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ABSTRACT

Actinomycetes are a very important group of bacteria for the pharmaceutical 

industry. They are responsible for the production of a vast array of secondary 

metabolites which are of great use to mankind. S. erythraea is a producer of 

erythromycin, a very powerful antibiotic used world-wide to combat many Gram- 

positive bacterial infections. In addition, some novel polyketides with a very high 

potential can be constructed by recombinant strains of the organism using a modified 

erythromycin biosynthetic pathway.

Many industrial antibiotic fermentations use complex media where oils 

comprise a partial carbon source. This is because oils can lead to higher antibiotic 

yields and are cheaper compared to carbohydrates. The main problem of the use of 

oils is the level of residual oil at the end of a batch fermentation.

The great similarities between the erythromycin biosynthetic pathway and the 

catabolic p-oxidation of fatty acids has led to a suggestion that oil-fed cultures of S. 

erythraea could yield high antibiotic titres. Oil utilisation in S. erythraea cultures was 

investigated in this project. S. erythraea was shown to be able to grow on oil complex 

media. Various initial rape seed oil concentrations were implemented to examine 

their effect on residual oil level. 23 g RSO / L proved to be the optimal concentration 

to start with, yielding a 43.5 % oil utilisation. When the agitation rate was increased 

throughout the culture from 750 to 1500 rpm, oil utilisation reached 60.4 %. Oxygen 

limitation seems to be a key factor in oil utilisation, however several other factors also 

influence the final level of residual oil.

No fatty acid accumulation was observed in fermentations, however, oleic acid 

was the one of five fatty acid constituents of rape seed oil that was largely catabolised. 

It is not clear whether there is a preference of the organism towards oleic acid or that 

was seen just because the fatty acid is found in large quantities.

Lipase activity was high in all cultures, indicating that there is little relation 

between lipase activity and oil utilisation. Lipase activity was clearly divided in two 

elements: a constitutive which is produced even when no oil is present in the medium 

md an inducible element which is produced after the addition of oil in the culture, to 

ncrease further the measured activity.



Erythromycin production was enhanced when oil utilisation was improved; a 

690 % rise in antibiotic titre was seen in an increasing agitation rate culture compared 

to a similar culture at constant low stirrer speed.
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1. INTRODUCTION

1.1 Taxonomy

1 . 1 . 1

are among the most widely distributed groups of 

microorganisms. They are of universal occurrence and they play an active part in 

the cycle of life in nature. They are capable of living both in a nutrient-rich and 

in a very poor environment. All members of this class are chemoorganotrophs, 

thus they require a form of organic carbon. The extent of their growth on 

artificial media is ruled by the available energy, oxygen supply, nitrogen source 

and certain other nutrient elements. Members of the Tcfmowycc/g.s which live a 

saprophytic existence can be found with great frequency in most ecosystems, 

being most abundant in soil. Numerically they are less dominant than the other 

bacteria and more prominent than the fungi.

are able to utilise both inorganic and organic forms of 

nitrogen. Many are able to reduce nitrate to nitrite, but not to ammonia or 

atmospheric nitrogen. They cannot nitrify ammonium salts. They are capable of 

breaking down proteins to amino acids and to ammonia. They are able to utilise 

a large variety of organic compounds for nutritive purposes and grow under 

various positive and unfavourable conditions (Waksman, 1950; White, 1995).

Certain oc/momycg/ex can develop at temperatures as high as 60 to 65°C, 

especially in composts, whereas others, such as those found in muds in lakes and 

rivers, live at quite low temperatures. Most of them are sensitive to an acid 

(pH<6) and are favoured by an alkaline environment (pH > 7.0 - 7.5).

TcV/Momyce/gx common feature is the formation of hyphae at some stage 

o f development. Hyphae consist of tubular cells which obtain nutrients for 

growth by secreting hydrolytic enzymes that solubilise the material (Prosser & 

Tough, 1991). Reproduction is usually asexual. In the non-hyphal forms, 

asexual reproduction is by fragmentation. Where stable hyphae are produced, 

vegetative reproduction is by well-formed spores resembling fungal arthrospores.
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Spores may consist of one, two or many spored chains rising from a primary 

hyphae. Spores develop by formation of septa at filament tips, usually as a 

response to nutrient limitation. Most spores are not particularly heat resistant but 

tend to withstand desiccation rather than heat (Cross and Goodfellow, 1973).

were not very clearly classified until 30 years ago. 

Bacteriologists considered them as bacteria, whereas mycologists considered 

them as fungi. The diseases caused by them were described in books on medical 

mycology. They have often been classified as FwMgz /mper/ëcn, or have even 

been classified as a separate class between the FwMgz /zMper/ec// and the 

This era now is over, since /fcfmomyce/e.s are now generally 

accepted as bacteria. They have no nuclear membrane, are sensitive to lysozyme 

and to common antibacterial agents. There is a similarity to the bacterial flagella 

when these organelles exist and there is a resemblance with the cell wall types of 

the bacteria (Skinner, 1947).

Concerning the origins and the evolution of four

possibilities have been considered: z) that they are a higher form of bacteria, zz) 

that they are degraded moulds, zzz) that they are a common ancestor for bacteria 

and fungi (Skinner, 1947) and zy) that they evolved in parallel with filamentous 

(bngi (Kalakoutskii and Agre, 1976; Ensign, 1978).

1 . 1 . 2

are Gram-positive bacteria belonging to the order of 

Tc'/zzzozM);ce/a/ej. They are abundant in soil, where they degrade a variety of 

organic materials (Gilbert er a/., 1995; Huck e/ a/., 1991). It has been shown that 

they make up to 20 to 50% of the colonies that appear on agar plates poured from 

soil dilutions (Skinner, 1947). This group of organisms is often called 

"prokaryotic fungi" due to their ability to grow filamentous morphological 

characteristics similar to that of eukaryotic fungi. However, they are more 

correctly defined as "prokaryotic bacteria with elongated cells or filaments that 

usually show some degree of branching" (Goodfellow e/ o'/., 1983), which 

implies these organisms characteristics: a hyphal network of individual 

cylindrical cells. They have a typical prokaryotic structure; there is no membrane

2



to separate the nuclear material from the rest o f the cell. However, this material 

is usually situated in the centre o f the cell, having the form o f long gathered 

libres aligned with the direction o f the hyphae (Hirsch and M cCormick, 1985).

W ithin the Actinomycetes, the Streptom yces  account for approxim ately 

93% o f reported secondary metabolites (Bushell, 1982). This figure probably 

relates to the ease o f isolation o f Streptomyces, rather than the product-form ing 

potential o f members o f Actinom ycetes genera. The ability o i  Streptom yces 

to produce numerous secondary metabolites, such as antibiotics (Table 1.1), 

vitamins, enzymes and imm uno-suppressors and im m uno-m odifiers, classifies 

them among the most important industrial m icroorganism s (Gilbert et ai., 1995). 

It must be also noted that 60% of m icrobially produced antibiotics are derived 

from Streptomyces  (Queener et al., 1986).

Table 1.1 : Antibiotics produced by Streptomyces

Streptom yces aureofaciens Chlorotetracycline Tetracyclines

Streptomyces rimosus Oxytetracycline ■...... ' 1

Streptomyces griseus Streptomycins Am inoglycosides

Streptomyces fradiae Neomycin, Tylosin

Streptomyces kanamycetius Kanamycin

Streptom yces clavuligerus Clavams p-lactam s

Streptom yces venezuelae Chloramphenicol Chloram phenicols

Streptom yces ambofaciens Spiramycin M acrolides

Streptomyces narbonensis Narbomycin

.1.3 Saccharopolyspora erythraea

S. erythraea  form a well-developed branched substrate mycelium, its 

diam eter being 0.4 - 0.6 pm. Fragmentation occurs more often in older parts o f 

the colony and seldom near the growing part. Aerial m ycelia o f 0.5-1.2 pm 

diam eter, straight or spirally shaped, are mostly produced in older parts, thus they 

are slightly thicker. The mycelium segments characteristically into beadlike



chain spores (conidia) o f 0.7-1.3 x 0,5 x 0.7 pm, usually separated by lengths o f 

empty hyphae and retained in a sheath (Holt et a l ,  1994).

S. erythraea colonies are thin, raised or convex, slightly wrinkled and 

mucoid or gelatinous in appearance, with sparse aerial mycelia, often produced in 

tufts and mostly in older parts (Fig. 1.1). Colonies o f orange to red colour give 

rise to pink to brownish-grey aerial mycelia. It grows between 20 and 42 °C, 

with an optimum of 28 to 30°C. A wide range o f pH (5-9) can favour S. 

erythraea growth, but optimum erythromycin production is only achieved at 

pH=6.85, therefore a very strict pH control is required (+/- 0.2 units). S. 

erythraea is resistant to many antibiotics, but is susceptible to lysozyme. Its wall 

envelope is rich in iso- and anteiso- branched-chain fatty acids: 

diphosphatidylglycerol, phosphatidylcholine, phosphatidylglycerol and 

phosphatidylmethylethanolamine. Tetrahydrogenated menequione with 9 

isoprene units (MK-9(H4)) is the predominant isoprenolog (Holt et a l ,  1994).

Saccharopolyspora

Figure 1.1: S, erythraea morphology (Holt et a i, 1994).

S. erythraea was first discovered in 1952 in a soil sample from Iloilo City 

in Philippines. The wild type strain is known as NRRL 2338 (Northern 

Utilisation Research and Development Division, US Department o f Agriculture) 

and is equivalent to ATCC 11635 (American Type Collection), to ISP 5517, to 

CBS 727.72 to IFO 13426 and to ETH 14307. It is a quite common bacterium in 

fodder, grain and sugar cane bagasse, also in soil.

Saccharopolyspora was introduced as a new genus in 1987 by Labeda. Its 

former classification was under the genus o f Streptomyces and more particularly 

S. erythraea was known as Streptomyces erythreus. Thus a lot o f the relevant 

literature is found under its old species name. The main reason for which S. 

erythraea was removed from the Streptomyces genus is differences in cell wall

4



structure. Streptomyces normally contain L-diaminopimelic acid (DAP) and 

mycolic acids, such as nocardomycolic acid (NMA) (type-I cell wall, according 

to Holt et a l, 1994). On the contrary Saccharopolyspora cell walls contain 

meso-DAP and no mycolic acids (type IV cell wall - Holt et a l, 1994). 

However, the two genuses are not completely strange to each other. They share 

many macroscopic morphological characteristics, such as the form of colonies or 

creation of spores.

The most famous products by S. erythraea belong to the group of 

erythromycins (A, B, C, D, E and F). Erythromycin, a polyketide, is, 

commercially speaking, one of the most successful antibiotics in our days. 

Strains producing erythromycin A can be further subdivided according to their 

growth, sporulation and pigment production on different media.

Some genetic studies have been carried out on S. erythraea, trying to 

identify the genes responsible for erythromycin biosynthesis. It has been proved 

that the genes encoding for the enzymes of the erythromycin pathway are found 

in clusters. Therefore the potential in genetically engineering this aspect is highly 

positive. For more details on genetic manipulation of S. erythraea strains see 

sections 1.3.2 and 1.3.3.



1.2 Morphology and metabolism

1.2.1 Morphology

Streptomyces grow from spores that germinate to form tubes and 

consequently hyphae. The morphological changes that occur during their growth 

have to do with physiological changes from primary to secondary metabolism, 

which leads to the production of potentially useful bioactive secondary 

metabolites (Olukoshi and Packter, 1994). Secondary metabolism is usually 

initiated following a nutrient limitation (Bushell, 1989)

Streptomyces form mycelia of 0.5 to 2.0 pm in diameter. Colonies on a 

solid substrate exhibit a smooth appearance, and later become granular. Hyphae 

are aerial and form substrate mycelia, which do not fragment. Chains of spores 

develop from the aerial hyphae. Hyphae are usually divided into long cells (20 

pm or longer) by septa. Reproduction occurs by germination of the aerial spores 

or sometimes by fragmentation and growth of the vegetative mycelium.

S. erythraea, like all other Actinomycetes can grow on solid and liquid 

media. When grown on a solid substrate the colonies are quite clearly distinct, 

morphologically and physiologically, into 4 zones: i) the outer, ii) the productive 

(where antibiotic is produced), Hi) the fruiting (where spores develop) and iv) the 

inner old one. Three basic cell types are met in submerged cultures: hyphal tips, 

antibiotic producing cells and inactive cells. The important difference, however, 

is that all the different stages are simultaneously present in one solid substrate 

colony (Bushell, 1988).

In liquid cultures the hyphal morphology can range from pellets of 

mycelia up to 0.5 cm across, to cultures consisting of fragments of hyphae of 2-3 

pm in length. Pellets are classified into 3 classes: fluffy, those with loose 

peripheral zones and compact core, and compact smooth ones. Most pelleting 

strains can produce filamentous cultures, depending on inoculum concentration, 

dissolved oxygen tension, shear and pH. In fermentations where pellets 

dominate, diffusional limitations might appear, in comparison with mycelial 

broths. However, viscosity is lower, thus Newtonian behaviour is approximated 

resulting in easier culture (e.g., oxygen transfer) and down stream processing.
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The formation of pellets has not yet been justified clearly. Four 

explanations have been proposed: hyphae entanglement, particle - hyphae 

interactions, spore - hyphae interactions and finally spore - spore clumping. 

Growth kinetics of fungal pellets have shown that: pellet radius increases linearly 

with time, in a given culture and that the cubic root of dry weight increases 

linearly, too, with time. An oxygen gradient has been found to exist between the 

outer growth zone and the centre of the pellet (Trinci, 1970; Huang and Bungay, 

1973; Kobayashi et a l, 1973). It must be noted that production of fungal 

secondary metabolites has been proved to be inhibited by pellet formation (Smith 

and Calam, 1980), whereas pellet morphology is usually a necessity for TCA- 

cycle associated organic acid secretion (A1 Obaidi and Berry, 1980). This factor 

must be taken seriously into account in antibiotic production, since pellets and 

clumps can make up more than half of the biomass in a fermentation.

Hyphae in submerged cultures extend in order to be able to assimilate

nutrients from the medium. In poor media hyphal extension is more intense,

hyphae trying to find new nutrients elsewhere. If the surroundings are rich in 

nutrients, there is no need for the hyphae to become very long. On the contrary 

many new branches develop so that more cellular surface is available for 

nutritive purposes. Mycelia grown on dilute complex media tend to be less 

fragile than those produced in media for optimal biomass production (Shomura et

1979).

Hyphal morphology is one of the most significant factors to viscosity

(Fig. 1.2). It appears, that the two extremes of liquid culture morphology

(pellets/clumps and fragmented hyphae) are unsuitable for many types of 

production fermentations, especially in antibiotic production. An alternative 

solution would be the choice of well dispersed exponentially growing mycelia 

(Bushell, 1988).



u r
Oirection of Shear

Figure 1.2: Representation of Streptomyces hyphae at (A) low shear rate and 

(B) high shear rate. The viscosity at high shear rate is decreased as the 

hyphae become aligned (Bushell, 1988).

1.2.2 Metabolism

1.2.2.1 Primary metabolism

Saccharopolyspora is an oxidative genus, thus glycolysis predominates 

(Wang et a l,  1958), whereas the pentose phosphate pathway is met in some 

fermentative genera, e.g., Actinomyces, Agromyces (De Vries et a l, 1967). The 

important difference between the two groups is that fermentative strains grow 

under conditions of reduced oxygen tension or carbon dioxide enrichment, 

whereas oxidative ones will grow only when a comparatively high oxygen 

tension has been achieved. Although oxygen requirements o f some Streptomyces 

are low, specific oxygen uptake rates (qO]) are comparatively high (Bushell and 

Fryday, 1983; Herbert, 1976).

S. erythraea can grow on starch, oil and sugars as carbon sources. Some 

typical industrial complex media, are com steep liquor and cotton seed flour. 

The purpose o f using these complex media is the gradient release o f sugar 

monomers, so as to avoid catabolite repression. Carbon catabolite repression is a 

reflection o f inhibition o f antibiotic biosynthesis with increasing growth rate (Bu’ 

Lock, 1974; Martin and Demain, 1978). High specific glucose utilisation rates 

lead to repression on antibiotic production. Other sources o f carbon or a slow  

feed can be used as an alternative. Lactose, galactose, maltose and other sugars 

have been reported as non-interfering carbon sources in regards with antibiotic 

production in Streptomyces (Martin and Demain, 1978). D-glucose and citrate
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are reported to have a repressive effect on erythromycin production, whereas 

sucrose, galactose, galactitol, pyruvate, succinate and propionate are stimulants 

(Bushell, 1988).

Nitrogen can be provided in the form of ammonia, ammonium salts, 

amino acids and nitrate salts. When ammonium is supplied as the nitrogen 

source in excess, antibiotic production seems to be repressed. Studies on S. 

clavuligerus showed that under ammonium limiting conditions, cephalosporin 

production was enhanced. On the contrary increased rates of ammonia 

assimilation resulted in a drop in the production rate (Aharonowitz, 1979 and

1980). Similar effects were observed with S. cattleya and S. venezuelae. As far 

as S. erythraea is concerned inorganic ammonium salts repress erythromycin 

production severely: 92% yield decrease at 5-fold ammonium concentration 

(Flores and Sanchez, 1989); 77% decrease of antibiotic titre at higher ammonium 

sulphate levels (Potvin and Perringer, 1994). Additionally, ammonium chloride 

was proved to be less suppressive to erythromycin production, than ammonium 

sulphate.

In the case of amino acids being used as nitrogen sources, the effect on 

antibiotic production rates was positive, especially in cultures with one or more 

amino acids present in the media. Different amino acids might have different 

impacts on the final product formation rates (May and Formica, 1978).

S. erythraea is very active metabolically, thus critical oxygen 

concentration in a fermentation is assumed to be 3 mg/L and the maximum 

oxygen uptake rate 4 mmol Oi/g/h. An increase of the partial pressure of carbon 

dioxide has almost no effect on biomass levels, but decreases erythromycin levels 

(Nash, 1974). Aeration rate increases erythromycin levels, only when rich media 

are involved. In nutritionally poor media, no effect was observed (Brinberg, 

1959).

Phosphate has been proved to regulate the production of many antibiotics, 

that are synthesised via different pathways. It is not known whether this effect is 

due to similarity in the biosynthetic mechanisms involved, or due to a common 

regulatory system for antibiotic production. That is why some slow releasing 

phosphate forms, such as soya bean meal have been employed (Bushell, 1988).



However, phosphate is essential to S. erythraea cultures, as is 

magnesium. When no magnesium or potassium phosphate is added, biomass and 

erythromycin levels are fairly low. Mandai et al. (1988) proposed 0.05% as an 

optimum level for magnesium sulphate in erythromycin fermentations, 0.01% for 

dipotassium hydrogen phosphate and 0.5% for calcium chloride. In addition, 

iron, zinc and cobalt are needed.

Erythromycin production was found to be enhanced by the addition of n- 

propanol in the medium. A 106 % increase in antibiotic yield was observed 

when 1% n-propanol was added before inoculation (Potvin and Perringer, 1993).

1.2.2.2 Secondary metabolism

Primary metabolism is the interrelated series of enzyme catalysed 

reactions which provide living cells with energy, with synthetic intermediates and 

with key macromolecules such as proteins and nucleic acids. It is essentially the 

same for all living systems and, as a result of finely balanced metabolic control 

systems, its intermediates, the primary metabolites, rarely accumulate. On the 

other hand, secondary metabolism is characteristic of the lower forms of life, and 

the secondary metabolites are, to a large extent, species specific. Again, in 

contrast to primary metabolites, secondary metabolites often accumulate in 

substantial quantity, generally not within the cell. This is particularly true o f the 

secondary metabolites of microorganisms cultivated on aqueous media, and is a 

key factor in their commercial importance (Turner, 1973). Secondary 

metabolism is not essential for growth, although it might play an important part 

in survival of the organism in nature.

In complex media cultures of Streptomyces, the onset of secondary 

metabolism is usually associated with: i) a decrease in growth rate or ii) a 

depletion of a key nutrient required for growth. In the production of 

chloramphenicol and candicidin from Streptomyces, a rapid growth phase was 

observed, during which no antibiotic was produced (Legator and Gottlieb, 1953; 

Malik and Vining, 1970);(Liu et a l, 1975).

In contrast to complex medium, defined media support slower growth 

accompanied by growth associated production, such that the production phase
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(idiophase) and the growth phase (trophophase) occur simultaneously (Pirt and 

Righelato, 1967; Haavik, 1974; Shapiro and Vining, 1983; Young et a l, 1985; 

Lohr et a l, 1989; Wallace et al, 1992; Liao et a l, 1995).

In complex media all batch fermentations of S. erythraea follow the 

above mentioned behaviour: erythromycin production starts either during 

transition from exponential to stationary phase, when a specific nutrient becomes 

groAVth-limiting, or right after growth has ceased (Singh et a l,  1981; Stark and 

Smith, 1961; Trilli et a l,  1987).

The three major components most commonly studied in relation with 

secondary metabolism onset are carbon, nitrogen and phosphate. Since their 

importance in the organism growth is highly recognised, their deprivation will 

lead to key medium component limitation. In actinomycin and cephalosporin 

biosynthesis, antibiotic production starts after glucose is consumed from the 

medium (Wallace et al, 1992).

Except from nutrient limitation, high concentrations of components 

required for growth might affect negatively product synthesis. Increased nitrogen 

levels, resulted in lower erythromycin levels (see section 1.2.2.1), same with 

cephalosporin and novobiocin. Similarly increased phosphate concentrations 

ended up in less production of candicidin, streptomycin, nanomycin, 

cephalosporin, lincomysin. Biosynthesis of cephalosporin, actinomycin and 

chloramphenicol was reported to be sensitive to high carbon levels (Wallace et 

a/., 1992).

