (— ) profiles for the M 4018 process ferm entation  
w ith  oil feed ing stopped at 137 hours. C onditions as described in Figure 3.1. “ I” 
and “H ” depict when oil feed ing w as stopped and restarted respectively.
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Figure 3.16. Ammonia profile for M4018 process fermentation conducted with oil 
feed stoppage at 64.5 hours (A) and 137 hours (■). Conditions as described in 
Figure 3.1. Ammonia assayed as described in Section 2.2.5. and depict 
respectively the stopping and restarting of oil feeding to the fermentation with 
stoppage at 64.5 hours. **n” and **rV” respectively indicate stoppage and restart of 
oil feeding to the fermentation with stoppage at 137 hours.

3.1.2.2. Off-line Analyses: Viscosity, Oxytetracycline and Lipid

The viscosity profiles were observed to be similar irrespective of time of oil feed 

stoppage or if indeed oil feeding was stopped at all (Figure 3.17). The changes in the 

profiles were therefore as explained in Section 3.1.1.2. Stopping oil feeding apparently 

had little effect on viscosity. Restarting oil feeding did however cause a slight increase 

in viscosity. This could be due to increased cell growth, a change in morphology or 

alternatively because of the high residual oil concentration attained on restarting oil 

feeding.

Profiles of OTC production and oil utilised for fermentations conducted with oil feed 

stoppage are shown in Figures 3.18. and 3.19 respectively. Also included in these 

figures are the profiles from the fermentation in which oil feeding was not stopped. All 

the OTC production profiles are very similar and the maximum OTC concentration 

attained was approximately 5.2 gL'\ This gives further indication that the M4018 

process is only capable of supporting OTC production to approximately 5 gL"\ When
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oil feeding was stopped at 64.5 hours, OTC production continued at a rate similar to that 

prior to stoppage until production ceased at 120 hours (Figure 3.18). The time at which 

OTC production ended coincided with the point at which oil utilisation also stopped 

(Figure 3.19.). On restarting oil feeding at 150 hours OTC production recommenced. 

This strongly indicates that after oil feeding was stopped, OTC production could 

continue providing residual oil was being utilised. However, as was observed in the 

fermentation with oil feed stoppage at 137 hours, this is only the case if OTC is not 

already at the maximum concentration achievable in a particular process.

In all fermentations the oil utilisation profiles were very similar until oil feeding was 

stopped (Figure 3.19). On oil feed stoppage, regardless of time, oil utilisation continued 

for 50 to 60 hours. In the case of stoppage at 64.5 hours, utilisation continued at a rate 

similar to that prior to stoppage up to 88.5 hours. A deceleration in oil utilisation rate 

than ensued until oil utilisation stopped at 122.5 hours. Oil utihsation recommenced 

when oil feeding was restarted at 150 hours. When oil feeding was stopped at 137 

hours, oil utilisation immediately slowed until it ceased at 186 hours. When oil feeding 

was restarted at 231 hours oil utilisation began again.

0.8

0.6

0.4o

>
0.2

0.0̂
0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (h)

Figure 3.17. Viscosity profiles for the M4018 process fermentations conducted 
without oil feed stoppage (^) and with stoppage at 64.5 hours (A) and 137 hours 
(■). Conditions as described in Figure 3.1. Viscosity measured as described in 
Section 2.2.4. “I”, “11”, “III” and “IV” are as for Figure 3.16.
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Figure 3.18. OTC production profiles for the M4018 process fermentations 
conducted without oil feed stoppage (#) and with stoppage at 64.5 hours (A) and 
137 hours (■). Conditions as described in Figure 3.1. OTC assayed as described in 
Section 2.2.3. “I”, “11”, “IH” and “IV” are as for Figure 3.16.
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Figure 3.19. Oil utilisation profiles for the M4018 process fermentations conducted 
without oil feed stoppage (A) and with stoppage at 64.5 hours (A) and 137 hours 
(■). Conditions as described in Figure 3.1. Oil utilised calculated according to 
Section 2.2.2.4. “I”, “II”, “HI” and “IV” are as for Figure 3.16.
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Figures 3.20. and 3.21. show the residual oil concentration profiles for fermentations 

with oil feeding stopped at 64.5 and 137 hours respectively; both GC and solvent 

extraction methods were used to determine residual oil concentrations. In both 

fermentations, the residual oil concentration was initially increased to approximately 

20 gL‘* with oil feeding. The residual concentration was then maintained at around this 

value until oil feeding was stopped. The concentrations of residual oil on stoppage were 

23.9 and 21.2 gL‘* (as determined by ether extraction) for oil feeding stopped at 64.5 

and 137 hours respectively. Irrespective of time of oil feed stoppage, residual oil was 

utilised similarly. In both cases, the residual oil concentration initially decreased rapidly 

before decelerating and levelling off to a minimum value. In both fermentations, the 

profiles of decreasing residual oil concentration were remarkably similar to the 

decreases in OUR observed following oil feed stoppage (Figures 3.9. and 3.10.). This 

illustrates the interrelationship of metabolism on the availability of oil, and suggests that 

as the concentration of residual oil becomes lower its availability to the organism 

decreases. Indeed, in both fermentations oil was not used below 7 gL'̂  (as determined 

by ether extraction). This represents the non-utilised proportion of the oil added to the 

system, and demonstrates the characteristic problem of oil based processes (see Section

1.3.3.1.).
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Figure 3.20. Residual oil profile throughout the M4018 fermentation with oil feed 
stoppage at 64.5 hours, as determined by GC (A) and solvent extraction (A) 
methods. Fermentation conditions as described in Figure 3.1. GC and solvent 
extraction analysis was carried out according to Sections 2.2.2.3. and 2.2.2.1. 
respectively. “I” and “H” are as for Figure 3.9.
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Com parison o f  the solvent extraction and GC methods for residual oil concentration 

determ ination again shows some discrepancy between the m ethods (Figures 3.20. and 

3.21.). As observed previously (Section 3.1.1.2.) the solvent extraction method 

generally gives a higher estimate than the GC method. As the residual oil concentration 

decreased the difference between the two methods appeared independent o f  the 

concentration o f  oil. This suggests that the main reason for the observed difference was 

that the solvent assay is influenced by extraneous hydrophobic material co extracted 

with the oil.

The changes in fatty acid composition (as determined by GC) throughout the 

ferm entations with oil feed stoppage at 64.5 and 137 hours are shown in Figures 3.22. 

and 3.23. respectively. The profiles are very similar to each other, and until oil feeding 

was stopped to that o f  the fermentation conducted without stoppage (Figure 3.7.). 

Consequently, the trends prior to stopping oil feeding are as previously discussed in 

Section 3.1.1.2. After oil feed stoppage, in both fermentations the fatty acid composition 

o f  the oil was observed to change up until the point at which oil utilisation stopped. The 

percentage o f  stearic acid and, to lesser extent, palmitic acid increased relative to the 

unsaturated fatty acids. This suggests that under conditions o f  oil feed stoppage the 

unsaturated fatty acids were preferentially utilised to a slight degree.
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Figure 3.21. Residual oil profile throughout the M4018 fermentation with oil feed 
stoppage at 137 hours, as determined by GC (□) and solvent extraction (■) 
methods. Fermentation conditions as described in Figure 3.1. GC and solvent 
extraction analysis was carried out according to Sections 2.2.2.3. and 2.2.2.1. 
respectively. “I” and “11” are as for Figure 3.9.
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Figure 3.22. Fatty acid profile for M4018 process fermentation conducted with oil 
feed stoppage at 64.5 hours. Palmitic acid (•), stearic acid, (□) oleic acid, (A), 
linoleic acid (▼), linolenic acid (■) and residual oil profile (—A—). Fermentation 
conditions as described in Figure 3.1. Fatty acids assayed according to Section 
2.2.2.3.
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Figure 3.23. Fatty acid profile for the M4018 process fermentation conducted with 
oil feed stoppage at 137 hours. Palmitic acid (#), stearic acid, (□) oleic acid, (A), 
linoleic acid (T), Unolenic acid (■) and residual oil profile Fermentation
conditions as described in Figure 3.1. Fatty acids assayed according to Section 
2.2.2.3.
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3.2. The M38182 Process

The effects of stopping of oil feeding were also investigated in the M3 8182 process.

A set of two 5 L fermentations were carried out; one fermentation was allowed to run 

for 188 hours without oil feed stoppage, the second fermentation was conducted with oil 

feed stoppage at 136 hours. Oil feeding was restarted to the second fermentation when 

the final residual oil was at a minimum concentration.

3.2.1. M38182 Process Fermentations Conducted With and Without Stoppage of 

Oil Feeding

3.2.1.1. On-line Analyses: Off Gas, DOT and pH

The particulate and complex nature of the M38182 process broth was similar to that of 

the M4018 process. Indication of microbial growth was therefore again limited to exit 

gas analysis. The exit gas analysis for M38182 process fermentations without and with 

oil feed stoppage are shown in Figures 3.24 and 3.25 respectively. The figures show that 

these fermentations behaved similarly until oil feeding was stopped. Initially (0 to 20 

hours) OUR and CER showed a very rapid increase to around 35 and 20 mmolL’ ĥ'* 

respectively. At 8 to 10 hours, however, a break in the rate of increase was apparent 

which lasted for several hours. This was most likely due to a change in nitrogen 

metabolism as was observed in the M4018 process. Also in common with the M4018 

process fermentations was exponential growth without any significant lag phase 

suggesting that the seed culture used was in ideal condition for transfer. Between 20 and 

40 hours the deceleration phase of growth was observed, during which OUR and CER 

increased at a more gradual rate to give peaks of approximately 40 and 25 mmoLL'̂ h'* 

respectively. The stationary phase of growth than ensued, this was characterised with an 

initial decrease in OUR and CER at 70 hours. A small increase in OUR and CER was 

then observed to occur, this was due to the rate of nitrogen feeding being insufficient.

On increasing the nitrogen feed rate, OUR and CER decreased back to 35 and 20 

mmolL'*h'̂  respectively. OUR and CER remained at these values for the remainder of 

the fermentation (Figure 3.24.) or until oil feeding was stopped (Figure 3.25.).

Almost immediately after stopping oil feeding at 136 hours OUR and CER were 

observed to decrease (Figure 3.25.). This was initially very rapid, and within 3 hours of 

stoppage OUR and CER decreased from approximately 35 and 20 to around 20 and 12
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mmolL’’h'’ respectively. The rate of decline then slowed, with OUR and CER 

decreasing to 15 and 10 mmolL'̂ h'* respectively over the 5 to 10 hours that followed. 

OUR and CER were then observed to show an increase for approximately ten hours, 

before decreasing at approximately 158 hours. The decrease at 158 hours coincided with 

the cessation of oil utilisation (Figure 3.33.). OUR and CER continued to decline until 

170 hours when oil feeding was restarted. Within an hour of the restart, OUR and CER 

were observed to rapidly increase.

RQ profiles of both fermentations show an initial decrease to approximately 0.7 at 20 

hours (Figures 3.24. and 3.25.). As discussed in Section 3.11., this is most likely due to 

a transition in the carbon source metabolised. Between 20 and 50 hours the RQ values 

were then observed to show a gradual decrease to around 0.6. This decrease occurred 

over the period in which OTC production begins at a significant rate (Figure 3.32.). This 

indicates that the decrease is due to carbon being assimilated into OTC rather than given 

off as carbon dioxide gas. In the fermentation conducted without stoppage of oil 

feeding, RQ was observed to remain stable at around 0.6 (Figure 3.24.). In the 

fermentation in which oil feeding was stopped at 136 hours, RQ was also observed to 

remain at around 0.6 prior to, and for 6 to 7 hours after, stoppage (Figure 3.15.). A rapid 

increase in RQ then followed until 150 hours, when, with a value of 0.7, the rate of 

increase slowed. The RQ continued to increase at this lower rate for approximately 9 

hours. RQ then increased rapidly to reach a value of 0.85 at 170 hours, at which time oil 

feeding was restarted. Following the restart, the RQ decreased back to around 0.6. 

Changes in RQ may be due to a combination of factors. The initial rapid increase may 

have been due to an increase in carbon dioxide evolution because of a decreased OTC 

production. The second rapid increase was coincident with increases in ammonia 

concentration (Figure 3.30.) and pH (Figure 3.29.) suggesting a transition to protein 

carbon metabolism.
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Figure 3 .24. O ff gas analysis o f  the M 38182 process ferm entation  conducted  for  
188 hours w ith ou t oil feed stoppage in an E lectrolab 5 L ferm enter. O U R  (— ), 
C E R  ( ) and RQ  ( ). M edia and process conditions are proprietary inform ation .
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Figure 3.25. O ff gas analysis o f  the M 38182 process ferm entation  w ith  oil feed  
stoppage at 136 hours. O U R  (— ), C E R  (— ) and R Q  ( ). Ferm entation  conditions
w ere as described  in Figure 3.24. “I” and “II” dep ict w hen oil feed ing  w as stopped  
and restarted respectively.
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DOT profiles for the fermentations conducted without and with oil feed stoppage at 136 

hours are shown in Figures 3.26. and 3.27. respectively. To aid in comparison the OUR 

profiles are also included. Until oil feeding was stopped to one of the fermentations, the 

DOT profiles were very similar. As would be expected, the changes in DOT were 

generally inversely proportional to changes in OUR. Over the first 30 hours, DOT was 

observed to decrease rapidly to a value of around 20 %. This decrease was due to 

removal of oxygen from the medium as the cells grew exponentially. As the cells 

entered the stationary phase of growth, the DOT initially remained at around 20 % and 

then began to increase. DOT continued to increase until around 60 hours, at which point 

it started to decrease again. DOT continued to decrease until around 120 hours; this 

decrease was likely to have been caused by increases in broth viscosity over this time 
(see Figure 3.31.). DOT then remained stable at around 25 % for the rest of the 

fermentation (Figure 3.26.), or up until oil feeding was stopped at 136 hours (Figure 

3.27). Soon after oil feeding was stopped, the DOT was observed to increase in a 

manner mirroring the changes in OUR (Figure 3.27.). When oil feeding was restarted at 
170 hours, the DOT quickly decreased in response to increasing OUR (Figure 3.27.). 
Since the DOT did not fall below 20 %, it was unlikely that any periods of DOT 

limitation occurred in either fermentation.
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Figure 3.26. DOT ( ) and OUR ( —) profiles for M38182 process fermentation
conducted without oil feed stoppage. Conditions as described in Figure 3.24.
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Figure 3.27. D O T( ) and O U R  ( — ) profiles for M 38182 process ferm entation  
conducted  w ith oil feed ing stopped at 136 hours. C onditions as described in F igure  
3.24. “ I” and “ II” depict w hen oil feed ing w as stopped  and restarted respectively.

Figures 3.28. and 3.29. respectively show the pH profile for the fermentations without 
and with oil feed stoppage. Due to commercial sensitivity regarding the reporting of pH 

over the growth phase, the pH profile is only shown from the stationary phase onwards. 

Between 40 and 70 hours, the pH values of both fermentations were observed to 

decrease at a significant rate, giving at 70 hours, pH values of 7.00 and 7.05 for the 

fermentations with and without oil feed stoppage respectively. Over the same period, 

the ammonia concentration in the two fermentations was observed to decrease little 

(Figure 3.30.). It is therefore unlikely that changes in ammonia concentration were 

responsible for the change in pH, as was previously observed with the M4018 process 

(Section 3.1.1.1.). Instead, pH changes were most likely due to changes in the residual 

nitrogen concentration in the broth (data not shown) caused by initiation of nitrogen and 

trace element feeding. From 70 hours, the fermentations were observed to generally 

remain at around 7.00 until termination (Figure 3.28.) or until oil feeding was stopped 

(Figure 3.29.). The small deviations from these pH values were generally due to 

changes in residual nitrogen concentration (data not shown). On stoppage of oil feeding 

at 136 hours, the pH began increasing within 1 to 2 hours. pH continued to increase at 

this rate reaching a value of 7.1 at 148 hours. The pH then increased at a more rapid 

rate. The increase in pH was curtailed when oil feeding was restarted at 170 hours, at 
which time pH had reached a value of around 8. Within 4 to 5 hours of restarting oil
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feeding, the pH was observed to rapidly decrease back to around 7.3. The ammonia 

concentration profile (Figure 3.30.) indicates that the pH changes during this period 

were caused by variation in ammonia concentration.
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Figure 3.28. pH (—  ) and O U R  ( — ) profiles for M 38182 process ferm entation  
conducted  w ithout oil feed stoppage. C onditions as described in Figure 3.24.
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Figure 3.29. pH ( ) and O U R  ( — ) profiles for the M 38182 process ferm entation
conducted  w ith  oil feed ing stopped  at 136 hours. C onditions as described in Figure  
3.24. “ I” and “H ” depict w hen oil feed ing w as stopped and restarted respectively.
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Figure 3.30. Ammonia profile for the M38182 process fermentation conducted 
without oil feed stoppage (#) and with stoppage at 136 hours (▼). Conditions as 
described in Figure 3.24. Ammonia assayed according to Section 2.2.5. and 
* H  ̂ respectively indicate stoppage and restarting of oil feeding to the fermentation 
conducted with stoppage.

3.2.I.2. Off-line Analyses: Viscosity, Oxytetracycline and Lipid

Until oil feeding was stopped to one of the M38182 fermentations, the viscosity profile 

was very similar (Figure 3.31.). Viscosity initially rapidly increased to a value of 

approximately 0.3 kgm'̂ s'* at 20 hours. The viscosity then continued increasing at a 

slower rate attaining approximately 0.4 kgm'*s'̂  at 40 hours. These increases correspond 

well with the exponential and deceleration phases of growth as indicated by changes in 

OUR (Figures 3.24. and 3.15.). It is therefore likely that the increases in viscosity were 

related to increasing levels of biomass. Between 40 and 90 hours viscosity increased 

very rapidly to reach a value of around 1.75 kgm’̂ s'*. This increase was typically 

observed to occur soon after initiation of the nitrogen feed, and was due to the surface 

properties of the cells of the M38182 strain {Personal communication, Dixon, 1999*). In 

the fermentation conducted without oil feed stoppage the viscosity remained at 

approximately 1.7 kgm"*s'* for the rest of the fermentation (Figure 3.31.). In the 

fermentation with oil feed stoppage at 136 hours, the viscosity was observed to show a 

significant decrease soon after oil feeding was stopped (Figure 3.31.). On restarting oil 

feeding at 170 hours, viscosity returned to levels similar to those prior to stoppage.

* Further elaboration is not possible due to the proprietary nature of this informaticm
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This decrease and later increase in viscosity displayed an inversely proportional 

relationship with pH (Figure 3.29.). This relationship was also observed by Warren et 

al. (1995a). Who reported that in the industrial S. rimosus process operated by Pfizer 

Ltd., the broth viscosity is in part dependent on pH, with viscosity decreasing as pH 

increases.

Broth sampled fi'om the fermentations with and without oil feed stoppage was first 

assayed for OTC concentration at 40.5 hours, and at regular intervals thereafter (Figure 

3.32.). Initially (40.5 to 136 hours), the rate of OTC production showed a linear 

production rate with no significant difference in either fermentation. In the fermentation 

conducted without oil feed stoppage, linear OTC production continued between 136 and 

186 hours but at a decreased rate. In the fermentation conducted with oil feed stoppage 

at 136 hours, the rate of OTC production was observed to have decreased significantly 

by 146 hours and to have stopped by 161.5 hours. Following restarting of oil feeding at 

170 hours, OTC production showed a little recovery.

Figure 3.33. shows the oil utilisation profiles for the M38182 process fermentations 

with and without oil feed stoppage. Until oil feeding was stopped to one of the 

fermentations oil utilisation profiles of both showed no significant difference. The rate 

of oil utilisation showed an increase after 40.5 hours. The increased rate of oil utilisation 

continued for the remainder of the fermentation or until oil feeding was stopped. The 

increased oil utilisation rate coincides with the culture entering the stationary phase of 

growth and is the approximate time of initiation of significant OTC production. This 

suggests that in the M3 8182 fermentation, more oil is required during the OTC 

production phase than in the growth phase. On stoppage of oil feeding at 136 hours, the 

rate of oil utilisation quickly decreased until oil utilisation stopped at between 161.5 and 

170 hours (Figure 3.33.). On restarting oil feeding at 170 hours oil utilisation 

recommenced. The pattern of oil utilisation following oil feed stoppage was remarkably 

similar to that of OTC production. This further illustrates the close relationship of oil 

utilisation and OTC production in the M38182 process.
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Figure 3.31. Viscosity profiles for M38182 process fermentations conducted 
without oil feed stoppage (#) and with stoppage at 136 hours (▼) Conditions as 
described in Figure 3.24. Viscosity measured as described in Section 2.2.4. 1̂” and 
“II” are as for Figure 3.30.
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Figure 3.32.0TC production profiles for M38182 process fermentations conducted 
without oil feed stoppage (# ) and with stoppage at 136 hours (T ) Conditions as 
described in Figure 3.24. OTC assayed as described in Section 2.2.3. “I” and “II” 
are as for Figure 3.30.
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Figure 333. Oil utilisation profiles for M38182 process fermentations conducted 
without oil feed stoppage (#) and with stoppage at 136 hours (T ) Conditions as 
described in Figure 3.24. Oil utilised calculated according to Section 2.2.4. and 
“H” are as for Figure 3.30.

Residual oil concentration profiles for the fermentations conducted without and with oil 

feed stoppage are shown in Figures 3.34. and 3.35. respectively. Residual oil 

concentration was determined by both GC and solvent extraction methods. The residual 

oil concentrations show a similar pattern until oil feeding was stopped. Initially (0 to 

40.5) oil was fed at a rate faster than it was utilised in order to increase the residual 

concentration to approximately 22 gL‘* (based on solvent extraction). The residual was 

then observed to decrease to around 19 gL'̂  due to oil feeding at an insufficient rate. 

This residual concentration was however still within the process operating window, and 

as such had no detrimental effect on the fermentation. The residual concentration was 

increased back to around 22 gL'% and then maintained at around this concentration for 

the remainder of the fermentation (Figure 3.34.), or until oil feeding was stopped at 136 

hours (Figure 3.35.). On cessation of oil feeding the residual oil concentration initially 

decreased before levelling off to give a minimum concentration of around 17 gL'* at 

161.5 hours. Thus in the M3 8182 process the level of 17 gL'* (as determined by solvent 

extraction) is the non-utilised proportion of the oil added to the fermentation. Residual 

oil concentration increased following the restarting of oil feeding at 170 hours. As 

discussed previously (Sections 3.1.1.2. and 3.1.2.2.) the solvent extraction method gave 

a higher estimate of oil concentration then the GC method.
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The changes in fatty acid profile (as determined by GC) throughout M38182 

fermentations with and without oil feed stoppage are shown in Figures 3.36. and 3.37. 

Until oil feeding was stopped to one of the fermentations, the profiles were very similar. 

The fatty acid composition was observed to change over the first 100 hours, this was 

due to the transition of the oil mixture in the broth from mainly soybean to rapeseed oil 

(as explained in Section 3.1.1.2.). Over this period, however, the relative amount of 

stearic acid was observed to increase. With this exception, the residual oil composition 

of the fermentation conducted without oil feed stoppage showed little variation from 

that of rapeseed oil between 100 hours and completion. A similar trend of slightly 

elevated stearic acid was also observed in the fermentation with oil feed stoppage. On 

stopping oil feeding, however, the relative amount of stearic increased more markedly. 

On restarting oil feeding the relative concentrations were affected by the renewed large 

influx of rapeseed oil.
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Figure 3.34. Residual oil profile as determined by GC (O) and solvent extraction 
(# ) methods, throughout the M38182 fermentation conducted without oil feed 
stoppage. Fermentation conditions as described in Figure 3.24. GC and solvent 
extraction analysis was carried out according to Sections 2.2.2.3. and 2.2.2.1.
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Figure 3.35. Residual oil profile, as determined by GC (V) and solvent extraction 
(T) methods, throughout the M38182 fermentation with oil feeding stopped at 136 
hours. Fermentation conditions as described in Figure 3.24. GC and solvent 
extraction analysis was carried out according to Sections 2.2.2.3. and 2.2.2.I. “I” 
and “II” are as for Figure 3.30.
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Figure 3.36. Fatty acid profile for the M38182 process fermentation conducted 
without oil feed stoppage. Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic 
acid (T), linolenic acid (■) and residual oil profile Fermentation conditions
as described in Figure 3.24. Fatty acids assayed according to Section 2.2.2.3.
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Figure 3.37. Fatty acid profile for the M38182 process fermentation conducted 
with oil feed stoppage at 136 hours. Palmitic acid (#), stearic acid (□), oleic acid, 
(A), linoleic acid (T), linolenic acid (■) and residual oil profile (—A—). 
Fermentation conditions as described in Figure 3.24. Fatty acids assayed according 
to Section 2.2.2.3.

3.3. The M4018 Strain Cultured with M38182 Process Media and Process 

Conditions and Vice Versa.

From characterisation of the M4018 and M3 8182 processes (Sections 3.1. and 3.2.), a 

number of highly significant differences were apparent in addition to the difference in 

antibiotic titre - which was already well known {Personal communication, Dixon, 

1997). These differences included broth viscosity, final minimum residual oil 

concentration and, after stopping oil feeding, the decline in respiration rate. In addition 

to different S. rimosus strains, the two processes also had different media and process 

conditions. It was therefore difficult to ascertain whether the observed differences were 

due to the strain or the media and process conditions used. In order to investigate this 

further the strains were cultured in the media and process conditions of the other 

process. For simplicity, the media and process conditions of the M4018 and M3 8182 

process are described as “condition A” and “condition B” respectively.
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3.3.1. Off-gas Analyses and Viscosity

Figures 3.38 and 3.39 show the respective OUR and RQ profiles of strains M4018 and 

M38182 cultured under both condition A and B. The control fermentations (M4018 

with condition A and M38182 with condition B) were typical of the M4018 and 

M3 8182 processes as described previously. OUR profiles show that increases are 

initially (0 to 12 hours) dependent on the strain. The degree to which the conditions are 

optimised was then observed to affect growth.