In systems that are sensitive to increased nutrient levels, enhanced 

production can be obtained by limiting the availability of the suppressive 

element. The use of a low concentration of glucose, combined with an 

alternative slowly utilised carbohydrate, in carbon regulated systems results in 

trophophase during which glucose is consumed and an idiophase in which the 

alternative carbohydrate is metabolised (Pirt and Righelato, 1967; Gallo and 

Katz, 1972; Escalante et a l, 1982).

Some research has been going on in the area of metabolic control of 

secondary metabolite pathways. It has been found out that these enzymes are not 

expressed constitutively, but are probably induced or derepressed to start 

antibiotic production. The presence and importance of intermediates between the
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extracellular environment (e.g., nutrient consumption) and intracellular response 

(e.g., induction of secondary metabolic enzymes) has been examined: cAMP, 

ATP and the energy charge were examined. However, no generalisations can be 

made since results varied (Wallace et al, 1992).

It is quite common to observe secondary metabolism onset and 

sporulation at the same time. Researchers have found a bioregulator, A-factor, 

which appears to be unique for both processes in Streptomyces. No clear 

relationship between the two processes has been proved, though (Khokhlov and 

Tovarova, 1979).

Despite the fact that cells turn to secondary metabolism, their 

physiological requirements for an adequate supply of metabolic precursors and 

for metabolic energy remain. It has been calculated that almost 70% of the 

carbohydrate is consumed to meet this maintenance need (Cooney and Acevedo, 

1977; Heijnen et a l, 1979).

1.2.3 Industrial importance and significance

As it has been referred above, Streptomyces are one of the most important 

antibiotic producing groups of microorganisms. The significance of their ability 

is illustrated in Table 1.2 (antibiotics by other microbes are presented, too).

Streptomyces exhibit evidence of parallel evolution with filamentous 

fungi. Thus, they have two main characteristics that make them different from 

other bacteria: their ability to synthesise secondary metabolites and their 

filamentous growth (Bushell, 1988). These two provide the incentive and the 

disincentive for the development of industrial scale culture involving these 

organisms. However, very little information is gathered on the relative 

importance of the morphology of Streptomyces in an industrial process. During 

the 1960’s an international project on Streptomyces (ISP) was organised, in order 

to achieve co-ordinated research in this prosperous field.
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Table 1.2: 1989 W orld antibacterial and antibiotic market

Cephalosporins 48

Penicillins 14

Quinolones (synthetic) 11

Macrolides 8

Aminoglycosides 6

Tetracyclines 6

( )lhers 7

1989 world market estimated at $12.3x10^ (Kirk-Othmer, 1992)
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1.3 Folykeüilcs

Poiyketides are naturally occurring compounds, most often produced by 

filamentous microorganisms such as fungi and the Actinomycetales. The route 

by which these compounds are formed is one of the most widespread in nature. 

It is responsible for an immense array of natural products (see Fig. 1.3) with 

structures varying from simple aromatic compounds like 6-methylsalicylic acid 

(6-MSA) to the gigantic polycyclic ether maitotoxin, whose molecular weight 

of 3422 Da makes it the largest known secondary metabolite (Murata et al., 

1993). Apart from microorganisms, poiyketides are also isolated from a wide 

range of marine organisms (e.g., brevitoxin) and higher plants (flavonoids). 

Many other metabolites contain poiyketide-derived moieties as part of a larger 

Structure from another biosynthetic origin, e.g. the unusual amino acids, such 

as 4-[2-butenyl]-4-methyl-L-threonine (Bmt) found in cyclosporin, and algal 

peptide toxins and meroterpenoids such as tetrahydrocannabinol (O’Hagan, 

1995).
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OH
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Me r â î  
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StrobOarms
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Figure 1.3: Polyketide derived molecules (Simpson, 1995)
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In addition to their wide occurrence and structural diversity, poiyketides 

exhibit an extensive range of biological activities, mainly beneficial to man, 

although some harmful ones have been reported, as well. These include 

antibiotics (e.g. tetracyclines and erythromycin), anti-cancer agents 

(daunomycin and dynemycin A), anti-fungals (griseofulvin and strobilurins), 

antiparasitics (avermectin and monensin), immunosuppressive agents (FK-506 

and rapamycin) and cholesterol-lowering agents (lovastatin and sqnalestatins). 

Thus, they have long been of interest to scientists from many disciplines, 

including natural product chemists, microbiologists and pharmacologists. 

Many of the challenging synthetic targets currently being worked on by organic 

chemists are poiyketides.

The occurrence of the keto groups at many of the alternate carbon atoms 

of the chain gives rise to the name ‘polyketide’ for this family of compounds. 

Variation possibilities that finally result in the extensive repertoire of 

poiyketides arise from the degree of reduction of the P-keto function during the 

assembly process (carbonyl, hydroxy-methylene, olefin or methylene group), 

the stereochemical information introduced thereby (R/S alcohols, E/Z alkenes), 

the type of building units used (acetate, propionate, butyrate, amino acids 

starter units etc.) and the number used (type of side chains, chain length). In 

addition, the folding of the growing polyketide chain, which may be stabilised 

by subsequent intramolecular ring-closing reactions (aldol condensations, Diels- 

Alder reactions etc.) results in numerous molecular frameworks. Finally, a 

plethora of post - polyketide modifications (oxidations, reductions, alkylations, 

acylations, glycosylation reactions, introduction of further heteroatoms, etc.) 

may convert the biosynthesised molecular framework into highly specific 

bioactive drugs.

1.3.1 Erythromycin

Erythromycins are macrolide antibiotics that consist of a 14-membered 

lactone and two sugars, one of which contains a basic dimethylamino group. 

The most important of the erythromycins is erythromycin A, used clinically to
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treat Gram - positive infections, principally in the form of its free base, esters 

or water soluble salts (Martin, 1982). Its 12-deoxylactone is called 

erythronolide-B, and the two sugars are L-cladinose and D-desosamine, which 

are 2,6-dideoxyhexoses and 3 ,4 ,6 ,-trideoxyhexoses, respectively (see Fig. 1.4).

N{Me)2
O esosam in e

C la d in o se (R 2 =  Me. 
R< =  H)

A, At As A4

Erythrom ycin A OH Me CH] H

Erythrom ycin B H Me CHs H

Erythrom ycin C OH H CH; H

Erythrom ycin D H H CHj H

Erythrom ycin E OH Me CH;-------

Erythrom ycin F OH Me CHzOH H

Erythronolida B H CHj -•

* CO aiM CO mtgua rapMcM oy OH.

Figure 1.4: Chemical structure of erythrom ycins (Seno and Hutchinson, 

1986)

Three other macrolides are closely related to erythromycin A: 

erythromycin B, erythromycin C and erythromycin D, from which 

erythromycin A results by oxidation at C-12 of erythromycin B, méthylation at 

C-3' of erythromycin C, or the combination of these two processes (with D) 

(see Fig. 1.5). Erythromycin B, C, D have weaker activity than erythromycin 

A against sensitive Gram-positive bacteria (Majer et al. , 1977) and are not used 

clinically. Erythromycin E, which is formed from erythromycin A by 

oxidation at the C-2a methyl group and C -l"  (Martin et a i ,  1975) and 

erythromycin F, formed from erythromycin A by oxidation at only the C-2a 

methyl group (Martin et al. , 1982), have low antibacterial activity, as well.
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Figure 1.5: Sequence of biochemical transformations of the intermediates 

of the erythromycin biosynthetic pathway
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The isolation of erythromycin and its characteristics were first reported 

by McGuire and his colleagues (1952) and by Clark (1953). Erythromycin is 

primarily produced by S. erythraea, but it has also been detected in S. 

griseoplanus (Thompson and Strong, 1971) and Arthrobacter species NRRL 

B3381 (French et al., 1970). Erythromycin A and erythromycin B have also 

been found in species of Micromonospora (Marquez et a l., 1976).

1.3.1.1 Erythromycin chemical properties

Erythromycin is slightly soluble in water, has a pK^ of 8.6 (Corcoran 

and Hahn, 1975) and loses its biological activity at pH < 5  (Hahn, 1967). The 

mixture of erythromycins produced in laboratory cultures of wild-type strains, 

such as NRRL 2338, in which erythromycin A and erythronolide-B 

predominate, can be isolated and purified by solvent extraction at weakly basic 

pH followed by chromatography, or by direct crystallisation when one 

antibiotic (e.g. erythromycin A) predominates. HPLC systems are available 

for purification and quantitative analysis. Mass spectrometry, high resolution 

NMR spectroscopy and circular dichroism spectroscopy are valuable tools for 

the structural analysis of the erythromycins.

There has been considerable progress during the past few years in the 

synthesis of macrolide antibiotics. Four different research groups have 

accomplished total syntheses of the erythromycins: Corey et al., 1979; 

Hanessian et al., 1978; Masamune et a l ,  1981; Stork et al. 1982. It is 

unlikely, however, that these complex chemical processes will replace 

fermentations as the principal source of these antibiotics, at least for the time 

being.

1.3.1.2 The action of erythromycin

The erythromycins are bacteriostatic agents whose biological activity 

depends on two things: intracellular accretion and ribosome binding. Gram- 

positive bacteria are more sensitive to erythromycin A than Gram-negative
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bacteria because they accumulate higher intracellular levels of the antibiotic. 

The sensitivities of some microorganisms are shown in Table 1.3. Ribosome 

binding depends on the structure of the antibiotic and the ribosomal - RNA, and

Table 1.3: Sensitivities of selected microorganisms to erythromycin (Hahn,

1967)

Streptococci 0.01-0.3

Neisseria gonnorrhoeae 0.1-0.8

Corynobacterium diphtheriae 0.01-1

Clostridia 0.2-0.6

Staphylococcus aureus 0.3-0.7

Bacillus anthracis 0.3-1.0

Bacillus subtilis 0.5

Klebsiella pneumoniae 5

Mycobacterium tuberculosis 40

Aerobacter aerogenes 50

Nocardia asteroides 50-100

Escherichia coli 50-100

Serratia marcescens 100

Proteus vulgaris >100

shows a good correlation with the bacteriostatical activity. The intact lactone 

and the two sugars are required for significant biological activity. Functional 

groups which are important for complex formation between sensitive ribosomes 

and the antibiotics include the 11- and 12- hydroxyl and 9-keto groups on the 

lactone, the 2-hydroxyl and 3-dimethylamino groups on desosamine, and the 3- 

methoxy group on cladinose (Mao and Putterman, 1969). Intact 50-S subunit 

ribosome-protein complexes are essential for tight binding. Ribosomes from 

animal cells do not bind the erythromycins. Ribosomes from bacteria that are 

resistant to the bacteriostatic effect of the erythromycins have either a different 

ribosomal protein or methylated adenine in their 23S rRNA. The latter
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phenomenon is the result of an inducible or a constitutive adenosine methylase. 

The resistance of the bacteria that produce erythromycins is believed to be 

constitutive and the main reason for self-resistance, whereas an inducible 

resistance is present in many other macrolide producing Streptomycetes. The 

bacteriostatical effect of the erythromycins is due to their ability to cause 

inhibition of protein synthesis which may occur primarily by stimulation of the 

dissociation of peptidyl-tRNA from ribosomes, probably during translocation 

(Seno and Hutchinson, 1986).

Resistance to erythromycin emerges in bacteria during serial culture 

passages in the presence of increasing concentrations of the antibiotic (Heilman 

et a l ,  1952), This resistance can be retained upon continued cultural passage 

in the absence of erythromycin. Sensitive bacteria can be transformed to 

erythromycin resistant by DNA from resistant bacteria; at least five different 

regions of a single transforming DNA molecule were involved in the 

transformation of pneumococcus indicating that resistance is probably a 

polygenic phenomenon (Iyer and Ravin, 1962). Plasmid based resistance has been 

studied extensively lately (Weisblum,1984)

Table 1.4: Commercial Erythromycins (Kirk-Othmer, 1992)

Erythromycin Ery-tab Abbott

Erythromycin E-Mycin Boots

Erythromycin Ilotycin Dista

Erythromycin Eryc Parke-Davis

Erythromycin stearate Erythrocin stearate Abbott

Erythromycin lactobionate Erythrocin lactobionate-iv Abbott

Erythromycin gluceptate Ilotycin gluceptate Dista

Erythromycin ethyl succinate E.E.S. Abbott

Erythromycin estolate Ilosone Dista

Erythromycin acistrate Erasis (Finland) Orion

Erythromycin stinoprate Erythrocist (Italy) Refarmed

Propionylerythromycin Zalig (Italy) Pierrel
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Erythromycin is predominantly bacteriostatic, although bactericidal 

effects have been demonstrated against a few bacteria: Corynobacteria 

diphtheriae, Bordetella pertussis, and streptococci (Heilman et a l ,  1952). 

Haight and Finland (1952) have reported that the bactericidal effect of 

erythromycin upon Staphylococcus aureus was only observed when the 

antibiotic was added to actively multiplying bacteria, while no cell death from 

erythromycin occurred in the stationary phase or at 4°C.

Erythromycin and its derivatives are nowadays produced world-wide by 

various manufacturers as seen in Table 1.4.

1.3.2 Polyketide biosynthesis

The biosynthetic pathway has been studied for many years, but recent 

advances at the genetic and biochemical levels have caused a world-wide 

explosion of interest. This has not only produced major advances in our 

understanding of how poiyketides are formed, but has also begun to reveal the 

pathway’s unique potential for manipulation to give modified or totally novel 

compounds.

Despite their enormous structural variety, all of the poiyketides are 

related by their common biosynthetic origins. They are derived from highly 

functionalised carbon chains whose assemblies are controlled by multifunctional 

enzyme complexes called polyketide synthases. Like the closely related fatty 

acid synthases, polyketide synthases catalyse a repetitious sequence of 

decarboxylative condensation reactions between simple acylthioesters and a 

malonate. Each condensation is followed by a cycle of modifying reactions: 

ketoreduction, dehydration and enoyl reduction.

In contrast to the fatty acid biosynthesis, where the full cycle of 

essentially reductive modifications normally follows each condensation 

reaction, the polyketide synthases can use this sequence in a highly selective 

and controlled manner to assemble polyketide intermediates with an almost 

infinite variety of functionality along the chain (4", where n is the number of
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condensations; this increases greatly when alternate starter and extender units 

are used). The reduction can be entirely omitted, fully or partially used after 

each condensation to produce highly functionalised intermediates.

In fatty acid biosynthesis the acyl thioesters involved in the 

condensation are normally acetate and malonate. Polyketide synthases, 

however, can introduce further complexities by using a wide variety of chain 

starter units (like acetate, propionate, benzoate, cinnamate and amino acids) 

and a range of extender units (malonate, methylmalonate or ethylmalonate) and 

by introducing additional branching methyls from S-adenosyl methionine. 

Polyketide synthases can also control the overall chain length and the number 

and mode of cyclisations required (Vanek and Majer, 19671 ;Hopwood, 1997).

It is these possibilities, together with the wide range of further 

modifications (like oxidation, alkylation and rearrangements) that can occur 

after the assembled polyketide chain is released from the polyketide synthase, 

that are responsible for the huge range of structures produced. Current studies 

are aimed at understanding how this variety is controlled at the genetic and 

biochemical level. Growing understanding in this area is already leading to the 

production of modified structures and, more excitingly, to the production of 

completely novel structural types by rational manipulation of the genetic 

structures (Simpson, 1995).

1.3.2.1 Polyketide synthases

Until recently it was believed that all poiyketides were assembled by 

synthases which show great similarity to the corresponding fatty acid synthases, 

this opinion enhanced by the fact that poiyketides are constructed from the 

same biochemical intermediates as the fatty acids. These synthases fall into 

two main categories: the type I synthases which consist of one very large 

multifunctional polypeptide containing all the necessary enzyme activities as 

discrete catalytic domains, and the type II synthases in which the same catalytic 

functions are found as single enzymes associated into a multi enzyme complex.
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Several individual enzymes are needed during the assembly of a fatty 

acid or a polyketide. These enzymes - ketosynthase, ketoreductase, 

dehydratase, enoyl reductase - carry out the main chemical transformations in 

the assembly sequence. In addition, an acyl carrier protein, acyl and malonyl 

transferases and thioesterases are needed to load substrates and remove 

products. For aromatic poiyketides, the participation of one or more cyclases 

is also elementary. Genetic analysis of fungal and bacterial polyketide 

synthases has revealed that they come in a number of distinct forms (Katz and 

Donadio, 1993).

It appears that fungal polyketide synthases are type I systems. All the 

necessary catalytic functions are contained in distinct regions on a single large 

protein encoded by a single gene (Simpson, 1995).

In contrast to fungal systems, the polyketide synthases responsible for 

the biosynthesis of aromatic polyketide antibiotics in Streptomyces bacteria are 

analogous to bacterial and plant type II fatty acid synthases. Here, the synthase 

is made up of a functioning complex of essentially monofunctional proteins. In 

both fungal and bacterial type II systems, it is important to emphasise that it is 

the same enzymes that are used repetitively in each cycle of chain elongation 

and modification (Hopwood and Sherman, 1990).

1.3.2.2 Erythromycin biosynthesis

Knowledge on the biosynthesis of the erythromycins evolved soon after 

several advances had occurred in our understanding of primary metabolism, 

and some general approaches have been developed for studying the non

growth-related metabolism of bacteria. Once it had been verified that fatty acid 

biosynthesis in most living systems uses acetyl-CoA or the coenzyme A esters 

of other simple acids as the primer and the 2-carboxyl analogues of these same 

acid esters as the extenders during the formation of long chain fatty acids, it 

was sensible to test if macrolide antibiotics were made in a similar way. This 

thought arose from the structural similarity between fatty acids like 

mycoceramic acid and the lactone ring of the erythromycins.
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TiiC firsi experiments were carried out by adrniriisieiing and 

labelled precursors to cultures of S. erythraea, isolating and purifying the 

radioactive erythromycin A, and determining the location of the isotopes in the 

erythromycin A by chemical methods (Kaneda et al., 1962; Friedman et a i ,  

1964; Ju and Goo, 1997; Cane et at., 1988). Two alternative approaches, the 

use of bacterial mutants and the isolation of the enzymes that catalyse the 

biochemical transformations, are discussed in the section below (Staunton, 

1997).
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Figure 1.6: Isotopic labelling between the atoms of the precursors, 

propionic acid, glucose and S-adenosyl-L-methionine, and three portions of 

erythromycin D: 6-deoxyerythronolide-B (1), desosamine (2) and mycarose

(3) (Seno and Hutchinson, 1986)

Tardrew and Nyman (1964) isolated erythronolide-B, the aglycone of 

erythromycin B, from fermentations of high yielding strains of S. erythraea. 

'^C-labelled erythronolide-B (obtained from fermentations with l - ’̂’C- 

propionate) was incubated with the washed mycelium of S. erythraea for 24 

hours. Analysis of broth extracts by countercurrent distribution showed the 

conversion of 14C-labelled erythronolide-B to erythromycin A, B and C in high 

yields (88 to 95% radioactivity) (Hung et at., 1965) (see Fig. 1.6). These data 

were in agreement with the assumption that erythronolide-B is an intermediate

24



in the biosynthesis of erythromycin A, B and C. Further studies by various 

research groups on the biogenetic relationships among the different 

erythromycins gave less clear results. It was presumed that erythromycin A is 

the precursor of erythromycin C (by déméthylation), but later results 

established the irreversible conversion of erythromycin C to erythromycin A by 

méthylation (Grisebach, 1978).

The results of feeding experiments performed in several laboratories 

since 1958 showed that erythromycin A is made from three primary 

metabolites: propionate (studies have proved that the lactone ring of 

erythromycin is derived from seven propionate units), its 2-carboxyl analogue, 

2-methylmalonate and glucose (see Fig. 1.7). These substances provided 

almost all o f the carbon, hydrogen and oxygen atoms of erythromycin A with 

coenzymes like S-adenosyl-L-methionine and molecular oxygen providing a 

few other carbons and oxygens. The biochemical sources of the nitrogen atoms 

in desosamine and the hydrogens that are introduced by reduction of 

biosynthetic intermediates are unknown (Seno and Hutchinson, 1986).
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Figure 1.7: The five building blocks of erythromycin A: propionate (1), 2- 

methylmalonate (2), Glucose (3), S-adenosyl-L-methionine (4) and Oj (Seno 

and Hutchinson, 1986)

The results of studies done with blocked mutants of S. erythraea 

provide a detailed picture of the main assembly process for the formation of 

erythromycin A. The work done at the Abbott laboratories during the past 

twenty years (Queener et al., 1978), largely with blocked mutants of their

25



commercial strains, established the intermediacy of 6-deoxyerythronolide-B, 

erythronolide-B, erythromycin C and erythromycin D, and strongly sustained 

this sequence of steps in the biosynthesis of erythromycin A (see Fig. 1.5). 

There is some uncertainty about the role of erythromycin B, for it may not be 

an obligatory intermediate, and erythromycin E and erythromycin F are 

believed to be erythromycin A catabolites.

The enzymes of non-essential metabolism in bacteria have broader 

substrate specificity than those of primary metabolism. This property has been 

exploited in attempts to manufacture analogues of the erythromycins that might 

have potent antibacterial activity by bioconversion of abnormal substrates in 

fermentations of S. erythraea blocked mutants. Early work of this kind was 

unsuccessful in providing useful new antibiotics, but did provide some 

information about the biosynthesis of erythromycins. The most important was 

that L-mycarose could be attached to C-3 for several substrates, but that D- 

desosamine could not then be attached to C-5. Therefore, there must be a 

stricter substrate specificity for the glycosyl transferase that attaches the sugar 

at C-5 rather than C-3 (Daum and Lemke, 1979).