When the M4018 strain was cultured using condition B, the OUR peaked at 50 mmolL" 

*h’* at 40 hours. When condition A was used, the peak OUR value was lower with a 

value of 38 mmolL'̂ h'* at 36 hours. The trends in OUR were however similar in both 

fermentations. Following these peaks, OUR was decreased in both M4018 

fermentations. In the case of condition A, the decrease levelled off with a value of 

approximately 30 mmolL'*h‘* at 55 hours. With condition B, the decrease was less 

orderly, levelling off at around 90 hours with a value of approximately 30 mmolL'̂ h'̂  

also. OUR then remained at around 30 mmolL'̂ h'* in both fermentations until oil 

feeding was stopped. The higher OUR indicates that the M4018 strain most likely 

reached a higher biomass concentration when cultured under condition B. The higher 

viscosity attained when M4018 was cultured using condition B also indicates increased 

biomass (Figure 3.40.).

Between 12 and 60 hours, the OUR of strain M38182 with condition A was 

significantly lower than with condition B. In the fermentation with condition A, a rapid 

increase in OUR to levels similar to that in the fermentation with condition B was 

observed at 55 hours. The OUR of both fermentations was then observed to remain at 

similar values until stoppage of oil feeding. The rapid increase in OUR at 55 hours 

observed with condition A, occurred at the same time as the inorganic nitrogen supplied 

in the media became limiting (data not shown). This suggests that the increase in 

respiration may be due increased metabolism of the complex organic nitrogen.
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Figure 3.38. OUR profiles for strain M4018 cultured with condition A (— ) and B 
( ), and strain M38182 cultured with condition A ( ) and B ( ). All
fermentations were conducted in 5 L Electrolab fermenters. Condition A is 
described in Sections 2.I.4.4.I. and 2.1.4.3.12. Condition B is proprietary 
information. “I” shows the point of oil feed stoppage, “11” and “III” show when oil 
feeding was restarted to fermentations using strains M38182 and M4018 
respectively.
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Figure 3.39. RQ profiles for strain M4018 cultured with condition A (— ) and B 
( ), and strain M38182 cultured with condition A ( ) and B ( ). Fermentation
conditions are as described in Figure 3.37. “I”, “II” and “HI” are as for Figure 
3.37.
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Figure 3.40. Viscosity profiles for strain M4018 cultured with condition A (■) and 
B (□), and strain M38182 cultured with condition A (V) and B (▼). Viscosity was 
measured according to Section 2.2.4. Fermentation Conditions are as described in 
Figure 3.37. “I”, “ü ” and “in ” are as for Figure 3.37.

Oil feeding was stopped to all four fermentations at 136 hours. At the point of stoppage 

all the fermentations had similar OUR values. The OUR of all fermentations was 

observed to decline within 1 to 2 hours of stoppage. The fermentations with the M3 8182 

strain showed a much faster decline in OUR than the M4018 strain. Thus, the pattern of 

OUR decline was found to be strain dependent. The RQ of the M38182 strain 

fermentations was also observed to increase at a more rapid rate and to a higher level 

than the M4018 fermentations (Figure 3.39.). This indicates deamination of proteins 

occurs more quickly after oil feed stoppage in the M38182 strain fermentations. Oil 

feeding was restarted to the M38182 strain and M4018 strain fermentations at 170 and 

216 hours respectively, within 1 to 2 hours of the restart the OUR began increasing in 

all fermentations. The RQ also decreased in all fermentations following the restarting of 

oil feeding.

Figure 3.40. shows the viscosity profiles for strains M38182 and M4018 cultured with 

both condition A and B. The control fermentations (M4018 with A and M38182 with B) 

behaved typically. The M38182 strain cultured under different conditions showed a 

marked difference in the viscosity attained. Initially (0 to 40 hours), the viscosity of the 

M38182 strain cultured with condition A was lower than when this strain was cultured 

with condition B. This difference was most likely growth related with a decreased level
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of biomass attained under the less optimised condition A. More significantly, M3 8182 

cultured with condition A did not show the rapid increase in viscosity after 40 hours. 

This could be attributed to the absence of a nitrogen and trace element feed when 

M3 8182 was cultured under condition A. The M4018 strain cultured under the different 

conditions showed less marked differences. The fermentation of M4018 with condition 

B attained a higher viscosity during the growth phase (0 to 40 hours). This suggests that 

with the more optimised condition B, greater biomass was achieved. The higher level of 

viscosity was maintained until completion of the fermentation. Nitrogen and trace 

element feeding to strain M4018 under condition B did not cause the rapid increase in 

viscosity observed with M38182. This indicates that strains M4018 and M38182 do not 

share the same cell surface properties (see Section 3.2.1.2.)

3.3.2. OTC Production and Oil Utilisation

OTC concentration was measured at regular intervals, starting at 40 hours, in broth 

samples taken fi’om strains M4018 and M3 8182 cultured with both condition A and B 

(Figures 3.41 and 3.42.). The M38182 strain cultured with condition B (control) 

performed typically with linear production of OTC until oil feeding was stopped (Figure 

3.41.). OTC production of strain M38182 with condition A was markedly lower, with 

the maximum concentration produced being only 18% of that seen in the control 

fermentation. Lower OTC production was evident throughout the fermentation of 

M38182 with condition A. In particular, a decrease in rate of production was observed 

between 40.5 and 64 hours, this was most likely due to the absence of the nitrogen and 

trace elements feed with condition A. In both M38182 fermentations soon after 

stoppage of oil feeding at 136 hours, OTC production ceased; this coincided with the 

point at which oil utilisation stopped (Figure 3.43.). On restarting oil feeding at 170 

hours, OTC production recommenced at a decreased rate in the fermentation with 

condition B. No further OTC production was observed with condition A.

Strain M4018 with condition A (control) showed an OTC production profile 

characteristic of this process (Figure 3.42.). OTC production was greater when strain 

M4018 was cultured with condition B (Figure 3.42.). Initially (40.5 to 88 hours), OTC 

was around 20 % greater. This was most likely due to increased biomass achieved with 

condition B. After 88 hours, the decrease in rate of OTC production observed with 

condition A did not occur with condition B, this was most likely due to feeding of 

nitrogen and trace elements with condition B. OTC production therefore continued at a
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significantly higher rate with condition B, giving a maximum OTC concentration of 

around double that achieved with condition A. Following stoppage of oil feeding at 136 

hours in the fermentation with condition B, OTC production continued until oil 

utilisation stopped (Figures 3.42. and 3.44.) In the fermentation with condition A, OTC 

production ceased soon after reaching approximately 5 gL'% the maximum achievable in 

this process (see Section 3.1.2.). On restarting oil feeding at 216 hours, the OTC 

concentration for the fermentation with condition B was observed to increase; further 

indicating that OTC production had stopped in this fermentation due to limitation of oil.

Figure 3.43 shows the oil utilisation profiles for strain M38182 cultured under condition 

A and B. The control fermentation (M38182 with condition B) showed oil utilisation 

typical for this process. Oil utilised when strain M3 8182 was cultured with condition A 

was 30 % less than control at their respective maximum values. Initially (0 to 40 hours), 

this was probably due to less biomass being produced. After 40 hours, the increase in 

rate of oil utilisation observed with condition B was not seen with condition A. This 

suggests that firom 40 hours, the difference in oil utilisation was most likely to be related 

to the absence of a nitrogen and trace element feed and/or reduced ability to produce 

OTC with condition A. Following stoppage of oil feeding at 136 hours, both 

fermentations showed a similar trend, with oil utilisation rapidly slowing until no 

further utilisation occurred between 161.5 and 170 hours.

The oil utilisation profiles of strain M4018 cultured with condition A and B are shown 

in Figure 3.44. The control fermentation (M4018 with condition A) showed typical oil 

utilisation. M4018 cultured with condition B showed a maximum 14 % greater oil 

utilisation than control. Increased oil utilisation was initially (0 to 64.5 hours) likely to 

have been due to increased biomass concentration. From 64.5 hours, the fermentation 

with condition B did not show the decrease in the rate of utilisation usually seen with 

condition A. Increased oil utilisation may therefore be related to nitrogen and trace 

element feeding and increased OTC production (Figure 3.42.). After stopping oil 

feeding at 136 hours, both fermentations showed similar trends in oil utilisation. In both 

cases oil utilisation initially continued at a rate similar to that prior to stoppage (136 to 

146 hours). At 146 hours utilisation rate then began to gradually decline until no further 

oil was utilised beyond about 190 hours. On restarting oil feeding at 216 hours, oil 

utilisation was observed to recommence in both fermentations.
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Figure 3.41. OTC production profiles for strain M38182 cultured with condition A 
(V) and B (▼). OTC was assayed according to Section 2.2.3. Fermentation 
conditions are as described in Figure 3.37. The point of oil feed stoppage and 
restart are indicated by “I” and “11” respectively.
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Figure 3.42. OTC production profiles for strain M4018 cultured with condition A 
(■) and B (□). OTC was assayed according to Section 2.2.3. Fermentation 
conditions are as described in Figure 3.37. The point of oil feed stoppage and 
restart are indicated by “I” and “II” respectively.

115



Chapter 3. Comparison o f  Oxytetracycline Fermentation in Two S. rimosus Processes

120

100

80

40

20

O'

\ 7'V'

I * I ■ I  ̂ I * I I I ' I ' I

I [I

- v v
/ V

I ■ I ■ I ■

0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (h)

Figure 3.43. Oil utilisation profiles for strain M38182 cultured with condition A 
(V) and B (V). Oil utilised was calculated according to Section 2.2.4. Fermentation 
conditions are as described in Figure 3.37. The point of oil feed stoppage and 
restart are indicated by “I” and “fl” respectively.
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Figure 3.44. Oil utilisation profiles for strain M4018 cultured with condition A (■) 
and B (□). Oil utilised was calculated according to Section 2.2.4. Fermentation 
conditions are as described in Figure 3.37. The point of oil feed stoppage and 
restart are indicated by “I” and “n ” respectively.

116



Chapter 3. Comparison o f  Oxytetracycline Fermentation in Two S. rimosus Processes

Figures 3.45. and 3.46. respectively show the residual oil concentration profiles for the 

strains M3 8182 and M4018 with both condition A and B. In all of the fermentations the 

residual oil concentration was assayed using the solvent extraction method. The residual 

oil concentration initially increased to around 20 gL’’ in all fermentations. Very tight 

control of the residual oil concentration was difficult due to the necessity of using the 

same oil pump for two fermentations and these fermentations often having different oil 

demands. The residual concentration at the point of oil feed stoppage was, however, 21 

± 1 gL'̂  in all fermentations. Following oil feed stoppage the utilisation of the residual 

oil was strain dependent, with the M4018 and M38182 strains, irrespective of 

conditions, using residual oil down to concentrations of approximately 7 and 17 gL'* 

respectively.
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Figure 3.45. Residual oil concentration profiles for strain M38182 cultured with 
condition A (V) and B (▼). Residual oil was assayed using the solvent extraction 
method according to Section 2.2.2.1. Fermentation conditions are as described in 
Figure 3.37. The point of oil feed stoppage and restart are indicated by “I” and 
“11” respectively.
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F igure 3 .46 . R esidual oil concentration  profiles fo r  strain  M 38182 cultured w ith  
cond ition  A  (□) and B (■ ). R esidual oil w as assayed  using the solvent extraction  
m ethod  accord ing  to Section 2 2.2.1. F erm entation  conditions are as described in 
F igure 3 .37 . T he point o f oil feed stoppage and restart are ind icated  by “I” and  
“11” respectively.

3 .4 . C om parison  o f  M 4018 and M 38182 Process F erm en tation s

The experiments reported in this chapter allow thorough characterisation o f  the M 4018 

and M3 8182 processes; both under conditions o f  continuous oil feeding and with 

stoppage o f  oil feeding. It also highlighted that the two fermentations displayed several 

important differences. In particular the variation in behaviour following oil feed 

stoppage was unexpected, and has significance for this study. The following discussion 

o f  the M 4018 and M38182 processes is divided into the period up until oil feeding was 

stopped and the period following this.

3 .4 .1 . C om parison  D uring O il F eeding

OUR profiles o f  both M4018 and M38182 process ferm entations showed that the

cultures grew without any significant lag phase. This indicates that the inoculum trains

used in both processes produced seed culture that was in excellent condition for transfer.

OUR increased at a more rapid rate and peaked earlier in M 4018 fermentations than in

M 38182 fermentations. The difference in OUR profiles was initially found to be strain
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dependent when the strain and process conditions of the two processes were exchanged 

(Section 3.3.1.). In addition, during the exchange experiments it was found that under a 

given set of media and conditions the OUR of the M4018 strain peaked earlier and with 

a higher value. This indicated the M4018 strain grew more efficiently, and may have 

attained a slightly higher biomass than the M38182 strain.

Viscosity profiles showed that the M3 8182 process attained a maximum broth viscosity 

5 to 6 times higher than that of the M4018 process (compare Figures 3.5. and 3.17 with 

3.31). This large difference occurred in the stationary phase of growth after feeding of 

nitrogen and trace elements to the M38182 process. When the M3 8182 strain was 

cultured with the media and process conditions of M4018 process, which did not 

include a nitrogen and trace element feed, this increase in viscosity did not occur 

(Figure 3.40.). The exact cause of this viscosity increase is proprietary information, but 

it is related to this nutrient feed and the cell surface properties of strain M3 8182 

{Personal communication, Dixon, 1999 )̂. When the M4018 strain was cultured with the 

nitrogen and trace element feed, an increase in viscosity similar to that in the M3 8182 

process was not observed. This suggests that the cell surface properties of the two 

strains differ. If viscosity during the exponential growth phase is considered, under a 

given set of media and conditions, strain M4018 generally attained a higher broth 

viscosity than strain M38182. As discussed in Section 3.1.1.2. viscosity has been shown 

proportional to biomass in hyphal fermentation. Thus, the differences in broth viscosity 

of the two strains support the suggestion of increased biomass in fermentation of strain 

M4018. It should be noted, however, that a difference in morphology of the two strains 

might produce a similar effect.

OTC was produced more rapidly and reached a much greater titre in M38182 than in 

M4018 process fermentations. The OTC titre of the M4018 process was found to have a 

maximum concentration of approximately 5.2 gL'\ Maximum OTC titre was more than 

doubled to 10.6 gL*̂  when strain M4018 was cultured using the media and process 

conditions of the M38182 process (Figure 3.42.). The precise OTC titre of the M38182 

process is proprietary information. However, when strain M38182 was cultured with the 

M4018 media and process conditions the OTC titre attained was reduced by 80 % of its 

normal value (Figure 3.41.). This shows that both the strain and process conditions exert 

a profound effect on OTC production.

 ̂Further elaboration is not possible due to the proprietary nature of this information
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In the M4018 process fermentation, after OTC production had ceased oil utilisation 

continued at the same rate (Figure 3.6.). This suggests that little of the carbon present in 

the oil fed during the stationary phase was assimilated into OTC. Indeed, the maximum 

yield coefficient of OTC fi*om oil in this process was only approximately 80mg OTC/g 

oil. When the M4018 strain was cultured using the more optimised media and process 

conditions of the M38182 process this increased to 124mg OTC/g oil. This was, 

however, still much less than that observed in the M3 8182 process; the yield 

coefficients of the M38182 process cannot be reported because they are proprietary 

information. There is also evidence to suggest that during the growth phase the M4018 

strain produced more biomass than the M3 8182 strain fi’om a given amount of oil. This 

evidence would suggest that the efficiency of the two strains varied, with M4018 more 

efficient at producing biomass and M38182 more efficient at producing OTC. This is 

perhaps not surprising if the degree of the strains mutation is considered. Both strains 

were developed by random mutagenesis followed by selection for improved OTC 

production. The M38182 strain had been through many more rounds of mutation and 

selection than the M4018 strain and, therefore, should be more efficient at producing 

OTC. It could also be argued that the M4018 strain, which was an early mutant, would 

display more wild type traits, such as efficient biomass production. This is supported by 

the work of Lee and Ho (1996) who report greater biomass in fermentation of wild type 

S. clavuligerus when compared to a high antibiotic producing mutant strain.

GC analysis of the total residual oil allowed characterisation of changes in the fatty acid 

composition. The most significant changes were due to a change in the type of oil fed to 

the process rather than any preferential utilisation by S, rimosus (Figures 3.7., 3.22., 

3.23., 3.37. and 3.38.). There was, however, some evidence to suggest that both the 

M4018 and M38182 processes preferred not to use stearic acid. This is seen more 

clearly if the individual fatty acids are mass balanced and plotted against time. Figures 

3.47 and 3.48 show such profiles for the M4018 and M38182 process fermentation 

conducted without stoppage of oil feeding. It is apparent that in both processes only 

around 40 %(w/w) of the total stearic acid fed is utilised as opposed to around 

80 %(w/w) of all other fatty acids.
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Figure 3.47. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed, for the M4018 fermentation; Palmitic 
acid (#), stearic acid (□), oleic acid (A), linoleic acid (▼), linolenic acid (■) and 
total oil (—A—). Fermentation conditions described in Figure 3.1. Fatty acids 
assayed according to Section 2.2.2.3.
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Figure 3.48. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed, for the M38182 fermentation; Palmitic 
acid (#), stearic acid (□), oleic acid (A), linoleic acid (T), linolenic acid (■) and 
total oil (—A—). Fermentation conditions described in Figure 3.24. Fatty acids 
assayed according to Section 2.2.2.3.
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Lower utilisation of stearic acid over the other fatty acids (particularly unsaturated fatty 

acids) contained within oils and fats has been observed by several other workers.

Stowell (1987) reported that when an industrial antibiotic process was fed with animal 

fats the unsaturated fatty acids were preferentially utilised. Tan and Gill (1985) found 

that in batch fermentation of S. lipolytica, with animal fat based carbon sources, 

preferential utilisation of fatty acids occurred, primarily for the unsaturated fatty acids, 

rather than palmitic acid and, finally, stearic acid. Tan and Gill concluded that the 

preferential utilisation was due to a combination of metabolic preference and the degree 

of dispersion of the fatty acids. Better dispersion of the unsaturated fatty acids is likely 

since at the fermentation temperature these are liquid whilst highly saturated fatty acids 

(for example stearic) are solids. The findings of this work show similarities to the 

conclusions of Tan and Gill, although palmitic (the other saturated fatty acid present in 

rapeseed oil) was utilised to the same degree as the unsaturated fatty acids. This would 

suggest that any preference may also be due to the above factors. The animal fats used 

in the work of Tan and Gill were, however, rich in stearic acid where as the rapeseed oil 

used in this work was not. An alternative explanation, therefore, maybe the preferential 

utilisation of the other fatty acids due to their greater relative concentration.

3.4.2. Comparison after stoppage o f Oil Feeding

Soon after stoppage of oil feeding, the metabolism of both processes, as a function of 

OUR, decreased (Figures 3.9., 3.10., and 3.25.). The rate at which OUR decreased was 

more rapid in the M38182 process than in the M4018 process. The difference in rate of 

OUR decrease was found to be strain dependent in the exchanging of strains and 

process conditions studies (Figure 3.38.). The decreases in OUR could be related to a 

limitation in the use of residual oil, since following stoppage, the M3 8182 strain was 

unable to utilise residual oil much earlier than the M4018 strain. Strain M38182 had a 

typical minimum residual oil concentration of approximately 17 gL'\ Which is 

significantly more than the minimum of around 8 gL'* typically observed with the 

M4018 strain. Deamination of proteins is a typical response to carbon source limitation. 

Evidence of protein deamination (as indicated by changes in RQ, ammonium ion 

concentration and pH) was observed at these residual oil concentrations, which suggests 

that the cells were subject to carbon source limitation even though significant 

concentrations of oil remained in the fermentation broth. These observations of the 

inability to metabolise a proportion of the oil added to the fermentation are indicative of 

the problem of residual oil and are investigated further in chapters 4 to 7.
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Production of OTC following stoppage of oil feeding also differed in the two strains. 

OTC production quickly stopped in fermentations of the M38182 strain (Figure 3.32.), 

while for the M4018 strain production continued for a much longer period (Figures 

3.18. and 3.42). This was, however, provided that the maximum OTC concentration for 

the particular process was not already attained (Figure 3.18.). In both strains, the rate of 

decrease in OTC production showed a relationship with the rate of oil utilisation. In 

particular the cessation of OTC production and oil utilisation coincided. This is perhaps 

not surprising since under conditions of carbon limitation it is unlikely that any of the 

carbon that is available would be used for OTC biosynthesis.

Both M3 8182 and M4018 strains thus display the problem of residual oil, although in 

the M3 8182 strain this was more severe. As stated previously the M38182 process is 

currently used in the industrial production of OTC. Therefore the residual oil left 

unmetabolised, coupled with low rate of OTC production, following oil feed stoppage 

has economic consequences for this process. Rapeseed oil currently costs around 

£400.00 per tonne {Personal communication, Dixon, 2000). Thus, the cost of the 

unmetabolised oil is approximately £7.00 per tonne of broth. This is a significant cost in 

the highly competitive market of bulk antibiotic manufacturing. Furthermore, recovery 

of the product fi-om fermentation broth rich in lipid oil generally incurs significantly 

increased costs and is unfavourable.

The different degree to which the residual oil problem was observed in the two strains 

was unexpected. This does, however, offer the opportunity to investigate differences in 

the characteristics of the two processes that may have caused the variation in residual oil 

utilisation. One such difference was the broth viscosity. When oil feeding was stopped 

to the M4018 and M38182 processes, the broth viscosity of the latter was around 6 

times greater. Greater broth viscosity is likely to affect broth mixing and may possibly 

reduce oil utilisation. However, a much lower broth viscosity was attained when strain 

M3 8182 was cultured with the conditions of the M4018 process, and yet the minimum 

residual oil concentration remained at around 17 gL"\ This indicates that the higher 

minimum residual oil concentration of the M3 8182 strain may not due to higher broth 

viscosity. To confirm this hypothesis and investigate the effect of increased viscosity on 

the M4018 strain, artificial alteration of broth viscosity will be investigated in Section 5. 

Stearic acid was observed to accumulate to a greater degree when oil feeding was 

stopped. This means that under these conditions very little stearic acid is utilised by the 

cells. This can be seen more clearly if the individual fatty acids are mass balanced (see
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Section 3.4.1.). Figures 3.49. and 3.50. respectively show the mass balance of fatty acid 

profiles for these M4018 and M38182 processes. During the period of oil feed stoppage, 

stearic acid was utilised less than the other fatty acids in both processes. During the 

same period the relative concentration of stearic acid increased markedly (as seen in 

Figures 3.23. and 3.37.). This suggests that the reason for the lower utilisation of stearic 

acid was not due to the lower probability of the cells encountering it, but rather due to 

either better dispersion or a metabolic preference of the cells for other fatty acids. It is 

important to note, however, that this lower utilisation of stearic acid could not account 

for the proportion of oil left unmetabolised. Indeed, if stearic acid were not utilised at all 

it would only account for approximately 2 and 3 gL'* of the remaining oil in M4018 and 

M3 8182 processes respectively. Even with these changes in stearic acid, GC analysis 

showed that the fatty acid composition of the residual oil was generally very similar to 

that of the fed rapeseed oil when oil was no longer utilised (Figures 3.7., 3.22., 3.23., 

3.37. and 3.38.). This further suggests that the remaining residual oil was unlikely to be 

due to accumulation of non-metaboUsable fatty acids. Which is in agreement with the 

findings of Large (1999) who reported similar observations in oil based batch 

fermentation of S. clavuligerus.
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Figure 3.49. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed, for the M4018 fermentation conducted 
with oil feed stoppage; Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic 
acid (▼), linolenic acid (■) and total oil (—A—). Fermentation conditions described 
in Figure 3.1. Fatty acids assayed according to Section 2.2.2.3. “I” and “II” show 
the stopping and restarting of oil feeding respectively.
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Figure 3.50. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed, for the M38182 fermentation conducted 
with oil feed stoppage; Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic 
acid (▼), linolenic acid (■) and total oil (—A—). Fermentation conditions described 
in Figure 3.24. Fatty acids assayed according to Section 2.2.2.3. and 1̂1’’ show 
the stopping and restarting of oil feeding respectively.

3.5. Summary of Oxytetracycline Fermentation in Two S. rimosus Processes

M4018 and M38182 fed batch processes grew well and produced OTC antibiotic when 

using lipid oil as the sole carbon source. The M38182 process produced significantly 

more OTC with a higher yield coefficient than the M4018 process. The improved OTC 

production in the M3 8182 process was due to a combination of a more optimised strain 

and process conditions. There was evidence to suggest that under the same process 

conditions the M4018 strain produced a greater amount of biomass than the M38182 

strain. The different efficiencies in biomass and OTC production observed in 

fermentations of the two strains is thought to be a consequence of the strain 

development programme in operation.

Residual oil utilisation was investigated by stoppage of oil feeding to both processes. 

The OUR of both declined soon after oil feeding was stopped. The decline was due to 

decreased availability of oil and a proportion of the residual oil remained 

unmetabolised. The rate at which OUR declined was more rapid in the M38182 than 

M4018 processes and a greater proportion of the residual oil remained unmetabohsed .
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The oil remaining unmetabolised was approximately 17 gL’  ̂ and 8 gL‘* in the M38182 

and M4018 processes respectively. The responses to stoppage of oil feeding were found 

to be strain rather than process conditions dependent.

The two processes also showed a wide variation in the broth viscosity attained with the 

M3 8182 process being several times more viscous than the M4108 process. The higher 

viscosity of the M38182 process was related to the surface properties of the cells, and 

the nutrient feed operated under the conditions of the M38182 process.

GC analysis allowed the fatty acid composition of the oil to be assayed. Such analysis 

showed that the most significant change in fatty acid composition occurred early in the 

fermentation, and was due to the feeding of rapeseed oil diluting the soybean oil 

initially present in the soya meal. The concentration of stearic acid, however, was 

observed to increase in both processes because of preferred utilisation of the other types 

of fatty acids. It was suggested that the lower utilisation of stearic acid might be due to a 

preference for, or better dispersion of, the other fatty acids. Fatty acid analysis showed 

that it was highly unlikely that changes in the composition of the residual oil, in terms 

of the fatty acids, was the cause of the non-utilisation of a proportion of the oil fed to 

the fermentations.
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4.0 Lipolytic Activity of the M4018 and M38182 Processes

From the results presented in Chapter 3 it is apparent that both the M4018 and M3 8182 

S. rimosus strains could grow and produce OTC effectively using lipid oil as the sole 

source of carbon. Lipid oil is predominantly composed of triglycerides with small 

amounts of di- and monoglycerides. Lipase enzymes catalyse the first step in the 

breakdown of these lipids; that is the liberation of individual fatty acids from the 

glycerol backbone. Thus, when considering utilisation of oil the activity of lipase is very 

important. Of particular interest with respect to the current work was whether the non

utilised proportion of the residual oil could be caused by a limitation of lipolytic 

activity. A detailed discussion of lipase enzymes was presented in Section 1.4.

Lipolytic activity was investigated here in samples of broth removed from typical 5 L 

M4018 and M38182 process fermentations. Activity was characterised in terms of 

profile throughout the course of each fermentation, location within the fermentation 

broth and pH optimum of activity. Lipase activity was also measured in shake flask 

fermentations using defined media and carbohydrate carbon sources. This enabled the 

effect of carbon source on enzyme expression to be investigated.

Lipase activity was assayed using the titrimetric method described in Section 2.2.1. The 

assay was based on hydrolysis of emulsified tributyrin as described by Large et ai. 

(1999). Although tributyrin hydrolysis is not a true indication of the actual lipase 

activity in situ, detection was more sensitive and more reproducible using this substrate 

(Cavanagh, 1996).

4.1 Lipase Activity in M4018 Process Fermentations

Lipase activity was measured in samples taken from two 5 L M4018 process 

fermentations. These fermentations were conducted consecutively; they are referred to 

as Fermentation A and B. Fermentations A and B were conducted with oil feed 

stoppage at 115 hours and 137 hours respectively. Oil feeding was not restarted to 

fermentation A, while feeding was restarted at 231 hours for fermentation B.
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Both fermentations A and B showed growth characteristics representative of the M4018 

process (Chapter 3). This can be seen if the OUR and RQ profiles of the two 

fermentations are considered (Figure 4.1.)* The viscosity profiles also indicate typical 
growth in the two fermentations (Figure 4.2.). The production of OTC and oil utilisation 

rates were also as expected for the M4018 process (Figures 4.3. and 4.4.). The residual 

oil concentration was assayed using the solvent extraction method. At the point of oil 

feed stoppage both fermentations had similar residual oil concentrations of 21.5 ± 0.5 

gL‘* (Figure 4.5.). Following stoppage, residual oil was utilised to a minimum 

concentration of around 8 gL‘*; this is typical for the M4018 process (see Section

3.1.2.). The combined profiles (Figures 4.1. to 4.4.) suggest that fermentation A grew a 

little better than fermentation B. This was most likely because a different batch of seed 

inoculum was used in each of the fermentations. This degree of variability was, 

however, low compared to that found in typical fermentation processes.
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Figure 4.1. Exit gas profiles for M4018 process fermentation A ( OUR; — RQ) 
and B (— OUR; — RQ). Media and process conditions as described in Sections
2.14.4.1. and 2.1.4.3.1.2. “I” and “II” show when oil feeding was stopped to 
fermentation A and B respectively; “III” depicts restarting of oil feeding to 
fermentation B.
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Figure 4.2. Viscosity profiles for fermentation A (—□—) and B (■). Fermentation 
conditions and “P , ‘*11” and “III” as described in Figure 4.1.Viscosity measured as 
described in Section 2.2.4.
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Figure 4.3. OTC production profiles for fermentation A (—0 —) and B (■). 
Fermentation conditions and “I”, “II” and “HI” as described in Figure 4.1. OTC 
concentration assayed according to Section 2.2.3.
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Figure 4.4. Oil utilised profiles for fermentation A (—O—) and fermentation B (■). 
Fermentation conditions and “I”, “II” and “HI” as described in Figure 4.1. Oil 
utilised calculated according to Section 2.2.2.4.
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Figure 4.5. Residual oil concentration profiles for fermentation A (—□—) and 
fermentation B (■). Fermentation conditions and “I”, “II” and “III” as described 
in Figure 4.1. Residual oil concentration assayed using the solvent extraction 
method described in Section 2.2.2.I.
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4.1.1. pH Optimum of Lipolytic Activity

The optimum pH for lipase activity between pH 7.0 and 8.0 was determined using 

samples taken at regular intervals from fermentation A. The pH range tested was 

relatively narrow in order to reflect the culture conditions of the M4018 process. Figure

4.6. shows lipase activity as a function of assay pH for a broth sample taken at 19 hours. 

The same trend in lipase activity was found for samples taken throughout the 

fermentation. Optimum lipase activity was always determined to be in a pH range of 7.6 

to 7.8.

As would be expected, It was found that the activity of control assays conducted on heat 

denatured enzyme were significantly lower. The activity, however, increased with 

increasing pH (Figure 4.7.). A similar effect was also observed in control assays 

conducted without enzyme addition (data not shown). Alkaline hydrolysis of the assay 

components affecting the titration was, therefore, the most likely cause. For example, 

Cavanagh (1996) reports that gum arable undergoes alkaline hydrolysis. The activity in 

the control assays was particularly affected above pH 7.6. (Figure 4.7.). It was therefore 

considered that assays conducted above pH 7.6 were prone to greater error and 

consequently future assays were conducted at pH 7.6.
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Figure 4.6. Example of lipase activity as a function of assay pH for S, rimosus 
strain M4018. Measurements conducted on a sample taken from fermentation A at 
19 hours. Lipase activity measured according to Section 2.2.1.
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Figure 4.7. Example of lipase activity as a function of assay pH for denatured 
enzyme control assays. Measurements conducted on a heat treated sample taken 
from fermentation A at 19 hours. Lipase activity measured as described in Section 
2.2.1.

4.1.2. Lipase Activity Throughout the M4018 Process Fermentation

Lipase activity was measured throughout fermentations A and B (Figure 4.8.) and the 

profiles for both fermentations were found to be very similar. Initially (0 to 20 hours), 

lipase activity increased markedly; in fermentation A lipase activity had reached

2.5 Ug‘* by 19 hours; in fermentation B lipase activity was determined more regularly 

and showed a linear increase up to 2.4 Ug'* by 18 hours. A rapid decrease in lipase 

activity firom around 2.5 to 1.0 Ug'̂  was subsequently observed in both processes 

(Figure 4.8.). Activity then remained at around 1 Ug’* for the remainder of both 

fermentations. Thus, even when oil was no longer utilised (after approximately 190 

hours) significant lipase activity was still measured (Figures 4.4. and 4.8.).

The increases in lipase activity during the growth phase (0 to 20 hours) coincided with 

increasing OUR and broth viscosity (Figures 4.1 .and 4.2.). This apparent growth-related 

increase suggests that lipase activity may have been constitutively expressed. This was 

investigated further in shake flask studies using defined media with carbohydrate and oil 

based carbon sources. Lipase activity was detected in carbohydrate as well as oil based 

fermentations (Table 4.1). Carbohydrate carbon sources have been reported to repress
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lipase production in microorganisms (see Section 1.4.3.1.)» thus the presence of lipase in 

carbohydrate based fermentation strongly suggests constitutive expression of the lipase.

It was suspected that the rapid decrease in lipolytic activity might have been due to the 

addition of CaC0 3 /CaS0 4  to the fermentation broth at approximately 24 hours. This 

was investigated comprehensively in broth samples taken from fermentation B.

Samples were taken just before (24 hours) and 30 minutes after addition of 

CaC0 3 /CaS0 4 . Figure 4.8. shows that lipase activity had decreased from 2.6 Ug'* to 

0.83 Ug'* between 24 and 24.5 hours. No other major changes were made to the 

fermentation over this time period, indicating that the decrease was most probably 

caused by addition of CaC0 3 /CaS0 4 . To obtain further evidence, CaC0 3 /CaS0 4  was 

added to the lipase assay mixture. The addition was made to give a final concentration 

equivalent to that obtained when a broth sample containing CaC0 3 /CaS0 4  was assayed. 

The sample taken at 24 hours (before addition) was then assayed using this mixture. The 

activity was equivalent (0.94 Ug ') to that in the sample taken at 24.5 hours (after 

CaC0 3 /CaS0 4  addition). This confirms that the decrease was due to the presence of 

CaC0 3 /CaS0 4  in the assay system.

The addition of CaC0 3 /CaS0 4  increased the buffering capacity of the fermentation 

broth and may therefore have also buffered the pH stat titration assay. This would mean 

that less acid would be titrated, creating the illusion of less lipase activity. Lower 

activity was also observed in the control assays conducted using the assay mixture 

containing CaC0 3 /CaS0 4 . Thus, it is likely that the decrease in lipase activity observed 

in fermentation A and B is an artefact caused by buffering of the assay system, rather 

than a true decrease in lipase activity. It is therefore possible that the actual lipase 

activity remained at around 2.5 Ug‘* throughout the fermentation.
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Figure 4.8. Profile of lipase activity for fermentation A and fermentation B
(■). Fermentation conditions and "I", 1̂1” and * as described in Figure 4.1. 
Lipase activity measured as described in Section 2.2.1.

Table 4.1. Lipolytic activity in shake flask cultures of the M4018 S rimosus strain 
using defined media and various carbon sources.

M edium Glucose

(g L ')

Lipase

(Ug-‘)

Viscosity

(kgm'^s**)

Residual Oil 

(g L ')

OTC

(m g L ‘)

pH

D + C 6.5 ± 

1.2

0.24 ± 

0.03

0.06 ± 0.02 1081 ± 

58

7.6

± 0.1

D + RSO + C N/D 0.29 ± 

0.04

0.04 ±0.01 8.4 ± 0 .9 803 ± 

69

7.8

± 0.2

D + RSO 0.24 ± 

0.07

0.04 ±0.01 13.6 ± 1.8 404 ± 

28

6.8

*D = defined medium; C = carbohydrate; and RSO = rape seed oil 
N/D = non-detected
All results are an average of three separate experiments
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4.1.3. Location of the Lipase Activity within M4018 Process Fermentation Broth

The location of the M4018 lipase activity was initially established using samples taken 

throughout the course of fermentation B. Samples of whole broth, supernatant, and 

sediment resuspended in deionised water were prepared and assayed as described in 

Section 2.2.1. The results are shown in Figure 4.9. A negligible amount of activity was 

detected in the supernatant fraction of the broth, which suggests that the lipase was not 

extracellular. Lipase activity was detected in approximately equivalent amounts in both 

the whole broth and resuspended sediment samples. The lipase was therefore either 

associated with the media solids or the cells. Shake flask fermentations using soluble 

defined media were conducted to obtain sediment of cells alone. The activity of the 

resuspended cells was equivalent to activity in the whole broth (Table 4.2.), which 

suggests that the lipase is cell associated.

3.0

>

S.

-  *3̂^ — —— — ~ ~ — ——— — ——— — — —— —

1  ̂ ■ d I 1 I I j>  1 I I I I
0 20 40 60 80 100 120 140 160 180 200 220 240 260

Time (h)

Figure 4.9.Lipolytic activity in samples of whole broth (■), resuspended pellet
and supernatant (—A—) from fermentation B. Fermentation conditions as 

described in Figure 4.1. Lipase activity determined according to Section 2.2.1.
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Table 4.2. Lipolytic activity in samples of whole broth, supernatant and 
resuspended cells from defined media shake flask fermentation

Lipase activity Ug‘*

Medium * Whole broth Supernatant Resuspended
cells

D + C 0.24 ± 0.03 N/D 0.29 ± 0.02

D + RSO + C 0.29 ± 0.04 N/D 0.26 ± 0.05

D + RSO 0.240 ± 0.07 N/D 0.27 ± 0.03

*D = defined medium; C = carbohydrate; and RSO = rape seed oil 
N/D = Non-detected
All results are the average of two separate experiments 

4.2. Lipase Activity in M38182 Process Fermentation

Lipase activity was measured in samples taken from two 5 L M38182 process 

fermentations, referred to here as fermentation C and D. Oil feeding was stopped to both 

fermentations at 136 hours. It was then restarted to fermentation C and D at 167.5 and 

170 hours respectively. As with the M4018 process fermentations (Section 4.1.), the 

M38812 fermentations were conducted consecutively. Both fermentations C and D, 

showed growth characteristics typical for the M38182 process (Chapter 3.2.). Off gas 

data for these fermentations shows that fermentation C peaked at a higher OUR than 

fermentation D (Figure 4.10.). This suggests that fermentation C may have grown better 

than fermentation D. This could have been caused by separate batches of seed culture 

being used to inoculate each fermentation. The viscosity profiles were also typical of the 

M3 8182 process, showing the characteristic increase following initiation of the nitrogen 

and trace element feed (Figure 4.11.). The production of OTC and oil utilisation rates 

were also as expected for the M38182 process (Figures 4.13. and 4.14.). Fermentation C 

did, however, produce a little more OTC and utilise slightly more oil than fermentation 

D (Figure 4.12.). This was probably a consequence of greater biomass and better control 

of nitrogen and trace element feeding in fermentation D. Figure 4.14. Shows the 

residual oil concentration of the two fermentations determined by the solvent extraction 

method. At the point of oil feed stoppage (136 hours) both fermentations had a residual 

oil concentration of 22 ± 1 gL'  ̂Following stoppage, residual oil was utilised to a 

minimum concentration of around 17 gL‘* (Figure 4.14.), which is typical for the 

M38182 process.
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Figure 4.10. Exit gas profiles for M38182 process fermentation C ( OUR; —RQ) 
and fermentation D (— OUR; —RQ). Media and process conditions are 
proprietary information. “I” depicts stoppage of oil feeding; “11” and “III” show 
when oil feeding was restarted to fermentation C and D respectively.
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Figure 4.11. Viscosity profiles for fermentation C (—O—) and D (#). Fermentation 
conditions and “I”, “11” and “III” as described in Figure 4.10. Viscosity measured 
as described in Section 2.2.4.
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Figure 4.12. OTC production profiles for fermentation C (—O—) and D (• ) .  
Fermentation conditions and “I”, “II” and “III” as described in Figure 4.10. OTC 
concentration assayed according to Section 2.2.4.
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Figure 4.13. Oil utilised profiles for fermentation C (—O—) and D (#). 
Fermentation conditions and “I”, “II” and “HI” as described in Figure 4.10. Oil 
utilised calculated according to Section 2.2.2.4.
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Figure 4.14. Residual oil concentration profiles for fermentation C (—O—) and D 
(#). Fermentation conditions and "I", “11” and “III” as described in Figure 4.10. 
Residual oil concentration assayed using the solvent extraction method described 
in Section 2.2.2.I.

4.2.1. pH Optimum of Lipolytic Activity

The optim um  pH for lipase activity was determined using samples from fermentation C. 

Lipase activity was assayed over the pH range 7.0 to 8.0; as used previously in the 

assessment o f  the M4018 lipase (Section 4.1.1.). Figure 4.15. shows the lipase activity 

against pH for a sample taken at 162.5 hours. A similar profile was observed in all 

samples taken at different time points throughout the fermentation (data not shown). 

Optimum  lipase activity was found at a pH between 7.6 and 7.8. As discussed in Section

4.1.1. the assay mixture undergoes significant chemical hydrolysis at pH values above

7.6, and consequently future lipase assays were conducted at pH 7.6.
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Figure 4.15. Example of lipase activity as a function of assay pH for 5. rimosus 
strain M38182. Measurements conducted on a sample taken at 162.5 hours from 
fermentation C. Lipase activity measured as described in Section 2.2.1.

4.2.2. Lipase Activity Throughout the M38182 Process Fermentation

Lipase activity was measured throughout fermentations C and D (Figure 4.16.). The 

lipase activity profiles of both fermentations were similar. In fermentation C lipase 

activity increased to approximately 1.8 Ug"‘ at 15 hours. In fermentation D lipase 

activity was monitored more regularly, and increased linearly until 19 hours reaching 

1.9 Ug'\ After which the rate of increase began to decrease with a value of 2.1 Ug'̂  

measured at 24 hours. The increases in lipase activity coincided with increases in OUR 

and viscosity (Figures 4.11. and 4.12.), again indicating that lipase activity was growth 

related and therefore possibly constitutively expressed. Lipase activity was again found 

in carbohydrate based shake flask cultures (Table 4.3.), supporting the suggestion that 

the M38182 lipase was expressed constitutively. After this increase in lipase activity, a 

rapid decrease to around 0.7 Ug'* followed. This decrease was due to the addition of 

CaC0 3 /CaS0 4  to the fermentations at around 24 hours. CaC0 3 /CaS0 4  buffered the 

assay system creating an artefact of decreased lipase activity (see Section 4.1.2.). The 

measured lipase activity then remained at approximately 0.7 Ug‘* until around 65 hours. 

After 65 hours, lipase activity began increasing reaching a maximum of 2.2 Ug'̂  at

164.5 hours in fermentation C, and 1.8 Ug‘* at 146 hours in fermentation D. Activity
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then remained at around these values for the rest of the fermentations. The rate of oil 

utilisation was not significantly affected by increased lipase activity. Significant lipase 

activity was also measured when oil utilisation had stopped (Figures 4.17. and 4.14.)
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Figure 4.16. Profile of lipase activity for fermentation C (—O—) and D (#). 
Fermentation conditions and “I”, “11” and “III” as described in Figure 4.10. 
Lipase activity measured as described in Section 2.2.1.

Table 4.3. Lipolytic activity in shake flask cultures of Strain M38182 using defined 
medium and various carbon sources.

M edium C arbohydrate

(gL-')

Lipase

(U g ‘)

Viscosity

(kgm’^s*)

Oil residual 

(gL-')

pH

D + C 9.7 + 0.3 0.441+0.04 0.05 + 0.02 - 7.1 ±0.1

D + RSO + C N/D" 0.532 ± 0.05 0.07 ± 0.02 18.9 + 0.9 7.4 ± 0.2

D + RSO - 0.277 ± 0.06 0.02 20.9 + 2.1 6.8 ± 0.05

*D = defined medium; C = carbohydrate; and RSO = rape seed oil 
 ̂= non-detected

All results are an average of three experiments
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4.2.3. Location of Lipase Activity within the M38182 Process Fermentation Broth

The location of the M3 8182 lipase activity was initially investigated using samples from 

fermentation D. The procedure used was the same as that used to determine the location 

of the M4018 process lipase (Section 4.1.3.). Samples of whole broth, supernatant, and 

sediment resuspended in deionised water were assayed throughout the time course of 

the fermentation (Figure 4.17.). No significant lipase activity was found in samples of 

the supernatant. It was therefore unlikely that the lipase was extracellular. Samples of 

whole broth and resuspended sediment showed approximately equal amounts of 

activity. This indicates that the lipase was either associated with the cells or media 

particles. Further investigation using defined medium shake flask cultures concluded 

that the lipase was indeed cell associated (Table 4.4.).
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Figure 4.17. Lipolytic activity in samples of whole broth (#), resuspended pellet 
(—□—), and supernatant (—A—) from fermentation D. Fermentation conditions as 
described in Figure 4.10. Lipase activity measured as described in Section 2.2.1.
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Table 4.4. Lipolytic activity in samples of whole broth, supernatant and 
resuspended cells from defined media shake flask fermentation.

Lipase activity Ug‘*
Medium * Whole broth Supernatant Resuspended

cells
D + C 0.441 ± 0.04 N/D"" 0.419 ±0.03

D + RSO + C 0.532 ± 0.05 N/D 0.568 ± 0.02

D + RSO 0.277 ± 0.06 N/D 0.271 ±0.03

*D = defined medium; C = carbohydrate; and RSO = rape seed oil 
* = Non-detected
All results are an average of two experiments

4.3. Discussion of Lipolytic Activity of the M4018 and M38182 Processes

Lipolytic activity was detected in both M4018 and M38182 process fermentations using 

a tributyrin based titrimetric assay. Assays were conducted at the optimum pH for 

enzyme activity, which was found to be over the range 7.6 to 7.8. This was, however, 

the optimum pH for lipase activity under the assay conditions, which were significantly 

different fi"om the conditions of the fermentation. In particular, the fatty acids of 

tributyrin have a much shorter carbon chain length than the fatty acids found in rapeseed 

oil, and this has previously been observed to influence lipase activity (Jensen et al. 

1983). Attempts to develop an assay based on rapeseed oil were unsuccessful due to 

difficulties in obtaining stable assay emulsions. The assay used may, therefore, not have 

reflected the actual lipase activity in situ. But it does offer reproducible measurement of 

lipase activity, which is useful for comparison purposes.

Lipolytic activity was found to be cell associated throughout fermentations of both 

M4018 and M3 8182 strains. Lipase activity in other Streptomyces species investigated 

in our research group has also found to be cell associated (Large et al. 1999). Lipase 

activity has been previously identified in Streptomycetes but this was not cell associated 

(Rapp and Backhaus, 1992). Indeed, extracellular lipases have been reported more 

jfrequently than cell bound lipases (Section 1.4.2.), although Papon and Talon (1988) 

identified the lipases of the bacteria B. themospacta and L. curvatus to be cell 

associated. There are also several reports of microorganisms producing both 

extracellular and cell associated lipases concurrently (Druet et al. 1992; Ota et al. 1982). 

Cell associated lipase activity can be located in the soluble fi-action of the cell, the cell
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membrane or the cell wall. Subcellular fractionation (Papon and Talon, 1989) or 

possibly immunogold antibody localisation could be used to determine the precise 

location of the S. rimosus lipase in the future.

The lipase activity profiles of M4018 and M38182 processes were initially (0 to 65 

hours) very similar to each other. The increase in lipase activity observed over the first 

24 hours of the fermentations appeared to be growth related. This observation together 

with expression of lipase activity when cultured on carbohydrate based media strongly 

suggested constitutive expression of lipase in both strains. This is in contrast to much of 

the literature, which reports that lipases are generally inducible and are often completely 

repressed by significant concentrations of carbohydrate (Section 1.4.2.). Constitutive 

expression of lipase has, however, been found in batch fermentation of S. erythraea 

(Large et al. 1999).

In the M4018 process, after this initial increase in lipase activity no ftirther increase was 

observed. This suggests that the lipase of this process was only constitutively expressed. 

In contrast, lipase activity was observed to increase between 65 and 160 hours in the 

M38182 process. This may have been due to induction of further lipase activity. Large 

et al. (1999) report that in the oil based batch fermentation of S. erythrea, lipase activity 

increased during the stationary phase of growth in a manner similar to that observed in 

M38182 fermentation. They suggest that this was due to the presence of two lipases; 

one of these was constitutively expressed while the other was induced by oil. They also 

found that there was a significant lag between exposure to oil and increased expression 

of the inducible lipase. It is therefore reasonable to suggest that the M38182 strain may 

also have a constitutive and an inducible lipase. The results of the shake flask 

experiments (Table 4.3.) however are somewhat contradictory, showing that the 

presence of oil did not increase lipase activity. A further explanation may, therefore, 

have been the initiation of nitrogen and trace element feeding at 45 hours, since nitrogen 

and some minerals have been reported to increase lipase activity (Section 1.4.3.1.). The 

nature of this increase in lipase activity therefore requires further investigation. Such 

investigations could include variation in time of initiation of the nitrogen and trace 

elements feed, and time course investigation of lipolytic activity throughout a 

carbohydrate based fermentation. However, to comprehensively characterise the 

lipase(s) isolation of the activity would be required.
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The increased lipase activity after 65 hours of the M3 8182 process did not increase the 

rate of oil utilisation. This suggests that oil utilisation was not limited by the amount of 

lipase activity. This is in agreement with the findings of Large et a i (1999) who report 

the rate of lipid utilisation was independent of increased lipase activity in several oil 

based Streptomycete fermentations. Furthermore, in both M4018 and M3 8182 

processes, significant lipase activity was still measured when oil utilisation had stopped. 

This strongly suggests that the unmetabolised oil remaining in M4018 and M38182 

processes was not a consequence of lipase activity limitation.

Significant further work is required to further characterise the lipase activity of the two 

strains. In addition to the aforementioned investigations into specific location and 

isolation of the lipases, this could include identification of any specificity exhibited by 

the lipases as described by Jensen et al. (1983). An assay based on rapeseed oil would 

also be beneficial to reflect activity in situ; this may be possible if a suitable 

émulsification reagent can be identified. Such investigations were, however, beyond the 

scope of this work, particularly since lipase activity appeared not to limit oil utilisation.

4.3. Summary of Lipolytic Activity of the M4018 and M38182 Processes

A tributyrin based titrimetric assay was used to reproducibly quantify lipase activity 

levels throughout M4018 and M38182 process fermentations. The assay was also used 

to identify the location of the lipase within the fermentation broth, and to identify the 

nature of lipase expression. A possible limitation in the application of this assay was 

interference by any changes in the buffering capacity of the samples measured.