In striking contrast to the situation for the Streptomyces aromatic 

polyketide synthases, genetic analysis by the groups of Peter Leadlay in 

Cambridge and Leonard Katz at Abbott Laboratories have shown that the 

biosynthesis of 6-deoxyerythronolide-B, the aglycone of erythromycin A, is 

controlled by three very large multi-functional proteins (DEBS 1-3), each of 

which contains 2 ‘modules’ (Bevitt et a l ,  1992; Donadio and Katz, 1992) (see 

Fig. 1.8)

Erythromycin biosynthesis requires six cycles of chain elongation and 

reductive modification: three distinct condensation steps involving 2-S- 

methylmalonyl-CoA and three that putatively require 2-R-methyImalonyl-CoA. 

The way to the selection of which enantiomer is still unknown, but there must 

be a sophisticated recognition step and control mechanism. Sequence analysis 

has established that each module contains precisely the required enzymic 

activities, including acyl carrier protein and acyl transferase to introduce the 

functionality seen in the polyketide backbone of 6-deoxyerythronolide-B.
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Modules 1,2,5 and 6 (see Fig. 1.8) ?. Fetorcdurtase domain consistent

with the observed hydroxyl groups at C-3,-5,-11 (L-configuration) and -13 (D- 

configuration). Module 3 lacks a functional ketoreductase and module 4 has 

additional dehydratase and enoyl reductase components to produce the ketone 

and methylene functionalities seen at C-9 and C-7 respectively. Module 6 has 

an additional thioesterase responsible for closure of the macrolide ring.

O R F  1 (D EB S 1) O R F 2 (D E B S 2 ) O R F  3  (D E B S  3)

M odule 2 Module 3 M odule 6M odule 5M o d u le  I Module 4
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Figure 1.8: Structure of the 6-deoxyerythronolide-B synthase gene cluster

(CortQS et al., 1995)

This is in complete contrast to the type I and II systems for aromatic 

polyketide synthases which contain only one enzyme or catalytic domain for 

each type of reaction which is used repeatedly as necessary (Simpson, 1995). 

In the erythromycin biosynthesis there is rather astonishingly a single catalytic 

domain for each and every step in the assembly. There is now growing 

evidence for other macrolides and polyethers, like tetronasin and avermectin, 

that these are also produced by similar complex polyketide synthases (Katz and 

Donadio, 1993).
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1.3.3 Novel poiyketides

Poiyketides have already been reported as metabolites with a large 

extent of important applications. Thus, many great contemporary researchers 

were attracted in this field. Starting with fundamental research (e.g. basic 

genetics of the pathways), information on polyketide biosynthesis has been 

soon gathered, allowing scientists to perform a more applied research. New 

aspects have been explored, resulting in the production of novel poiyketides or 

in the gradual elucidation of the tracks leading to new molecules (Rohr, 1995). 

Most of this work, as well as the conclusions derived from it, are summarised 

in the following section.

During the mid-eighties, a set of genetically marked strains that were 

point-blocked in erythromycin A production and had the wild-type

morphological characteristics were prepared by several standard mutagenic

treatments. Results from this work (Weber et al., 1985) suggested that the 

genes coding for the 6-deoxyerythronolide-B synthase constitute a large part of 

the total structural genes for erythromycin biosynthesis.

The highly advanced state of genetic studies of type II polyketide 

synthases systems is the result of the pioneering work of David Hopwood and 

his co-workers at the John Innes Institute in Norwich (UK). They showed that 

all the genes necessary for the biosynthesis of the polyketide antibiotic

actinorhodin in Streptomyces coelicolor were to be found together, ‘clustered’ 

on the same stretch of genomic DNA. This enables all the biosynthetic genes 

to be easily isolated and sequenced. From this and subsequent work, it has 

become clear that assembly and cyclisation of the intermediates in the

biosynthesis of aromatic poiyketides in the Streptomycetes usually requires up 

to six individual gene sequences (referred to as open reading frames, ORF) 

involved in the initiation and control of polyketide synthesis and the post 

assembly reactions which further elaborate the initial polyketide products to 

give the final observed structures.

The organisation and complete sequence of these genes is now known 

for a number of metabolites, including actinorhodin {act), granaticin {gra),
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frenolicin (fren), oxytetracycline (otc) and tetracenomycin (tcm). All of these 

systems have a general organisation of the essential genes for polyketide 

assembly and cyclisation. In general, ORF 1 encodes the ketosynthase and a 

putative acyl transferase; ORF 2 encodes a protein similar to the ORF 1 

product, but lacking the essential ketosynthase and acetyl transferase active site 

motifs; ORF 3 encodes the acyl carrier protein; ORF 4 a putative 

cyclase/deyhdratase; and ORF 5 a ketoreductase (which, significantly, is absent 

in the tcm polyketide synthase, as no corresponding reduction is required in the 

assembly of tetracenomycin polyketide intermediates). The remaining genes 

needed for the biosynthesis of these metabolites are associated with these 

minimal polyketide synthases gene sets, and in the case of actinorhodin the 

entire gene cluster has been isolated and sequenced (Fernandez-Moreno et al. , 

1992).

DNA fragments containing the whole or part of the act gene cluster 

have been introduced into other Streptomycetes. When the whole gene cluster 

was inserted into a non-antibiotic producing strain, the modified strain was 

transformed into an actinorhodin producer. When DNA containing the act 

gene believed to be responsible for the post-assembly hydroxylation at C-8 of 

actinorhodin was introduced into another strain, the modified host produced a 

compound that differed from the naturally produced one, in the presence of an 

additional hydroxyl group at C-8. This was one of the first examples of 

‘hybrid antibiotic’ production, and showed that genes from different, even 

though related, biosynthetic pathways in different organisms could act in 

conjunction to produce new structures. This and associated experiments have 

demonstrated the potential for genetic manipulations - gene deletions and 

insertion of extra genes - to alter the course of modifications occurring after the 

polyketide assembly phase of the biosynthetic pathway (Hopwood et a l ,  1985; 

Hopwood, 1995).

Experiments done by Chaitan Khosla and his collaborators at Stanford 

University (Simpson, 1995) have led to a series of entirely novel structures. A 

strain of S. coelicolor was constructed, in which the entire act cluster was 

deleted. This strain was then transformed by introducing ‘minimal polyketide
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synthases’ built from differing combinations of the ORF components from 

various polyketide synthases genes. The result was completely novel 

structures. The variety of these structures originates from addition of a further 

ketoreductase, dehydratase and cyclase genes to the minimal recombinant 

polyketide synthase. Analysis of these results has led Khosla to propose that 

the ORF 2 component can be accredited with the role of controlling the chain 

length (chain length determining factor) (McDaniel et a l ,  1993). Their results 

demonstrate that at least three factors that control elements of aromatic 

polyketide structural diversity (that is chain length, ketoreduction and the 

regiospecificity of cyclisations) can be effectively exploited to produce novel 

poiyketides. The consequent perception of the strategy described here will be 

critically determined by the following four factors: a) its applicability to the 

biosynthesis of other classes of poiyketides, including the modular polyketide 

synthase for compounds, such as macrolides, polyenes and poly ethers, b) the 

extent to which the various classes of polyketide synthases will tolerate changes 

introduced by targeted mutagenesis or by replacement of domains or subunits, 

c) the ease of isolating naturally occurring homologues of domains or subunits 

that control variability in polyketide structure, and d) the substrate plasticity of 

naturally occurring post-polyketides tailoring enzymes that may be co

expressed in strains producing alternative poiyketides to convert the unmodified 

primary polyketide synthases products into interesting metabolites (McDaniel et 

a l ,  1993).

The potential of these systems for the rational production of novel 

structures is already being realised. Deletion or mutation of the ketoreductase 

domain in module 5 of the erythronolide gene produced a macrolide in which 

the keto function at C-5 was retained, and mutation of the enoyl reductase 

domain in module 4 gave an unsaturated analogue in which the necessary 

reduction of the 6-7 double bond to produce 6-deoxyerythronolide-B has not 

occurred (Donadio et a l , 1991; Donadio et a l , 1993).

In another fascinating development, which links the studies on the 

Streptomyces type II and complex modular systems, Khosla and Katz have 

reported the cloning of the entire DEBS gene cluster into the S. coelicolor
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exprasgior hr.? proo'i'Ced s’lbstanf’sl qiiantities of 6-

deoxyerythronolide-B and the corresponding macrolide in which the normal 

propionate starter has been replaced by an acetate. There are many 

implications from this result. It is clear that 5. coelicolor can express the 

DEBS protein in fully functional form, and that all the necessary supplementary 

activities, including the ability to supply propionyl- and methylmalonyl-CoA, 

are present in this organism, which does not normally produce polypropionate 

metabolites (Kao et al., 1994).

In another experiment, the Cambridge groups expressed the DEBS 1 

gene to which they had fused the thioesterase domain from the end of DEBS 3 

in the normal host organism S. erythraea. In this case, the expected ô-lactone 

was produced in high yields (Cortes et a i ,  1995; Mirjalili et a i ,  1999) (see 

Fig. 1.9)

KRKR
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Figure 1.9: Domain organisation of the triketide lactone synthase; hatched 

areas denote the region derived from DEBS 3 (Cortes et al., 1995)

McDaniel et al. (1995) have also reported the creation of hybrid 

polyketide synthases consisting of a minimal polyketide synthase and additional 

catalytic activities: ketoreductase, aromatase, cyclase. The genes available 

originated from strains of Streptomyces that normally produce polyketides such 

as actinorhodin, granaticin, tetracenomycin, frenolicin, oxytetracycline and 

griseosin {act, gra, tern, fre, otc, gris). Various combinations of these genes 

have been tried in order to build polyketides of specific chain length and
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structural characteristics. In most cases the produced polyketide was the one 

expected according to the structure of the ‘hybrid gene’ used.

McDaniel et al. (1995), based on their results, presented a series of 

conclusions that may be considered as design rules for manipulating the early 

steps of aromatic polyketide biosynthesis (also presented in Fig. 1.10)(Mann, 

1995, also reported a similar set of guidelines for the manipulation of 

polyketides):

1) chain length Polyketide carbon chain length is dictated by the 

minimal polyketide synthase. The acyl carrier protein can be substituted 

without altering specificity. The ketosynthase and chain length factor can be 

combined (some combinations did not work), however, best results occur when 

the enzymes come from the same gene cluster (Cane and Luo, 1995).

C-7/C-12 I  C-9/C-14

uncaU lysed

Chain length

katoreductlon

1st ring 
ragiospeclflclty

minimal

C-7/C-12
only

1st ringuncatalysed aromatlzatlon

2nd ring 
cycllzation

uncau iysad  
and reMcUana

Figure 1.10: Scheme for rationally engineered biosynthesis of polyketides

(McDaniel e ta /., 1995)

2) ketoreduction A ketoreductase is required. The act ketoreductase has 

been studied so far, which is compatible with all minimal polyketide synthases
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referred above {act, torn, fren). Homologous polyketide synthases have been 

described in other polyketide synthases clusters, and those enzymes can also 

seemingly be used.

3) cvclisation of first ring Although the minimal polyketide synthases 

alone can control formation of the first ring, the regiospecific course of this 

reaction may be influenced by other polyketide synthase proteins.

4) first ring aromatisation The first ring in unreduced polyketides 

aromatises non-catalytically. In contrast, an aromatising subunit is required for 

reduced polyketides.

5) second ring cvclisation This cyclisation of the second ring of reduced 

polyketides may be accomplished with a suitable cyclase.

6) additional cvclisations The ketosynthase, chain length factor, acyl 

carrier protein, ketoreductase, aromatase and cyclase subunits of the polyketide 

synthase together catalyse the formation of an intermediate with a defined chain 

length, reduction pattern and first two cyclisations. Subsequent reactions take 

place in the absence of specific enzymes and are determined by the different 

physical and chemical properties of the particular molecules, although the 

activity of down-stream cyclases and other reforming enzymes might be 

typically and theoretically required. These experiments greatly enlarge the 

range of possibilities for the production of genetically modified novelly 

structured molecules or smaller chiral building blocks which can be used as 

starting materials for standard synthetic approaches.

The fermentation process for the production of these novel antibiotics is 

an important aspect of the whole production procedure. Not only is it 

significant to discover or engineer novel useful antibiotics, but it is equally 

fundamental to be able to produce them via economically viable processes. 

Complex media containing oils have been used extensively to increase 

antibiotic titres. They are, in general, cheaper than defined media or complex 

media containing carbohydrates as a main carbon source. The medium used in 

this study is similar to the ones mentioned above.

Oil utilisation by S. erythraea might lead to higher erythromycin titres. 

The elucidation of the pathways (fatty acid catabolism and polyketide
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biosynthesis) and the mechanisms involved is crucial. If limiting steps are 

discovered and ways to overcome them are found, those might apply to other 

antibiotic producing microorganisms, too. Overall, existing and novel 

antibiotics could be produced with more efficient and less expensive 

procedures.
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1.4 Lipids and lipases

1.4.1 Lipids

Lipids are described as a group of chemically heterogeneous compounds 

that share the property of insolubility in water and solubility in non-polar 

solvents such as chloroform, alcohols or hydrocarbons. This definition is 

based on their physical properties, since the various substances that are 

classified as lipids may show very few or even no chemical relationships.

Lipids may be relatively simple molecules, e.g., fatty acids, or more 

complex and can contain phosphoryl or sulphur groups, amino acids, peptides 

and their derivatives, sugars and even oligosaccharides. Some may contain 

several of these polar groups, e.g., the glycerophospholipids found in certain 

bacteria.

1.4.1.1 Fatty acids

Fatty acids are carboxylic acids with long chain hydrocarbon side 

groups. Their main structural characteristics are chain length, presence of 

double bonds (unsaturation) and of substituent groups. They are rarely found 

free in nature but occur in esterified forms as the major components of the 

various lipids described later in this section, mostly with glycerol. The 

predominant fatty acids in higher plants and animals are these with sixteen or 

eighteen carbon units: palmitic, oleic, linoleic and stearic acid (see Table 1.5). 

Fatty acids with less than fourteen or more than twenty carbon atoms are quite 

uncommon. In addition most fatty acids have an even number of carbon atoms 

because they are usually biosynthesised by the condensation of two carbon 

units. More than half of the fatty acid residues of plant and animal lipids are 

unsaturated and are often polyunsaturated (more than one double bonds are 

present). Unsaturated fatty acids can be found in isomers, whether positional 

or geometric. Except from being saturated or unsaturated fatty acids may 

contain other functional groups: hydroxyl-, oxo-, epoxy- and second carboxyl-
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units. Bacterial fatty acids are rarely polyunsaturated, but are commonly 

branched, hydroxylated or contain cyclopropane rings.

Table 1.5: The common biological fatty acids (Ratledge and Wilkinson, 1988)

Saturated fatty acids

Laurie Dodecanoic 12:0

Myristic Tetradecanoic 14:0

Palmitic Hexadecanoic 16:0

Stearic Octadecanoic 18:0

Arachidic Eicosanoic 20:0

Behenic Docosanoic 22:0

Lignoceric Tetracosanoic 24:0

U nsaturated fatty acids

Palmitoleic 9-Hexadecanoic 16:1

Oleic 9-Octadecanoic 18:1

Linoleic 9 ,12-Octadecadienoic 18:2

a-Linolenic 9,12,15-Octadecatrienoic 18:3

y-Linolenic 6,9,12- Octadecatrienoic 18:3

Arachidonic 5,8,11,14-Eicosatetraenoic 20:4

EPA 5,8,11,14,17-Eicosapentaenoic 20:5

Nervonic 15-Tetracosaenoic 24:1

Branching of fatty acids is usually restricted to the appearance of one or 

two methyl groups on the alkyl chain. Long chain branched fatty acids named 

mycolic acids occur in bacteria belonging to the Mycobacterium-Nocardia- 

Corynobacterium group, Rhodococcus and the ‘aurantiaca’ taxon. They have 

the general formula shown in Fig. 1.11. The R-group may be up to 59 carbon 

atoms in length and can include other functional groups: oxo, methyl, methoxyl 

and hydroxyl, and usually also unsaturation, cyclopropane rings and/or methyl 

groups.
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OH

R - CH - CH - COOK n=5-23, odd numbers only

(CH2)„CH3

Figure 1.11: General formula of mycolic acids

Straight chain unsaturated fatty acids with one or more double bonds 

have been isolated from most microorganisms. The double bond usually has 

the cis- configuration, although double bonds with the trans- configuration have 

been found. Acetylenic (alkinic) fatty acids, i.e., fatty acids containing a triple 

bond are relatively uncommon in microorganisms, but may occur in a few 

fungi (Turner and Aldridge, 1983). Fatty acids with both unsaturation and 

branching are known to occur in some microorganisms, e.g ., 2,4,6- 

trimethyltetracos-2-enoic acid (mycolipenic acid) in the tubercle bacillus 

(Minnikin gt a / . , 1985).

Fatty acids are named after their parent alkane, that is according to the 

number of carbon atoms of the long chain, with the ending of -oic. The 

numbering of the atoms starts from the carboxylic end, the carbon of this unit 

being C-1, or the first carbon of the hydrocarbon chain named a-C . When a 

double bond exists, the ending is -enoic ( -dienoic, for two double bonds) 

preceded by the number of the carbon atom from which the double bond starts, 

as a number or as a greek letter, accompanied by the cis- or trans- 

configuration denoting prefix. Fatty acids are usually symbolised with two 

numbers that imply the number of the carbon atoms and double bonds 

respectively (see Table 1.5).

The most abundant saturated fatty acid in animals plants and 

microorganisms is hexadecanoic or palmitic acid and the most common 

monoenic one is cw-9-octadecanoic or oleic acid (mainly in plants and animals, 

but also found in microorganisms).
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1.4.1.2 Types of lipids

1.4.1.2.1 Triacylglycerols

The fats and oils that occur in plants and animals consist largely of 

mixtures of triacylglycerols (triglycerides or neutral fats). These non polar, 

water-soluble substances are fatty acid triesters of glycerol (tri-hydroxy- 

alcohol) (see Fig. 1.12). Triacylglycerols function as energy reservoirs in 

animals and are therefore the most abundant class of lipids even though they 

are not components of biological membranes.

CH2 - OH CH2 - O - COOR,

CH - OH CH - O - COOR2 R], R2 and R3 =  acyl chains

CH2 - OH CH2 - O - COOR3

Glycerol Triacylglycerol

Figure 1.12: General formulae for glycerol and triacylglycerol

Triacylglycerols differ according to the identity and placement of their 

three fatty acid residues. The so-called simple triacylglycerols contain one type 

of fatty acid residue and are named accordingly, e.g., tristearoyl-glycerol or 

tristearin contains three stearic acid residues whereas trioleoglycerol or triolein 

has three oleic acid residues. The more common mixed triacylglycerols contain 

two or three different types of fatty acid residues and are named according to 

their placement on the glycerol moiety. Partial triacylglycerols have only one 

or two positions esterified and are called mono- and di-acylglycerols 

respectively. The most abundant fatty acids in natural triacylglycerols are 

palmitic, stearic, oleic and linoleic; plant triacylglycerols have a relatively 

higher proportion of the more unsaturated fatty acids.
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F igure  1.13: Some common acylglycerol structures (Gurr and Harwood, 

1991)

Fats and oils (which differ only in that fats are solid and oils are liquid 

at room temperature) are complex mixtures of simple and mixed 

triacylglycerols whose fatty acid compositions vary with the organism that has 

produced them. Plant oils are usually richer in unsaturated fatty acid residues 

than are animal fats, as the lower melting points o f oils imply.

1.4.1.2.2 Other types of lipids

Glycerophospholipids (or phosphoglycerides) are the major lipid 

component o f biological membranes. They consist o f sn-glycerol-3-phosphate 

esterified at its C-1 and C-2 positions to fatty acids and at its phosphoryl group 

to another group -X, such as hydrogen, ethanolamine, serine, choline, glycerol, 

myo-inositol, phosphatidylglycerol. Glycerophospholipids are therefore 

amphiphilic molecules with non polar aliphatic tails and polar phosphoryl- 

esterified heads. In the glycerophospholipids that commonly occur in 

biological membranes, the head groups are derived from polar alcohols.

Sphingolipids, which are also major membrane components, derive 

from the 18 carbon aminoalcohols sphingosine, dihydrosphingosine and their 

16 to 2 0  carbon homologues. Sphingomyelins, cerebrosides and gangliosides 

are the three most important types of sphingolipids.
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Glycolipids can be described as lipophilic compounds that contain one 

or more sugar residues. Such lipids are widely distributed in microorganisms 

and various well-defined classes are recognised, acylgly coses and 

glycosyldiacylglycerols being the most important ones.

1.4.1.3 Function of lipids

The diversity of lipids indicates a diversity in function. Lipids can act 

as storage materials in animal, plant and microbial cells, where the lipids 

typically occur in the form of triacylglycerols in eukaryotic cells and as poly-P- 

hydroxy-butyrate in certain prokaryotes. They are also responsible for the 

structure of cell where the lipids mainly occur as the amphiphilic (glycero-) 

phospholipids. Besides these well-known roles, lipids carry out many other 

functions. They are associated with the photosynthesis process in plants and 

microorganisms, providing not only chlorophyll itself, but many of the 

quinones and pigments associated with the process of converting light energy 

into chemical energy.

Lipids play an important role in biological structures whose purpose is 

to provide barriers that protect organisms against their environment. The 

importance of lipids in such barriers lies in their ability to exclude water and 

other molecules. The characteristic physical feature of lipids, their water 

insolubility, derives from the characteristic structure of part of the lipid 

molecule that is described as hydrophobic. In lipids that are esters of fatty 

acids the hydrophobic moiety is the hydrocarbon chain of the fatty acid. Lipids 

also form an integral part of biological membranes. In mammals, the lipids 

involved in membrane structure are mainly glycerophospholipids and 

unesterified (free) cholesterol, while in plants, the glycosylglycerides are 

predominant. The importance of these compounds lies in their possession of 

chemical groups that associate with water (hydrophilic) in analogy with 

hydrophobic moieties. These sorts of lipids are often called polar lipids, or 

more technically amphiphilic and this amphiphilic nature is of immense 

importance in respect of their properties in membranes.
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Current theories of biological membrane structure portray that most of 

the lipid is present in a biomolecular sheet with the fatty acid chain in the 

interior of the bilayer. Membrane proteins are located at intervals at the 

internal or external face of the membrane or projecting through from one side 

to the other. Lipid molecules are quite mobile along the plane of the membrane 

but there is limited movement across the membrane.