Both M4108 and M3 8182 processes were found to produce cell associated lipase 

enzymes. The optimal pH for activity in the assay system was found to be over the 

range 7.6. to 7.8, which may, or may not, reflect the optimal pH for the lipase activity in 

situ. The lipase activity was also found to be constitutively expressed in both M4018 

and M38182 processes. The M38182 process also showed a possibly induced increase 

in lipase activity during the stationary phase of the fermentation. It was therefore 

suggested that the M38182 strain might produce two kinds of lipase: a constitutively 

expressed enzyme and an inducible form.
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Increased lipase activity did not increase the rate of oil utilisation, indicating that oil 

utilisation was not limited by the action of lipase. Significant lipase activity was also 

detected when oil utilisation had stopped, strongly suggesting that the unmetabolised oil 

was not a consequeiice of limitation of lipase activity.
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5.0. Effect of Viscosity on Oil Utilisation in S. rimosus Fermentation

A significant physical difference between the M4018 and M38182 strains used in this 

work was the broth viscosity attained during fermentation (Chapter 3.), The maximum 

viscosity of the broth from the M38182 process was almost an order of magnitude 

greater than that of the M4018 process. It was equally apparent that the M4018 and 

M38182 strains utilise oil in a different manner. This was particularly marked during the 

period of oü feed stoppage, since in the M4018 process the organism stopped utilising oil 

at a residual oil level more than half that observed with the M38182 process (Chapter 3).

Furthermore, as previously stated in Chapter 1 several researchers investigating oil 

containing, Streptomycete fermentations have examined the effect of increased agitation 

rate on residual oil utilisation (Ohta et al., 1995; Choi et al., 1996; Large et al., 1998).

In these studies the degree of success in reducing residual oil levels varied. Ohta et al. 

(1995) and Choi et al. (1996), who investigated fermentation of S. fradiae, both report 

improvements in utilisation of residual oil. In contrast Large et al. (1998) found that 

increasing agitation rate of S. clavuligenis fermentations had a minimal effect on residual 

oil utihsation. The differences in residual oil utilisation observed by these authors may be 

explained if the effect of increased agitation rate on viscosity is considered. Under 

increased agitation, the viscosity of the S. fradiae fermentations is significantly reduced, 

maybe due to shearing of the mycelia. Contrary to this, the viscosity of S. clavuligerus 

broth shows only a slight change at higher agitation rates. It is, therefore, apparent that 

the work of Ohta et al. (1995), Choi et al. (1996) and Large et al. (1998) indicates that 

in their investigations changes in broth viscosity may have had a greater effect on 

residual oil utilisation than changes in agitation rate.

This offers good reason to suggest that the large difference in viscosity may have been a 

contributory factor in the differences in oil utilisation observed between the two 

fermentation processes under investigation here. Experiments were therefore conducted 

in order to investigate the possible effects of viscosity on residual oil utilisation. This was 

achieved by decreasing the viscosity of the M38182 process to levels mimicking those of 

the M4018 process, and vice versa. To decrease the viscosity of the M3 8182 process, a 

compound with zeolite properties was added to the media. In order to increase the 

viscosity of the M4018 process, additions of pseudoplastic thickening agents were made. 

Changes in OUR were used to indicate the effect of variation in media viscosity on
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growth and metabolism. Additionally, the utilisation of oil and production of OTC in 

relation to the alteration of broth viscosity are also reported. The effect of broth viscosity 

on utilisation of oil and the final residual oil concentrations attained are also discussed.

5.1. Effects of Reduction of M38182 Broth Viscosity by Addition of a Compound 

with Zeolite Properties

5.1.1. Effect of Addition of Viscosity Reducing Agent on Broth Viscosity

By using a compound with zeolite properties, supplied by Pfizer Ltd., it was possible to 

lower the viscosity of M38182 fermentation broth. In replicate fermentations, an addition 

of 2.5 gL’’ zeolite (based on AIv) reduced the viscosity for the majority of the 

fermentation by between 50 % and 75 % (Figure 5.1.). This reduction in viscosity gave 

values reasonably close to that observed in a typical M4018 fermentation (Figure 5.1.). It 

was noticed that although initially the zeolite caused higher viscosity, it prevented the 

increase typically observed after 40 hours in M38182 control fermentations (Figure

5.1.).With zeolite present in the fermentation, the characteristic decline in viscosity 

following oil feed stoppage was not observed.
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Figure 5.1. Viscosity profiles for M4018 control (B), M38182 control (■) and 
M38182 with the addition of 2.5 gL’* zeolite: duplicate fermentations “a” (—O—) 
and (—A—). Viscosity was measured according to Section 2.2.4. Media and 
process conditions for M4018 and M38182 fermentations are as described in 
Section 2.1.4. and proprietary information respectively. and 1̂1” depict oil feed 
stoppage to M4018 and M38182 processes respectively, “III” and “IV” show when 
oil feeding was restarted to M38182 and M4018 processes respectively.
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5.1.2. Effects of Reduced Viscosity on Growth, OTC Production and Oil Utilisation

The addition of zeolite had negligible effect on the growth of the organism, since the 

OUR profile during the growth phase of the fermentation was almost identical regardless 

of the presence or absence of zeolite (Figure 5.2.). In zeolite containing fermentations, 

the increase in OUR observed at approximately 100 hours was due to nitrogen limitation 

rather than the zeolite itself. When the level of nitrogen was increased above the limiting 

concentration the OUR rapidly returned to levels similar to those prior to limitation. The 

likely cause of increased OUR, was that of accelerated metabolism as the organism 

metabolised complex nitrogen. In this case the corresponding increase in respiratory 

quotient (RQ) would most likely suggest deamination of soybean proteins.

The addition of zeolite also had little effect on the production of OTC (Figure 5.3.). 

Indeed, until the zeolite containing fermentations underwent a period of nitrogen 

limitation, the productivity was very similar to that of the control, and certainly within 

the variability observed between control cultures. With regard to oil utilisation it 

appeared that once again there was no significant difference between control and zeolite 

containing fermentations (Figure 5.4.).
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Figure 5.2. Exit gas profile for M38182 control ( — OUR; —  RQ) and M38182 
containing 2.5 gL  ̂zeolite: duplicate fermentations “a” ( OUR; —  RQ) and 
“b” ( OUR; —  RQ). Fermentation conditions and media are proprietary 
information. “I” and “II” show the stoppage and restarting of oil feeding 
respectively.
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Figure 5.3. OTC production for M38182 control (■), and M38182 containing 2.5 
gL'* zeolite: duplicate fermentations “a” (—O—) and “b” (--A—). Fermentation 
conditions, “I” and “II” as for Figure 5.2. OTC was assayed according to Section 
2.2.3.
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Figure 5.4. Oil utilisation for M38182 control (■), and M38182 containing 2.5 gL 
zeolite: duplicate fermentations “a” (—O—) and “b” (—A—). Fermentation 
conditions, “I” and “II” as for Figure 5.2. Oil utilised was calculated according to 
Section 2.2.2.4.
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5.1.3. Utilisation of Residual Oil in Reduced Viscosity M38I82 Fermentations

Oil feeding was stopped to the M38182 fermentations at 136 hours, at which point all 

fermentations had an oil residual of approximately 21 (±1) gL'' (Figure 5.5.). After 

stopping the oil feed it was apparent that respiration continued uninterrupted for one to 

two hours, after which a rapid decline in OUR was observed (Figure 5.2.). This decline 

was very similar in all cases irrespective of broth viscosity. As was typical, the viscosity 

of the control fell during the oil-starved period (Figure 5.1.). Similarly, following oil feed 

stoppage, utilisation of oil rapidly slowed until oil utilisation had effectively ceased at 

approximately 160 hours (Figure 5.4.). When oil was no longer utilised all fermentations 

had a similar residual oil concentration of approximately 17 gL'* (Figure 5.5.). The 

production of OTC also quickly decreased after oil feeding was stopped (Figure 5.3.). 

This was particularly marked approximately 20 hours after stopping the oil feed, thus 

corresponding well with the decline in OUR and the point at which oil utilisation 

stopped.

Soon after restarting oil feeding at 167 hours the OUR rapidly increased (Figure 5.2.). In 

all three cases the production of OTC and utilisation of oil was also restored, although 

the rates were significantly decreased fi*om those observed prior to oil feed stoppage 

(Figures 5.3. and 5.4.).
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Figure 5.5. Residual oil concentration for M38182 control (■), and M38182 
containing 2.5 gL'* zeolite: duplicate fermentation “a” ( ~ 0 —) and “b” (—A—). 
Fermentation conditions, and 1̂1” as for Figure 5.2. Residual oil concentration 
assayed as described in Section 2.2.2.1.
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5.2. Effects of Increased Broth Viscosity on M4018 Fermentation

5.2.1. Screen to Identify Suitable Candidates for Thickening M4018 Broth

A screen was conducted to identify suitable compounds to increase the viscosity of the 

M4018 broth. Shown in Table 5.1. are the results of all the agents tested S. rimosus 

broth has been shown to obey the pseudoplastic power law model of rheology (Warren 

et a l, 1995a). Therefore, based on manufacturers data, all thickening agents selected 

also obeyed this law. All fermentations were carried out for 100 hours in 5 L fermenters 

as described in Section 2.1.4.3.5; Oil feeding was not stopped.

Thixagum increased viscosity to levels similar to those observed in the M38182 process. 

In addition, Thixagum appeared to have relatively little affect on the amount of oil 

utilised and OTC produced compared to the control culture. Thixagum was therefore 

selected for subsequent thickening studies. Thixagum is a commercial preparation for 

food use, and is a mixture of xanthan and guar gums with the former predominating.

Table 5.1. Results of Pseudoplastic Thickening Agent Screen.

Thickening
Agent

Oil
Utilised
(gL-')

Maximum 
OTC (pgmf')

Min. Broth 
Viscosity 
(kgm's')

Max. Broth 
Viscosity 
(kgm's*)

M4018
Control

56.4 2886 .007 0.400

Guar Gum 
(0.8%[w/vl)

51.5 2176 0.260 0.980

Satailgine
(0.9%rw/vl)

47.6 1832 1.060 1.640

Isagel
(l%fw/vl)

60.6 1182 1.080 1.980

Protonatol
(0.8%[w/vl)

60.4 1638 0.520 1.420

Thixagum
(l%[w/vl)

58.2 2374 0.950 1.600

Xanthan
(0.8%[w/v1)

61.1 2235 1.440 1.960
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5.2.2. Addition of the Pseudoplastic Thickening Agent, Thixagum, to M4018 

Fermentation

Thixagum thickening agent was added to 5 L M4018 fermentations. Before inoculation 

additions were made to two fermentions at concentrations of 0.75 %[w/AIv] and 

1 %[w/AIv]. To a further fermenter, a 1 %[w/AIv] powder “shot” of Thixagum was 

added at 43 hours. This shot was added since the broth viscosity of the M38182 process 

began to increase most significantly after approximately 40 hours (see Figure 5.1.).

5.2.2.1. Effects of Thickening Agent on Broth Viscosity

Addition of thickening agent substantially increased broth viscosity (Figure 5.6.). The 

1 %[w/AIv] additions, both prior to inoculation and the addition at 43 hours generated 

several fold increases in viscosity to the peak levels found in the M38182 fermentations. 

The increased viscosity was maintained throughout the fermentation. Therefore, by 

addition of Thixagum the maximum viscosity of the M38182 process was effectively 

mimicked.
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Figure 5.6. Viscosity profiles for M4018 control (lEl), M38182 control (■) and 
M4018 with additions of Thixagum at: 0.75 %[w/AIv] (—• —), 1.0 %[w/AIv](--A--) 
and 1.0 %[w/AIv] “shot” (--♦--).Viscosity was measured according to Section 
2.2.4. Media and process conditions for M4018 and M38182 fermentations are as 
described in Section 2.1.4. and proprietary information respectively. “I” and “II” 
depict oil feed stoppage to M4018 and M38182 processes respectively, “IQ” and 
“IV” show when oil feeding was restarted to M38182 and M4018 processes 
respectively.
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S.2.2.2. E ffect o f  Increased V iscosity  on G row th, O TC  Production and O il 

U tilisation

Respiration data for the thickening agent studies is unfortunately not complete. The most 

important data for the initial growth, and decline in OUR following oil feed stoppage, is 

however available (Figure 5.7.). It can be observed that the increase in viscosity had 

negligible effect on OUR during the early growth phase o f  the fermentation. This 

suggested that increased viscosity had no adverse effect on growth. Since the values for 

RQ were also similar in all cases, it was unlikely that Thixagum was metabolised in the 

fermentation. Based on both manual and chart recordings (data not shown), the cultures 

with increased viscosity did not suffer from any periods o f  DOT limitation. The minimum 

recorded DOT for all Thixagum containing fermentations was on average, approximately 

20 %. The minimum DOT in the control fermentation was approximately 40 %.
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Figure 5.7. Exit gas profile for M 4018 control ferm entation  (—  O UR; —  R Q ) and  
M 4018 w ith  additions o f  T hixagum  at: 0.75%  [w/AIv] ( O U R; —  R Q ), 1.0%  
[w/AIv] ( O UR; —  R Q ) and 1.0%  [w /A lv] “ shot” ( O UR; —  RQ ). 
Ferm entation  conditions and m edia as described in section  2 .1 .4 . “I” and “II” 
show  the stoppage and restarting o f  oil feed ing respectively.

The increase in viscosity also had a negligible effect on the production o f  OTC. With the 

exception o f  the fermentation containing 0.75%  [w/AIv] Thixagum, the fermentations 

containing thickener behaved extremely similarly to the control culture. Indeed the rate 

o f  production for the control culture fell between two o f  the Thixagum containing 

fermentations (Figure 5.8.). There was no obvious reason for the poorer performance o f
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the fermentation containing 0.75% [w/AIv] Thixagum. It was observed that increased 

viscosity had almost no affect on the amount of oil utilised (Figure 5.9.)
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Figure 5.8. OTC production profiles for M4018 control (HI) and M4018 with 
additions of Thixagum at: 0.75 % [w/AIv] (—• —), 1.0 % [w/AIv] (—A —) and 
1.0 % [w/AIv] “shot” (--♦“ ). Fermentation conditions, “I” and “II” as described in 
Figure 5.7. OTC was assayed according to Section 2.2.3.
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Figure 5.9. Oil utilisation profiles for M4018 control (HI) and M4018 with 
additions of Thixagum at: 0.75 % [w/AIv] (--#--), 1.0 % [w/AIv] (—A —) and
1.0 % [w/AIv] “shot” (--♦—). Fermentation conditions, “I” and “II” as described in 
Figure 5.7. Oil utilised was calculated according to Section 2.2.2.4.
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5.2.2 3. Residual Oil Utilisation in M4018 Fermentation with Increased Viscosity

Oil feeding was stopped to these fermentations at 113 hours fermentation time, at which 

point all fermentations had a residual oil concentration of around 21 gL'' (±1) gL'' 

(Figure 5.9.). Within two hours of cessation of oil feeding the OUR of all fermentations 

decreased (Figure 5.7.). The OUR declined almost concurrently in all fermentations 

indicating that the decline was independent of fermentation broth viscosity. After oil 

feeding was stopped, oil utilisation was also similar in all fermentations (Figure 5.9.). 

Initially (113 to 137.5), utilisation continued at a rate similar to that before stoppage. Oil 

utilisation rate then slowed until oil was no longer utilised at 169.5 hours, at which point 

the residual oil concentration was around 7 gL'' (Figure 5.10.).

On restarting oil feeding, at 194 hours, the OUR of all of the fermentations was observed 

to increase once again (Figure 5.7.). In all cases utilisation of oil also recommenced 

(Figure 5.9.). OTC changed little because the maximum concentration achievable in this 

process had already been attained in most of the fermentations (Figure 5.8.).
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Figure 5.10. Residual concentration for M4018 control ((El) and M4018 with 
additions of Thixagum at: 0.75% [w/AIv] (—• —), 1.0% [w/AIv] (—A —) and 1.0% 
[w/AIv] “shot” (—♦ —). Fermentation conditions as for Figure 5.1. Residual oil 
concentration assayed as described in Section 2.2.2.1.. “I” and “II” show the 
stoppage and restarting of oil feeding respectively.
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5.3. Discussion of Effect of Broth Viscosity on Oil Utilisation

In terms of allowing the viscosity of one of the processes to effectively mimic that of the 

other, the addition of viscosity altering compounds can be considered successful 

Substantially altering the viscosity of fermentation broth does, however, cause concerns. 

This is particularly so when increasing broth viscosity. High broth viscosity, especially 

for broth exhibiting non-Newtonian rheological characteristics, has negative implications 

for transport processes within the fermentation, such as heat, mass and momentum 

transfer (Olsvik and Kristiansen, 1992). In aerobic fermentations, the most significant 

mass transfer process is that of oxygen fi*om the gas bubbles into the aqueous phase. Due 

to the low solubility of oxygen in water, the transfer of oxygen to the cells can become 

limited, particularly at elevated viscosity (see Section 1.7.). Indeed, several researchers 

have reported a direct relationship between increased viscosity leading to lower mass 

transfer of oxygen (McNeil and Harvey, 1993). McNeil and Harvey (1993) also 

comment that in a stirred system the mass transfer of oxygen is likely to vary depending 

on the position in the reactor, with the level of transfer falling as the distance fi*om the 

impeller increases. Similarly, the concentration of dissolved oxygen will also vary across 

the fermenter. As a consequence, although DOT limitation may not be apparent at the 

position of a DO probe, it is possible that certain regions of a fermenter can suffer 

periods of DOT limitation.

The effect of decreased DOT at higher viscosity was observed with the M4018 process 

in this study. The fermentations with increased viscosity had an average minimum DOT 

of 20 %; this was approximately half of that observed in the control culture. This is of 

concern because, in addition to possible DO limitation, experiments that have a profound 

affect on the DOT of a fermenter, are often criticised for an inability to distinguish the 

effects due to the experimental change and those due to changes in the DOT (Large et 

al., 1998). The results of increasing broth viscosity could therefore be questioned. 

However, with little effect on either OUR or product formation (Figures 5.7., 5.8., & 

5.9.) it was very unlikely that this lowering of DOT had any significant effect on the 

fermentation. Furthermore, due to the level of agitation and the scale of operation used, 

it was unlikely that stagnant, oxygen depleted, zones were numerous within the 

fermentation. It is, therefore, not unreasonable to suggest that any effects observed in the 

fermentation could be attributed to changes in the broth viscosity rather than any
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consequential effects of reduced DOT. To eliminate possible effects of consequential 

changes in DOT, an improvement to the experimental protocol would be to maintain a 

minimum DOT by gas mixing and oxygen enrichment; unfortunately these facilities were 

unavailable when the experiments were performed.

In reducing the viscosity of the M38182 process, the problem of reduced DOT was not 

an issue. The higher viscosity of the M3 8182 process when compared to the M4018 is 

primarily due to a change in the interaction of the biomass with the media components 

(Chapter 3.). The zeolite type compound added to the M38182 fermentation reduces 

viscosity by entrapping the media components that cause the increase in viscosity. As 

with the M4018 process, lowering the viscosity of the M3 8182 process had little effect 

on OUR or antibiotic production (Figures 5.2. and 5.3.).

Regarding the utilisation of oil in the two processes. In particulate streptomycete broth, 

oil has been observed to exist as droplets (Ohta et al., 1995; Mitsuru et al., 1997). If it is 

also assumed that the oil was in the form of droplets in these processes, the degree of oil 

utilisation can be related to the size of the oil droplets. Chatzi et ût/. (1991) state that in 

liquid-liquid dispersions the physical and chemical phenomena taking place in a vessel 

largely depends upon the size of the dispersed droplets. In the case of mycelial 

fermentations, Ohta et al. (1995) state that in general, the consumption rate of a 

hydrophobic substrate (such as oil) by mycelia is dependent on the specific substrate- 

mycelial interface area. Indeed, if the residual oil problem is due to a physical mass 

transfer limitation, by decreasing oil droplet size, the increase in surface area to volume 

ratio may increase the accessibility of the oil to the organism, thereby decreasing the 

residual oil concentration. It is for this reason that many of the approaches to decreasing 

oil residual levels in streptomycete fermentation have centred on methods of decreasing 

the oil droplet size. The droplet size will, to a certain extent, depend on the turbulence 

within the stirred vessel.

Stirred fermentation vessels are generally under conditions of turbulent flow. Under such 

conditions, the kinetic energy supplied by agitation of the fluid is dissipated into the 

vessel via liquid eddies (see Section 1.6.). During turbulent flow numerous eddies of a 

variety of sizes co-exist within the broth. The smallest of these eddies determine the 

degree of homogeneity in a system being mixed. In a bioreactor, dispersion of the media 

components into eddies of decreasing size will allow rapid transport of these components
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throughout the vessel. For example in the context of this work, if oil droplets have a 

diameter greater than that of a particular eddy, they are likely to be broken into smaller 

droplets, since the interfacial tension forces holding the drop together are likely to be 

exceeded by the deforming fluid dynamic forces. This process will continue until the oil 

droplets have a diameter similar to or less than that of the smallest eddies. In summary, 

for oil droplets under the influence of a turbulent flow field, their size is determined by 

that of the smallest eddies. The size of the smallest, or terminal, eddies in the vessel is 

estimated using the microscale of turbulence. The microscale of turbulence can be 

estimated using Equation 1.1. The microscale of turbulence is dependent on the physical 

properties of the liquid being mixed and the energy dissipation in the liquid. Energy 

dissipation is related to power input per unit volume, and is typically calculated using the 

whole liquid volume. However, recent work suggests that the estimation of Kolmogorov 

microscale is often inaccurate when the energy dissipation is calculated over large 

volumes (Aloi and Cherry, 1996). These workers therefore estimated energy dissipation 

using only the liquid volume of the highly turbulent impeller region, and in particular the 

trailing vortices. The rational for this being that a disproportionate amount of energy was 

dissipated in this region. Zhou and Kresta (1998), comment that drop breakup mainly 

occurs in the strongest turbulence energy dissipation region, and it is this that dominates 

the deformation of droplets. Energy dissipation in this work was, therefore, calculated 

using the Aloi and Cherry method. An example of the estimation of terminal eddy size is 

shown in Appendix III.

If the equation for the calculation of the microscale of turbulence is considered, it is 

found that the kinematic viscosity function is highly significant due to the fact that it is to 

the power of three. The difference in the viscosity of the two processes under 

investigation would therefore have a significant effect on the size of the terminal eddies 

vsdthin each fermentation broth. Indeed, if the size of the terminal eddies in the control 

processes is estimated, the maximum terminal eddy diameter within the M4018 process 

was approximately a third of that of the M38182 process (Figure 5.11.). For oil droplets 

under the influence of turbulent forces this would have an affect on their diameter and 

thus utilisation. Upon alteration of the broth viscosity as described in Sections 5.1. and 

5.2., it was possible to minimise the difference in terminal eddy diameter between the 

two processes (Figures 5.12. and 5.13.). This, however, had little effect on residual oil
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Utilisation. Indeed, the final residual oil level was found to be independent of the viscosity 

of the process (see for example Figure 5.10.).
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Figure 5.11. Predicted terminal eddy diameter (A,) throughout M4018 (lEl) and 
M38182 (■) control fermentations. Viscosity data taken from Figure 5.1. X 
calculated according to Appendix III.
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Figure 5.12. Predicted terminal eddy diameter (A.) throughout control 
fermentations of M4018 (13), M38182 (■) and M38182 fermentation containing 
2.5 gL'* zeolite: duplicate fermentations “a” (—O—) and “b” (—A—). Viscosity data 
taken from Figure 5.1. A, calculated according to Appendix III.
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Figure 5.13. Predicted terminal eddy diameter (A.) throughout control 
fermentations of M4018 (lEI), M38182 (■) and M4018 fermentations with 
Thixagum additions at: 0.75 % [w/AIv] (—# —), 1.0 % [w/AIv] (--A--) and 
1.0 % [w/AIv] “shot” (—♦ —). Viscosity data taken from Figure 5.6. X calculated 
according to Appendix III

If the oil droplets have a diameter much less than the terminal eddy size, the viscosity of 

the broth may not affect the oil droplet size and, thus, residual oil utilisation. Since, in 

such a case the oil droplets would not be subject to the forces imparted by the turbulent 

eddies. Mitsuru et al. (1997), present photographic evidence of oil droplets in particulate 

Streptomycete fermentation broth. Although they present no extensive data regarding oil 

droplet size, the droplets within this photograph were stained and measure 5 pm or less. 

By applying the Kolmogorov microscale to their data, the terminal eddy size was 

estimated to be around 250 pm. This suggested that in this process the oil droplet 

diameter was influenced by mechanisms other than the turbulent flow field. The Mitusru 

process has many similarities to the processes under investigation here, so it is reasonable 

to suggest that the oil droplets in both the M4018 and M38182 processes were also 

considerably smaller than the microscale of turbulence. The size of the oil droplets, the 

distribution of oil, and whether the oil is indeed present as droplets is investigated in 

Chapter 6.

The difference in the residual oil utilisation of the two processes was therefore unlikely 

to be a consequence of the variation in broth viscosity. This is supported by evidence
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from investigations exchanging strains and process conditions (Section 3.3.) In these 

investigations it was found that the utilisation, and final concentration, of residual oil was 

very similar irrespective of the process conditions. This suggests that the difference in the 

residual oil utilisation observed between the two processes was more dependent on the S. 

rimosus strain than process conditions. It is therefore, possible that through the mutation 

of this organism, a change in the microbial physiology has occurred that has attenuated 

the ability of the M38182 strain to utilise residual oil.

5.4. Summaiy of Effect of Broth Viscosity on Oil Utilisation

Systems were developed which allowed the iteration of broth viscosity. A compound 

with zeolite properties was added to M38182 fermentations, this decreased broth 

viscosity to the levels approaching that observed in the M4018 fermentation process. 

Thixagum, a pseudoplastic thickening agent, was added to the M4018 fermentations to 

increase broth viscosity to levels similar to the peak values observed in the M38182 

process.

Changes in broth viscosity were observed to have a negligible effect on oxygen uptake 

rate, OTC production and oil utilisation in the respective strains of S. rimosus.

The final residual oil concentration was independent of the broth viscosity attained. It 

was therefore concluded that the different final residual oil concentration of the two 

processes was unlikely to be a consequence of the difference in the broth viscosity 

attained.

Changes in broth viscosity had a significant effect on the microscale of turbulence (k). 

Since no effect on residual oil utilisation was observed, it was suggested that the oil 

droplets may not be affected by turbulent forces due to the droplets being much smaller 

than X.
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6.0 Visualisation of the Distribution and Size of Residual Oil Droplets in

S, rimosus Fermentation

In oil based, batch fermentations of& fradiae, the residual oil has been observed to 

predominantly exist as droplets (Ohta et a l, 1995 and Mitsuru et al., 1997). The rate of 

residual oil utilisation in oil based fermentation has often been related to the size of the 

oil droplets (see Section 5.3.). However, following extensive literature survey, no report 

has been found determining the size of oil droplets during oil-based streptomycete 

fermentation. Furthermore, in fed batch fermentations the interactions between the 

freshly fed and residual oil have also not been reported.

Experiments were therefore conducted in oil based, fed batch, fermentation of S. 

rimosus to investigate interactions between the residual and ft-eshly fed oil. To achieve 

this, unstained oil was first fed to establish a typical residual concentration. The oil feed 

was then switched to one containing a dye. The interaction between stained and 

unstained oil was monitored using microscopy and recorded photographically. In 

addition, the oil droplet size was also microscopically measured throughout a 

fermentation fed with dyed oil (see Section 2.2.2.5.).

The dye used to stain the oil was Sudan black B (SbB). This dye is selective for neutral 

lipids, such as the triglycerides, which are the main constituents of the RSO used in this 

study. The dye was chosen to ensure only the RSO fed and the soybean oil from the 

soymeal adsorbs the dye. Since, the other significant lipid component in the broth, the 

cell membrane, is largely composed of charged lipids that would not take up the dye. 

The fermentations were also monitored for production of OTC, utilisation of oil, and 

growth and metabolism as a function of OUR. These parameters were used to assess the 

effect of SbB addition.

6.1. Addition of Dye to Aid Visualisation of Oil

Using light microscopy it was possible to visualise oil within the fermentation broths. 

The oil had a greenish/yellow appearance and appeared to exist mainly as discrete 

droplets (Figure 6.1). Spheres that appeared very bright were also present. On 

microscopically examining samples that had been degassed under a vacuum the bright 

spheres were no longer observed, it was therefore thought that these were air bubbles.

To enable better visualisation of the interactions of oil within the fermentation, Sudan

163



Chapter 6. Visualisation o f  The Distribution and Size o f  Residual Oil Droplets

black B (SbB) dye was added to the oil fed to the fermentation, this caused the oil to 

undertake a deep blue appearance. With the stain present, the oil again appeared to exist 

as droplets (Figure 6.2). In this study, it has been found that oil droplet size decreases as 

the fermentation progresses (see Section 6.4.1). Thus the difference in oil droplet size 

between Figure 6.1. and Figure 6.2. was due to the point at which the samples were 

taken rather than addition of the dye

Air bubbles

Oil droplets

Media particles

Figure 6.1. Light micrograph showing oil droplets in a sample of fermentation 
broth taken at 20.5 hours from a M4018 process fermentation. Fermentation 
conducted in the 7 L vessel. Photograph taken according to Section 2.2.2.S.

. . .
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Dyed oil droplets

Figure 6.2. Light micrograph showing dyed oil droplets in a sample of 
fermentation broth taken at 122 hours from a M4018 process fermentation. 
Fermentation conducted in the 7 L vessel. Photograph taken according to Section 
2.2.2.S.
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6.1.1. Effects of Dye Addition on Fermentation Parameters

To determine whether SbB dye had toxic or inhibitory effects, shake flask cultures of 

M4018 containing the stain at concentrations up to 3 %(w/w of oil) were initially 

conducted. It was found that over the range of concentrations tested the stain had no 

significant detrimental effects. On scale up to 5 L fermenters, feeding of 3 %(w/w of 

oil) dyed oil to both M4018 and M38182 processes had a negligible effect on OTC 

production (Figures 6.3. and 6.4. respectively). In addition, in both processes the 

presence of SbB had little effect on the utilisation of oil (Figures 6.5. and 6.6.) or on the 

OUR profiles (Figures 6.7. and 6.8.). The only difference was the lower OUR measured 

at 20 hours observed in the M4018 control fermentation (Figure 6.7.). This trough was, 

however, due to the fermentation suffering from a pH minimum of 6.7 (rather than 6.8) 

due to alkali pump failure (data not shown). This lower pH had only a marginal effect 

on the fermentation in terms of OTC production and oil utilisation (Figures 6.3. and

6.5.). Manual and chart recordings of DOT showed addition of SbB had no appreciable 

effect on DOT throughout the fermentation of either M4018 or M38182 processes (data 

not shown).
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Figure 6.3. OTC production profiles for M4018 control fermentation (lEl) and 
M4018 fed with oil containing 3.0 %(w/w) Sudan black B dye (—A —). 
Fermentation conditions as described in Section 2.1.4. OTC assayed according to 
Section 2.2.3. depicts the point at which oil feeding was stopped.
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Figure 6.4. OTC production profiles for M38182 process (■) and M38182 process 
fed with oil containing 3.0 %(w/w) Sudan black B dye (—̂ —). Fermentation 
conditions are proprietary information. OTC assayed according to Section 2.2.3. 
“I” depicts the point at which oil feeding was stopped
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Figure 6.5. Oil utilisation profiles for M4018 control fermentation (EEl) and the 
M4018 process fed with oil containing 3.0 %(w/w) Sudan black B dye (—A —). 
Fermentation conditions and 1̂” were as for Figure 6.3. Oil utilised was calculated 
according to Section 2.2.2.4.
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Figure 6.6. Oil utilisation profiles for M38182 control fermentation (S )  and the 
M38I82 process fed with oil containing 3.0 %(w/w) Sudan black B dye (—A —). 
Fermentation conditions and “I” were as for Figure 6.4. Oil utilised was calculated 
according to Section 2.2.2.4.
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Figure 6.7. OUR profile for M4018 control fermentation (—) and M4018 process 
fed with oil containing 3.0 %(w/w) Sudan black B dye ( ). Fermentation
conditions and “I” were as for Figure 6.3.
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Figure 6.8. O U R  profile for M 38182 control ferm entation  ( ) and M 38182 process
fed w ith  oil contain ing 3.0 % (w /w ) Sudan black B dye ( ). Ferm entation
conditions and “ I” w ere as for F igure 6.4.

Oil feeding was stopped to the M4018 and M38182 processes containing SbB at 136 
and 115.5 hours respectively. At the point of oil feed stoppage all fermentations had a 

residual oil concentration of 22 (± 1) gL'* (Figures 6.9. and 6.10.). On oil feed stoppage 

both M4018 and M3 8182 processes, regardless of SbB addition, showed typical 

responses in OUR decline (Figures 6.7. and 6.8.) and OTC production rate (Figures 6.3. 
and 6.4.). Addition of SbB also appeared to have a negligible effect on the utilisation of 

residual oil (Figures 6.5. and 6.6.). The final residual oil level was approximately 8gL‘* 
and 17gL‘‘ for the M4018 and M38182 process fermentations respectively (Figures 6.9. 

and 6.10.).

It was therefore concluded that, Sudan black B could be used to obtain improved 

visualisation of the residual oil without any significant adverse effects on the 

fermentation characteristics of either process.
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Figure 6.9. Residual oil concentration profiles for the M4018 control fermentation 
(lEI) and the M4018 process fed with oil containing 3.0 %(w/w) Sudan black B dye 
(—▲—). Fermentation conditions and were as for Figure 6.3. Residual oil was 
assayed as described in Section 2.2.2.1.
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Figure 6.10. Residual oil concentration profiles for M38182 control fermentation 
(■) and M38182 process fed with oil containing 3.0 %(w/w) Sudan black B dye 

Fermentation conditions and were as for Figure 6.4. Residual oil was 
assayed as described in Section 2.2.2.1.
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6.2. NIR Microspectroscopy to Determine the Composition of Visualised Droplets

Using microscopic observation of fermentation broth from both the M4018 and M3 8182 

processes it was possible to visually distinguish droplets. On dying the oil fed to each of 

these processes, dyed droplets were observed. This strongly suggested that these 

droplets were composed of oil. To eliminate the possibility that these droplets were 

composed of anything other than oil, for example bubbles of air, near infra-red (NIR) 

microspectroscopy was used. This allows determination of a particular scanned 

substance in a mixture by comparison with reference scans of the individual 

components.

6.2.1. NIR Scanning of Pure Samples of the Major Media Components

Initially pure samples of the major media constituents were scanned. These were RSO, 
soybean meal and dried blood meal. Since oil containing SbB dye was used in the 

visualisation fermentations, oil containing 3 %(w/w) SbB dye was also scanned. The 

results of these individual scans are grouped and shown in Figure 6.11.
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Figure 6.11. Absorption profile of individual samples of dried blood meal ( ), 
soybean meal ( ), rape seed oil ( ) and rape seed oil containing 3 %(w/w) SbB
(—). The scan was performed as described in Section 2.2.2.6.

170



Chapter 6. Visualisation o f  The Distribution and Size o f  Residual Oil Droplets

The scan of RSO (Figure 6.11.) showed two regions of distinct peaks/troughs at around 

1650-1750nm and 2250-2350nm. There was also a weaker peak at 2152nm. The 

addition of 3 %(w/w) SbB had no significant affect on the absorbance profile of the 

RSO (Figure 6.11.). The scans of the dried blood meal and soybean meal showed 

several common regions of absorbance (Figure 6.11.). The peaks/troughs in the 1800 to 

2000nm region can be disregarded as these are due to water. There are also distinctive 

peaks/troughs in the 2000 to 2200nm region. Other peaks/troughs of interest were those 

at 1650-1750nm and 2250-2350nm, as these were similar to those observed in scans of 

RSO. However, when scans of the soybean and blood meals were compared to that from 

RSO, the peaks/troughs observed in the 2250-2350nm region displayed a shift to lower 

wavelength (Figure 6.11.). This shift is in fact significant enough to distinguish between 

RSO and the soybean and blood meals {Personal communication, Hammond, 1998). In 

addition, the soya and blood meals can be further distinguished from oil due to the 

peaks/troughs between 2000nm and 2200nm. Furthermore in the RSO scan, the ‘Veak 

peak” observed at 2152nm was unique. Using these characteristic features, it should be 

possible to identify if a droplet scanned in a fermentation broth sample is indeed 

composed of oil.

6.2.2. NIR Scanning of the Microscopic Droplets in the Broth

Although NIR radiation can transmit through glass, infra-red radiation cannot. 

Consequently the lens of the microscope component of these systems is historically 

composed of a series of mirrors, or Cassegrain lens (Blanco, 1998). As a result of 

having a mirror based lens energy is lost. Thus under similar levels of magnification, the 

clarity and resolution of the observed image is of lower quality to that obtained from a 

traditional light microscope. A consequence of this was the inability to resolve 

unstained oil droplets with the NIR system microscope. Figure 6.12. however, shows a 

typical image of a sample of broth from a M4018 fermentation which had been fed with 

oil containing 3 %(w/w) SbB. It was, therefore, possible to distinguish stained droplets, 

and NIR absorption scans were carried out on many of these. Figure 6.13 shows an 

example of a scan of one of these droplets. This scan shows that the droplets had an 

absorbance profile very similar to that of RSO. The exception to this was the 

peaks/troughs between 1800nm and 2000nm, which were due to the presence of water. 

Water was apparent due to its presence in the fermentation broth surrounding and 

coating the droplet. The presence of the surrounding broth also accounts for the weaker 

response when compared to that of the pure oil samples. Indeed, the weak peak at
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2152nm became too weak to be significant in the scans o f  droplets w ithin the broth.

N IR  scans o f  several droplets in samples taken at different tim e points from an M 4018 

ferm entation fed with 3 %(w/w) SbB were plotted with scans o f  the reference m aterials 

(Figure 6.14.). It is apparent that peaks/troughs at 2250nm  and 2302nm  coincided in 

both the RSO reference (with and without dye addition) and droplet scans. Furthermore, 

the droplet scans did not show absorption peaks/troughs in the 2000nm  to 2200nm  

wavelength regions characteristic to the soybean and blood meals. This is strong 

evidence to confirm  that the droplets observed within the broth were indeed composed 

o f  oil.

Stained
droplets

Figure 6.12. M icrograph o f  broth sam ple taken at 113 hours from  an M 4018  
ferm entation  fed w ith  oil contain ing 3 % (w /w ) SbB, as v iew ed  w ith  the N IR  
m icroscope. S lide prepared  accord ing to section 2 .2 .2 .6 .2 .

0.6

0.4

0.2

c
2 0.0

^  -0.2
<

-0.4

- 0.6

1600 1700 1800 1900 2000 2100 2200 2300 2400

Wavelength (nm)

F igure 6.13. T ypical N IR  absorption  profile o f  a dyed  drop let in M 4018 process 
broth. Sam ple prepared accord ing to Section 2.2 .2 .6  2. and analysed  as described  
in Section  2.2.2.6.3.
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Figure 6.14. N IR  absorption  profiles o f  dyed droplets w ith in  M 4018 process broth  
(— ) w hen  com pared to those o f reference sam ples o f  dried blood m eal ( ),
Soybean m eal ( ), rape seed oil ( ) and rape seed oil contain ing 3 % (w /w ) SbB
(— ). Sam ples w ere prepared accord ing to Section 2 .2.2.6.2. and analysed as 
described in Section 2.2.2.6.3.

6.3. Interaction  o f  R esidual and Freshly Fed O il in M 4018 Ferm entations.

To investigate the interaction o f  freshly fed and residual oil, oil was first fed to an 

M4018 fermentation to obtain a typical residual level o f  approximately 20 gL'% at 

which point the oil feed was changed to one containing 3 % (w/w) SbB. It was necessary 

to use a 7 L LH vessel for this study as the microscope equipment required to record the 

images was based at UCL. The performance o f  M4018 process fermentation fed with oil 

containing 3 %(w/w) SbB in both the Electro lab 5 L (Pfizer) and LH 7 L (UCL) vessels 

was therefore compared.

6.3.1. C om parison o f  the P erform ance o f  the M 4018 Process Ferm entation  in LH  

7 L and E lectro lab 5 L Ferm enters.

The M4018 process fermentation carried out in the 7 L LH fermenter showed a 

performance similar to that in the 5 L Electro lab fermenter. In fact, the larger scale 

ferm entation showed a slight improvement. The OUR profile shows that the 7 L 

ferm enter recovered from the fall in OU R following initial rapid growth m uch more 

quickly than in the 5 L fermenter (Figure 6.15.). The consequences being earlier
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production o f  OTC (Figure 6.16.). As the fermentation progressed, however, this 

difference in production in the two fermenters became less apparent. Indeed both 

fermentations eventually reached a titre a little over 5 gL'*, the maximum achievable in 

the M4018 process. The utilisation o f  oil profile showed a similar pattern to the 

production o f  OTC (Figure 6.17.).

In the 7 L fermentation, the switch in feeding from oil to oil containing 3 %(w/w) SbB 

dye took place at 20.5 hours. The switch did not have any noticeable affect on OUR 

(Figure 6.15.) or oil utilisation (Figure 6.17.).

Oil feeding was stopped to the 7 L M4018 process fermentation at 115.5 hours. At the 

point o f  oil feed stoppage the concentration o f  residual oil was approximately 23 gL'* 

(Figure 6.18). Within a few hours o f  the stoppage, the OUR began to decline (Figure 

6.15.). This decline was typical and despite the different time at which oil feeding was 

stopped very similar to that observed in the 5 L fermentation (Figure 6.15.); oil feeding 

was stopped to the 5 L fermentation at 136 hours. The utilisation o f  oil showed a 

characteristic decrease following cessation o f  oil feeding (Figure 6.17.). Oil feeding was 

however restarted before oil utilisation had totally ceased; the residual oil concentration 

at this time was approximately 10 gL'* (Figure 6.18.).
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F igure 6.15. O U R  profiles for M 4018 processes fed w ith  oil conta in ing  3 % (w /w ) 
SbB, conducted  in LH  7 L ( ) and E lectrolab 5 L ( ) ferm enters. F erm entation
conditions w ere as described in Section 2.14. “I” and “H ” depict stoppage o f  oil 
feed ing to the 7 L and 5 L ferm entations respectively. “H I” show s th e tim e o f  
restarting oil feed ing to the 7 L ferm entation.
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Figure 6.16. OTC production profiles for M4018 processes fed with oil containing 
3 %(w/w) SbB, conducted in LH 7 L ( • )  and Electro lab 5 L (--A--) fermenters. 
Fermentation conditions, “I”, “II” and “III” were as for Figure 6.15. OTC 
concentration was assayed according to Section 2.2.3.
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Figure 6.17. Oil utilisation profiles for M4018 processes fed with oil containing 
3 %(w/w) SbB, conducted in LH 7 L (# ) and Electro lab 5 L (—A —) fermenters. 
Fermentation conditions, “I”, “H” and “IH” were as for Figure 6.15. Oil utilised 
was calculated according to Section 2.2.2.4.
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Figure 6.18. Residual oil concentration profiles for M4018 processes fed with oil 
containing 3 %(w/w) SbB, conducted in LH 7 L (# ) and Electro lab 5 L (—A —) 
fermenters. Fermentation conditions, “I”, “11” and “III” were as for Figure 6.15. 
Residual oil was assayed as described in Section 2.2.2.1.

Oil feeding, with oil not containing dye, was restored to the 7 L fermentation at 162 

hours. Following this restart of oil feeding the OUR showed a brisk recovery, although 

this reached a plateau at a value less than that prior to oil feed stoppage (Figure 6.15.). 

Oil utilisation was also restored; again the rate of this oil utilisation was less than that 

before stopping the oil feed (Figure 6.16.). OTC production showed no change because 

titres had already reached the maximum possible for the M4018 process.

6.3.2. Microscopic Observation of the Interactions of Freshly Fed and Residual Oil

On microscopic observation of the broth just prior to the switch to the oil feed 

containing 3 %(w/w) SbB, oil droplets were observed as shown in Figure 6.19. These 

droplets had the greenish appearance seen previously with oil without the addition of 

dye. Figure 6.20. shows a typical field of view, from microscopic examination of a 

broth sample taken at 24 hours. This was 3.5 hours after switching to an oil feed 

containing 3 %(w/w) SbB dye. The coexistence of both stained and unstained droplets 

can be clearly observed in Figure 6.20. Figure 6.21. also shows a large number of 

unstained droplets in a sample taken at 50.5 hours; 30 hours after the oil feed was
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switched. Indeed, unstained droplets were actually observed to persist throughout the 

fermentation, Figure 6.22, shows an unstained droplet within the broth of a sample 

taken at 162 hours. This was approximately 140 hours after such oil had been fed, and 

47 hours after oil feeding had been stopped. Although it should be noted that after 

examining a considerable number of fields of view it was observed that the number of 

unstained droplets relative to stained droplets decreased as the fermentation progressed; 

Figures 6.20., 6.21., and 6.22. actually illustrate this trend.

Figure 6.21. also shows some droplets of intermediate colouring. These are most likely 

a result of coalescence between stained and unstained oil droplets. This observed 

“shading” of droplets also continued throughout the fermentation. Figure 6.23. shows 
droplets displaying different intensities of staining in a sample taken at 122 hours. This 

was 101.5 hours after the switch to oil containing dye had occurred, and 6.5 hours after 

oil feeding had been stopped.

Oil Droplets

m m

fm m

7

m

Figure 6.19. Micrograph of a typical field of view for broth sampled at 20.5 hours 
from a 7 L M4018 fermentation. Fermentation conditions as described in Section
2.1.4. Samples prepared and photographed as described in Section 2.2.2.S.
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Figure 6.20. Micrograph of a typical field of view for broth sampled at 24 hours, 
3.5 hours after switching to an oil feed containing 3 %(w/w) SbB, from a 7 L 
M4018 fermentation. Fermentation conditions as described in Section 2.1.4. 
Samples prepared and photographed as described in Section 2.2.2.S.
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Figure 6.21. Micrograph of a typical field of view for broth sampled at 50.5 hours, 
30 hours after switching to an oil feed containing 3 %(w/w) SbB, from a 7 L M4018 
fermentation. Fermentation conditions as described in Section 2.1.4. Samples 
prepared and photographed as described in Section 2.2.2.5.
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Figure 6.22. Micrograph of a typical field of view for broth sampled at 162 hours 
from a 7 L M4018 fermentation. Fermentation conditions as described in Section 
2.1.4. This was 141 hours after switching to an oil feed containing 3 %(w/w) SbB 
and 47 hours after oil feed stoppage. Samples prepared and photographed as 
described in Section 2.2.2.S.

Droplets stained with 
varying intensity

Figure 6.23. Micrograph of a typical field of view for broth sampled at 162 hours 
from a 7 L M4018 fermentation. Fermentation conditions as described in Section 
2.1.4. This was 141 hours after switching to an oil feed containing 3 %(w/w) SbB 
and 47 hours after oil feed stoppage. Samples prepared and photographed as 
described in Section 2.2.2.S.

Oil feeding with oil not containing dye was restarted at 162.5 hours. Following this 

restart, unstained oil droplets were again observed with increased frequency in broth 

samples. Figure 6.24. shows unstained droplets in a typical field o f  view from a broth 

sample taken at 169 hours, 6.5 hours after the restart o f  unstained oil feeding.
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Furthermore, analogous to the situation following the switch to the stained oil feed, 

stained droplets persisted in the broth following the restoration of oil feeding with 

unstained oil. Figure 6.25. shows a field of view for a sample taken 24 hours after 

restarting oil feeding. This Figure clearly presents stained oil droplets, including one 

that appears to be as deeply coloured as freshly fed stained oil.

If oil droplets within the fermentation totally interacted, i.e. a system in which the 

droplets frequently coalesced and then deformed, it would be expected that the content 

of dye, and therefore colour of the droplets would in general show uniformity. This 

theory is particularly valid under conditions in which stained oil is no longer fed, since 

the possibility of an occasional recently fed, highly stained droplet, would be 
eliminated. The non-uniformity of dye within the droplets observed in this investigation, 

particularly under conditions of oil feed stoppage, would suggest that total interaction of 
oil droplets does not occur. The persistence of unstained oil droplets gives further 

evidence to prove that some oil droplets do not interact during the fermentation. 
Furthermore, on restarting oil feeding with unstained oil, the manner of interaction 

between the unstained oil and residual oil showed many similarities to that following 
the first switch in oil feeding.

^mm
Unstained 
droplets

Figure 6.24. Micrograph of a typical field of view for broth sampled at 169 hours 
from a 7 L M4018 fermentation. Fermentation conditions as described in Section 
2.1.4. This was 6.5 hours after restarting oil feeding with oil not containing dye. 
Samples prepared and photographed as described in Section 2.2.2.S.
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Figure 6.25. Micrograph of a typical field of view for broth sampled at 187 hours 
from a 7 L M4018 fermentation. Fermentation conditions as described in Section
2.1.4. This was 24.5 hours after restarting oil feeding with oil not containing dye. 
Samples prepared and photographed as described in Section 2.2.2.5.

6.4 Size of Residual Oil Droplets Throughout, Oil Fed, S. rimosus Fermentation

The residual oil within, oil-fed, S. rimosus broth was found to commonly exist as 
droplets. Microscopy was thus used to manually measure the diameter of these droplets 
throughout the period of fermentation (as described in Section 2.2.2.5.)

6.4.1. Oil Droplet Diameter Size Distribution Throughout M4018 Process 

Fermentation

Samples from a 7 L M4018 fermentation fed with 3 %(w/w) SbB were microscopically 

examined to measure the diameter of the oil droplets. It was, however, difficult to 

prepare slides in the samples taken prior to 20 hours; this was due to rapid separation of 

the oil from the broth. The phase separation was not as rapid as the fermentation 

progressed, possibly due to increased viscosity preventing rapid settling in the broth. 

Figures 6.26a-f. show the distribution of oil droplet size from 20 hours, through to the 

completion of the 7 L M4018 process fermentation.

During the period in which oil was continuously fed (0 to 113 hours) the droplet 

diameter distribution decreased (Figures 6.26a-c. [20-115hrs]). The most significant 

change in this distribution was between samples taken at 20 hours and 65.5 hours, in
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which mode droplet size decreased from approximately 10 pm to around 5 pm (Figures 

6.26a-b.). If the mean droplet size (based on droplet number) is considered, this trend is 

shown more clearly (Figure 6.27.). Figure 6.27. also shows the maximum and minimum 

droplet diameter observed at a particular time point. Thus, the largest and smallest 

droplets also decreased significantly between 20 and 65.5 hours. Between 65.5 hours 

and 113 hours the mode droplet size showed a smaller step change from around 5 pm to 

4 pm (Figure 6.26b-c.). Over the same period, the minimum droplet diameter showed 

no change with the droplet diameter remaining at 2 pm (Figure 6.27.). In contrast, the 

maximum droplet diameter continued to decrease until it remained static at 

approximately 15 pm (Figure 6.27).

Between stopping oil feeding at 113 hours and restarting oil feeding at 162 hours the 

minimum droplet diameter showed no further decrease from 2 pm (Figure 6.27.). The 

frequency of the smaller droplets, however, increased markedly; Over 90 % of the 

observed droplets had a diameter of less than 5 pm. Also during the period of oil feed 

stoppage, the mode droplet diameter decreased until it was almost coincident with the 

minimum observed droplet diameter (Figures 6.26c[122 hrs.]-e[162 hrs.].) The 

maximum droplet diameter was also observed to decrease soon after oil feeding was 

stopped. Indeed, the larger droplets (>15 pm) were not observed after stopping oil 

feeding. This suggests that the larger oil droplets resulted from fresh oil additions. As a 

consequence of these changes, the mean droplet diameter was also decreased from 

approximately 4 pm to around 3 pm (Figure 6.27.).