Besides their universal role in the structure of membranes, lipids also 

participate in the organisation of bacterial cell envelopes, as components both 

of the lipoteichoic acids associated with the inner (cytoplasmic) membrane of 

the Gram-positive bacteria and the lipopolysaccharides and lipoproteins of the 

outer membrane of Gram-negative bacteria. Large complex glycophospholipids 

occur as a thick part of the envelope of the mycobacteria, which are 

characterised by substantial, lipoidal surface layers. Such roles are not found 

in eukaryotic microorganisms though such lipids play a role in fungal 

development including spore germination. Extracellular lipids are produced by 

both prokaryotes and eukaryotes: many glycolipids and peptidolipids have been 

described which act as surfactants and emulsifiers. These may be accompanied 

by extracellular enzymes - lipases, esterases and phospholipases - which serve 

to assist microorganisms in growing on external supplies of fats or even 

hydrocarbons.

Fats are a highly effective form in which to store metabolic energy (Hug 

et al., 1974). This is because fats are less oxidised than carbohydrates or 

proteins and hence yield significantly more energy on oxidation. Furthermore, 

fats, being non polar substances, are stored in anhydrous form, whereas 

glycogen binds about twice its weight of water under physiological conditions. 

Fats therefore provide about six times the metabolic energy of an equal weight 

of hydrated glycogen (see Table 1.6).
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Table 1.6: Energy content of food constituents (Voet and Voet, 1995)

Constituent AH (kJ/g dry weight)

Carbohydrates 16

Fat 37

Protein 17

1.4.2 Fatty acid metabolism

The pathways of lipids biosynthesis in microorganisms are the same as 

those in higher organisms and although both animals and plants synthesise 

lipids which are exclusive to them, examples of both plant-like and animal-like 

pathways can be found in microorganisms. Even here, however, some 

microorganisms follow routes of biosynthesis not seen in other systems, e.g. 

the anaerobic route of unsaturated fatty acid biosynthesis is found only in 

bacteria.

1.4.2.1 Fatty acid catabolism

Fatty acids break down by a mechanism known as (3-oxidation in which 

the fatty acid p-C atom is oxidised. For most of the metabolic reactions in 

which fatty acids take part, whether anabolic or catabolic, thermodynamic 

considerations dictate their activation. For those reactions thiol esters are 

generally utilised. This active form is usually the thiol ester of the fatty acid 

with the complex nucleotide coenzyme A or the small protein known as Acyl 

Carrier Protein (AGP). These molecules contain a thiol ester and, at the same 

time, render the acyl chain water-soluble. This ‘activation’ process to acetyl- 

CoA is catalysed by a family of at least three acyl-CoA synthetases 

(thiokinases) that differ according to their chain length specificities.

Four reactions take place during fatty acyl-CoA cleavage:

/) formation of a trans- double bond by acyl-CoA-dehydrogenase
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ii) hydration of the double bond by enoyl-CoA-hydratase 

Hi) dehydrogenation of the p-hydroxyl group (formed in the 

previous step) by 3-L-hydroxyl-acyl-CoA-dehydrogenase to form 

P-ketoacyl-CoA

and iv) a-C  and p-C cleavage in a thiolysis reaction with 

coenzyme A catalysed by p -ketoacy 1-CoA-thiolase (thiolase) to 

form acetyl-CoA and a new acyl-CoA containing two less carbon 

atoms than the one used in the first step of the cycle.

In E. coli one single gene encodes for enoy 1-CoA-hydratase, 3-L- 

hydroxyl-acyl-CoA-deyhdrogenase, p-ketoacy 1-Co A-thiolase. In fact, these

three enzymatic activities are contained on a single multifunctional protein.

Most fatty acids have even numbers of carbon atoms and are therefore 

converted completely to acetyl-CoA. Some plants and marine organisms, 

however, synthesise fatty acids with an odd number of carbon atoms. The final 

round of p-oxidation for these fatty acids forms propionyl-CoA, which is 

converted to succinyl-CoA, via the form of methylmalonyl-CoA, for entry into 

the citric acid cycle.

Almost all unsaturated fatty acids of biological origin contain only cis- 

double bonds, which most often begin between C-9 and C-10. After successive 

degradation steps the double bond ends in being between C-3 and C-4. An 

isomerase then gets involved into converting the cis-2) compound into a trans-2 

one, so that enoy 1-Co A-hy dratase can proceed on the pathway.

1.4.2.2 Fatty acid anabolism

Fatty acid biosynthesis occurs through condensations of two carbon 

units which are derived from acetic acid. The pathway of fatty acid 

biosynthesis differs from that of fatty acid oxidation, as typically happens in 

living systems, to permit them both to be thermodynamically favourable and 

independently regulated under similar physiological conditions.

The first step in fatty acid biosynthesis is the carboxylation of the 

acetate to malonate. The carboxylation is catalysed by the enzyme acyl-CoA-
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carboxylase. In E. coli, acyl-CoA-carboxylase consists of 3 dissociable

components. On the contrary, acyl-CoA-carboxylase from yeasts, higher

plants and animals consist of a single multifunctional protein.

The malonyl-CoA generated by the above enzyme forms the source of 

nearly all the carbons of the fatty acid chain. In most cases, only the first 2 

carbons arise from a different source: acetyl-CoA, which is known as the 

‘prim er’ molecule. The fatty acid chain grows in a series of reactions, the 

basic chemistry of which is similar in all organisms:

i) malonyl-ACP (derived from malonyl-CoA) is condensed with the 

already formed acyl-ACP (acetyl-ACP for the first cycle of reactions)

ii) a p-keto-acyl-ACP-reductase catalyses a p-ketoreduction

Hi) a p-hydroxy 1-dehydration occurs, as catalysed by p-hydroxy 1-acyl- 

ACP-deyhdratase

and iv) an enoy 1-reduction, catalysed by enoy 1-ACP-reductase, which 

results into an acyl-ACP with 2 more carbon atoms than the one used in step i).

Six separate enzymatic activities are involved, known collectively as 

Fatty Acid Synthetases (FAS). FAS can be divided into type I and type II 

enzymes. Type I synthases are multifunctional proteins in which the enzymes 

for the individual reaction steps form discrete catalytic domains and are met in 

animal, higher bacteria and yeasts. Type II synthases contain enzymes which 

can be separated and can be found in lower bacteria {E. coli) and plants.

1.4.3 Lipases

Enzymes that catalyse the hydrolysis of the ester bonds in 

triacylglycerols are called lipases. They belong to a family of enzymes that 

catalyse the hydrolysis of ester bonds, called esterases and the lipases form a 

distinct class in this family. There is generally lack of agreement on the precise 

meaning of the term "lipase", however, the Report of the Commission on 

Enzymes of the International Union of Biochemistry describes "lipase" as a 

"glycerol ester hydrolase" (EC 3.1.1.3).
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The natural substrates of a lipase, triacylglycerols, are highly insoluble 

in water and form an emulsion in aqueous media. Lipases are characterised by 

their ability to act at the interface between the insoluble substrate, i.e. the 

triglyceride, and the aqueous phase, in which the enzyme is soluble 

(Marangoni, 1994). This characteristic behaviour of lipases distinguishes them 

from the other enzymes of this family. If, by some way, a one phase system is 

obtained, e.g. when the triacylglycerol contains short chain fatty acids, or when 

a powerful detergent is present, then the substrate may be hydrolysed by an 

esterase, not a lipase.

In terms of structure, lipases are polypeptides with a molecular weight 

of 15-60 KDa. Many of the physicochemical properties of microbial lipases 

have been characterised and reported (Godtfredsen, 1990).

1.4.3.1 Classification of lipases

Lipases are usually classified in three groups, according to Alford and 

co-workers (1964);

i) the non-specific lipases, that hydrolyse the triacylglycerol 

releasing the fatty acids from all the positions of the glycerol residue (complete 

breakdown of the triglyceride to free fatty acids and glycerol, see Fig. 1.14). 

Lipases of this type have been isolated from Geotrichum candidum and 

Pénicillium cyclopium (Okumura et a l ,  1976).

ii) enzymes that catalyse the hydrolysis of the ester bond

between the glycerol and the fatty acid at positions 1 and 3. The result of these 

reactions (incomplete breakdown) is 1 ,2 -diglyceride, 2 ,3-diglyceride and 2 - 

monoglyceride (see Fig. 1.13). However, prolonged incubation will lead to 

complete breakdown of the monoglyceride due to chemical instability and acyl 

migration. Examples are found in Rhizopus delamar (Okumura et al., 1976) 

and Pseudomonas aeruginosa (Gilbert et a l ,  1991).

and Hi) lipases with fatty acid specificity, that catalyse more

quickly hydrolysis when certain fatty acids are involved (each lipase has its

own favoured substrates). However, most microbial lipases exhibit very little,
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or even no, fatty acid specificity when incubated with natural oils and fats. 

Exceptions arise when long chain polyunsaturated fatty acids (greater than 18 

carbons in length) are present. Geotrichum candidum lipase preferentially 

hydrolyses oleic acid whether in 1-, 2- or 3- position of a triglyceride (Alford 

e t a l ,  1964).

Triglyceride

i

Diglyceride +  Fatty acid 

Monoglyceride +  Fatty acid 

Glycerol +  Fatty acid 

Figure 1.14: The Lipase catalysed hydrolysis of triacylglycerols

1.4.3.2 Lipases in microorganisms

Lipases have been isolated from a wide range of organisms including 

animals, plants and microorganisms. Microbial lipases have been studied 

extensively; they are found in yeasts (Montesinos et a l., 1996; Ota et a l., 1982 

Linfield et al., 1984), fungi (Tahoun et al., 1986; Hatzinikolaou et al., 1996 

Sztajer and Maliszewska, 1989; Nahas, 1988) and bacteria (Khor et al., 1986 

Gilbert, 1993; Soberon-Chavez and Palmeros, 1994; Tahoun et a l., 1982).

Lipases have also been observed in some Streptomyces spp. (Borman et 

al., 1993; Rapp and Backhaus, 1992). More specifically, here are some of the 

strains that showed lipolytic activity: S. lactis (Lukasova et al., 1982), S. 

cinnamoneus (Sommer et al., 1997), Streptomyces sp. PCM 27 and PCM 33, 

S. fradiae (Sztajer et a l ,  1988), S. lividans (Peacock, 1997; Peacock et al., 

1999) and S. clavuligerus, S. coelicolor and S. rimosus (Large et al., 1999).

Most of the microbial lipases can be identified and separated on the 

basis of their physico-chemical properties, which can be very different between
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different enzymes. The most important physical properties of the extracellular 

enzymes are the pH optimum and thermal stability. Bacterial enzymes have 

usually alkaline pH optima, whereas fungal and yeasts lipases show acidic pH 

optima. Thermal stability has been proved to be higher in fungi and yeasts than 

in bacteria.

Many of the reported lipases are secreted out of the cell (Hatzinikolaou 

et a l ,  1996; Iwai et a l ,  1975; Jacobsen et a l ,  1989b; Nahas, 1988; 

Veeraragavan, 1989). An extensive review by Sztajer and co-workers, (1988), 

studies the production of extracellular lipases by fungi, bacteria and 

actinomycetes. There are also lipases that are intracellular or cell membrane 

associated, however they are not so numerous (Novotny and Dolezalova, 1993; 

Gobetti et a l , 1996; Misset et a l , 1994; Jacobsen et a l , 1989b).

1.4.3.3 The applications of lipases

Microbial lipases have found a wide range of applications, commercial 

and industrial. Initially, dairy and other food industries lipases were in focus, 

since lipases naturally found in milk and other products can affect flavour and 

overall quality of the product (Fox and Stepaniak, 1983; Stead, 1986). Macrae 

(1983), Seitz, (1974) and Macrae and Hammond, (1985), have reviewed many 

applications of lipases: oleochemistry, cosmetics, pharmaceuticals, sewage 

treatment, manufacturing of detergents and diagnostics. In general, microbial 

lipases exhibit enzymatic properties and specificities that render them attractive 

for many industrial applications.

1.4.3.4 Lipase activity mechanism

The active site for catalytic activity of the lipase enzyme in 

Pseudomonas spp. has been found to be a serine residue contained within a 

specific aminoacid sequence: Gly - Ser - Ser - Asp / Gly / Met - Gly (Soberon- 

Chavez and Palmeros, 1994). A similar active site structure was revealed in 

Streptomyces sp. M il  by gene cloning techniques by Perez and co-workers
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(1993). Genetic research by the same team led to the identification of a lipase 

activator gene in the same region of DNA as the gene for the lipase 

polypeptide. The protein that acted as a lipase activator was shown to increase 

lipase enzyme expression by 6  to 10 fold. The activator was found to act at the 

level of transcription of lipase enzyme peptides.

Similarly, Uyeda and co-workers, (1983), have isolated a number of 

lipase activators from culture media of Streptomyces sp. BR-1381. These 

activators exhibited different effects on lipases from various organisms, either 

activating some enzymes or not affecting other enzymes at all. Oleic acid was 

shown to inhibit P. nitens lipase, in a product inhibition pattern, since oleic was 

the result of lipolysis. One of the activators tested was found to bind on oleic 

acid residues and therefore neutralise the inhibitory effect of the fatty acid.

Gilbert and co-workers, (1991), have suggested that high concentrations 

of oils can have an inhibitory action on lipase activity and they proposed 

toxicity of fatty acids as the underlying mechanism. On the contrary, low 

levels of oils have been shown to be required for lipase activity (Suzuki et a l. , 

1988; Novotny and Dolezalova, 1993). Induction of lipase activity was seen 

when long chain fatty acids, especially oleic and palmitic, were added in 

Geotrichum candidum cultures (Shimada et at., 1992). Similarly, Gilbert and 

co-workers, (1991), observed strong induction in lipase activity with a range of 

fatty acid esters, such as triacylglycerols and Tweens, as Nahas, (1988), has 

already reported. In addition, olive oil or Tween 80 addition in G. candidum 

cultures led to increased lipolytic activity (Jacobsen et al., 1989a, b). more 

specifically. Tween 80 addition yielded a 6 -fold increase in lipolytic activity.

As far as the physical parameters of a culture are concerned, lipase 

activity can be affected either positively or negatively. Extracellular lipase can 

be sensitive to dénaturation by increased shear rates but not shear stress (Lee 

and Choo, 1989). Lipase activity has been reported to be higher in 1 L 

fermenter cultures of G. candidum than in 300 mL shake flask cultures 

(Jacobsen et a l ,  1989a). It seems that adequate aeration of a culture is 

essential to lipase production and activity.
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As mentioned before, lipases are enzymes that act on a water insoluble 

substrate at the interface of the aqueous and the oil phase. The actual enzyme 

is situated in between the two phases and that behaviour is known as interfacial 

activation. Many attempts have been made to explain this property of lipolytic 

enzymes. Two theoretical models have been proposed: i) the substrate 

molecules are activated at the interface and ii) the enzyme itself changes into an 

active form when it is found in the interface.

The first mechanism is based on the fact that lipids consist of 

hydrophobic and polar residues. It is suggested that when lipids are found in 

an oil/water interface the polar heads tend to turn to the water phase, while the 

hydrophobic parts form a layer that sees the oil phase. This characteristic 

would allow increased concentrations of substrate molecules in the interface 

and therefore lead to higher enzymatic rates (Brockman et al. , 1973).

The second mechanism proposed that lipase enzymes possess an active 

site which is hidden unless the enzyme is found in the interface. In that case 

hydrophobic regions of the enzyme will unfold and reveal the active site and 

allow direct contact with the substrate molecules (Derewenda and Sharp, 1993). 

Overall, it seems that the precise mechanisms underlying lipase activation must 

be complex and could be a combinations of the two presented above (Macrae, 

1983).
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Figure 1.15: Schematic diagram of a fermenter inputs and outputs in this study
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1.5 Aims and objectives of this project

The number of scientific publications on oil utilisation in microorganism 

cultures to increase product titres, especially antibiotics, is great, however, there 

is little work carried out in this field with Saccharopolyspora erythraea. S. 

erythraea is the major erythromycin producer; in addition, other polyketide 

antibiotics are biosynthesised by pathways similar to that of erythromycin. 

Therefore, an improvement of this process could be of great significance. The 

main objective of this research is to investigate oil utilisation in 2 L batch 

fermentations of S. erythraea on complex medium containing rape seed oil. 

More specifically, there are two aspects included:

i) to study the causes of incomplete oil utilisation and consequently 

devise a strategy to decrease the level of oil remaining unused at the end 

of fermentations.

and ii) to examine any link between oil metabolism and growth and 

product formation in S. erythraea.

This includes the effects of fermentation parameters such as aeration, 

agitation and initial medium composition on lipid metabolism. Lipase activity 

and erythromycin titres are monitored throughout cultures, as they represent 

initial and final stages, respectively, of fatty acid metabolism in S. erythraea 

cultures.

Elucidation of relationships among these parameters and oil utilisation 

could lead to improved processes, where the levels of residual oil will be 

minimal and hence the cost of raw materials, downstream processing and 

antibiotic purification will be lower. It is also possible that all aspects examined 

here could be applied to novel, potentially very useful, antibiotic biosyntheses, 

where the provision of precursors will be essential for high titres.
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2. MATERIALS AND METHODS

2.1 Organism

2.1.1 Strain

The organism used throughout this study was the wild strain of 

Saccharopolyspora erythraea NRRL 2338, which was kindly provided by Dr. Cortes 

from the University of Cambridge.

2.1.2 Spore preparation and maintenance

The organism was grown in Petri dishes containing agar medium of two 

different compositions:

Medium 1 :

Glucose 5 g/L

Sucrose 10 g/L

Trypton 5 g/L

Y east Extract 2.5 g/L

Agar, Technical No 1 20 g/L

Medium 2:

Glucose 2 g/L

Sucrose 1 g/L

Soy Peptone 5 g/L

Y east Extract 2.5 g/L

Calcium Carbonate 3 g/L

Agar, Technical No 1 20 g/L

51



The medium, as all media in this study, was sterilised in an autoclave for 20 

minutes at 121 °C (in medium 1, glucose and sucrose were sterilised separately and 

then aseptically added to the rest o f the medium). The pH was adjusted to 7.0 before 

sterilisation using sodium hydroxide 4N solution.

The Petri dishes with the organism were incubated at 28 °C for 3 weeks. 

Spore suspensions were prepared by scouring the agar surface while using a 20 % 

v/v glycerol solution which contained 0.1 % v/v Tween 80. The spore suspensions 

were then stored at -20 °C, until a spore sterility control was carried out, and then 

stored at -70 °C for better and longer maintenance.

Initially, spore suspensions were kept at -20 °C for long periods. However, 

this proved to create implications as far as spore activity is concerned. Spores kept 

at -20 °C presented difficulties in growing fast and did not reach acceptable levels of 

growth. Hence, a temperature of -70 °C was decided as the best one to maintain 

spores for long periods of time, as this was confirmed by adequate spore activity and 

growth.

2.1.3 Spore sterility control

Spore suspensions were diluted ten times with purified R.O. water. The 

diluted suspensions were then laid on Petri dishes containing agar growth medium. 

The Petri dishes were incubated for 3 weeks at 28 °C and then checked for 

contaminants.

In addition, 1 mL of spore suspension was added in 50 mL of liquid medium 

containing Nutrient Broth ( 8  g/L). The broth was then incubated in 500 mL shake 

flasks for 2 days at 28 °C and 200 rpm in a Khune shaker (Khune, Switzerland). 

After that, samples were checked for contaminants in two ways: under a microscope 

and by scouring samples on the surface of agar medium petri dishes which were then 

incubated for up to 3 weeks at 28 °C.
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2.1.4 Spore counting

A small volume of the spore suspension was diluted ten times with R.O. 

water and then checked under the microscope. An haematocytometer was used to 

calculate the concentration of spores in the suspension.

In addition, ten-fold dilutions of the spore suspension were made up to the 

10'^ and 100 pL aliquots from all dilutions were laid on Petri dishes containing agar 

medium (all dilutions done in triplicates). The plates were then incubated for up to 3 

weeks and colonies were counted at that time. Spores give colonies, therefore the 

number of spores initially spread on the plate would be given by the number o f the 

colonies grown on it. A range of colonies from 30 to 300 was considered to be 

accurate and acceptable. Therefore the dilution from which the accepted plate came 

from was to be multiplied by the average number of the colonies appearing on the 3 

plates, giving the spore concentration in the initial spore suspension.
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2.2 Materials

All materials used in this study are presented in table 2.1, along with the 

manufacturer they came from.

Table 2.1: Materials and Manufacturers

Glucose BDH

Sucrose BDH

Trypton Oxoid

Yeast extract Oxoid

Soy Peptone Oxoid

Agar, Technical No 1 Oxoid

Calcium Carbonate BDH

Sodium Hydroxide BDH

Glycerol Tisons

Tween 80 BDH

Difco Nutrient Broth Difco

Soy bean Flour Sigma

Dextrin Sigma

Rape Seed Oil Smithkline Beecham

Potassium Dihydrogen Orthophosphate Tisons

MOPS Sigma

Erythromycin dehydrate Aldrich

Sodium Chloride Tisons

Gum Arabic Tisons

Tributyrin Sigma

n-hexane Sigma

Vanillin Sigma

Sulphuric Acid BDH
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Orthophosphoric Acid BDH

TCA BDH

Ascorbic Acid BDH

Ammonium Molybdate BDH

Ammonium Sulphate BDH

Hypochlorite BDH

Phenol BDH

Sodium Nitroprusside BDH

PPG BDH
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2.3 Fermentations

2.3.1 Shake flasks

Initial studies in order to investigate the growth pattern of the organism were 

done in shake flask scale. Those studies were carried out using 2L baffled shake 

flasks with a 500 mL medium volume. The media used were of three types and are 

shown in Table 2.2.