Oil feeding was restarted to the fermentation at 162 hours. Following this, the oil 

droplet distribution and mode oil droplet diameter increased (Figures 6.26e. [169hrs.] 

and 6.26f). The mean diameter of the oil droplets showed a similar increase reaching 

around 9 pm at 188 hours (Figure 6.27.). Oil droplets of 15 pm and greater were again 

observed following the restoration of oil feeding. This also gives evidence to suggest 

that the larger droplets are due to recently fed oil. The minimum observed oil droplet 

diameter also increased from 2 pm to around 3 pm (Figure 6.27.).
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Figure 6.26a. Percentage distribution of oil droplet size in samples of broth taken 
at 20 (□) and 42 (■) hours from a 7 L M4018 fermentation. Fermentation 
conditions as described in Section 2.1.4. Droplet size analysis conducted as 
described in Section 2.2.2.S.
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Figure 6.26b. Percentage distribution of oil droplet size in samples of broth taken 
at 65.5 (□) and 90 (■) hours from a 7 L M40I8 fermentation. Fermentation 
conditions as described in Section 2.1.4. Droplet size analysis conducted as 
described in Section 2.2.2.5
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Figure 6.26c. Percentage distribution  o f  oil droplet size in sam ples o f broth taken  
at 113 ( □ )  and 122 (■ ) hours from  a 7 L M 4018 ferm entation . Ferm entation  
con d itions as described in Section 2.1 .4 . D roplet size analysis conducted  as 
described  in Section 2.2.2.S
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F igure 6 .26d. Percentage d istribution  o f  oil droplet size in sam ples o f  broth taken  
at 138.5 ( □ )  and 145.5 (■ )  hours from  a 7 L M 4018 ferm entation . Ferm entation  
con d itions as described in Section 2.1 .4 . D roplet size analysis conducted  as 
described  in Section 2.2.2.5
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Figure 6.26e. Percentage distribution of oil droplet size in samples of broth taken 
at 162 (□) and 169 (*) hours from a 7 L M4018 fermentation. Fermentation 
conditions as described in Section 2.1.4. Droplet size analysis conducted as 
described in Section 2.2.2.5
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Figure 6.26f. Percentage distribution of oil droplet size in samples of broth taken at 
188 (□) hours from a 7 L M4018 fermentation. Fermentation conditions as 
described in Section 2.1.4. Droplet size analysis conducted as described in Section 
2.2.2.S
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Figure 6.27. The minimum (#) mean (■) and maximum (A) oil droplet diameter 
throughout a? L M4018 fermentation. Fermentation conditions as described in 
Section 2.1.4. Droplet size analysis conducted as described in Section 2.2.2.S

6.5 Discussion of Distribution and Size of the Residual Oil Droplets in S. rimosus 

Fermentation

The addition of SbB to the oil fed to both the M4018 and M3 8182 processes allowed 

better visualisation of the oil within the fermentation broth. Additions of SbB did not 

appear to give any adverse effects on fermentation performance. Oil was observed to 

exist as discrete droplets and the composition of these droplets as oil was confirmed 

using NIR microspectroscopy. The diameters of these droplets throughout a 7 L M4018 

process, fed with oil containing 3 %(w/w) SbB, were measured using microscopy.

6.5.1. Discussion of Residual Oil Droplet Diameter Distribution

Droplet diameter was first measured at 20 hours and then until completion of the 

fermentation. The mean droplet diameter over this time was found to be between 5 pm 

and 10 pm. If the fluid mixing in the system was instrumental in determining the size 

of these droplets, it would be expected that the droplets would have a diameter equal to, 

or less than, the terminal eddy diameter (see Section 5.3.). Indeed, Zhou and Kresta

(1998) comment that terminal eddy size has frequently been considered an estimate of 

the minimum drop size for dispersions in agitated tanks. The predicted terminal eddy
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diameter (X) throughout the 7 L M4018 process is shown in Figure 6.28; for comparison 

A. in a typical 5 L M4018 fermentation is also shown. From 20 hours onwards, the 

terminal eddy size of between 400 pm to 600 pm was much greater than the measured 

mean droplet diameter (the maximum observed droplet diameter was 30pm). 

Furthermore, the method used to estimate the terminal eddy size was, if anything, likely 

to have under predicted the value. This strongly suggests that the turbulent flow field 

acting alone was unlikely to determine the oil droplet diameter (as discussed in Section

5.3.). This is in contrast to the situation observed in many model oil-in-water systems, in 

which, the droplet size is larger than the microscale of turbulence (for example 

Nishikawa et al., 1987; Chatzi et al., 1991). However, also in model systems several 

workers report oil droplet size lower than the microscale of turbulence (Zhou and 

Kresta, 1998; Kumar et al., 1991; Koshy et al., 1988). Kumar et al. (1991) report that in 

addition to turbulent dispersion, droplets may be broken by other physical mechanisms 

occurring at the impeller. These involve elongation flow breakage in the accelerating 

flow along the impeller length, and the shear mechanism operating in the boundary 

layer on the surface of the impeller blade.

In addition to these physical forces, the chemical composition of the media and in 

particular the oil-water interfacial tension will affect oil droplet size. Correlations have 

been derived to estimate the mean droplet size using power input, physical properties 

and interfacial tension in liquid-liquid mixing tanks. Many of these correlations are 

reviewed by Zhou and Kresta (1998). These correlations often use the Weber number 

(JVe) and a viscosity group {Vi) to account for the interfacial tension and dispersed 

phase (in this case rapeseed oil) viscous forces that contribute to drop stability. It is, 

however, important to note that all of these correlations are semi-empirical and based on 

model oil-in-water systems using ungassed vessels with one impeller. The correlation of 

Calabrese et al. (1986) most closely matches the range of operating conditions used in 

this work and was thus used to estimate droplet size (Appendix IV). The estimated 

value of 59 pm was higher than the observed value of between 5 and 10 pm. This 

discrepancy may in part be accounted for in the differences between the model systems 

on which the correlation was based and the fermentation system used here. In addition, 

the interfacial tension in the fermentation system might have been affected by surface 

active compounds. Surface active compounds reduce oil droplet size by lowering the 

interfacial tension, as in the case of émulsification. (Koshy et al., 1988).
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It is well known that compounds with surface active properties are likely to be present 

in fermentation broth. Diglyceride and monoglyceride products from the partial 

hydrolysis of lipid oil are effective emulsifying agents. Indeed, partial hydrolysis of 

lipid oils with lipase enzymes is used to commercially produce mono- and diglyceride 

mixtures with desirable émulsification properties (Samey and Vulfson, 1995). The 

species present in lipid extracted from M4018 broth were separated using TLC (see 

Section 2.22.2.). On separation, the lipid species migrated in the following order: 

monoglycerides (which remained at the origin), diglycerides (two bands, one each for 

1,2- and 1,3-diglycerides), free fatty acids, and finally triglycerides (Figure 6.29.) Thus, 

TLC showed that in lipid extracted from fermentation broth, the concentration of 

diglycerides and free fatty acids was elevated over that in the sample of RSO (Figure 

6.29.). Moreover, it was apparent that monoglycerides were detected in fermentation 

broth samples but not in the RSO sample (Figure 6.29.). It could also be argued that 

monoglycerides accumulated in the fermentation broth. However, due to the artefacts 

that can be introduced when manually applying samples, TLC can only be regarded as a 

semi-quantitative technique. TLC analysis therefore showed the presence and possible 

accumulation of the hydrolysis products of RSO and these are known emulsifiers.

In addition, alkane rich fermentation media, such as the lipid based media used in this 

study, has been observed to promote the production of surface active compounds by 

numerous bacteria and fungi (Samey and Vulfson, 1995). These authors suggest that the 

physiological role of these “biosurfactant” compounds is to emulsify the alkanes in the 

media thus facilitating their utilisation. An example of such a compound is “emulsan”, a 

lipopolysaccharide produced by a strain of A. calcoaceticus (Goldman et al., 1982). 

Shabtai and Wang (1990) report improved production of emulsan when A. calcoaceticus 

was cultured on soybean oil rather than the traditional ethanol substrate; emulsan was 

observed to accumulate and emulsify the soybean oil in the broth (Shabtai and Wang, 

1990). In common with many of the organisms producing biosurfactants, S. rimosus can 

be cultured on media containing an immiscible carbon source. It is, therefore, 

reasonable to suggest that this organism might also produce and accumulate a surface 

active compound to emulsify the hydrophobic lipid substrate.
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Figure 6.28. Predicted terminal eddy diameter (X) throughout M4018 process 
fermentations fed with oil containing 3 %(w/v) SbB carried out in LH 7 L (•) and 
Electro lab 5 L (—A —) fermenters. X calculated according to Appendix III.

m m m 9»
m

i # m e
2 3 4 5 6 7 8 9

Figure 6.29. TLC plate showing the separation of sterilised RSO (1), lipid extracted 
from M4018 fermentation broth at 17, 41, 65, 89 and 113 hours (2-6 respectively), 
oleic acid standard (7), tricaprion standard (8) and monoolein (9). Sample 
preparation and TLC separation conducted as described in Section 2.2.2.2.
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The fermentation broth, therefore, certainly contained compounds that were capable of 

emulsifying the RSO in the form of mono- and diglycerides. Surface active agents may 

also have been present in the media components used, for example soybean lecithin 

from the soybean meal. In addition, the broth may have contained surface active 

compounds that were produced by the organism itself. Emulsification by these surface 

active agents could account for the observed droplet diameter being smaller than that 

predicted using the microscale of turbulence and mean droplet size correlations. Koshy 

et al. (1988) proposed a model for the effect of surfactants on drop breakage in turbulent 

liquid dispersions. These workers concluded that droplet breakage in stirred dispersions 

was influenced by the presence of surfactant not only through reduction of the 

interfacial tension, but also by generation of interfacial tension gradients across the 

droplet. This results in extra stress, which adds to the turbulent stress and hence results 

in the formation of smaller droplets.

The TLC analysis also suggests that the concentration of monoglycerides may have 

increased during the early stages of the fermentation (Figure 6.29.). This could explain 

why the droplet size was observed to decrease early in the fermentation. Equally, if the 

organism did produce a surface active compound, it would be expected that this would 

also accumulate and decrease droplet diameter early in the fermentation. It would thus 

appear that in the process broth investigated here, oil droplet diameter was markedly 

influenced by interfacial tension and the surfactant compounds affecting this tension. 

The addition of surfactants to the process broth will therefore be investigated in Chapter 

7.

During the fermentation the size distribution of oil droplets deviated from a normal 

distribution (Figures 6.26a.- 6.26f). When oil was fed to the fermentation a bimodal 

distribution with out lying droplets of a large (>15 pm) diameter were observed. These 

larger droplets may have been the result of coalescence between droplets (as discussed 

in Section 6.5.2). However, the lack of these droplets during the period of oil feed 

cessation suggests that they were more likely composed of oil recently fed to the 

fermenter. Literature regarding studies of droplet diameter distribution in liquid-liquid 

systems generally involves batch processes (Nishikawa et al 1987; Cavanagh et al., 

1994; Dalmau et al., 1998). In such systems at steady state, bimodal droplet 

distributions are not generally observed. However, Hong and Lee (1983) and Chatzi et 

al. (1991) present data of transient droplet distributions in liquid-liquid systems. In this
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transient state, bimodal droplet distributions were observed. Thus in this work, the 

bimodal distribution of oil droplet diameters observed during periods of oil feeding 

suggests that these droplets were in a transient state.

As the fermentation progressed, the droplet diameter distribution became skewed 

towards droplets of a smaller diameter. Again, this was more apparent following oil 

feed stoppage. This suggested that oil droplet diameter decreased as their residence time 

in the broth increased. This is supported by the work of Hong and Lee (1983 and 1985), 

who investigated transient droplet diameter in model liquid-liquid systems. They 

observed a shift to smaller mean droplet diameter with increasing time. This again 

suggests that the oil droplets in this process had not attained a steady state size. This 

may in part be due to the feeding of oil to the fermenter, but may also be a consequence 

of changing concentrations of compounds with surfactant properties affecting the 

interfacial tension. A further possibility could be the utilisation of oil by the cells 

decreasing the size of the oil droplets.

Although the droplet distribution became skewed toward droplets with smaller 

diameter, the minimum diameter was observed to change little fi’om 2 pm after 40 

hours. This suggests that the droplets have an absolute minimum diameter. Another 

possibility was experimental error, as 2 pm is approaching the limits of visibility of the 

equipment used. Indeed, it was very difficult to distinguish objects of 1 pm, and even 

more so for those less than 1 pm, using the manual measurement method. This could 

have biased results to give a minimum of 2 pm. Laso et al. (1987) comment on some of 

the limitations of using manual microscope techniques, suggesting the tendency of the 

observer to preferentially count larger drops while neglecting smaller ones. The 

measurement of oil droplet diameter could have been improved by employing 

automated image analysis, as this would have been able to measure droplets with less 

prejudice. Automated image analysis could have also been used to increase the droplet 

sample number over that possible using manual means, but such equipment was not 

available.

6.5.2. Discussion of Interactions Between residual and Freshly Fed Oil

The observed “shading” of droplets (Figures 6.21., 6.22. and 6.23.) was thought to be 

due to coalescence between stained and unstained droplets. However, Thakur et al 

(1988) reported that the level of saturation of the fatty acids could also affect the
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intensity of SbB dyed oil, with greater saturation producing a lighter colour. They found 

that changes in unsaturation of greater than 10 % were required to produce any 

noticeable change in intensity of staining. Figure 6.30. shows the percentage of 

unsaturation throughout a typical M4018 fermentation. The changes in the degree of 

unsaturation fell into distinct phases. The first of these was during oil feeding (0 to 115 

hours), over which, with the exception of the first 20 hours, the percentage unsaturation 

changed less than 2 %. The 5 % change in unsaturation during the first 20 hours was 

due to the differences in composition of rapeseed and soybean oils. The second phase 

was between oil feeding being stopped at 115 hours and restarted at 209 hours. During 

this time, the degree of unsaturation decreased by 7 to 8 %. Finally, when oil feeding 

was restarted the degree of unsaturation increased to levels similar to those prior to 

stoppage of oil feeding. Thus, changes in the level of unsaturation were not significant 

enough to account for the observed different intensities of staining in oil droplets. The 

“shading” of oil droplets was therefore most likely to have been caused by coalescence 

of droplets.

By exchanging oil fed to the LH 7 L M4018 process fermentation from oil not 

containing dye to oil containing 3 %(w/v) SbB dye, the interaction between residual and 

freshly fed oil was investigated. This showed that freshly fed oil does not fully interact 

with the residual oil in the fermentation. Thus, a dynamic equilibrium of rapid 

coalescence and breakage between droplets does not exist. The lack of interaction may 

be accounted for if the mixing within the fermentation is considered. The microscale of 

turbulence profile for this fermentation was very similar to that presented in Figure 

6.28. Thus, the terminal eddy diameter initially (0 to 20 hours) increased rapidly 

reaching approximately 550 pm. It then declined to approximately 400 pm were it 

remained for the rest of the fermentation.

As discussed earlier the droplet size distribution was likely to be predominantly 

determined by the chemical composition of the broth. It is therefore possible that the 

droplet diameter distribution in this 7 L M4018 fermentation was very similar to that in 

the 7 L M4018 used in droplet diameter studies. Droplet diameters of between 2 pm and 

30 pm could therefore be expected, with mean values of between 5 pm and 10 pm. Oil 

droplet diameter was, therefore, much less than the terminal eddy diameter. 

Consequently, droplets would not be subject to the turbulent flow field as discussed 

previously. This could therefore account for the less than dynamic interactions that were 

observed. Furthermore, surface active agents are known to increase the rigidity of
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dispersed phase droplets in liquid-liquid systems (Gamer and Skelland, 1955; Woods 

and Diamadopoulos, 1988; Weatherley and Turmel 1992). This could mean that if two 

droplets were to collide, they would behave as rigid spheres which would prevent 

coalescence
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Figure 6.30. Profile of percentage unsaturation of residual oil for a typical M4018 
fermentation. Percentage unsaturation assayed by GC analysis as described in 
Section 2.2.2.3.

Unfortunately, detailed droplet diameter and oil interaction studies were not extended to 

include the M3 8182 process. It is therefore difficult to know whether a situation 

analogous to that in the M4018 process exists in the M3 8182 process. The media and 

therefore fermentation broth of the two processes was however reasonably similar.

Since oil droplet size was likely to be predominantly determined by the chemical 

composition of the fermentation broth, it is reasonable to infer that oil droplet size and 

distribution may well be similar in both processes.

6.6. Summary of Visualisation of the Distribution and Size of Residual Oil Droplets

Addition of SbB dye to the oil added to the fermentation processes afforded improved 

visualisation of oil in the broth. It was found that additions of SbB could be made 

without any adverse effect on either M4018 or M38182 process performance. With and 

without addition of SbB, oil in the broth was found to predominantly exist as discrete
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droplets. The composition of these droplets as oil was confirmed using NIR 

microspectroscopy.

Using manual microscopic techniques, the droplet diameter was measured throughout 

the M4018 process fermentation. The oil droplet diameter was observed to decrease as 

the residence time of the oil in the broth increased. It was suggested that oil droplet 

diameter is constantly in a transient state due mainly to oil feeding.

Oil droplet diameter was found to be much less than the predicted diameter of the 

terminal eddies. A correlation based on both the physical properties (particularly 

inter facial tension) and physical forces predicted the oil droplet size more closely. It was 

therefore thought that oil droplet diameter was markedly influenced by the liquid-liquid 

interfacial tension. It was suggested that the interfacial tension was affected by 

compounds with surfactant properties present in the fermentation broth. These 

compounds were present from the media components and produced as a result of lipid 

oil hydrolysis. It was also suggested that the organism itself might produce surface 

active compounds.

The interaction of freshly fed and residual oil was also investigated by switching 

between stained and unstained oil feeds. It was found that the freshly fed oil was not in 

coalescence/breakage equilibrium with the residual oil. The low level of interaction 

between freshly fed and residual oil was explained by the oil droplets behaving as rigid 

spheres.
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7.0 Effect of Surfactant Addition to S. rimosus Fermentation

As discussed previously (Section 5.3.) the rate of residual oil utilisation in oil-based 

fermentations has often been related to the size of the oil droplets. In Chapter 6, it was 

found that the eddies in the turbulent flow field were unlikely to have determined the oil 

droplet size within the fermentation broth. It was therefore suggested that droplet size 

may have been determined by the interfacial tension between oil and aqueous phases, 

and any surface active agents in the fermentation broth that might affect it. Furthermore, 

recent work by Large (1999) reported that addition of the surfactant, sodium dodecyl 

sulphate (SDS), to oil-based batch fermentation of S. clavuligerus brought about 

complete utilisation of the residual oil. Mitsuru et al. (1997) also report increased 

utilisation of residual oil in Streptomyces sp. P6621 fermentations when the oil was 

emulsified using a solid mineral support. In this chapter, surfactant addition to the 

M4018 and M38182 processes will therefore be investigated.

7.1. Addition of SDS to S. rimosus Fermentation

Studies were initially conducted with SDS addition at concentrations between 0.05 and 

0.2 %(w/v) to both the M4018 and M3 8182 processes (Data not shown). This range was 

similar to that used by Large (1999). It was found that over this range of concentrations, 

SDS could be added without any adverse effect on growth or antibiotic production in 

either the M4018 or M38182 fermentations. In contrast to the observations of Large

(1999), SDS additions had no significant effect on oil utilisation in either process. This 

difference is thought to be due the different types of process in operation. Large 

operated a batch S. clavuligerus process, in which SDS and all of the oil was added 

before inoculation of the fermentation. At the start of the fermentation, the viscosity was 

low and the power input was high. The turbulent flow field would thus cause the initial 

breakage of the oil droplets; these would then be stabilised by the SDS in the media. In 

this work, however, oil was continuously fed throughout the processes used. The 

majority of the oil added was therefore done so at relatively high broth viscosity. Thus, 

the eddies in the turbulent flow field were not sufficiently small to result in the 

formation of small droplets. To decrease the size of the oil droplets the SDS would 

therefore have to drastically reduce interfacial tension. SDS, however, is a stabilising 

agent more than it is an emulsifier and was therefore unlikely to have brought about 

émulsification (Large, 1999). To ensure that oil in the fermentations used here was 

emulsified a rapeseed oil microemulsion was fed in the place of rapeseed oil.
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7.2. Feeding of a PIT microemulsion to S. rimosus Fermentations

Henkel KGaA (Düsseldorf, Germany) prepared the microemulsion used. The 

composition of the microemulsion was 44 %(w/w) deionised water 40 %(w/w) rapeseed 

oil (of the same type as that used throughout the study), and 16 %(w/w) emulsifier 

{Personal Communication, de. Haut, 1999). The exact composition of the emulsifier 

used is proprietary information, but is of the non-ionic type and was predominantly 

composed of long chain fatty alcohol ethoxylates, which contained a low amount of 

ethylene oxide. The fatty alcohol emulsifiers are fully metabolisable and are degraded 

via p-oxidation (Balson and Felix, 1995); the same pathway by which the fatty acids 

from rapeseed oil are metabolised.

The microemulsion was prepared using the phase inversion temperature (PIT) method. 

Phase inversion in this case is when an oil-in-water (o/w) emulsion inverts to give a 

water-in-oil (w/o) emulsion. In emulsions with ethoxylated non-ionic surfactants, this 

inversion can be initiated by changes in temperature, the PIT being the temperature at 

which inversion occurs (Davis, 1994). The PIT process therefore involves exploiting 

this phase behaviour by heating a mixture of oil, water and non-ionic surfactant to the 

PIT followed by cooling to produce a stable o/w microemulsion (Engels at af. 1995). 

Forster et al. (1995) offers an excellent review of the theory and preparation of PIT 

emulsions.

The PIT microemulsion used in this work had an average oil droplet size of 300 nm and 

was stable for many weeks {Personal Communication, de. Haut, 1999). PIT 

microemulsion properties, for example droplet size, are primarily determined by the 

nature of the surfactant and the hydrophobic phase rather than the hydrophilic phase 

(Forster et al., 1990). Thus, once prepared, such an emulsion can be diluted with 

hydrophilic phase without affecting the oil droplet size; this has been demonstrated by 

Wadle et al. (1993) and Engels et al. (1995). Consequently, dilution of the PIT 

microemulsion by feeding to the fermentation should not cause any significant changes 

in droplet size.

In the final experiments reported here, a PIT microemulsion was fed to both M4018 and 

M3 8182 5 L fermentations. The effects of feeding the PIT microemulsion were 

compared against control fermentations (normal oil feed) in terms of gas analysis, broth 

viscosity, OTC production and oil utilisation.
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7.2.1. Feeding of Microemulsion to M4018 Process Fermentation

Control and microemulsion fed 5 L M4018 process fermentations were conducted with 

oil feed stoppage at 130 hours. Oil feeding was not subsequently restarted.

7.2.1.1. Effect of Microemulsion Feeding on OUR and Viscosity

OUR and RQ profiles of the control and microemulsion fed M4018 fermentations are 

shown in Figure 7.1. The control fermentation showed the typical profiles now expected 

and the control and microemulsion fed fermentations showed similar trends in OUR. 

Initially both fermentations showed similar increases in OUR reaching approximately 

25 and 22 mmolL’̂ h*' respectively. The OUR then remained reasonably stationary at 

these values until around 18 to 22 hours. The OUR of both fermentations then showed a 

secondary increase, reaching approximately 36 and 40 mmolL‘*h*̂  respectively at 40 

hours. The OUR in the control fermentation then showed a rapid decrease to around 33 

mmolL'^h ' at which it remained until oil feeding was stopped. In contrast, the OUR in 

tho microemulsion fed fermentation showed a more gradual decline over the same 

period.

The differences in OUR over the growth and stationary phases observed between 

control and microemulsion fed fermentations would suggest the two fermentations 

showed some differences in growth. The pause in the rate of OUR increase between 10 

and 20 hours was most likely due to transition in nitrogen metabolism from inorganic to 

complex organic sources (As previously found in Section 3.1.1.1.). Thus initially in the 

fermentation fed with the microemulsion (0 to 20 hours), the lower value and longer 

interval between primary and secondary increases in OUR would suggest that transition 

in nitrogen metabolism was attenuated in some way by the microemulsion. However, 

the secondary increase in OUR peaked at a higher level in the fermentation fed with 

microemulsion and was also sustained for much of the fermentation suggesting that a 

higher biomass may have been attained. The higher broth viscosity of the 

microemulsion fed fermentation also indicates that it may have had higher biomass 

(Figure 7.2.). Based on manual and chart recordings, the DOT of the microemulsion fed 

fermentation was observed to have a minimum value of approximately 30 % (Data not 

shown). This was around 10 % lower than the control fermentation and was most likely
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due to increased OUR and broth viscosity. A minimum DOT of 30 % was, however, 

unlikely to limit OTC production.

Soon after stoppage of oil feeding at 130 hours, both fermentations showed a similar 

decrease in OUR typical of that generally observed in the M4018 process (Figure 7.1.). 

However, the decrease in the fermentation fed with microemulsion levelled off at a 

somewhat higher OUR value than the control fermentation and remained at this higher 

value until around 200 hours. Changes in RQ (Figure 7.1.) and ammonia profile (Figure

7.3.) indicate the control and microemulsion fed fermentations started protein 

deamination at around 180 and 200 respectively. Deamination of proteins is a typical 

response to carbon source limitation. Thus, it is likely that the control fermentation was 
carbon limited earlier than the microemulsion fed process. This suggests that the higher 

OUR of the microemulsion fermentation was due to sustained utilisation of residual oil, 

which is supported by oil utilisation and residual oil profiles (Section 7.2.1.2.).
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Figure 7.1. Exit gas profile for control M4018 fermentation (— OUR; —  RQ) and 
M4018 fermentation fed with microemulsion ( OUR; —  RQ). Fermentation 
conditions as described in Sections 2.1.4.4.1. and 2.I.4.3.I.2. “I” depicts stoppage of 
oil feeding to both fermentations.
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Figure 7.2. Viscosity profiles for control M4018 fermentations (■) and M4018 
fermentation fed with microemulsion (—□—). Fermentation conditions and as 
described in Figure 7.1. Viscosity was measured as described in Section 2.2.4.
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Figure 7.3. Ammonia concentration profiles for control M4018 fermentation (■) 
and M4018 fed with microemulsion (—□—). Fermentation conditions and as 
described in Figure 7.1. Ammonia assayed according to Section 2.2.5.
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7.21.2. Effect of Microemulsion Feeding on OTC Production and Oil Utilisation

Figure 7.4. shows the OTC production profiles for control and microemulsion fed 

M4018 fermentations. The profile of the control fermentation was typical for the M4018 

process (See Section 3.1.2.). The lower value of the microemulsion fed process at 42 

hours indicated that the start of OTC production was delayed. This may have been due 

to the longer growth phase of this fermentation (Figure 7.1.). The rate of OTC 

production between 42 and 115 hours was, however, similar in both fermentations.

After 115 hours, the rate of OTC production in the control fermentations showed a 

greater decrease than the microemulsion fed fermentation. The concentration of OTC 

produced in the two fermentations thus converged with a maximum production of 

around 5.3 gL"\ An OTC concentration of this value is the maximum achievable in the 

M4018 process (Section 3.1.).

The residual oil concentration in both fermentations was determined using both the GC 

and solvent extraction methods. Figure 7.5. shows the results for the control 

fermentation. The trend of the solvent assay predicting an oil concentration higher than 

the GC assay was seen previously (Section 3.1), though the discrepancy between the 

two assays was much greater in the microemulsion fed fermentation (Figure 7.6.).

The surfactant was not measured by the GC assay, and control assays conducted on the 

emulsion indicated that the surfactant did not affect fatty acid measurement using this 

method (data not shown). The GC method could thus be considered specific for the lipid 

oil in the fermentation broth. The solvent extraction method, however, may have been 

influenced by the presence of the surfactant, although, the higher values obtained using 

this assay were too great to be accounted for with surfactant alone. The solvent 

extraction method was therefore considered unreliable and hence the GC assay was used 

for calculation of oil utilisation in all fermentations.
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Figure 7.4. OTC production profiles for control M4018 fermentations (■) and 
M4018 fermentations fed with microemulsion (—□—). Fermentation conditions and 
“I” as described in Figure 7.1. OTC assayed according to Section 2.2.3.
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Figure 7.5. Residual oil concentration profile for the M4018 control fermentation, 
as determined using the GC (■) and solvent extraction (# ) methods. Fermentation 
conditions and as described for Figure 7.1. GC and solvent extraction assays 
conducted according to Sections 2.2.2.S. and 2.2.2.1. respectively.
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Figure 7.6. Residual oil concentration profile for the M4018 fermentation fed with 
microemulsion, as determined using the GC (—□--) and solvent extraction (—O—) 
methods. Fermentation conditions and “1” as described for Figure 7.1. GC and 
solvent extraction assays conducted according to Sections 2.2.2.3. and 2.2.2.1. 
respectively.

Figure 7.7. shows the oil utilisation profiles for control and microemulsion fed M4018 

processes. Oil utilisation was initially (0 to 19 hours) lower in the fermentation fed with 

m icroem ulsion than the control fermentation. This was most likely due to the poorer 

growth during this period in the m icroemulsion fed ferm entation (Section 7.2.2.1.). 

Following this period, oil utilisation occurred at a similar rate in both fermentations 

until oil feeding was stopped at 130 hours. Although oil utilisation was similar in both 

processes the OUR in the m icroemulsion fed fermentation was higher (Figure 7.1.).

This would generally suggest increased carbon source utilisation and it is therefore 

possible that this higher OUR was sustained by utilisation o f  the surfactant in the 

m icroem ulsion fed fermentation as a carbon source. Since both fatty acids and the 

surfactant would be metabolised via the p-oxidation cycle the RQ values would be 

similar in both, and thus cannot be used to distinguish any preferential metabolism.

After oil feed stoppage, the microemulsion fed fermentation continued to utilise oil for a 

longer period than the control fermentation (Figure 7.7.). Indeed, based on the GC 

assay, residual oil was utilised down to a concentration o f  around 2 g U ' in the 

m icroem ulsion fed fermentation as opposed to around 6 gU ' in the control fermentation 

(Figures 7.6. and 7.5. respectively). Thus feeding the M 4018 process with the
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microemulsion increased the utilisation of residual oil and significantly reduced the 

proportion of oil left unmetabolised.

Figures 7.8. and 7.9. show the fatty acid profiles throughout control and microemulsion 

fed M4018 fermentations respectively. Both fermentations initially (0 to 40 hours) 

showed similar changes in fatty acid composition; this was due to the transition of the 

oil in the broth from mainly soybean to rapeseed oil (as previously described in Section

3.1.1.2.). Following this, the control fermentation showed a slight preference for the 

fatty acids other than stearic acid. This preference increased on stoppage of oil feeding. 

Similar preferences were observed previously in Chapter 3. Preferential utilisation of 

fatty acids was much more exaggerated in the fermentation fed with microemulsion, 

with the utilisation of fatty acids other than stearic acid very apparent. When residual oil 

was being metabolised (between 64 and 115 hours and after oil feed stoppage), 

preferential utilisation was further increased, with a greater preference for the 

unsaturated fatty acids shown (Figure 7.9.). Indeed, oleic and linolenic acid were 

particularly favoured over stearic acid and to a lesser extent palmitic acid.

Consequently, in contrast to the control fermentation, the composition of the 

unmetabolised residual oil in the microemulsion fed fermentation was very different 

from that of the rapeseed oil fed to the fermentation.
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Figure 7.7. Oil utilisation profiles for control M4018 fermentation (■) and M4018 
fermentation fed with microemulsion (—□—). Fermentation conditions and “I” as 
described in Figure 7.1. Oil utilised calculated according to Section 2.2.2.4.
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Figure 7.8. Fatty acid profile for M4018 control fermentation. Palmitic acid (#), 
stearic acid (□), oleic acid (A), linoleic acid (▼), linolenic acid (■) and residual oil 
profile (—♦ —). Fermentation conditions and “I” as described in Figure 7.1. Fatty 
acids and residual oil assayed according to Section 2.2.2.3.
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Figure 7.9. Fatty acid profile for M4018 fermentation fed with microemulsion. 
Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic acid (T), linolenic acid 
(■) and residual oil profile (—A—). Fermentation conditions and as described 
in Figure 7.1. Fatty acids and residual oil assayed according to Section 2.2.2.3.
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7.2.2. Feeding of Microemulsion to M38182 Process Fermentation

Duplicate control and microemulsion fed M3 8182 process fermentations were 

conducted at 5 L scale with oil feed stoppage at 140 hours. Oil feeding was restarted to 

the control fermentation at 175.5 hours. Oil feeding was not restarted to the 

microemulsion fed fermentations.

7.2.2.I. Effect of Microemulsion Feeding on OUR and Viscosity

Figure 7.10. shows the OUR and RQ profiles for the control and microemulsion fed 

M3 8182 process fermentations. The profiles for the control fermentation were as 

expected (Chapter 3). In all fermentations, the OUR initially increased similarly 

reaching 13 mmolL’̂ h'* at around 8 hours. The OUR then remained at around this value 

until approximately 11 and 16 hours for control and microemulsion fed fermentations 

respectively. A secondary increase in OUR then followed, this was again similar in the 

control and microemulsion fed fermentations until around 55 hours. At which point the 

OUR began to plateau in the control fermentation but continued to increase in the 

microemulsion fed fermentations. This increase continued until approximately 65 hours 

at which point OUR had reached 50 mmolL'̂ h'* in the microemulsion fed 

fermentations. Changes in OUR then showed a similar trend, decreasing fi*om their 

respective peaks; OUR decreased to around 30 mmolL'̂ h'̂  and around 40 mmolL‘*h'̂  in 

the control and microemulsion fed fermentations respectively. The OUR then remained 

at around these values until oil feeding was stopped at 140 hours. The increased OUR of 

the microemulsion fed fermentations caused a decrease in minimum DOT to around 

15 % at approximately 65 hours (data not shown). This was, however, only 5 % lower 

than the minimum of the control fermentation. A DOT much lower than the control 

fermentation was probably prevented by the lower viscosity of the microemulsion fed 

fermentations (Figure 7.11.). A minimum DOT of 15 % was probably not limiting but 

was approaching the level at which problems may begin to occur.

The differences in OUR observed over the growth phase of the control and 

microemulsion fed M38182 fermentations were similar to those seen in the M4018 

process (Figure 7.1.). Thus, microemulsion feeding to the M38182 process also delayed 

the transition in nitrogen metabolism and would appear to have increased overall 

biomass. In the M38182 process, viscosity was dependent on nitrogen feeding as well
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as biomass (see Section 3.2.2.2.); changes in viscosity were therefore not a reliable 

indication o f biomass.

Shortly after oil feeding was stopped at 140 hours the OUR of the control and 

microemulsion fed fermentations began to decrease. The rate of decrease in the 

microemulsion fed fermentations being more gradual than in the control fermentation 

(Figure 7.10.). The RQ value of the control fermentation also increased earlier and at a 

faster rate than in the microemulsion fed fermentations (Figure 7.10.). This suggests that 

the control fermentation began protein deamination earlier than the microemulsion fed 

fermentations. This is supported by earlier increases in ammonia concentration in the 

control fermentation (Figure 7.12). It is therefore likely that the control fermentation 

became carbon source limited earlier than the microemulsion fed fermentations. Thus, 
the microemulsion fed fermentations continued to utilise oil longer than the control 

fermentations, which accounts for the more gradual decrease in OUR. Sustained oil 
utilisation in the microemulsion fed fermentations is also supported by the oil utilisation 

and residual oil profiles (Section 7.2.2.2.).
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Figure 7.10. Exit gas profiles for M 38182 control ferm entation  (— O UR; —  RQ ) 
and M 38182 ferm entation  fed w ith m icroem ulsion: dup licate ferm entations ‘V ’
( O UR; —  R Q ), and “ b” ( O UR; —  RQ ). Ferm entations conducted  at 5 L  
scale, m edia and ferm entation  conditions are proprietary inform ation . dep icts  
stoppage o f  oil feed ing to all ferm entations, “ü ” show s w hen oil feed ing w as  
restarted  to the control ferm entation .
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Figure 7.11. Viscosity profiles for M38182 control fermentation (# ) and M38182 
fermentation fed with microemulsion: duplicate fermentations **a** (—O—), and 
(—A—). Fermentation conditions, “I” and “II” as for Figure 7.10. Viscosity was 
measured as described in Section 2.2.4.
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Figure 7.12. Ammonia concentration profiles for M38182 control fermentation (^) 
and M38182 fermentation fed with microemulsion: duplicate fermentations “a” (— 
O—), and “b” (—A—). Fermentation conditions, “I” and “II” as for Figure 7.10. 
Ammonia assayed according to Section 2.2.5.
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1.2.2,1. Effect of Microemulsion Feeding on OTC Production and Oil Utilisation

OTC production profiles for control and microemulsion fed M38182 fermentations are 

shown in Figure 7.13. The production profile of the control fermentation was as 

expected. OTC production in the control and microemulsion fed fermentations was very 

similar at 42 hours. After this time the OTC production profiles showed a small degree 

of variation, with one microemulsion fed fermentation performing slightly better than 

control and the other performing slightly worse. This degree of variation, however, was 

not in excess of that typically observed in concurrently conducted control fermentations, 

and thus was unlikely to be significant. Following oil feed stoppage at 140 hours, the 

rate of OTC production decreased rapidly in the control fermentation; with no further 

production beyond 154 hours until oil feeding was restarted at 175.5 hours. In contrast, 

in the microemulsion fed fermentations OTC production continued for considerably 

longer, showing a more gradual decrease until 175.5 hours at which point production 

stopped. The respective times of cessation of OTC production corresponded with 

stoppage of oil utilisation (Figure 7.14.).
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Figure 7.13. OTC production profiles for M38182 control fermentation (^) and 
M38182 fermentation fed with microemulsion: duplicate fermentations (—O—),
and “b” (—A—). Fermentation conditions, “I” and “n ” as for Figure 7.10.
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Figure 7.14. Oil utilisation profiles for M38182 control fermentation (^) and 
M38182 fermentation fed with microemulsion: duplicate fermentations **a** (—O—), 
and “b” (—A—). Fermentation conditions, “I” and “II” as for Figure 7.10. Oil 
utilised calculated according to Section 2.2 2.4.

Figures 7.15. and 7.16. show residual oil concentration profiles for control and 

microemulsion fed fermentations respectively; both GC and solvent extraction methods 

were used in the determinations. The profiles obtained for the control fermentation 

showed a typical level of discrepancy between the two methods (Figure 7.15.); this has 

been discussed previously (see Section 3.2). The discrepancy was much greater in the 

microemulsion fed fermentations (Figure 7.16.), the trends were, thus, very similar to 

those observed when microemulsion was fed to the M4018 process, and have therefore 

been discussed previously (see Section 7.2.1.2.). Oil utilisation was therefore again 

calculated using the residual oil concentrations as determined by the GC method.

Oil utilisation profiles for the control and microemulsion fed fermentations are shown in 

Figure 7.14. Up until oil feeding was stopped, oil utilisation was similar in all 

fermentations. The higher OUR of the microemulsion fed fermentations (Figure 7.10) 

coupled with no corresponding increases in oü utilisation would suggest utilisation of 

the surfactant (as discussed in Section 7.2.1.2.). Following oil feed stoppage at 140 

hours, oil utilisation continued for longer in microemulsion fed fermentations than the 

control fermentation. Indeed, in microemulsion fed fermentations residual oil was 

utilised to give a final minimum concentration of approximately 5 gL'\ significantly 

less than the value of around 16 gL'* observed in the control fermentations (Figures
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7.15. and 7.16.). Thus feeding o f microemulsion increased residual oil utilisation 

thereby significantly decreasing the concentration o f oil left unmetabolised.
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Figure 7.15. Residual oil concentration profile for the M38182 control 
fermentation, as determined using the GC (♦) and solvent extraction (—<>—) 
methods. Fermentation conditions, “I” and “U” as for Figure 7.10. GC and solvent 
extraction assays conducted according to Sections 2.2.2.3. and 2.2.2.1. respectively.
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Figure 7.16. Residual oil concentration profile for the M38182 microemulsion fed 
fermentations, as determined using the GC (duplicates “a”—O— and ) and
solvent extraction (duplicates “a^—O— and “b” —A—) methods. Fermentation 
conditions and “I” as for Figure 7.10. GC and solvent extraction assays conducted 
according to Sections 2.2.2.3. and 2.2.2.I. respectively.
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Figures 7.17.,7.18. and 7.19. show the fatty acid profiles of the control and 

microemulsion fed M3 8182 fermentations. The initial (0 to 60 hours) changes in fatty 

acid composition were similar in all fermentations; these were most likely due to 

transition in the predominant source of oil in the fermentation broth (see Section

3.1.1.2.). Following these changes, the control fermentation showed a slight preference 

for the fatty acids other than stearic (Figure 7.17.); this has been discussed previously 

(see Chapter 3.). When microemulsion was fed to the M38182 process preferential fatty 

acid utilisation was increased, with preferential utilisation of the unsaturated fatty acids 

and limited utilisation of stearic acid observed (Figures 7.18. and 7.19.). When residual 

oil was utilised (between 65 and 92 hours and following oil feed stoppage), preferential 

utilisation increased further. Preference for the unsaturated fatty acids over stearic acid 

and to a lesser extent palmitic acid was shown. In contrast to the control fermentations, 

the remaining unmetabolised oil in the microemulsion fed fermentations was therefore 

very different from that initially fed. Thus, the effects of microemulsion feeding on oil 

utilisation in the M38182 process were very similar to those observed when it was fed 

to the M4018 process (Section 7.2.1.2.).
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Figure 7.17. Fatty acid profile for M38182 control fermentation. Palmitic acid (#), 
stearic acid (□), oleic acid (▲), linoleic acid (▼), linolenic acid (■) and residual oil 
profile (—♦ —). Fermentation conditions, “I” and “II” as for Figure 7.11. Fatty 
acids and residual oil assayed according to Section 2.2.2.3.

2 1 1



Chapter 7. Effect o f  Surfactant Addition to S. rimosus Fermentation

o
cd

cSCw0(U
Bc<u
K
<u
1 
3

0 20 40 60 80 100 120 140 160 180 200 220 240 260
Time (h)

Figure 7.18. Fatty acid profile for M38182 fermentation fed with microemulsion: 
duplicate ‘‘a”. Palmitic acid (•), stearic acid (□), oleic acid (A), linoleic acid (▼), 
linolenic acid (■) and residual oil profile Fermentation conditions and “I”
as for Figure 7.11. Fatty acids and residual oil assayed according to Section 2.2.2.3.
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Figure 7.19. Fatty acid profile for M38182 fermentation fed with microemulsion: 
duplicate Palmitic acid (#), stearic acid (□), oleic acid (A), linoleic acid (T), 
linolenic acid (■) and residual oil profile Fermentation conditions and “I”
as for Figure 7.11. Fatty acids and residual oil assayed according to Section 2.2.2.3.
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7.2.1. Discussion on the Effects of Surfactant Addition to S, rimosus Fermentation

As previously described, experiments were carried out to investigate the effect of 

surfactant addition to the M4018 and M3 8182 processes. Initially it was found that the 

addition of SDS did not have any significant effects on either process. This was thought 

to be due to an inability of SDS to decrease the oil droplet size when oil was 

continuously fed. Consequently, feeding of a PIT microemulsion, with a mean droplet 

diameter of 300 nm, in place of rapeseed oil was investigated. The method used to 

produce the emulsion creates stable oil droplets, the sizes of which are predominantly 

determined by the properties of the hydrophobic phase and the surfactant rather than the 

hydrophilic phase (Section 7.2.). Thus, when the PIT microemulsion was fed to the 

fermentation the diameter of oil droplets in the broth was likely to have remained at 

around 300 nm. This was partly supported by microscopic examination of fermentation 

broth. Droplet diameters of 300 nm were below the resolution of the light microscope, 

and on inspection of broth samples oil droplets could not be distinguished. The diameter 

of the oil droplets in the broth of microemulsion fed fermentations were therefore 

sighificantly smaller than in typical control fermentations, which were found to be 

between 2 and 30 pm (Chapter 6.). As discussed previously (Section 5.3.), oil utilisation 

in oil based fermentations has often been related to the size of the oil droplets. Indeed, 

these investigations would support this with decreased oil droplet size causing several 

significant effects on the fermentation profiles.

Biomass growth in the M4018 and M3 8182 processes was affected by the feeding of the 

microemulsion in place of rapeseed oil. The nature of the effects were common to both 

processes, and consisted of a delay in the secondary increase in OUR and ultimately a 

higher peak OUR (Figures 7.1. and 7.10). It is thought that the delay in the secondary 

increase in OUR was due to the utilisation of nitrogen from complex protein being 

delayed. For proteins to be used as a source of nitrogen, they must first be hydrolysed 

by extracellular proteolytic enzymes (Bader, 1986). It is therefore possible that in the 

microemulsion fed fermentations, either the expression of these proteases was delayed, 

or the action of the proteases may have been prevented. Chappat (1994) reports that 

proteins often become involved in émulsification. Thus, some of the extracellular 

proteases may have become adsorbed at the interface of the emulsion droplets. A greater 

level of protease expression may therefore have been required to assimilate the complex 

proteins. This may be further investigated by using a suitable protease assay.
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The higher peak OUR suggested that the microemulsion fed fermentations attained a 

higher biomass. Large (1999) also observed increased biomass growth in batch 

cultivation of S. clavuligerus when oil dispersion was increased using SDS. Higher 

biomass with decreased oil droplet size would suggest that growth was related to the 

interfacial area of oil available, and that rapid growth in the control cultures may be 

limited by the availability of this interface. Free fatty acid analysis would aid in 

determining if this is indeed the case, since the presence of free fatty acids in the broth 

would indicate that hydrolysis of oil is not a rate limiting step. Increased growth may 

have alternatively been due to utilisation of the surfactant, although surfactant utilisation 

does not account for the observations of Large (1999) since SDS cannot be metabolised.

There were indications that the surfactant used in this work was metabolised; for 

example the OUR was significantly higher in microemulsion fed fermentations than the 

control fermentations, yet oil utilisation rates were similar. Surfactant utilisation is not 

surprising since the surfactants were fully metabolisable and degraded by the same 

p-oxidation pathway used for fatty acids. Although, without a suitable assay to quantify 

the surfactant it was impossible to tell to what extent it may have been utilised. Marquez 

et al. (2000) comment that HPLC has often been used to quantify poly ethoxy lated 

surfactants in model emulsions, but this would need considerable assay development to 

quantify the surfactant in the highly complex fermentation broth used here; such 

development was beyond the scope of this work. It was therefore not possible to 

ascertain if a significant amount of surfactant remained when oil utilisation ended.

Gas chromatography data showed that feeding of oil as a microemulsion, and therefore 

decreased oil droplet size, increased oil utilisation after oil feeding was stopped (Figures 

7.6. and 7.14.). Consequently, the residual oil left unmetabolised was significantly 

reduced (Figures 7.8. and 7.16.). Indeed, the final residual oil concentration in the 

M4018 fermentation fed with microemulsion was 66 % less than in the control 

fermentation. Microemulsion feeding to the M3 8182 process fermentation decreased the 

final residual oil concentration by a similar percentage. Greater utilisation in the 

microemulsion fed fermentations can also be seen at the level of the individual fatty 

acids. Figures 7.20. and 7.21. show the mass balance of fatty acids for control and 

microemulsion fed M4018 fermentations respectively. Figures 7.22. and 7.23. show the 

same for the control and microemulsion fed M38182 fermentations respectively (the 

mass balance of fatty acids for the two replicate microemulsion fed M38182 

fermentations were very similar). From these figures it can be clearly seen that
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Utilisation o f  the fatty acids increased w hen the oil w as fed as a m icroem ulsion. They 

also show  preference for fatty acids o ther than stearic acid; this w ill be discussed later.

Increased oil utilisation on émulsification of oil is in agreement with the observations of 

Large (1999) and Mitsuru et a l (1997). Increased utilisation was most likely due to the 

increased oil water interfacial area available as the oil droplet diameter decreased; this 

will be discussed further in Chapter 8. Furthermore, even with microemulsion feeding 

the final residual oil concentration in the M3 8182 fermentations was still higher, and by 

a similar ratio, than in the M4018 fermentations. This would suggest that the higher 

final residual oil observed in the M38182 process was related to the area of the oil-water 

interface. This will also be discussed further in Chapter 8.

Prior to oil feed stoppage, OTC production in the microemulsion fed M3 8182 

fermentations was similar to that of the control (Figure 7.13.). This would indicate that 

the possible higher biomass levels and potential utilisation of surfactant did not increase 

OTC production. The M38182 process was however highly optimised, so it was 

therefore possible that a factor other than oil and biomass concentration may have been 

limiting OTC production. In contrast, after oil feeding was stopped OTC production 

continued for a longer period in the microemulsion fed process. This was most likely 

due to the increased utilisation of oil following oil feed stoppage, since termination of 

OTC production has been frequently observed to concur with cessation of oil utilisation. 

In the M4018 process fed with microemulsion, OTC production was generally similar to 

control and the OTC titre did not significantly increase after oil feeding was stopped. 

Not finding increased OTC production with increased oil utilisation in the M4018 

fermentations was not surprising since OTC production was previously found not to be 

limited by availability of oil (see Section 3.1.).

GC analysis showed that stearic acid accumulated to a greater degree in microemulsion 

fed fermentations than control fermentations (Figures 7.8., 7.9., 7.17. to 7.19.), 

suggesting preferential utilisation of the other fatty acids. Preferential utilisation could 

be seen more clearly when the individual fatty acids were mass balanced (Figures 7.20. 

to 7.23.). These figures show that when fermentations were fed with microemulsion, 

significant stearic acid utilisation only occurred early (0 to 20 hours) and when residual 

oil was being utilised (for example following oil feed stoppage). Thus, it would appear 

that stearic acid was only utilised when the other fatty acids, for which S. rimosus has a 

metabolic preference, were not readily available. However, little stearic acid was used
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in control fermentations following oil feed stoppage. This may be due to lack of 

availability of the stearic acid because of poor dispersion as discussed in Section 3.4. 

The cause of the low utilisation of stearic acid may therefore be a combination of poor 

dispersion (which accounts for low utilisation in control fermentations) and a metabolic 

preference for fatty acids other than stearic acid (which accounts for the low utilisation 

when dispersion was increased due to feeding as a microemulsion).