Table 2.2: Media used in 500 mL shake flask fermentations

Component Medium 1 Medium 2 Medium 3

Soy bean flour 3JW94 150 94 3.50 94

Dextrin 1 .0 0 % 1 .0 0 % -

Rape Seed Oil 2 J 0  94 230  94 130  94

MOPS L05 94 - -

Phosphate 0 .1 2 % 0 .1 2 % 0 .1 2 %

Trace elements 1 .0 0 % 1 .0 0 % 1 .0 0 %

(All concentration percentages in w/v, except for trace elements in v/v)

The trace elements were supplied as a pre-prepared 100-fold concentrated 

solution containing:

MgS04.7H20

FeS04.7H20

CuCl2

C 0C 12.6H 20

CaCl2.2H20

ZnCl2

250.00 mg/L 

25.00 mg/L 

0.53 mg/L 

1.01 mg/L 

13.80 mg/L 

10.40 mg/L
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MnCl2 .4 H2 0  9.75 mg/L

Na2Mo0 4 .2 H2 0  0.35 mg/L

(all chemicals were GPR grade from BDH Ltd.)

The shake flasks were sterilised while containing the medium in an 

autoclave. The pH was adjusted to 7.0 prior to sterilisation. The trace element 

solution was added aseptically through filter sterilisation (using a 0 . 2  pm polysulfone 

Membrane Syringe Whatman filters). The spores were then added (one eppendorf 

tube containing 1.5 mL of spore suspension in each flask) and the shake flasks were 

incubated in a Khune shaker at 200 rpm and 28 °C for 7 days.

2.3.2 Inoculum cultures

The inoculum culture is an intermediate stage between the spore suspension 

and the fermenter. A volume of 100 mL was considered to be appropriate for 2 L 

scale fermentations. It was prepared in 250 mL unbaffled shake flasks by dissolving 

0.8 g of Difco Nutrient Broth in 100 mL of deionised water (RO water). The 

contents of one spore suspension containing eppendorf tube were emptied in one 

flask and the flask then incubated at 28 °C in a Khune shaker for 48 hours.

2.3.3 Fermenter

Fermentations were carried out in a 2 L fermenter (LH-200 series, LH 

Fermentation Ltd., Reading, Berks, UK). The volume of the medium used was 1.4 L 

and the volume of the inoculum culture was 100 mL, resulting to a 1.5 L working 

volume of broth in the fermenter. The media used are presented in table 2.3 :
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Table 2.3: Media used in fermenter scale cultures

Component Medium 1 Medium 2 Medium 3 Medium 4

Soy bean flour 

Dextrin 

Rape seed oil 

Phosphate 

Trace elements

33  94 

0 % 

0 .1 2 % 

1 %

3JU% 

2 3  94 

1 .0 % 

0 .1 2 % 

1 %

3.5 94

1 .0 % 

2 3  94 

0 .1 2 % 

1 %

3 3  94 

0 3  94 

3.0%  

0 .1 2 % 

1 %

(All concentration percentages in w/v, except for trace elements in v/v)

The fermenter was sterilised while containing the medium, whereas the 

inoculum culture and the trace element solution were added later aseptically. The 

pH during fermentation was maintained at 7.0 by using 4N NaOH and 4N H3PO4 

solutions and the temperature was kept constant at 28 °C. The stirrer speed was set 

at 500 to 1500 rpm while the aeration rate was kept at 1 vvm e.g. 1 L/min. A small 

amount of antifoam, 1 mL of PPG diluted in 9 mL RO water, was used in every 

batch.

The inlet and exit gas were analysed using a Mass Spectrometer which 

measured the gas composition (see also section 2.4). The dissolved oxygen tension 

(DOT) and the pH of the cultures were measured in real time by in situ sterilisable 

probes (Ingold, Life Sciences Laboratories, UK). Data logging was carried out using 

the real time data acquisition system RT-DAS (RT -  DAS, Acquisition Systems 

Ltd., Fleet, UK).

2.3.4 Sterility control of cultures

The sterility of cultures was checked in order to make sure there is no 

contamination. In particular, at least one sample a day was tested and even more
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when there was considerable doubt about the sterility of a culture. Samples of the 

process medium right before inoculation were tested for sterility to assure that the 

flasks or the vessel were clean and ready to be used. When it came to inoculum 

cultures being checked, a sample was taken right before inoculation of the medium, 

or even before, if the culture did not seem macroscopically to be clean. Sample 

bottles from a fermenter or a shake flask were sampled with a previously burnt loop 

and the surface of agar medium containing Petri dishes was streaked with that loop. 

Dishes were then incubated at 28 °C for 2 to 3 weeks. During that period of time, 

plates were checked every day for microorganism growth. The cultivated strain 

made its appearance at least after 7 days, whereas any contaminants, such as Bacillus 

spp., E. colt, Streptococci and others usually appeared much before. Specific care 

was taken when examining the already laid dishes in order to identify the source of a 

potential contaminant. If the contaminant was not grown on the lines scoured by the 

loop on the agar surface, there was a serious chance of it not originating from the 

culture, but from the air or the dishes themselves. At the slightest indication of a 

fermentation being contaminated, all following samples from that culture were 

checked for contaminants for verification.

In addition to the agar testing method all samples were checked under a 

microscope for contaminants. The morphology of all possible contaminants is much 

different than that of S. erythraea, so any other organism present in the sample could 

be identified as a contaminant. There were cases where the contaminant could not 

be detected by microscope observations, but it was clearly growing on the agar 

plates. As a result the microscope method was only used to confirm the Petri dishes 

results.
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2.4 Mass spectrometer analysis

The inlet and outlet gas of the fermenter were analysed in order to find out 

how much oxygen the cultivated microorganisms have consumed. The fermenter 

was connected on -  line with a VG MMG -  80 Mass spectrometer (VG Gas Analysis 

Ltd., Cheshire, UK). Oxygen, carbon dioxide and nitrogen levels were measured. 

The differences in the composition of the two gases were used to calculate oxygen 

uptake rate (OUR), carbon dioxide evolution rate (CER) and respiratory quotient 

(RQ). The calculations, as well as the logging of all fermentation parameters were 

carried out by RT -  DAS, a real time acquisition system (RT -  DAS, Acquisition 

Systems Ltd., Fleet, UK).
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2.5 Sample analysis

Samples were taken twice a day. In fermenter cultures three filled bijoux 

bottles were taken per sample, the first one containing dead volume of the sampling 

tube and thus being discarded. In shake flask experiments, two bijoux bottles were 

obtained per sample using a single use 25 mL pipette. Assays were then carried out 

on these samples, either immediately, or after the end of the fermentation, while 

samples were stored at -4 °C.

2.5.1.1 Erythromycin Bio-Assay

The punched plate bioassay, as described by Pellegatta et al. (1983) was used 

for erythromycin measurement. A clarified solution was necessary for this assay 

therefore samples of the fermenter broth were transferred into eppendorf tubes and 

were spun down in a Beckman Microfiige 11 at 13250 rpm for 10 minutes. All cell 

-  free supernatants were stored at -4 °C until they were assayed.

A culture of Arthrohacter citreus was grown in a shake flask containing 

Oxoid Nutrient Broth for 24 h at 28 °C and 200 rpm. A batch of 600 mL of nutrient 

agar medium (consisting of 12g Oxoid bacteriological agar and 7.8 g Oxoid nutrient 

broth) was sterilised and when cooled down to 40 °C incubated with 3-5 mL of the 

A. citreus culture. The mixture was poured onto an IMS-pseudosterilised assay plate 

(45 cm X 45 cm square and 10 mm depth). When the mixture was solidified, 49 

wells were punched on it using a 7.5 mm cork-borer supplied by Pattersons, Luton, 

UK. The upper end of the borer was attached to a tube, which led to the conical 

flask of a vacuum pump set up. This set up was necessary to ensure that all agar that 

was sucked up was collected in the vacuum flask. Each well was filled with 100 pi 

o f thawed fermentation broth supernatant, except from some wells being filled by 

calibration standards. Standards were prepared by 98 % erythromycin dehydrate 

(Aldrich Chemical Co. Ltd., Gillingham, Dorset, UK) in a range of 5-100 pg/mL. 

Samples were usually tested in duplicate. The assay plates were then incubated at 28
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°C for 24 h approximately and left for another 24 h at room temperature in order to 

get clear inhibition zones. These zones diameters were then measured with a ruler 

and it was this measurement that led to the calculation of the erythromycin titre in 

the broth.

The logarithm of the antibiotic concentration is proportional to the square 

distance between the reservoir and the zone border:

ln(m ) = ( d , - d 2 ) ^ / 4 * D c * T o

where: m is the antibiotic concentration 

di is the diameter of the reservoir 

d] is the diameter of the inhibition zone 

Dc is the diffusion coefficient 

To is the absolute temperature

Standard curves were plotted each time, based on this equation and by using 

standards values on Microcal Origin (Microcal Software Inc., Northampton, USA). 

The value of In (m) was plotted against (di - dzŸ for erythromycin standards and the

standard curve was obtained by linear regression. Using this standard curve

erythromycin concentration in the samples was calculated.

2.5.1.2 Erythromycin detection using HPLC

An HPLC Gold Chromatographic System (Beckman Instruments) was used 

to assay samples for erythromycin. The system was composed of a pump (model 

126), autosampler (model 507e) and an ultraviolet detector (model 166). System 

Gold software was used to control the system and to log data on an IBM computer.

All solvents used were HPLC grade (BDH, UK) and all other components 

were Analar grade (BDH, UK). Organic eluents were filtered through a 2.5 pm pore 

PTFE filter paper, (Whatman), and aqueous eluents were filtered through a Whatman
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No 1. Degassing of the eluents was carried out by using helium (BOC, Guilford, 

Surrey, UK). All the samples were filtered through a disposable 0.2 pm pore PTFE 

syringe filter (Whatman).

A reverse phase analytical column of 250 x 4.6 mm was provided by 

Phenomenex Prodigy ODS. The column was protected by a 45 x 4.6 mm guard 

column consisting of the same material. The columns were maintained, cleaned and 

re-calibrated according to the manufacturer’s instructions.

The column temperature was maintained at 50 °C with a block column 

heater. The auto sampler injected a 50 pL volume from the sample vials. The mobile 

phase consisted of Acetonitrile -  20 mM Potassium dihydrogen phosphate (pH = 

7.0) (45 : 55, v/v) at 1.0 mL/min.

Erythromycin A (93 % purity), erythromycin B (92 % purity) and 

erythromycin C (92 % purity) were used to identify the retention times and standard 

peak areas of the 3 substances.

Fermentation samples were treated appropriately, since they were not suitable 

for direct analysis with the HPLC due to a high level of impurities and relatively low 

concentrations of erythromycin. Solid phase extraction was developed for cleaning 

the samples and concentrating erythromycin (Heydarian et al., 1998). C 18 bond 

elute cartridges (Phenomenex, cat. 1211-3001) were used for the extraction. The 

extraction method was optimised using crude erythromycin (Abbott Laboratories, 

Chicago, USA) and was as follows:

i) conditioning of the column: 5 mL of 0.5 % diethyl amine in methanol 

was added in each cartridge

ii) rinsing of the column: 5 mL of 10 mM KH2PO4 buffer (pH = 7.0) was 

used to remove the activation solvent from step i)

iii) addition of the sample: 10 mL of cell - free supernatant was added in 

the cartridge

iv) rinsing: 5 mL of 10 mM phosphate buffer (pH = 7.0) were added in 

each cartridge to remove interfering compounds of the samples
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v) elution: 1 mL of methanol was passed through the cartridge to elute 

erythromycin from the solid sorbents.

The chromatograms obtained were used to calculate erythromycin 

concentration in the samples. The eluate from the HPLC columns could be 

collected, if desired, to measure antibiotic activity using bioassay, too.

2.5.2 Biomass measurements

2.5.2.1 Dry Cell Weight measurements

Broth samples of 5 mL were loaded on pre-weighted GF/F Glass microfilters 

with a pore size of 0.65 mm (by Whatman Ind. Ltd.). They were washed with an 

equal volume of R.O. water and then dried overnight at 100 °C. In order to avoid 

moisture assembling on the dry filters they were always kept inside a dessicator 

before (for ten minutes) and during weighing.

2.5.2.2 Microscope observations

As it has been said before all samples were checked under a microscope. 

This was done to look for any contaminants in the culture and to follow the growth 

of the organism. Although the method is not an accurate one and cannot give any 

readings, it proved to be very helpful in assessing the stage of the culture. 

Substantial differences in the appearance of samples under the lens could let us 

estimate the growth or stationary phase, as well as the condition and form of the cells 

e.g. mycelia, clumps.

2.5.2.3 Morphological measurements

An automatic image analysis system was used to acquire morphological 

measurements of the organism as described by Packer and Thomas (1990). A
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Magiscan 2A image analyser (Joyce LoebI Ltd., Gateshead, U.K.) was used to 

process the video output of a camera installed on a Polyvar microscope (Reichert- 

Jung, Vienna, Austria).

Fermentation samples were used to prepare microscope slides to be examined 

for morphological characteristics. Samples were diluted 200 to 2000 times using 50 

mM K3PO4 buffer (pH=7.0). The dilution was necessary to provide an appropriate 

number of microorganisms. A 50 pL aliquot of diluted sample was spread over the 

surface of a microscope slide and the slide was left overnight to dry on a level 

surface. A methylene blue solution was used for the staining: 0.3 g of methylene 

blue dissolved in 100 mL of 30 % ethanol solution. Dried slides were immersed in 

the methylene blue solution for 1.5 min and then rinsed with water for 2 min and left 

overnight to dry on a vertical position. The slides were then ready for image 

analysis.

The magnification used was 100 x 25 and the parameters measured in each 

sample for morphological characteristics were: main hyphal length (ML), Major axis 

(OL), mycelial area (MA), clump area (CA) (see App. 7.4).

2.5.2.4 Viscosity measurements

The viscosity of the culture broth was measured in order to get an idea of the 

extent of growth. A cone and plate digital viscometer (Brookfield Viscometers Ltd., 

Essex, UK) was used for that purpose. Values were given in eP and later converted 

to Kg/ms.

2.5.3 Lipase activity

The lipase activity was tested with the titrimetric lipase assay. This assay is 

based on the hydrolysis of triacylglycerol emulsions according to the reaction 

presented in Fig. 1.14. The formation of free fatty acids per unit time is measured at 

an optimum pH of 7.5 at room temperature by titration. The number of fatty acids
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released by hydrolysis is indicated by the amount of NaOH needed to maintain the 

pH constant, hence indicating a measure of lipase activity.

The émulsification reagent was prepared by the addition of NaCl (17.9 g/L), 

KH2PO4 (0.41 g/L), gum arable (6 g/L), R.O. water (40 % v/v) and glycerol (54 % 

v/v). The reagent was made in IL batches which could be used for several assays if 

stored in the fridge up to one month. The substrate emulsion was prepared by adding 

15 mL of tributyrin to 50 mL of émulsification reagent and finally to 235 mL of R.O. 

water, mixing them vigorously in a blender. Substrate emulsion had to be fresh, that 

is a new emulsion was prepared every day.

The actual assay was performed in a thermostated reaction vessel, where 20 

mL of the substrate emulsion were placed and left to equilibrate. The actual analysis 

started as soon as a 1 mL broth sample was added. The pH was adjusted to 7.5 by 

slow and controlled addition of 0.01 M NaOH. Automatic titration with 0.01 M 

NaOH was allowed to go on for 10 to 20 minutes in a Titrilab pH stat comprising of 

a VIT 90 video titrator, ABU 93 autoburette and SAM 90 sample station 

(Radiometer-Copenhagen, Denmark). All chemicals were GPR grade and provided 

by BDH, except from tributyrin which was supplied by Sigma.

The lipase activity was calculated by the rate of the addition of base. The 

consumption of 1 mL of 0.01 M NaOH is equivalent to the liberation of 10 p mole of 

fatty acid since:

moles of NaOH = Molarity x Volume = 0.01 x 1 x 10'^ = 10'^ = 10 pmoles

Therefore the lipase activity:

Volume activity = Volume of NaOH consumed x 10 (U/mL) / Time

In order to investigate the location of lipase activity in S. erythraea lipase 

activity was measured on whole broth samples, supernatant and centrifugation
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precipitate samples and whole broth that has been subject to sonication. Sonication 

took place in a Soniprep 150 (Sanyo).

2.5.4 Oil & Lipid assays

There are many methods for assaying for lipid/oil content. Various assays 

have been tested, taking into account similar researchers’ methods (Bausch, 1993).

2.5.4.1 Residual Oil Assay

The residual oil assay is based upon the solubility of oils and lipids in organic 

solvents, such as n-hexane. Samples had to be used immediately, that is not to be 

frozen for later assaying. 5 mL of the fermentation broth were mixed with 5 mL of 

n-hexane in large Falcon tubes using a Vortex. The tubes were then centrifuged at 

2500 rpm for 10 minutes in a Beckman Centrifuge. The formation of an upper 

hexane layer was the result of this step. This upper layer was removed and placed in 

small pre-weighed aluminum bowls and dried overnight at 100 °C. The bowls were 

weighed again and the difference from the previous measurement gave the weight of 

the oil extracted in the hexane layer. Since hexane is very volatile the only 

component accounted for in the weighing was the residual oil.

2.5.4.2 Total Lipid Assay

The principle of this assay is the reaction of lipids with vanillin and sulphuric 

and phosphoric acid to give a pink-coloured complex which can be identified 

quantitatively using a spectrophotometer and is based on a kit by Boehringer 

Mannheim Ltd. (UK).

The samples were always assayed against a range of standard solutions 

containing Rape Seed Oil at 10, 20 and 30 g/L. Those solutions were prepared by 

dissolving RSO in pure ethanol. Standards were always tested in triplicates.
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All samples were vigorously mixed using a bench top Whirlmixer 

immediately before starting the assay. 50 pL were taken out of each sample or 

standard and put in test tubes. All samples were done in triplicates to minimise 

experimental error, since poor mixing of the oil could lead to inaccuracies. The tips 

used to pipette the 50 pL were cut at the edge, in order to acquire a larger diameter 

and be able to sample large oil droplets. Concentrated sulphuric acid (95%) in 2 mL 

aliquots was then added in each tube, mixing on the Vortex. Tubes were then 

capped with plastic marbles and incubated in boiling water for 10 min. After tubes 

were left to cool down, 100 pL were transferred out of each tube into new clean 

ones. A new tube containing 100 pL of sulphuric acid was prepared in order to be 

used as blank for the spectrophotometer readings.

At this stage the preparation of the vanillin reagent is needed. This can be 

done by dissolving 1.98 g of vanillin in 40 mL of pure ethanol. The volume is then 

made up to 100 mL by addition of RO water. Finally the solution is made up to 1 L 

with concentrated phosphoric acid (85%) and kept in a light-proof container. It can 

be kept for a long time, as long as its colour does not change (it must be yellow).

2.5 mL of the vanillin reagent is then added in each of the tubes containing 

100 pL, mixing them on the Vortex. Tubes are then left in room temperature for 

another 30 min, while being mixed continuously, one after the other.

At the end of that time O.D. readings are taken at 536 nm using the tube with 

sulphuric acid and vanillin reagent as a blank. A standard curve was created with the 

values obtained for the standard solutions. The slope of this curve was used to 

calculate the oil content of the assayed samples and to create a graph of the oil 

utilisation profile along a fermentation.

2.5.4.3 Fatty Acid Méthylation Extraction - Gas Chromatography for Lipids

Fatty acids that were contained in the fermentation broth could be separated 

and measured by using chromatography principles. Fatty acid residues would move 

differently inside a column according to their size (chain length) and shape (presence
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of unsaturated bonds, etc.). However, fatty acids have to be treated appropriately, so 

that they can be separated with such a method (Lepage and Roy, 1986).

An initial procedure of méthylation and extraction (FAME) was 

implemented. 0.5 mL of fermentation broth was used as a sample for this assay. 

Benzene and methanol were added in the sample in equal volumes (5 mL each) and 

then 1 mL of acetate chloride was pipetted very slowly, to avoid explosion of the 

mixture. The vials containing the mixtures were then incubated for 1 h at 100 ° C 

and after they were cooled down to room temperature further treatment followed.

Up to now triglycerides, diglycerides and monoglycerides have been 

hydrolysed and fatty acid residues have been esterified with methyl groups. 

Extraction of those methyl esters was accomplished with hexane in two steps, where 

5 mL of n-hexane were added in the mixtures, as well as 5 mL of 6  % K2CO3 to 

form two different and clearly separable layers. The upper hexane layer was the one 

used for assaying with gas chromatography (all reagents GPR grade from BDH).

A Stabilwax-DA column (Thames Chromatography, Berks, UK) of 30 m x 

0.53 mm internal diameter and 0.25 film thickness was used in a Perkin Emler 

System. The initial temperature was 100 °C which was kept for 5 min and then it 

kept rising by 8  °C / min to a final 250 °C where it stayed for 5 min. A flame 

ionisation detector at 250 °C was used. Fatty acid concentrations in the samples 

could be calculated according to the retention times and chromatograph areas 

obtained for standards (pure rape seed oil).