In microemulsion fed fermentations, the preference for fatty acids other than stearic acid 

has consequences for the residual oil remaining unmetabolised. Indeed, the composition 

of the residual oil remaining in the M4018 and M38182 microemulsion fed 

fermentations was 30 and 40 %(w/w) stearic acid respectively. These are large values 

considering the stearic acid content of rapeseed and soybean oils is only 1.5 and 

5 %(w/w) respectively. Thus, it may be possible to decrease the residual oil 

concentration further by using defatted soya meal and feeding rapeseed oil with lower 

stearic acid concentration. However, further investigation into the exact cause of low 

utilisation of stearic acid should also be investigated. This could be achieved by 

culturing S. rimosus on the individual fatty acids of rapeseed oil.
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Figure 7.20. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M4018 control fermentation; 
palmitic acid (#), stearic acid, (□) oleic acid (A), linoleic acid (T), linolenic acid 
(■) and total oil (--♦--). Fermentation conditions and “I” described in Figure 7.1. 
Fatty acids assayed according to Section 2.2.2.3.
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Figure 7.21. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M4018 microemulsion fed 
fermentation; palmitic acid (#), stearic acid, (□) oleic acid (A), linoleic acid (T), 
linolenic acid (■) and total oil (—A—). Fermentation conditions and described 
in Figure 7.1. Fatty acids assayed according to Section 2.2.2.3.
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Figure 7.22. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M38182 control fermentation; 
palmitic acid (#), stearic acid, (□) oleic acid (A), linoleic acid (T), linolenic acid 
(■) and total oil Fermentation conditions, “I” and “U” described in Figure
7.11. Fatty acids assayed according to Section 2.2.2.3.
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Figure 7.23. Mass balance of individual fatty acids showing the percentage of each 
utilised compared to the total amount fed for the M38182 microemulsion fed 
fermentation; palmitic acid (#), stearic acid, (□) oleic acid (A), linoleic acid (T), 
linolenic acid (■) and total oil (—A—). Fermentation conditions and described 
in Figure 7.11. Fatty acids assayed according to Section 2.2.2.3.

7.2.2. Summary of Effects of Surfactant Addition to S. rimosus Fermentation

The size of the oil droplets in the fermentation broth was decreased by an order of 

magnitude by feeding the rapeseed oil in the form of a PIT microemulsion. The feeding 

of the microemulsion increased OUR, and therefore most likely growth, in both M4018 

and M38182 processes. Increased growth was most likely due to increased dispersion of 

the oil. However, utilisation of the surfactant may have also contributed to increased 

growth.

There was evidence that the surfactant used in the microemulsion was utilised in both 

processes. The extent of utilisation could not be ascertained due to the unavailability of 

a suitable assay. Hence, residual surfactant may have remained in the broth which, in 

turn, may affect the subsequent downstream processing steps.

When oil was fed as a microemulsion, residual oil levels were dramatically decreased in 

both processes. Greater utilisation was most likely due to the availability of a larger 

total interface when oil was fed as a microemulsion.
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Feeding of oil as a microemulsion did not affect OTC production in the M4018 process; 

this was because oil did not limit the production of OTC in this process. Microemulsion 

feeding to the M38182 process did not affect OTC production during oil feeding. 

However, upon oil feed stoppage OTC production was extended, this was probably a 

consequence of increased utilisation of residual oil.

In both processes the preference for fatty acids other than stearic acid increased when 

oil was fed as a microemulsion. It was suggested that the lower utilisation of stearic acid 

was due to a combination of better dispersion of, and metabolic preference for, the other 

fatty acids contained in the rapeseed oil.
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8.0. General Discussion

Oil utilisation was investigated in oil based fed batch fermentation of S. rimosus. The 

fermentation product was oxytetracycline and two industrial processes were used in the 

study. The two processes differed in strain, media and process conditions. One of the 

processes, M38182, was the current production process used by Pfizer, Ltd. The other, 

M4018, was developed specifically for this work using an early mutant strain and less 

optimised media and process conditions. In both processes, good biomass growth and 

OTC production occurred when oil was used as the sole carbon source. OTC production 

was much greater in the M38182 process; this was due to the more optimised strain and 

media used in this process (Chapter 3.). Oil feeding was stopped to both processes in 

order to investigate the utilisation of residual oil and m particular the proportion of oil 

that could not be metabolised. The utilisation of residual oil differed in the two 

processes. After oil feeding was stopped, the M4018 process continued to utilise oil 

much longer than the M38182 process. Thus, in the M3 8182 process the concentration 

of residual oil not utilised was approximately 18 gL'% as opposed to 8 gL'̂  m the 

M4018 process (Chapter 3.).

The two processes also showed wide variation in the broth viscosity attained. The 

maximum viscosity of the M38182 fermentation broth was approximately 6 times that 

of the M4018 process. The higher viscosity was related to the surface properties of the 

M3 8182 strain cells and the nutrient feed operated in the M3 8182 process. The M4018 

strain cells did not share the same surface properties (Chapter 3.). Viscosity affects 

turbulent mixing within the fermentation broth by significantly altering energy 

dissipation and thus the size of the terminal eddies (Section 1.6.2.). If oil utilisation was 

limited by the size of the oil droplets, and the diameter of these droplets was influenced 

by the turbulent flow field, then a change in the size of the terminal eddies would also 

alter oil utilisation. It was therefore anticipated that the large variation in broth viscosity 

of the two processes could have accounted for the differences in unmetabolised residual 

oil concentration. The effect of viscosity on residual oil utilisation was investigated by 

changing the broth viscosity of both the M3 8182 and M4018 processes by addition of 

zeolite and pseudoplastic thickening agents respectively (Chapter 5). It was found that 

the concentration of residual oil remained independent of the broth viscosity attained. 

Changes in broth viscosity had a significant effect on the calculated size of the terminal 

eddies, and since no affect on residual oil utilisation was observed it was suggested that 

the oil droplets were not primarily influenced by the turbulent flow field.
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The diameter of oil droplets and interactions between freshly fed and residual oil was 

investigated in Chapter 6. To augment visualisation of the droplets a dye was used to 

stain the oil fed to the fermentation. Oil droplet diameters were then measured using 

microscopy. The oil droplet diameter was found to be much less than the calculated size 

of the terminal eddies. Correlations based on the physical properties of the liquid phases 

predicted droplet size more effectively. It was therefore believed that the droplet 

diameter was determined by the oil-water interfacial tension, and this in turn was 

determined by compounds with surfactant properties present in the fermentation broth. 

In addition, by switching between stained and unstained oil feeds it was possible to 

microscopically observe any interactions between freshly fed and residual oil. It was 

found that the freshly fed oil did not mix completely with the residual oil. This was 

thought to be due to the oil droplets behaving as rigid spheres, which did not easily 

coalesce.

From the work presented in Chapter 6 it was apparent that surfactants were likely to 

play a significant role in determining oil droplet size. The addition of surfactants to the 

two processes was therefore investigated in Chapter 7. It was found that when oil was 

fed as a microemulsion the oil droplet diameter could be decreased by approximately an 

order of magnitude (from between 2 and 30 pm to around 300 nm). Decreasing the oil 

droplet size within the fermentation broth increased growth and dramatically increased 

residual oil utilisation, thereby significantly decreasing the concentration of 

unmetabolised oil. The concentration of OTC also increased. This was most likely a 

consequence of greater utilisation of the residual oil.

The lipolytic activity of the two processes was also investigated using a tributyrin based 

titrimetric assay (Chapter 4). Both M4018 and M38182 processes were found to 

produce cell associated lipases. The lipase was likely to be constitutively expressed in 

both processes. The M38182 process, however, showed some evidence for an induced 

increase in lipase activity during the stationary phase of the fermentation. Significant 

lipase activity was detected when oil utilisation had stopped, strongly suggesting that 

the unmetabolised oil was not a consequence of lipase activity limitation.

Gas chromatography was used to determine the fatty acid composition of the residual 

oil extracted from fermentation broth samples (Chapters 3 and 7). This analysis showed 

that the composition of the residual oil was very similar to that fed to the fermentation. 

The only exception being an accumulation of stearic acid due to preferential utilisation
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of Other fatty acids present. It was suggested that the non-utilisation of stearic acid was 

due to a combination of metabolic preference for, and better dispersion of, the other 

fatty acids.

The accumulation of stearic acid was however not great enough to account for the oil 

remaining at the end of the fermentation. With the exception of the very low level of 

residual oil left remaining in the microemulsion fed M4018 process fermentation. It was 

therefore unlikely that a change in the composition of the residual oil, in terms of the 

fatty acids, was the cause of the non-utilisation of the residual oil.

The evidence presented throughout this thesis thus suggests that the residual oil 

remaining unmetabolised was primarily due to a limitation in mass transfer of oil to the 

cells, rather than lipase limitation or changes in composition of the oil. In particular, 

residual oil utilisation appears to be dependent on oil droplet diameter.

At production scale the residual oil remaining at the end of the process was very similar 

to that observed in laboratory scale M3 8182 process fermentations {Personal 

communication, B. Hinge, 1998). The results presented in this thesis are limited to 

laboratory scale experiments. It is difficult to accurately predict if the observations of 

droplet size and droplet interactions would be the same at production scale. The 

correlation of Calabrese et a l (1988) used to estimate droplet size reasonably well at 

laboratory scale was based on power per unit volume. Correlations based on power per 

unit volume have limited application in scale up due to dependence on specific 

operating conditions and vessel geometries (Zhou and Kresta, 1998). Thus, it may not 

be possible to use such a correlation to estimate droplet size at larger scale.

When oil was fed as a PIT microemulsion, the oil droplet size was dependent on the 

properties of the microemulsion used rather than the engineering environment. Thus, the 

increase in residual oil utilisation when the oil was fed as an emulsion could be 

considered independent of the engineering environment and therefore scale. It is 

therefore suggested that feeding such emulsions at production scale should augment a 

similar increase in the utilisation of residual oil.
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8.1. The Rigid Sphere Hypothesis

Residual oil utilisation increased with increased oil surface area to volume ratio. Other 

workers have previously suggested that hmitation of oil utilisation may be related to the 

surface area of oil available for consumption (Tan and Gill, 1987; Ohta et ah, 1995;

Choi et a/., 1996; Mitsuru et al., 1997; Large et al., 1998). Non of these workers, 

however, suggest why the amount of oil utilised and any residual remaining may be 

related to the surface area of oil available.

The work presented in this study offers good evidence to suggest that oil droplets within 

the fermentation broth behave as rigid spheres and show little interaction with each 

other. The droplets were also observed to be very small (2 to 30 pm) and small droplets 

are reported to show rigidity and hmited internal circulation (Gamer and Skelland,

1955; Weatherley and Turmel, 1992). In addition, it was probable that a significant 

concentration of surface active agents were present in the broth, and these have been 

reported to inhibit internal circulation of droplets by adsorption at the surface 

(Weatherley and Turmel, 1992). Thus, when the droplets have decreased and reached a 

stable droplet diameter their surface is unlikely to change through either internal 

circulation (i.e. intra-droplet mixing) or coalescence with other droplets (i.e. inter

droplet mixing). Microscopic examination indicated that droplet diameter decreased to a 

stable size between 2 and 5 pm soon after stoppage of oil feeding. In such a situation, if 

fatty acids exposed at the surface of the droplet were cleaved and utilised the surface of 

the droplet may become depleted of available fatty acids. Since the surface is unlikely to 

be renewed, the organism would therefore be presented with an oil droplet consisting of 

a hydrophilic shell devoid of fatty acids. Internally, however, the droplet could contain a 

significant amount of oil which would be physically inaccessible to the cells. This 

process is illustrated in Figure 8.1. The proposed hypothesis can account for the 

observed increase in oil utilisation with smaller oil droplets. Since these would have a 

greater surface area to volume ratio and therefore increased ratio of exposed to 

internally contained fatty acids. For example, a 2 %(v/v) oil-in-water dispersion with an 

oil droplet size of 300 nm would have a surface area 1000 times greater than a similar 

dispersion with a droplet size of 5 pm (Woods and Diamadopoulos, 1988).
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U ndigested  oil drop let w ith surfaces 
co nsis ting  o f  trig lycerides w ith  exposed 
fatty  ac ids

Exposed 
fatty acids

Internal
triglycerides LIPOLYSIS

D igested  o il d rop le ts w ith  surfaces consis ting  o f  
m ono-, d ig lycerides and  glycerol w ith  no  
exposed  fa tty  ac ids

Figure 8.1. Illustration of the rigid sphere hypothesis of oil droplet lipolysis.

8.2. Why Did the Final Residual Oil Concentration of the Two Processes Vary?

As stated earlier, whether the two processes were fed with rapeseed oil or a rapeseed oil 

microemulsion the unmetabolised residual oil concentration was much less in the 

M4018 process than the M38182 process. This difference was found to be more 

dependent on the strain used than the media or process conditions (Chapter 3.) On 

increasing residual oil utilisation by feeding oil as a microemulsion, the difference in the 

unmetabolised residual oil concentration between the processes remained at a similar 

ratio (Chapter 7.). This suggests that the higher concentration of unmetabolised oü in 

the M3 8182 strain is related to the amount of oü available at the oü-water interface. 

Investigations into lipase activity suggested that there were some differences in the
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lipase(s) produced in the two processes. Thus, differences in oil utilisation might be 

accounted for if the lipases of the two processes differed in their specificity for the oil 

substrate (lipase specificity was discussed in Section 1.4.1.). In particular, if the 

M38182 lipase(s) showed greater specificity than the M4018 lipase(s), the latter may 

have been able to use more of the lipid available after oil feeding had been stopped. 

Furthermore, if the rigid sphere hypothesis is assumed valid, then greater specificity 

may limit utilisation of some of the oil presented at the interface, thus accounting for the 

apparent relationship of oil utilisation and interfacial area.

The consistent ratio of unmetabolised oil concentration was, however, based solely on 

one observation and therefore may be purely coincidental. A further possibility is that of 

electrostatic repulsion between oil droplets and mycelia. Usually all surfaces, including 

oil droplets and mycelia, have a local charge. However, it is only when large surface 

area to volume ratio exist, as was the case here, that such charge affects become 

important.

This charge is brought about by the adsorption of ions at the interface. Thus on the 

surface of an overall neutral system ions often adsorb and distribute themselves so that 

there is a charge in the surface layer and an equal and opposite countercharge in the 

surrounding region. This countercharge region is often referred to as the electrochemical 

double layer. This is composed of a fbced layer adjacent to the surface of the droplet 

(often referred to as the Stem layer) and a diffuse region situated a little further out. A 

method to evaluate the charge potential is to place the droplet in a dc electrical field and 

observe whether the drop moves. Thus if the droplet surface has a negative charge it 

will move toward the anode, with the rate of movement determined by the magnitude of 

the charge. The charge responsible for the movement is the potential at the fluid slip 

plane. This slip plane region is where the drop starts to move relative to the continuous 

phase. The slip plane is usually situated in the diffuse layer. The potential at the slip 

plane is called the zeta potential and is usually in the range 0 to 100 mV (Woods and 

Diamadopoulos, 1988). Figure 8.2. illustrates the movement of the drop in an electrical 

field and the distribution of these layers.

In aqueous systems, the zeta potential of a dispersed phase is generally dependent on the 

pH. For an oil, the zeta potential tends to be negative at neutral pH becoming more 

negative as the pH increases (Woods and Diamadopoulos, 1988). Thus, it is likely that 

oil droplets within the fermentation broth carried a slight negative charge. There is also
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evidence that the cell surface of the M38182 strain is negatively charged {Personal 

communication, Dixon, 1999'). It is therefore possible that electrostatic repulsion 

between M3 8182 mycelia and oil droplets occurred thus preventing some interactions.

In the case of oil feed stoppage, oil droplet size quickly decreased (see Section 6.4.1.). 

This would increase the charge density on the droplet surface and therefore electrostatic 

repulsion. Furthermore, the pH of the fermentation broth also increases following oil 

feed stoppage, thereby further increasing the negative potential of the droplets. It is 

therefore possible that under conditions of oil feed stoppage, the repulsion between 

mycelia and oil droplets increased thus preventing further oil utilisation. Contrary to 

this, very small droplets were present in the microemulsion fed fermentations and yet 

greater residual oil utilisation occurred. In these fermentations, however, the presence of 

a high concentration of surfactant adsorbed at the oil-water interface would have 

significantly affected the droplet surface charge by altering the properties of the 

electrochemical double layer. This could have prevented repulsion occurring to a certain 

degree.

Slip plane

Stem layer

Diffuse layeiDroplet

Cathode Anode

Figure 8.2. Illustration of the electrochemical double layer and movement of a 
droplet in a dc electrical field due to the zeta potential.

8.3. Conclusions

Two strains of S, rimosus, M38182 and M4018, were able to grow and produce OTC 

when cultured in fed batch fermentation using oil as the sole source of carbon and 

energy. In fermentations of both strains, a proportion of the oil added to the 

fermentation was not metabolised; this is typically observed in oil based processes. The

‘ Further elaboration Is not possible due to the proprietary nature of this information
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amount of oil that each of the strains was unable to metabolise varied, with a residual 

level in the M3 8182 strain fermentations more than double that of the M4018 strain 

fermentations.

It was found that the residual oil droplets behaved as rigid spheres and showed httle 

interaction with freshly fed oil. The oil droplet diameter was measured and found to be 

significantly smaller than the diameter of the terminal eddies. It was therefore suggested 

that the oil droplet diameter was primarily determined by the interfacial tension of the 

oil-water interface, rather than the turbulent flow field. Indeed, the addition of 

surfactants, particularly when oil was fed in the form of a microemulsion decreased the 

oil droplet diameter. Increasing the interfacial area of the oil droplets in this way 

increased residual oil utilisation. This may have been due to increasing the amount of 

fatty acid on the surface of the drop relative to that entombed within the drop.

Investigation of hpase activities found that both strains produced cell associated 

lipolytic enzymes. They also suggested that limitation in the amount of lipase was 

unlikely to account for the cells being unable to metabolise a proportion of the hpid 

substrate. GC analysis of fatty acid composition showed that it was also unlikely that 

changes in the fatty acid composition of the oil could account for the unmetabolised 

residual oil. It was, however, found that both strains preferred to utilise fatty acids other 

than stearic acid.

It can therefore be reasonably concluded that residual oil utilisation was most likely 

primarily limited by physical mass transfer of oil to the cells. This was particularly true 

in fermentations of the M4018 strain. In the fermentations of the M38182 strain, 

however, residual oil utilisation was attenuated further. This may be due to different 

lipase specificities exhibited in the lipases of the two strains or electrostatic repulsion 

occurring between M38182 mycelia and oil droplets. The differences in these two 

strains was presumably a consequence of the different extent of mutation.

This work showed that by decreasing the oil droplet diameter the amount of residual oil 

that was not utilised decreased and the amount of OTC produced increased. This offers 

several advantages to industry in reduced raw material costs, increased productivity and 

possibly improved downstream processing. The use of microemulsion on an industrial 

scale may however prove to be uneconomic, but may provide the impetus for finding a 

more optimal method to emulsify the oil added to these types of fermentations.
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8.4. Further Work

It is possible to produce a range of PIT microemulsions each with a defined oil droplet 

diameter. These could be used to fundamentally investigate the effect of oil droplet size 

on unmetabolised oil concentration. If a trend became apparent, it may be possible to 

model the final unmetabolised oil concentration based on oil droplet diameter fed to the 

fermentation. However, to obtain a better understanding of how these emulsions affect 

the process it would be prudent to develop an assay to assess surfactant concentration in 

the fermentation broth.

To increase confidence and eliminate bias in the measurement of oil droplet diameter, 

automated image analysis could be applied for the measurement of oil droplet diameter 

within the broth of both processes.

The isolation and characterisation of the lipases from the two strains of S. rimosus 

would provide further information on location within the cell and more particularly any 

substrate specificities.

It was found that the composition of oil with respect to fatty acids changed little during 

the fermentation. It would also be beneficial to analyse the composition of the oil 

throughout the fermentation in terms of free fatty acids, mono-, di-, and triglycerides. 

Preliminary TLC experiments suggested that some accumulation of the products of oil 

digestion occurred. However, an assay such as gas chromatography should be 

developed to give true quantitative analysis.
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9.0 Appendices

9.1. Appendix I: Addresses of Major Suppliers of Chemicals and Media 

Components

Sigma Chemical Company, Fancy Rd., Poole, Dorset, BH17 7BR, England, UK. 

BDH, Merck Ltd., Merck House, Poole, Dorset, BH15 ITD, England, UK.

Oxoid, Unipath Ltd., Wade Rd., Basingstoke, Hampshire, RG24 OPW, England, UK. 

LabM, Topley House, Wash Lane, Bury, BL9 6AU, England, UK.

Difco, BD UK Ltd., Between Towns Rd., Cowley, Oxford, 0X4 3LY, England, UK. 

Pfizer Ltd, Ramsgate Rd., Sandwich, Kent, CT13 9NJ, England, UK.

9.2. Appendix II: GC Calibration Curves for Individual Fatty Acids
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Figure 9.1. Calibration curves for capryllic (A) and capric acid (A). Linear 
regression was applied to the data using Microcal Origin software. The correlation 
coefficient (R) for the linear regression is also shown.
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Figure 9.2. Calibration curves for lauric (# ) and myristic acid (O). Linear 
regression was applied to the data using Microcal Origin software. The correlation 
coefficient (R) for the linear regression is also shown.
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Figure 9.3. Calibration curves for palmitic (■) and stearic acid (□). Linear 
regression was applied to the data using Microcal Origin software. The correlation 
coefficient (R) for the linear regression is also shown.
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Figure 9.4. Calibration curves for Oleic (^) and linoleic acid (0). Linear regression 
was applied to the data using Microcal Origin software. The correlation coefficient 
(R) for the linear regression is also shown.
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Figure 9.5. Calibration curves for linolenic acid (▼). Linear regression was applied 
to the data using Microcal Origin software. The correlation coefficient (R) for the 
linear regression is also shown.

These figures show that over the range of concentrations tested the GC gave a linear 

response.
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9.3. Appendix HI: Sample Microscale of Turbulence Calculation

Ungassed power (Pug [W]) is proportional to the power number of the impeller used 

(Po [5.7 for a Rushton turbine (Doran, 1995)]), density of the media (p [taken as water, 

1000 Kgm̂ J), the impeller speed (Ni [rps]) and impeller diameter (di [m]):

Pug = Po p Nî  dî  (9.1.)

Therefore for a fermentation containing 2 Rushton turbines of 0.08m diameter with 

agitation at 760 rpm (12.7 rps'̂ ):

(2 X 5.7) X 1000 X 12.7  ̂x  0.08  ̂= 76.5 W 

Gassed power (Pg) to the vessel can be calculated from Pug as follows:

Pg = 0.72 ([Pug  ̂Ni dî ] / [Q] 0  56̂ 0 45 (9.2.)

Where Q is the total gas flow s'*

Therefore Pg for the above fermentation with a gas flow rate of 5.17 xlO  ̂m̂  s'̂  is:

0.72 ([76.5  ̂X 12.7 x 0.08 ]̂ / [5.17x10' ]̂°^^^^  ̂= 44.5 W

Power per unit volume is calculated with consideration of power dissipation in the 

impeller trailing vortices only (Oloi and Cherry, 1996) V can be calculated per impeller 

using:

0.075(di)’ (9.3.)

Equation 9.3. was based on an ungassed system. It was therefore assumed that the 

presence of gas in the system used here had negligible effect on these vortices. This is 

probably unlikely but necessary since such models are generally based on ungassed 

systems.

Therefore, Applying Equation 9.3. to the two impellers used in this work 

V = 2(0.075(0.08)^) = 7.68 x 10 '

and pg/V:

44.5/7.68 X 10'̂  = 57.9x10“' W
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To calculate the microscale of turbulence (X):

X = (vVe)““  (9.4)

Where: v is kinematic viscosity = p. (dynamic viscosity)/ p
and 8 is the local rate of energy dissipation per unit mass of liquid (W Kg'*) = 
(PgW)/p

Therefore for a broth viscosity of 0.02 Kgm'*s'*:

([0.02/1000]^ / [469000/1000])° ̂  ̂= 64 pm 

It was assumed that the fermentation broth had a density similar to water.

9.4. Appendix IV: Prediction of Mean Droplet Size Based on Phase Physical 

Properties

The correlation of Calabrese et al. (1986) was used to estimate droplet size. This 
correlation used the Weber {We) and the viscosity (Vi) functions commented on in 
Section 6.5.1.

We for a stirred tank can be calculated using the density of the continuous phase (pc 

[kgm' ]̂), the rotational speed of the impeller (Ni [rps]), the diameter of the impeller (di 

[m]) and the interfacial tension (a [Nm]) as follows:

fTe = (9.5)
<J

Vi for a stirred tank can be calculated using the density of the continuous and dispersed 

phases (pc and pd respectively [kgm' ]̂), the viscosity of the dispersed phase 

(pd [kgm'*s'*]) the rotational speed of the impeller (Ni [rps]), the diameter of the 

impeller (di [m]) and the interfacial tension (cr [Nm'*]) as follows:

Pd
P d ^ id i

Vi =   (9.6)

Therefore for the LH fermenter system described in section 2.1.3.2: 

di is 0.062 m 

Ni is 16.7 rps
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pc is the fermentation broth density and is taken as that of water =1000 kgm'̂

Pd is the rapeseed oil and is 915 kgm̂  (supplier’s data) 

p-d is 0.078 kgm'̂ s'* (supplier’s data)

a was estimated to be 20.1 dynes cm'̂  (0.0201 Nm) for RSO in water (Personal 

communication, de Haut 2001)

Thus:

We = (1000) (16.7)  ̂(0.062)V 0.0201 = 3295

And

Vi = (1000/915)'^ (0.078) (16.7) (0.062)/ 0.0201 = 4.20 

This Calabrese et al. (1986) correlation is described as:

= 0.05We-"‘ [l + 0.91f^““ P  (97)

Dja/d, = 0.054 (3295)"°  ̂[1 + 0.91 (4.20)“ = 9.5 x 10"*

Where D32 is the Sauter mean droplet diameter. Thus:

D32 = 9.5 X 10  ̂0.062 = 5.9 x 10’̂  m = 59 pm

A2

Therefore:
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