2.5.5 Nutrient detection assays

2.5.5.1 Phosphate assay

The inorganic phosphate present in the samples of a culture reacts with 

ammonium molybdate to form phosphomolybdate. The latter is then reduced by 

ascorbic acid to colloidal molybdenum blue, which is determined photometrically.
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The molybdenum blue foimed is proportional to the quantity o f inorganic phosphate 

present.

Samples must be cell and protein free. For that reason, whole broth samples 

are spun down to remove the cells. The cell-free supernatants are then mixed with a 

20% TCA solution in a 1 v/v ratio to form 1 mL total volume. The mixture is 

centrifuged in a Beckman Microfiige 11 at 13250 rpm for 10 minutes to remove all 

protein. At the same time 5 standard solutions assayed, too. The solutions 

concentrations are 0, 0.5,1.0, 1.5 and 2.0 g phosphate/L.

100 pL o f the protein-free supernatant and standards are transferred in test 

tubes, each sample done in duplicates. There is no need to do duplicates for the 

standards.

The next stage involves the addition of a combined solution, which is always 

prepared fresh at the time of the assay. The contents of this combined solution are:

4.0-,

3.5-

3.0-

2.5-

C::, 2.0-

1.0 -

0.5-

0.0
3.02.52.00.5

Phosphate concentration (g/L)
1.50.0

Figure 2.1: Phosphate assay standard curve
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H2SO4 1 volume

RO H2O 2 volumes

10% Ascorbic acid solution 1 volume

2.5% Ammonium molybdate solution 1 volume

(ail reagents are GPR grade from BDH)

An appropriate volume of the combined solution is to be made each time 

since 0.350 mL are needed for each test tube. 0.350 mL of the combined solution 

are added in each of the test tubes, mixing the tubes after the addition. The tubes are 

then incubated in a water bath at 37 °C for 15 min and left to cool down for another 

10 min. Finally the absorbance is read at 700 nm, against a blank containing 

combined solution only. A typical standard curve is shown in Figure 2.1.

2.5.5.2 Ammonium assay

The principle of the assay is the reaction of ammonium with phenol 

Hypochlorite to give a blue colour complex which can be detected photometrically 

at 625 nm. Cell-free supernatants must be used for this assay after having been 

filtered through a Whatman 0.45 pm syringe filter. A solution of 0.066 g/L 

ammonium sulphate is used as standard.

Small 10 pL aliquots of the samples are mixed with 1.99 mL of deionised 

water in test tubes. All samples are done in duplicates. Three standards are prepared 

by mixing 10 pL, 50 pL and 100 pL of the standard ammonium solution with 1.99 

mL, 1.95 mL and 1.9 mL of RO water. All tubes are then incubated in a water bath 

at 37 °C. After 1.5 minutes 1 mL of phenol reagent is added in every tube, while in 

the water bath, mixing every tube on a bench top Whirlmixer. The phenol reagent is 

previously prepared by dissolving 15.5 g of phenol and 0.0625 g o f sodium 

nitroprusside in 500 mL of RO water and is kept in several small vials in the freezer. 

After another 4 minutes, that is 5.5 minutes after the start of the assay, 2 mL of the
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scdiuir: hypochlorite solution is added in- every tube, nhxing agftin. The latter 

reagent is prepared by dissolving 5.2 g of sodium hydroxide and 5.38 mL of 

hypochlorite solution in 500 mL of RO water and is kept in the fridge (all reagents 

are GPR grade from BDH).

The tubes are then left in the waterbath for a total of 35 minutes. At the end 

of the incubation all samples are checked for optical density at 625 nm against RO 

water as a blank. The values obtained for the standards are used to make a standard 

curve the slope of which is then used to calculate the ammonium ion concentrations 

in the samples.

A typical standard curve is illustrated in Figure 2.2:

0 .8 -

Ec
m  0.6 -
CN
CD

8 -

0 .2 -

0.0
0.100 .0 80 .0 4 0 .0 60.02

Ammonium concentration (g/L)
0.00

Figure 2.2: Ammonium standard assay

2.5.5.3 Glucose assay

This assay was based on the Glucose [HK] kit provided by Sigma. Whole 

broth samples were assayed by mixing 10 pL of samples with 1 mL of the Glucose
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[HK] reagent provided with the kit. The mixture was left to react for 5 minutes and 

then the absorbance was read at 340 nm against a blank containing RO water and 

reagent, at the same ratios. Standards were also tested in order to create a standard 

curve to be used in the calculations for the concentrations of the samples.
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2.6 Error analysis

All data obtained from assays were processed appropriately, so that reliable 

comparisons and conclusions could be made. As mentioned earlier, samples were 

tested in duplicates or triplicates and average values were used for graphs and tables. 

Standard deviations at the range of ± 5 % were calculated for all data in order to find 

out whether the values measured lied within acceptable limits. Some typical 

standard curves and graphs with error bars are presented in Appendix 7.1.

Using average values made comparisons between batches more reliable and 

confirmed reproducibility of assay techniques. In cases where one of the triplicates 

was too high or too low compared to the other two (as standard deviation indicated) 

the extreme value was rejected and the average of the other two was used instead.

There were cases, however, where single sample values or even average 

values seemed odd. In such a situation, the points were not removed. On the 

contrary, plots included them, however, the odd points were not taken into account 

when comparing with other graphs.
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3.RESULTS

3.1 Initial experiments in shake flask scale

Preliminary experiments were carried out in order to study and understand 

the growth of the organism. Cultures were attempted at 2 L baffled shake flask 

scale, allowing 500 mL working volume, so that various conditions could be 

tested simultaneously. That way comparisons could be made as to what set of 

conditions should be adopted for stirred tank fermentations. In addition, running 

all these experiments at shake flask scale reduced costs and time, compared to 

running at a 2 L stirred tank scale.

The ability of the organism to grow on the complex medium was tested. 

Series of shake flasks with the 3 combinations of the medium (see section 2.3.1) 

were run in order to find out whether the organism can grow on the oil / dextrin 

medium and the oil only (no dextrin) medium. S. erythraea did grow 

successfully on all combinations of components, indicating that growth would be 

achieved at 2 L scale.

During those experiments, samples were taken aseptically twice daily to 

check for physicochemical parameters: pH, DCW, glucose, lipid content, lipase 

activity, erythromycin. However, some of these measurements could not be 

made due to the nature of the medium, i.e. DCW could not be measured since the 

medium is complex, glucose could not be measured since dextrin is not broken 

down to glucose residues. However, microscope observations helped assess the 

growth qualitatively.

Figure 3.1 shows the pH of a culture that contained 23 g RSO /L and no 

buffer. It must be noted that all values reported here are average ones from the 

triplicate flasks for each type of medium. The pH of the broth was decreased to 

6.10 at the early stages of growth and remained almost constant until 104 h. 

Then, a rise in pH was seen, that continued until the end of the culture, when a 

value of 8.2 was measured. For cultures with similar medium composition, with 

buffer, the pH was kept at 6.5. Lipase activity appeared after the first 24 h 

reaching values of 0.3 U/mL. Later on activity increased further to reach a 

maximum of 1.1 U/mL at 120 h. However, the enzyme activity declined towards
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the end of the run and reaehed 0.47 U/mL. The values for lipase are significantly 

lower than those obtained in stirred tank experiments (see section 3.4). This 

could be due to the differences in the extent of growth between the shake flasks 

and the fermenter. Growth in the fermenter is higher and biomass can reach 

much higher values. Therefore the amount of enzyme molecules produced by the 

cells is larger by volume (volumetric activity measured). Erythromycin was not 

detected at all during those cultures.

Figure 3.2 shows the total lipid content in shake flasks as measured by the 

total lipid assay (see section 2.5.4.2). Total lipid content profile can be used as 

an indication for oil utilisation in the culture. Values measured for initial 

concentrations differ from expected ones, therefore a safe conclusion about how 

much of the oil was utilised cannot be made. In addition, there are some odd 

points, e.g. in the 33 g/L batch at 24 h the lipid concentration seems to be higher 

than the initial one. In general, there seems to be a small decrease in lipid 

concentration throughout the experiments, despite the low levels of measured 

lipolytic activity.

Summary

S. erythraea ability to grow on complex medium was examined in 2 L 

shake flask scale. Low lipase activity was detected, indicating that the organism 

can produce the appropriate enzymes to break down rape seed oil triglycerides. 

Oil was metabolised by S. erythraea in small quantities, as Total Lipid Assay 

results showed. Further experiments in 2 L fermenter scale were then 

implemented.
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3.2 Oil utilisation

The primary aim of this study was to examine the ability of S. erythraea 

to catabolise oil. Oil could be used by the organism to satisfy its basic metabolic 

needs, such as pure maintenance of a cell population, or to enhance growth of a 

culture to result in higher biomass concentrations or even to increase secondary 

metabolite formation, such as erythromycin.

3.2.1. Initial experiments

The ability of the organism to utilise rape seed oil was the first aspect to 

be investigated. Rape seed oil has been shown not to be deleterious to S. 

erythraea in shake flask cultures. However, since biomass measurements were 

unavailable from the shake flask experiments, conclusions could not be drawn. 

Initial experiments in stirred tank scale were carried out to identify whether the 

oil had any dramatic effect on the organism’s growth, as the latter was reflected 

in OUR data.

Two batches were run at 500 rpm agitation speed at similar operating 

conditions, temperature, aeration rate, pH etc. The composition of the complex 

medium was the one given in the material and methods section (see section 2.3.3) 

and 23 g rape seed oil / L was added in only one of the two cultures. The control 

fermentation contained dextrin at 33 g/L to make up for the absence of oil on a 

weight per weight basis.

Microscope observations of samples from both fermentations showed that 

S. erythraea did grow to a large extent, compared to growth in previous shake 

flask cultures, in both batches. Since quantitative comparison was impossible 

based on the microscopic results, OUR data from the mass spectrometer were 

used to tell if the oil had any significant effect, positive or negative, on the 

organism’s growth. Figure 3.3 and Figure 3.4 show OUR patterns for the two 

cultures. In general, both graphs follow the same profile: OUR values are low, 

less than 1 mmol/Lh, from the beginning of the batch until the organism enters 

the growth phase. There is a small time difference between the two cultures as to 

when growth phase starts: 40 h for the 23 g RSO/L batch and 54 h for the no oil
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one. That is not considerably great and it could be attributed to minor differences 

in the inoculum condition or to the difference in substrate concentrations, which 

resulted in a slightly slower lag phase than in the first batch.

On entering the growth phase OUR increases rapidly to values above 4 

mmol/Lh in a period of 24 h. Maximum OUR values are 5.7 mmol/Lh at 62 h 

for the oil batch and 4.5 mmol/Lh at 77 h for the control. From that point on 

oxygen consumption declines slowly until the end of the culture. As far as the 

control (no oil) batch is concerned, this decline is smooth and presents no blips 

reaching a final value of 2.75 mmol/Lh. It must be noted that a large shift seen 

from 138 to 145 h was due to a logging system error.

On the other batch, the period from 88 h onwards is full of blips and 

fluctuations, with values from 3.1 to 3.7 mmol/Lh. This could be a result of the 

mixed catabolism of dextrin and oil by the organism cells during this period. 

Assuming that most of the dextrin has been consumed up to that point, the cells 

have to turn to the next available nutrient in order to survive. Thus, a mixed 

uptake of sugar and oil creates a need for mixed oxygen requirements, since the 

amount of oxygen needed to catabolise the two ingredients is different.

This hypothesis can be justified by the RQ data for the two batches. 

Figure 3.5 and 3.6 show the RQ patterns for the two cultures, as calculated by the 

OUR and CER data from the mass spectrometer. The RQ values up to growth 

phase are fluctuating a lot. Values of OUR and CER for that period are generally 

small and show a big fluctuation in comparison with their value. Therefore the 

ratio of those would give even greater fluctuations. When OUR and CER values 

increase their fluctuations become comparatively smaller and their ratio 

smoother.

From the time of maximum oxygen uptake onwards, RQ values are in the 

vicinity of 1.0. This is clearer with the control (no oil) batch, where values 

fluctuate around 1.0, which is the value o f RQ derived, when the organism 

metabolises sugars (Keshavarz-Moore, personal communication). In the other 

batch, RQ values are close to 1.0, but tend to get smaller towards the end. More 

specifically, there are values of 0.9 and many values close to 0.8. A value of 0.8 

implies that cells are using oil for their metabolic needs. Values between 1.0 and 

0.8 show mixed metabolism of sugars and oils, i.e. some cells take up sugars.
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some others use oil and some of them metabolise both nutrients (depending on 

the availability of nutrients locally inside the vessel).

Summary

All data presented above indicate that grovyth of the organism in the two 

batches could be considered to be similar in terms of biomass accumulation. It 

might even be said that the presence of oil as a nutrient enhanced growth and 

resulted in a 25 % higher OUR maximum titre. Therefore, it has been shown that 

S. erythraea presented no problems in growth when cultivated on an oil 

containing complex medium and further experiments could be attempted.
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3.2.2 Oil utilisation at various initial oil concentrations

Since rape seed oil has been verified not to affect growth negatively (at 

least at an initial concentration of 23 g/L in a complex medium) various initial 

concentrations from 0 to 30 g/L were tested. All fermentations were carried out 

at 500 rpm agitation rate and standard conditions, as reported in section 2.3.3. 

The aims of those experiments were:

i) to monitor oil utilisation throughout those cultures (whether oil is 

being utilised and at what extent)

ii) to identify the best initial oil concentration, that is the 

concentration that would lead to a combination of maximum oil 

utilisation and minimum residual oil concentration

Oil utilisation was monitored by two methods: Total lipid assay (TLA) 

and Fatty acid méthylation extraction -  Gas chromatography (FAME-GC). In the 

beginning of this study only TLA was performed, but after FAME-GC was 

developed all samples were run again with the new method. Therefore all results 

presented hereafter are derived from the FAME-GC method.

A typical oil utilisation profile is presented in Figure 3.7. Once again, 

this was a batch of 23 g RSO/L initial concentration run at 500 rpm agitation 

speed at standard conditions. Oil was expected to have been consumed, even 

partially, as mass spectrometer data had already indicated (see section 3.2.1). 

Therefore, assaying the samples for TLA and FAME-GC verified that rape seed 

oil was indeed catabolised.

Inspection of the graph shows that almost no oil was consumed during the 

first 55 h of the culture. The difference between the first value and the following 

three ones could be accounted to poorer mixing and dispersion of the oil at the 

very beginning of the run than later on. Some oil, 0.5 g/L, was utilised from 55 

to 82 h. That is the time period during which OUR increased to its maximum 

value of 5.7 mmol/Lh and then started declining (see Fig 3.4). Cells must have 

been using dextrin as carbon source, hence, no significant oil consumption took 

place in that period. However, from 95 h onwards, oil has clearly been used by
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the cells of S. erythraea. A more obvious decrease in oil concentration was seen 

between 103 and 124 h, while OUR showed a slight increase; 2.43 g/L drop in 

RSO concentration in 21 h time. RQ values for that period of time are closer to 

0.8 than at any other time during this batch (see Fig 3.6). After that point, oil was 

used until the end of the culture to reach a final concentration of 13.3 g/L. As 

explained earlier, oil was not the only carbon source metabolised at that period, 

dextrin was used at the same time and final oil content was not low. Residual oil 

concentration was 56.5 % of that in the beginning of the fermentation, thus 43.5 

% oil utilisation was achieved.

In order for rape seed oil to be taken up by the cells, lipase enzyme 

molecules have to break down the oil to fatty acids and glycerol. Therefore, 

lipase activity is an essential key step in oil utilisation. Lipase activity profile 

was plotted together with the oil utilisation profile, so that correlations, if any, 

can be found. Figure 3.8 shows those profiles from an initial 23 g RSO / L batch 

at 500 rpm. Lipase is produced even before significant oil utilisation is observed: 

3.71 U/mL at 81 h, while oil is still at 19.7 g/L. Lipase activity increases further 

to a maximum of 5.3 U/mL at 95 h, while oil is consumed. Although there is a 

low value point at 150 h, it can be said that enzyme levels are kept at a high level 

until the last 24 h of the run. At the same time oil keeps getting metabolised. 

Even though lipolytic activity declines by 30 % in the final sample, oil utilisation 

continues. This decrease in the enzymatic activity cannot be due to lack of oil 

substrate, since excess lipid is detected in the fermentation broth.

Overall, the oil consumption observed could be attributed to lipase 

activity. However, it is not clear why oil was not utilised more intensively, 

although lipase activity could be detected until the end of the fermentation. 

Perhaps, the initial RSO concentration was too high for the organism to consume 

at these operating conditions and that is why 13 g/L are left unused. Therefore, 

lower initial oil levels were tested in the following experiments.

Batches containing 10 g RSO / L were run, in order to check whether oil 

utilisation could be maximised and whether residual oil levels could be 

diminished. In addition, an extreme value of 30 g RSO / L was tested, to find out 

if the organism can grow on a mainly oil carbon source and what percentage of 

that oil would be utilised. Oil utilisation was monitored throughout those batches
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and the profiles obtained are presented in Figure 3.9. In addition, a 23 g RSO / L 

initial oil batch profile is shown so that comparisons can be made. All three 

types of batches show oil utilisation, though, at different rates. At first, the batch 

that started with 10 g RSO / L, showed the smallest oil utilisation: 17 % only, in 

other words, 8.3 g/L residual oil concentration. Most of that oil was used 

towards the end of the fermentation. So, the idea explained above, that less 

initial oil might lead to better oil consumption and therefore lower residual 

concentration did not seem to work. It seems that 10 g RSO / L i s  too little a 

concentration to start with, in order to make the organism switch to oil, since 

dextrin could well serve its metabolic needs for most of the fermentation running 

time.

As far as the richer in oil fermentation is concerned, oil utilisation 

followed a profile similar to that of a 23 g RSO / L batch. Oil consumption had 

slowly started at 51 h and by 88 h oil concentration had gone down by 2 g/L. 

This is higher than observed in the 23 g /L batch (0.5 g/L in a similar time 

period) and could be due to the fact that more oil was present, hence more of it 

was consumed. From 88 h until the end, oil utilisation was more obvious, but not 

as intense as in the 23 g RSO / L run. Residual oil concentration was 23.3 g/L 

and oil utilisation was 22.3 %, half of that in the 23 g/L RSO batch.

It must be noted that a 30 g R S O / L  batch contains only 3 g dextrin / L, 

so that carbon source total is kept to a total of 33 g/L on a weight per weight 

basis. Since the organism would first turn to dextrin for its metabolic needs, it 

can be concluded that dextrin would quickly run out making the cells switch to 

another source. Lipase enzyme molecules would help the organism take up the 

oil, which was found in abundance. Figure 3.10 shows the lipase activity profile 

in this batch, where higher activities have been measured. Activity appeared 

once again after 24 h of culture time. It increased quickly, though, to 6 U/mL at 

65 h. That is a much faster rate than observed in the 23 g RSO / L batch. 

Activity continued rising until 121 h reaching a high 10 U/mL value, almost 

double that of a 23 g RSO / L run. This high activity profile must be related to 

the high oil content of the medium (see also sections 3.4 and 4.2). Despite the 

fact that those were the highest lipase activity values measured, oil utilisation was 

not up to these expectations, as stated before.
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In this graph, a couple of odd points appear, for example the value 

measured at 64 h could be considered as a high one and it could be rejected. Or 

the value obtained from the 87 h sample could be considered as a very odd, low 

one and therefore it could be ignored. Overall, an acceptable profile is acquired 

allowing to compare with other batches.

The consumption of dextrin must have been very rapid, although no 

measurements can support this argument. Then the cells turned to the oil and the 

soy flour as substrates. Figure 3.11 shows RQ values during the culture. For the 

first 54 h mass spectrometer data were erroneous (at the second attempt of this 

batch there were logging problems during all 168 h, too). Anyway, RQ values 

after that point fluctuated between 1.0 and 0.8 and were closer to 0.8 during the 

last hours of culture. This means that the organism had definitely turned to oil as 

carbon source, but must have started using soy flour, too, even at a small degree. 

However, biomass growth based on dextrin at the first stages of the culture must 

have been very little compared to other batches, where initial dextrin was 10, 23 

or even 33 g/L. This might be a reason for lower oil utilisation, since fewer cells 

were present to consume this huge quantity of oil, although they produced a great 

deal of enzyme molecules to achieve that (see section 4.2).

Summary

Three different initial rape seed oil concentrations were examined at 500 

rpm batches, in order to see which one leads to higher percentages of oil 

utilisation. Final residual oil levels were not very low, however, a 23 g/L 

concentration led to 43.5 % oil utilisation, compared to 22.3 % with 30 g RSO / 

L and 17 % with 10 g RSO / L. That intermediate initial concentration (23 g/L) 

gives the best results in terms of final residual oil level and amount of oil being 

catabolised by the cells.
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Figure 3.11: RQ profile from a fermentation with 30 g RSO / L initially

3.2.3 Oil utilisation at higher oxygen fermentations

So far, a batch with an initial content o f 23 g RSO / L has been shown to 

result to the highest oil utilisation o f 43.5 %. Since oil catabolism demands more 

oxygen than catabolism of sugars, it was thought that an increase in the oxygen 

available to the cells might enable them to take up fatty acids and enhance oil 

utilisation. This could be achieved by increasing the agitation speed o f 

fermentation. Therefore, a number o f batches containing 23 g RSO / L initially 

were carried out at 750 rpm and higher. The oil concentration was kept at 23 g/L 

since this proved to be the best in the previous experiments.

Two types of batches were attempted:

i) at 750 rpm, constant throughout the run

ii) 750 rpm increasing to 1500 rpm gradually by 250 rpm stages
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Figure 3.12 shows oil consumption profile for the two new types of 

batches compared to the profile obtained at 500 rpm with the same initial oil 

concentration. The constant 750 rpm batch showed similar oil utilisation to the 

500 rpm batch. A small quantity of the oil, 3 g/L, was consumed between 43 and 

72 h of culture. Oil concentration started declining gradually again after 94 h to 

reach a residual value of 10.2 g/L. Therefore oil utilisation was 55.7 %, higher 

than the utilisation obtained in the 500 rpm batch. As a conclusion, increasing 

the stirrer speed resulted in better utilisation of the rape seed oil.

The increasing stirrer speed batch presented similar, yet better oil 

consumption. Oil was used even from the first 40 h, however concentration 

really started dropping after 66 h e.g. a 3 g/L decline in 7 h time from 87 to 94 h. 

Consumption continued further and resulted in a residual oil concentration o f 9.1 

g/L. This accounts for a 60 % utilisation of the nutrient, the highest one observed 

in this study. So, the organism does take up larger quantities of the oil, when 

higher levels of oxygen are maintained. This must be due to better mass transfer 

as far as the oil and oxygen are concerned (see section 4.1 and App. 7.6) which 

led to higher biomass growth. Since more S. erythraea cells were produced, they 

would have consumed more oil.

Oil utilisation has reached a maximum of 61 % so far, however that still 

left a high residual oil concentration with all the relevant implications (cost, 

problems in downstream processing). Since oil catabolism requires more oxygen 

than hydrocarbon catabolism, oxygen was thought to be a limiting factor for 

further oil utilisation. Hence, increased oxygen availability was applied by 

running an experiment where the gas inlet consisted of air and pure oxygen, in a 

mixture that was manually adjusted so that the DOT inside the vessel would 

never fall below 50 %. This was considered as a means to help S. erythraea 

metabolise higher rape seed oil quantities by allowing better biomass growth and 

by eliminating oxygen depletion in the broth.

Figure 3.13 presents the oil utilisation profile from the air / oxygen 

mixture batch in comparison with an air only supply batch oil consumption 

profile. Both batches were run at 500 rpm stirrer speed and contained an initial 

oil concentration of 23 g/L. In general the two profiles look very similar. Oil 

utilisation was slow at the beginning of the cultures, only to become more intense
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after 96 h. However, the air only batch resulted to a lower residual oil 

concentration (13.3 g/L) than that of the air / oxygen mixture run: 15.8 g/L. Oil 

utilisation in the latter batch was 31.3 %, quite low compared to the 43.5 % 

achieved with air supply only. So, the attempt to have more of the oil consumed 

by increasing the amount of oxygen available to the organism has not proven 

successful.

However, other factors, such as growth of biomass and lipase activity 

have to be taken into account, too. Comparing specific lipase activity from the 

two cultures (Figure 3.32) no considerable differences are revealed (see also 

section 3.4.2). Since lipase did not show lower activity, it can be said that the 

breaking down of triglycerides was not the limiting step in the high DOT culture. 

Perhaps an accumulation of diglycerides or monoglycerides further down the 

path or even accumulation of single fatty acids was the key step. Higher oxygen 

concentrations might have proven toxic, by increasing indirectly fatty acid 

concentration, which might reach toxic levels locally inside the vessel (see also 

sections 4.1 and 5).

Summarv

Higher agitation rates were applied in order to achieve higher oxygen 

levels in the fermenter. As a result, oil utilisation increased to 55.7 % at 750 rpm 

fermentations and 60.4 % at 750 -  1500 rpm fermentations compared to 43.5 % 

at 500 rpm batches. Therefore, oxygen is necessary in high levels to allow S. 

erythraea to take up fatty acids. An enriched oxygen batch was attempted, 

however, oil utilisation was not improved, on the contrary, it only reached 31.3 

%, despite the fact that DOT was kept above 50 % of air saturation.
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3.2.4 Fatty acid utilisation

Rape seed oil consists of five fatty acids which are esterified with glycerol 

molecules into triglycerides. Those fatty acids are: stearic acid, palmitic acid, 

linoleic acid, linolenic acid and oleic acid. Their ratio is shown in Table 3.1. 

Total lipid assay did not give any details as to how these fatty acids are consumed 

when S. erythraea cells take up the oil. However, Fatty acid méthylation 

extraction -  Gas chromatography method gives full details of concentrations of 

each fatty acid in the broth, since tri- di- and monoglycerides are broken down to 

single chain fatty acids during this assay, each fatty acid can be detected 

individually and its concentration can be measured.

Table 3.1: Rape seed oil fatty acid composition

Linoleic C 18:2 225

Linolenic C 18:2 10.0

Oleic C 18:1 61.0

Palmitic C 16:0 5.0

Stearic C 18:0 1.5

Fatty acid content in RSO is 85 % in weight.

Figure 3.14 shows the profile of the concentrations of the fatty acids 

which rape seed oil is made of, during a batch run at 500 rpm agitation rate and 

with an initial concentration of 23 g RSO / L. It is clear that oleic acid is the 

most abundant component of the oil. Stearic acid, on the other hand, is not 

detected at all by the current method, that’s why there are only four plots in this 

Figure. Oleic acid seems to be the fatty acid with the highest utilisation. Its 

initial concentration of 17.5 g/L drops by 1.3 g/L at 55h. Further, relatively slow, 

consumption of oleic acid leads to 14.9 g/L at 103 h. From that point on, the 

fatty acid gets utilised intensively, until the end of the culture (168 h) to a 

residual concentration of 10.3 g/L. This difference accounts for a 40 % 

utilisation of oleic acid.
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Palmitic and linolenic acid seem to be utilised, too, since their initial 

concentrations of 1.25 and 2.10 g/L end up to 0.98 and 0.96 g/L respectively. 

On the contrary, linoleic acid concentration does not change at all throughout the 

fermentation: a constant 1 g/L. This difference in the behaviour of the organism 

towards the four fatty acids raises questions about any possible preference of S. 

erythraea for some of the fatty acids against the remaining ones. It could be said 

that S. erythraea favors oleic acid very much and palmitic and linolenic slightly. 

On the contrary, S. erythraea could be thought not to prefer linoleic acid at all for 

its metabolic needs. Or it could be just the fact that there is more oleic acid 

around, therefore the organism uses oleic on a greater rate. However, this is a 

subject that might need further investigation (see sections 4.1 and 5). It must be 

noted that the pattern of selective utilisation of fatty acids has been observed in 

all types of fermentations carried out within this study, so it’s not a phenomenon 

that has to do with initial oil concentration or other fermentation parameters.

A typical chromatogram of a whole broth sample fatty acid content as 

derived by the FAME-GC method is shown in App 7.5. The five fatty acids can 

be clearly seen in this graph. Their retention times are: palmitic acid 17.8 m, 

stearic acid 20.3 m, oleic acid 20.7 m, linoleic acid 21.2 m and linolenic acid 

21.9 m. The differences in the retention time are due to the size and shape of the 

fatty acids. The smallest one comes out first i.e. palmitic acid that is made of 16 

carbon atoms. The following one is stearic acid which is composed of 18 C 

atoms and contains no double bonds. Oleic acid follows due to the presence of 

one only double bond in the 18 C chain. And finally, linoleic and linolenic acid 

show up, both of them built from 18 C units, carrying 2 double bonds in their 

chains, however, different in shape.

Summarv

Rape seed oil contains five fatty acids: oleic, stearic, palmitic, 

linoleic and linolenic acid. The concentration profile of those during a culture 

showed that oleic acid is the one mostly consumed: 40 % of its initial 

concentration was catabolised. Palmitic and linolenic acid followed in terms of
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utilisation. This situation is independent of the initial rape seed oil concentration 

and fermentation agitation rate.
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Figure 3.14: Rape seed oil fatty acid utilisation profile
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3.3 Oxygen in S. erythraea cultures

Oxygen is a very important element to many microbial cultures. Since S. 

erythraea are aerobic bacteria an oxygen supply is needed in fermentations 

involving this organism. Oxygen is used by the cells to maintain themselves in 

life. As a result oxygen is expected to affect growth of the organism in a culture. 

Heydarian et a l (1996) have shown that S. erythraea growth is inhibited when 

grown at a low constant DOT of 10 % air saturation in a 7 L fermenter and at 500 

rpm compared to a similar fermentation where DOT did not fall below 65 %. 

Apart from growth oxygen is important for other aspects of this study, such as oil 

catabolism and erythromycin production.

3.3.1 Initial experiments

Oxygen levels in a fermenter culture were monitored by DOT 

measurements. A DOT profile was obtained for every single fermentation 

performed within this study. Oxygen levels differed from batch to batch 

depending on the aeration rate and the agitation speed. A typical DOT profile, as 

observed in a 500 rpm batch at 1 vvm is shown in Figure 3.15. DOT levels are 

quite high in the beginning, as expected. After the first 30 h of the lag phase a 

decline is observed. DOT values decrease from 100 % to 0 -  5 % in 30 -  40 h 

time in all fermentations run at 500 rpm. From that point on, until the end of the 

fermentation oxygen levels remained low, at 0 to 5 % of air saturation.

Oxygen consumption at those batches was followed by measuring the 

composition of the inlet and outlet fermenter gases. Calculations of the 

differences gave the values of OUR and graphs were plotted. A typical OUR 

pattern is presented in Figure 3.16. This OUR profile comes from the batch 

where Figure 3.15 DOT profile was obtained from. Therefore, oxygen levels can 

be related to oxygen uptake and vice versa. OUR levels were relatively low 

during the lag phase (0 to 30 h) and started increasing from that point to reach a 

maximum at 60 -  70 h. The maximum value ranged from 4.5 to 6 mmol/Lh (see 

Figure 3.18). OUR values start declining after this peak for 25 to 35 h to reach
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3.5 to 4.5 mmol/Lh. After that time, OUR lluctuates around those values and 

sometimes slowly declines further.

Similar to the OUR profile is that o f  the CER. CER is also calculated by 

the differences in the compositions o f  the inlet and outlet fermenter gases. A 

typical CER profile is presented in Figure 3.17. It must be noted that this plot 

also comes from the same batch as the previous two graphs. CER also is low 

during the first 30 h (lag phase). Then, it starts increasing to reach its m aximum  

values o f  4 to 6 mmol/Lh at the same time as OUR does. Similarly, CER values 

decline in 25-35 h to 3 -  4.5 mmol/Lh and fluctuate until the end.

Figure 3.18 presents a combined graph o f  OU R patterns obtained from 

batches run at 500 rpm with different initial rape seed oil concentrations o f  0, 10 

23 and 30 g/L. It can be clearly seen that all four types o f  batches showed 

similarities in oxygen consumption patterns. Apart from the no oil batch, where 

a longer lag phase was seen, OUR increased after 30 h o f  culture. A peak was 

soon reached (see Table 3.2) : 4.5 mmol/Lh at 77 h for the no oil batch, 4.85 

mmol/Lh at 53 h for the 10 g/L run, 5.7 mmol/Lh at 62 h for the 23 g/L batch and 

5.65 mmol/Lh at 57 h for the 30 g/L batch. In the 30 g RSO / L batch, OU R 

slowly declined to reach 1 mmol/Lh in the end o f  the run. On the other three 

types o f  culture, OUR remained around the values o f  3.5 to 4.5 mmol/Lh until 

the end o f  the run. More particular, in the 10 g/L batch, OUR declined after it 

reached its maximum, only to increase again after 45 h to values similar to its 

m axim um  ones. This was only observed in this kind o f  medium composition 

(see also section 4.1).

Table 3.2: OUR peaks at four rape seed oil eoncentration ferm entations

0 4.50 77

10 T 85 53

23 5 J 0 62

30 5.65 57
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Summary

Fermentations carried out at 500 rpm agitation rate indicated that oxygen 

was maintained at fairly low levels for a log period of time. Oxygen uptake rate 

(OUR) maximum values ranged from 4.5 mmol/Lh to 5.7 mmol/Lh. Higher 

oxygen levels were necessary, that is why higher agitation rates were used in the 

following fermentations.
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3.3.2 Increased oxygen level experiments

3.3.2.1 Increasing the agitation rate

During the experiments described earlier all aspects governing oil 

utilisation and relevant issues were thoroughly examined. All these issues had to 

be examined at rieher oxygen levels, too. Thus, fermentations at higher stirrer 

speed were implemented, so that higher DOT levels would occur and oil 

utilisation would be studied at higher oxygen levels.

Initially, batches were run at 750 rpm with a medium containing 23 g 

RSO / L, as this combination of carbon sources and nutrients proved to be the 

most successful in terms of percentage of initial oil used at 500 rpm experiments 

(see section 3.2.2). Oxygen levels, were higher, compared to a similar batch run 

at 500 rpm, as indicated in Figure 3.19, where DOT patterns from the two 

batches are plotted. In both cultures oxygen levels started dropping after the first 

36 h, although the decline was slower in the 750 rpm batch. At 48 h DOT was 

less than 5 % in the 500 rpm run, where as it took 66 h for the same thing to 

happen in the higher stirrer speed one. From that point on, DOT remained close 

to 0 % until the end of the eulture in the low speed run, whereas a small increase 

was seen in the 750 rpm one. It must be noted that a small problem in the 

eonnection between the DOT probe and the logging system did not allow logging 

smoothly the increase in DOT that occurred between 85 and 110 h (eonflrmed 

only by personal observation). That increase led to DOT values of 35 to 55 %, 

which are considerably high in comparison with DOT values acquired from the 

500 rpm bateh at the same time period. Therefore, oxygen levels inside the 

vessel were indeed higher when stirrer speed was turned up, as it was expected.

Further inerease in the agitation rate would require the performance of a 

batch at 1000 rpm stirrer speed. However, this proved to be impossible, since the 

highly agitated broth would quickly foam up and block the outlet gas 

sterilisation teflon filters, even before the addition of the 100 mL inoeulum. An 

indirect way to reach higher agitation rates was implemented, though. A batch 

was started at 750 rpm and as soon as the DOT fell below 50 % the stirrer speed 

would be turned up by 250 rpm increments to improve oxygen dissipation inside
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the vessel. This happened three times at 48, 118 and 128 h respectively, to reach 

a final 1500 rpm agitation speed. The DOT profile recorded by such a run is also 

shown in Fig 3.19, so that comparisons can be made between the three batches. 

The batch involving step -  increase in the stirrer speed contained similar medium 

composition with the other two ones e.g. an initial concentration of 23 g RSO / L.

Comparison of the 750 rpm batch with the step increase run, verifies that 

oxygen levels were indeed higher due to the higher stirrer speed. And when 

DOT fell below 50 %, the increase from 750 rpm to 1000 rpm at 48 h brought 

oxygen tension back to 70 % of air saturation by 80 h. Foaming was not a 

problem by that time, since the organism was well grown and the effect of 

biomass on viscosity was enough to overcome this obstacle. From that time on, 

DOT declined, even at 1000 rpm, to levels below 10 % after 100 h of culture. 

Unfortunately, this occurred overnight, and since the change in the stirrer speed 

was done manually, the next change to 1250 rpm did not take place until 118 h. 

This increase was not adequate to bring DOT back to above 50 % values. 

Furthermore, when DOT reached 35 % at 121 h it started declining again to reach 

15 % at 127 h. At 128 h the speed was increased for the last time to the final 

value of 1500 rpm, only 10 h from the previous stepping up, and resulted to the 

increase in DOT values up to 75 % at 136 h and to values above 80 %, observed 

till the end of the run.

Overall, Figure 3.19 shows that increasing the agitation speed during a 

batch leads to higher DOT values, therefore to higher oxygen availability inside 

the vessel. As a result oxygen consumption will be higher, since cells will have 

more oxygen available for their needs (growth and secondary metabolism). That 

is reflected in the OUR patterns acquired by the three types of batches, as those 

are presented in Figure 3.20. At first, lag phase is reduced up to 24 h when 750 

rpm is the value set for initial stirrer speed, in contrast with a 36 to 40 h lag phase 

observed in all 500 rpm fermentations. Secondly, OUR maximum values do 

differ when the higher stirrer speed is used: a value of 11 mmol/Lh was reached 

at 65 h in the 750 rpm run, almost a two -  fold increase from the 5.7 mmol/Lh 

500 rpm batch at 77 h. Additionally, OUR reached 13 mmol/Lh at 60 h in the 

stepping up batch, at a time when stirrer speed has already been increased to 

1000 rpm. There was certainly better growth of the biomass when higher stirrer
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speeds were used and that was due to the higher available oxygen levels. This 

observation also corresponds with the higher oil utilisation seen in these batches, 

especially in the increasing agitation speed one, after 80 h (see section 3.2.3).

The effects of agitation speed on growth can also be verified by plotting 

the profile that viscosity values followed through these 3 cultures (see Figure 

3.21). It is clear that the viscosity of the fermentation broth increased along 

growth phase in all three cases. However, the increase observed in the stepping 

speed up batch is much higher and quicker than that in the 500 and 750 rpm run. 

Increasing the stirrer speed at 1000 rpm at 48 h shot viscosity to a maximum 

value almost double that of the 500 rpm batch: 133 cP at 1000 rpm and at 88 h 

compared to 62 cP at 500 rpm and 80 cP at 750 rpm at 90 h. It must be noted 

that the difference in the stirrer speed among the three batches accounts for 

differences in the viscosity values, anyway. However, enhanced growth due to 

better oxygen dissipation in the higher stirrer speed cultures amplifies viscosity 

values and is also responsible for the differences observed. In the 750 to 1500 

rpm batch, viscosity started dropping after the second change in the stirrer speed 

(118 h). This is also repeated after the final stirrer speed increase at 128 h, and is 

thought to be due to the effect of the stirrer speed on the cell population 

(morphology and durability) (see also section 4.1).

Summarv

Higher agitation rates led to increased dissolved oxygen tension values 

along the duration of the cultures. DOT did not reach 0 % until late in the 750 

rpm batches, whereas DOT was kept above 50 % in the stepping up runs. 

Similarly, OUR reached higher values, up to 13 mmol/Lh, compared to 5.7 

mmol/Lh at 500 rpm fermentations.
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Figure 3.19: DOT profiles from fermentations at different agitation patterns
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Figure 3.20: OUR profiles from fermentations at different agitation patterns
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Figure 3.21: Viscosity profiles from fermentations at different agitation 
patterns

3.3.2.2 Increasing oxygen in the gas inlet

Up to now it has been shown that an increase in the oxygen dissipation 

inside the fermenter broth can result in higher biomass growth, better oil 

utilisation and enhanced erythromycin production (see section 3.5). That was 

achieved by improving mixing conditions of the broth and by increasing mass 

transfer between the gas bubbles and the liquid phase. All o f the above could 

also be achieved by increasing the actual amount o f oxygen supplied in the 

fermenter and not only by improving the use o f  the already existing one. This 

was done by mixing pure oxygen with air in the gas inlet, therefore supplying the 

vessel with a mixture richer in oxygen. The ratio of the two gases in the inlet 

mixture was manually adjusted, so that DOT would not fall below 50 % at any 

time.
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Figure 3.22 shows the DOT profile from such a batch with an agitation 

speed of 500 rpm and an initial RSO concentration of 23 g/L. An initial lag 

phase of 24 h was observed in this run, too. After that time DOT started 

declining to reach values of 450 to 60 % at 40 h. It must be noted that between 

40 and 53 h an undesirable decrease in the DOT values was recorded, however 

the oxygen / air mixture was not adjusted properly to overcome this, since it 

occurred overnight. At 53 h the amount of oxygen directed in the fermenter was 

increased, leading to an increase in DOT. Six hours later DOT rose above 50 % 

the desired value for this run. At 82 h the mixture was readjusted to allow for a 

small decline in DOT values since the supply of pure oxygen was so high that it 

would lead to fairly high DOT values (93.5 % at the time of adjustment and it 

would go above 100 % if left like that). The fermentation continued with a DOT 

plateau at 60 % of air saturation, until 140 h. Then a small increase up to a value 

of 80 % was observed, although not successfully recorded by the logging system, 

that continued until the end of the run.

In general, oxygen levels were fairly high during most of this 

fermentation. Even in the 750 to 1500 rpm batch DOT values were lower 

overall. Therefore, the addition of pure oxygen to the gas supply of a 

fermentation does increase oxygen concentrations inside the broth. 

Unfortunately, mass spectrometer equipment presented faults and no gas analysis 

data were available for that batch. Therefore, no conclusions can be drawn on 

oxygen consumption in this run and no direct comparisons can be made between 

this batch and a control (no pure oxygen supply) one.

However, the actual concentration of oxygen in the liquid phase could be 

calculated for the two batches. Taking Henry’s law and oxygen solubility in air 

into account, oxygen concentrations in the liquid phase of both fermentations 

were calculated by the DOT values profile (see App 7.2). Figure 3.23 presents 

the patterns oxygen concentration followed in those batches. It is obvious that 

oxygen concentration in the pure oxygen / air mixture run was more than double 

of the batch with air supply only, during most parts of the culture.

Based on the results presented in the previous graph, higher biomass 

accumulation would be expected in the batch where DOT was kept above 50 %. 

On the contrary, as viscosity data from the two batches indicated, biomass levels
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were not higher than those in the control (air supply only) batch (Figure 3.24). 

Viscosity values during growth phase are lower: 64 cP at 100 h in the control 

batch and 50 cP at 112 h for the rich oxygen run. These differences certainly 

imply an unexpected difference in growth of S. erythraea between the two 

cultures. Although the organism was thought to exploit the higher oxygen levels 

supplied to it, growth was even slightly lower than in a batch with "normal" 

oxygen conditions. Maybe oxygen in high levels proved itself toxic to S. 

erythraea or the effects that high oxygen concentrations caused were toxic for the 

cells (see also section 4.1).
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Figure 3.22: DOT profile from a fermentation with pure oxygen addition to 

maintain DOT above 50 % of air saturation
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3.24: Viscosity profiles from fermentations with and without pureFigure 

oxygen addition
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3.4 Lipase Activity

3.4.1 Lipase Assay Optimisation

The lipase titrimetric assay was used to determine the enzymatic activity 

of lipase enzymes of S. erythraea. The assay was performed initially under 

various conditions to identify the most appropriate ones for enzymes produced by 

the organism used. It must be noted that all measurements were performed three 

times for each sample and average values are reported only.

The pH of titration was checked, as well as the nature of the sample. The 

substrate used for assaying the samples, tributyrin, was also tested against rape 

seed oil, in order to check the enzyme’s ability to degrade that oil in vitro. The 

temperature in which the reaction takes place has not been considered as a factor 

to be checked, since the effects of it on the measured activity are not considerably 

great (Large et a l,  1999). A range of temperatures from 26 to 37 °C were 

examined in the latter report and the effect on the measured lipolytic activity did 

not seem to be important, especially in this case, where a relatively high enzyme 

activity was observed anyway. In general, the work done by Cavanagh (personal 

communication) was followed, in terms of which conditions were to be checked 

and in what range. The following sections describe the ideal conditions in 

respect of the assay variables of pH, nature of sample and reaction substrate.

3.4.1.1 Reaction pH

Five different values of pH were investigated, all in the region of 7.0 to 

8.0, since it is known that lipases from relative strains have an optimum at that 

range (Large et a l,  1999; Chartrain et a l, 1991). The values tested were 7.0, 7.2, 

7.5, 7.8 and 8.0. All the samples tested for lipolytic activity came from a 

fermenter batch containing rape seed oil at a 23 g/L initial concentration and they 

were assayed immediately after sampling without any further treatment, that is 

whole broth samples, indicated by Large et a l ,  (1999) as the best choice. It must 

be noted that in all cases the reaction temperature was that of the ambient 

environment. The enzyme activity measured is illustrated in Figure 3.25.
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In the beginning of the experiment, samples were tried at pH 7.2, 7.5 and 

7.8. Preliminary trials with samples from shake flasks and stirred tanks have 

shown that these are the pH values yielding higher measured activity, therefore 

we expected the optimum pH to be one of these values. However, more extreme 

values were tested, too, in order to have a thorough illustration of the profile. 

When a considerably high measurement was taken at these three guiding pH 

values the other values were tried, too. That is, at the very early stages of the 

culture samples were tested at pH 7.2, 7.5 and 7.8 and no activity was measured. 

When the enzyme activity reached values higher than 1 U/mL, the remaining pH 

values were checked, too. That is why, there are no points for pH 7.0 and 8.0 at 

all time stages in the graph.

Examination of the profiles in Figure 3.25 indicates that measurements 

carried out at pH 7.0 and 7.2 led to substantially lower readings. For example at 

65 h lipase activity was found to be 1.52 U/mL at pH 7.0, 1.75 U/mL at pH 7.2, 

3.0 U/mL at pH 7.5, 3.3 U/mL at pH 7.8 and 3.5 U/mL at pH 8.0. The 

measurement taken at pH 7.0 differs by 67 % from the value measured at pH 8.0. 

Therefore pH values of 7.0 and 7.2 were considered inadequate and they were 

given up for the remaining samples of the batch. Readings at pH 8.0 seemed to 

follow a strange profile. At the first stages of the fermentation lipase 

measurements at pH 8.0 were higher than those obtained at pH 7.5 and 7.8. 

However, after 90 h, values at pH 8.0 started declining and even got lower than 

those measured at pH 7.5 and 7.8 at 114 h. This extreme assay pH value was 

considered untrustworthy and was not used any more (it was a buffer zone value 

anyway).

Values obtained at pH 7.8 were slightly higher then the ones measured at

7.5 e.g. 3.90 U/mL compared to 3.76 U/mL at 114h. Therefore, the value o f 7.8 

could theoretically be used for the lipase assay since higher measured enzyme 

activity is preferable. The pH of the mixture of the substrate emulsion with the 

fermenter sample though, is approximately 6.5 and NaOH solution is added so 

that the titration pH is adjusted. The higher the assay pH is the larger the volume 

of NaOH needed to be added. In addition, the time spent to adjust the mixture 

pH increases, although this might only be a matter of seconds. Consequently, 

part of the enzyme activity might not be measured, simply because by the time
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pH is adjusted to 7.8 some tributyrin will have already been hydrolysed and the 

measured activity will not correspond to the true one. In contrast, a value of pH

7.5 can be adjusted faster and hence, lead to more accurate results without having 

to sacrifice high measured values.

Finally, a pH of 7.5 was decided as the best one for all consecutive lipase 

assays. It must be noted that quite high levels of the enzyme were measured: 4.1 

U/mL in comparison with values given by other researchers: 2 U/mL for 

Nocardia lactamdurans (Chartrain et a l, 1991), 0.45 U/mL for Streptomyces 

clavuligerus (Cavanagh et a l , 1994).

Titration pH 
Optimisation

pH7.0
pH7.2
pH7.5
pH7.8
pH8.0
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3 .5 -
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2 . 0 -
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0.0
120 144 16824 48 72 96
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Figure 3.25: Lipase Activity at different reaction pH values

3.4.1.2 Nature of sample

It has been reported that lipases can be either extracellular (secreted out of 

the cell) or cell-associated (surface-bound) (Chartrain et al., 1991; Rapp and 

Backhaus, 1992; Large et a l, 1999). In order to identify what the case is with the 

strain under examination, a number of different sample preparations were 

assayed for enzymatic activity:
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a) whole broth samples (as taken out of the fermenter).

b) cell-free broth supernatants, prepared as suggested by Large et al. (1999). 

Supernatants were cell-free since they were obtained after centrifugation 

of whole broth samples for 15 minutes at 12000 g in a MSB Chilspin 

Labtop Centrifuge and removal of the precipitate.

c) sonicated broth; samples were sonicated for 5 cycles o f 10 seconds 

duration each, allowing 10 seconds between cycles, so that cells would be 

lysed.

d) resuspended cells; cells from centrifugation precipitates were resuspended 

to a same volume of 50mM KH2PO4 (pH=7) buffer.

The assay was performed at a pH value of 7.5, since this value was 

derived as the optimum one from earlier experiments (see section 3.4.1.1) and at 

room temperature. Samples came from a fermenter batch containing initially 23 

g rape seed oil per litre. From the results shown in Figure 3.26, it can be clearly 

seen that cell-free supernatants contained almost no lipase activity. Therefore, 

lipase is not an enzyme that is secreted out of the cells of S. erythraea, otherwise 

it would be found in the supernatant of the fermenter liquid and it would be 

detected by the assay.

In contrast, whole broth samples as well as resuspended cells samples 

equally gave considerable levels of enzyme activity leading to the conclusion that 

lipase must be cell-associated. Cells samples would not show any activity if the 

enzyme was extracellular, since the material where the enzyme would be found 

had already been removed by centrifugation. So, the enzyme has to be cell- 

associated.

Sonicated broth samples showed substantially low enzyme values. 

Ultrasounds cause many cells to lyse and parts of their membranes where lipase 

molecules are situated get destroyed including molecules of the enzyme itself. 

Therefore, some lipolytic activity is measured due to spare intact lipase 

molecules in the sonicated broth. Overall, since lipase is cell-bound it is best to 

use whole broth samples for more accurate measurements o f the enzymatic 

activity.
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Figure 3.26; Effect of sample condition on measured lipase activity

3.4.1.3 Reaction substrate

The original substrate emulsion contained tributyrin, which was 

successfully used by previous researchers in this field. The oil used in the 

fermentations of this study contains fatty acids other than butyrate (see table 3.1). 

Therefore, in order to check whether measurements taken against rape seed oil as 

a substrate led to more realistic results, RSO emulsions were used in the assay 

too. Whole broth samples from a fermenter batch containing initially 23 g rape 

seed oil per litre were assayed at pH = 7.5 and at room temperature, using both 

emulsions for each sample to compare the difference, if any, in measured 

enzymatic activity. The results from this test indicate that the RSO emulsion was 

of no success to the reaction (Figure 3.27). It must be noted that RSO emulsions 

did not seem to have adequate dispersion of the oil compared to the tributyrin 

emulsions, since large drops of RSO not getting mixed were clearly visible.

113



Tributyrin
RSO

4 - ,

S ■

:î -

I
Z i

72 9624 48 144 168

Time (h)

Figure 3.27: Measured lipolytic activity on tributyrin and RSO emulsions

3.4.2 Lipase profile at various oil concentrations

Lipase activity was measured all along fermentations so that the 

theoretical ability of the organism to take up the rape seed oil could be 

monitored. The activity of the enzyme was tested in whole broth samples three 

times immediately after they were taken from the fermenter. All average 

measured values were plotted against time and a lipase activity profile was 

created for each batch.

Lipase activity followed similar profiles regardless of the initial rape seed 

oil concentration. The enzyme was never detected before the first 40 hours of the 

culture. At that point activity started to appear at low values of 0.2 to 0.6 U/mL. 

A small yet gradual increase in the activity could be seen until 88-98 hours. A 

plateau was reached at that time and the activity of the enzyme did not change 

significantly until about 144 hours. The maximum activity values though, 

differed from batch to batch. During the last 24 hours of the culture a small 

decrease in the enzyme was noticed on a rate varying among batches.
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A comparison of the lipase activity between different initial oil 

concentration and agitation speed fermentations can be seen in Figure 3.28;

Og RSO 500 rpm 
-A— 10g RSO "
-o— 23g RSO "
-V— 30g RSO ”
X— 23g RSO 750-1500 rpm 
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Figure 3.28: Lipase activity profile at various initial rape seed oil 

concentrations and agitation speeds

In general, the profile could be considered similar among batches at 500 

rpm. The volumetric activity of lipase follows the organism’s growth and gets 

stabilised when the cells enter the stationary phase. It can be seen that the 

maximum activity of the enzyme ranged from 4.1 U/mL at 0 g/L initial rape seed 

oil. 5.3 U/mL at 23 g/L initial rape seed oil to 10.5 U/mL at 30 g/L initial rape 

seed oil. The difference in those values could be related to the amount of oil 

present in the fermentation broth. It can be clearly seen that lipase is produced 

constitutively. Lipases have been reported to be induced by the presence of oils 

in fermentation media (Suzuki et a i, 1988; Omar et a i ,  1987) therefore there 

could be a connection between initial rape seed oil concentration and maximum 

lipase titres.
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In order for that statement to be cme biomass should be taken into account 

when calculating lipase activity. Specific lipase could be used to compare 

enzyme values from different batches making sure that differences in growth are 

not reflected in lipase activity differences and therefore do not affect conclusions. 

However, direct biomass measurements were unavailable at all times. Viscosity 

of the culture broth could be used instead (Chartrain et a l ,  1991; Sarra et a l ,  

1996, Choi et a l , 1996), but viscometer readings were not implemented from the 

beginning o f this project. Oxygen uptake rate profiles were the most uniform 

means to compare growth between all different batches. The ratio o f volumetric 

lipase activity to the value of OUR at that time gives specific lipase in 

(U/mL)/(mmol/L/h) and comparisons can be easily made as seen in Figure 3.29:
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Figure 3.29: Specific Lipase Activity at various initial rape seed oil 

concentrations and agitation speeds

Note: OUR values have been smoothed according to adjacent averaging method 

using Microcal Origin (Microcal, USA); last point for 30g 500 rpm omitted.

Although, there are a few odd points in these plots comparisons can be 

made. The Figure shows a significant increase in specific lipase activity when
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the medium contains 30 g/L rape seed oil. The observation agrees with the 

hypothesis of oil presence inducing lipase production by the cells. However, if 

lipase is produced only when oil is found in the medium a batch with 0 g/L RSO 

would be expected to show no lipase activity at all. On the contrary Figures 3.28 

and 3.29 show that batches containing no oil at all gave samples with not only 

measurable but also high enough titres. As a conclusion, lipase can be produced 

at the absence of oil, therefore it could be constitutive. A set o f experiments was 

designed in order to investigate the matter further (see also section 3.4.3).

As far as agitation speed is concerned there seems to be a small difference 

in specific lipase among batches containing 23 g/L RSO at speeds o f 500 rpm, 

750 rpm and 750 increasing to 1500 rpm. Comparing lipase patterns from the 

three types o f batches using OUR values should be avoided, since higher 

agitation speed leads to better mixing around the vessel and increased mass 

transfer hence, higher oxygen concentrations and therefore to increased OUR 

values. The use o f viscosity of the culture broth as an indicator for biomass 

accumulation in order to compare specific lipase is shown in Figure 3.30:
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Figure 3.30: Specific Lipase Activity based on viscosity at 3 batches with 23 

g initial RSO at various agitation rates
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It is now clearer and safer to comment on differences among the three 

batches. At first, there is a distinct difference at the first stages of growth, up to 

72 h, a period during which specific lipase is higher at both 750 rpm batches 

than in the 500 rpm batch: e.g. 24 (U/mL)/(Kg/ms) at 55h for the 500 rpm batch 

in contrast to 52 and 62 (U/mL)/(Kg/ms) at 55 h and 41 h respectively for the two 

750 rpm batches. The higher specific lipase values could be due to the fact that 

the agitation rate of 750 rpm leads to higher growth of the organism because of 

better mixing conditions, therefore larger amounts of lipase enzymes are present 

in the broth. At 48 h the agitation speed was increased to 1000 rpm in the third 

batch, hence the decrease of the specific lipase to values at the range of 37 to 48 

(U/mL)/(Kg/ms) until 118 h. At that point the speed was increased further to 

1250 rpm whereas viscosity remained at the same levels. At 128 h the final 

increase to 1500 rpm took place leading to high specific lipase values of 131 and 

156 (U/mL)/(Kg/ms) at 136 and 145 h. These high values are owed to the 

decrease in viscosity (14x10'^ from 74x10'^ Kg/ms) during the last 30 h of the 

run. On the other hand, the other two batches, the one at 500 rpm and the one 

kept constant at 750 rpm show much lower values: 59 (U/mL)/(Kg/ms) at 81 h 

for the first one and 67 (U/mL)/(Kg/ms) at 90 h for the 750 rpm one. It could be 

said that those two batches show similar patterns apart from the fact that after 

100 h of culture the 750 rpm batch values are slightly lower because of the higher 

viscosity values. Towards the end of the increasing speed fermentation a sharp 

decline of the lipase activity is observed which could be due to increased damage 

to the enzyme peptides caused by high agitation rates.

Overall the differences in specific lipase activity for the three batches 

could be attributed to differences in the extent of growth. Those growth 

differences could be attributed to mass transfer variations in the three cases and 

differences in viscosity depending on the morphology.

Another fermentation was carried out, using richer oxygen supply, in 

order to investigate the effects on growth and oil utilisation. A mixture of air and 

pure oxygen was used as gas inlet and the ratio was controlled manually so that 

the DOT inside the vessel would not fall below 50 %. Samples from that batch 

were also tested for lipase activity and viscosity, allowing to check whether 

higher oxygen levels affect enzyme production. Figure 3.31 shows a comparison
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betv/ceii this batch and a control batch, that had the same medium composition 

(23 g RSO / L) and agitation rate of 500 rpm. It can be clearly seen that there is 

almost no difference between the two graphs. The usual pattern is followed 

again: lipase appears after 24 h, reaching values up to 32 (U/mL)/(Kg/ms) in both 

runs. Then, a higher increase is observed, until the end o f the fermentation where 

values of 91 and 100 (U/mL)/(Kg/ms) are measured (a very low value o f 

viscosity measured from a sample at 150 h o f the control run can be ignored). As 

a conclusion, it can be said that richer oxygen environment, caused by the supply 

o f air / pure oxygen mixture in the fermenter did not affect lipase activity profile 

negatively nor positively.

■o—  Control 
«— DOT > 5 0 %

120-1

100 -

u>Ii
s
s .

8 0 -

6 0  -

4 0 -

i
VQ.

CO
2 0 -

1 6 81 4 41209 62 40 4 8 7 2

Time (h)

Figure 3.31: Lipase activity profile at increased oxygen levels

Summary

Lipase activity was followed throughout all fermentations. The profile 

was similar in all fermentations, whether or not rape seed oil was present in the 

medium. Maximum activity titres were obtained at excess oil fermentations (30
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g/L) and reached 10 U/mL. In all other media combinations volumetric activity 

maximum values were quite similar. Comparing specific lipase activity shows 

that high oil content yields higher lipase activity. When agitation rate is 

increased, specific lipase activity is increased, too, and this could be due to better 

growth. Supplying the fermenter with rich in oxygen gas had no effect on 

specific lipase activity.

3.4.3 Lipase: induced and constitutive element

Since lipase was shown to be produced even though no oil was present in 

some fermentation media (see also section 3.4.2, Figure 3.28) S. erythraea was 

thought to produce lipase constitutively. Other relative organisms e.g. S. 

clavuligerus produce lipase only when induced by the presence of the enzyme’s 

substrate, oils (Large et a l,  1999). Additionally, the increased lipase activity 

measured in the batches containing high amounts o f rape seed oil (30 g/L) 

compared to the activity found in batches containing lower quantity of oil (10 g/L 

and 23 g/L) led to the hint that there is some relationship between the presence of 

oil and enzyme production.

There seem to be two distinct elements in lipase production by S. 

erythraea: lipase is produced regardless of the medium composition (constitutive 

element) and more lipase is synthesised if oil is present (induced element). In 

order to identify and quantify these two elements, a number of experiments were 

carried out at 500 rpm agitation rate: batches were started without any oil initially 

and as soon as lipase activity reached high levels, oil was added aseptically in 

order to promote further enzyme production. This led in even higher lipase 

activities, as expected, due to the induction by the fed rape seed oil. It must be 

noted that the amount of oil was 23 g/L initially and it was added at the time that 

lipase reached the plateau observed in Figure 3.28 (90 hours). A comparison 

between a batch containing no oil at all, a batch containing 23 g/L RSO right 

from the start and a batch with oil being injected at 23 g/L RSO at 90 hours is 

shown in Figure 3.32.

All batches have been carried out in duplicates to ensure reproducibility. 

More specifically the two duplicate batches where oil addition took place are
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shown in Figure 3.33, since they are the most important ones as far as the 

induced element of lipase is concerned. In both fermentations, the medium 

contained no oil at all initially. Lipase activity was monitored throughout all 

culture time (168 hours). According to previously carried out experiments lipase 

values reached a plateau at 84-94 hours (Figure 3.28). Therefore oil should be 

added at that point, so that any possible further increase in the enzyme titre could 

be easily identified. More specifically 23 g RSO/L were injected aseptically in 

the vessel at 90 hours in both batches. Growth was similar in both fermentations, 

as OUR and viscosity readings, where available, indicated. Therefore, batches 

were really comparable and conclusions can be drawn upon data on a volumetric 

basis e.g. using lipase activity measured in U/mL and not in (U/mL)/(Kg/ms).

Feeding Oil 
— Initial oil 
—o— No Oil

i
U:
% 2 - 
E.

Oil addition

0 2 4 96 1204 8 1 4 4 1672

Time (h)

Figure 3.32; Lipase induction by oil addition; comparison with 23 g/L and 0 

g/L batches

It is obvious from Figure 3.33 that lipase activity was almost identical in 

the two batches. In both cases an increase in the enzymatic activity from 3.4 

U/mL to 5.9 U/mL was observed 48 hours after the oil feeding. There certainly
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seems to be a relation between oil addition and lipase increase. However, there is 

a considerable amount of time where no significant change is observed in the 

enzyme numbers (Fig. 3.32). This could be due to a number of reasons that are 

discussed later (see also section 4.2).

Looking at Figure 3.32 reveals a similarity between the 3 patterns. The 

delay in the lipase induction seen in the “oil addition” batch could be resembled 

to the delay in the appearance of the enzyme in the “initial oil” batch, as if oil 

enhances lipase production, yet through a mechanism that takes long to work in 

both batches (48 h in the “addition” batch). The pattern of the induction is 

similar and the increase in the enzyme activity takes place at a similar rate and 

for a similar amount of time: it takes 25 h for lipase to increase by 30 % in the 

initial oil batch (from 3.71 U/mL at 70 h to 5.285 U/mL at 95 h) and it takes 27 h 

for lipase to increase by 43 % (from 3.56 at 136 h to 6.21 at 163 h). All these 

indications lead to a conclusion of two distinct elements, constitutive and 

inducible, in the production of lipase by S. erythraea.
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Figure 3.33: Duplicate batches with oil addition to induce lipase activity
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Another expcnmrrf was carried out in order to investigate further the 

nature of the induction of lipase enzyme production. A batch was started at 500 

rpm without any initial oil. Oil addition took place in this run, too, only the time 

that it was injected was different. The oil was added at the time that OUR 

reached its maximum value. This was considered to be a time point with more 

potential as far as induction is concerned, since the culture at that peak metabolic 

point has the capacity to produce more of the enzyme when induced to do so, 

than at any other time later on. Unfortunately, mass spectrometer data were not 

available during the time of that fermentation due to technical reasons. However, 

growth was monitored through viscosity measurements. Since the pattern o f the 

viscosity of the broth during the first 80 h of the run was similar with that of a 

batch where oil was added at lipase activity plateau, growth was assumed to be 

similar, too, at least until the point when oil was added in the culture. Therefore 

the time point when OUR reaches its maximum was assumed to be the same with 

that of the earlier oil addition (at lipase plateau) fermentation i.e. 72 h. A 

comparison between the lipase activity in these two batches is shown in Figure 

3.34.

— Oil added at 90 h (lipase plateau) 
o—  Oil added at 72 h (OUR max)
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Figure 3.34: Specific lipase profile at batches with oil addition
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It can be seen that specific lipolytic activity followed a similar profile as it 

had done previously. Lipase appeared only after 24 h of culture, increasing to 

around 40 to 50 (U/mL)/(Kg/ms) at 48 h and then slowly getting higher. In both 

cases the rate of increase got higher, although different after 100 h to reach a 

maximum of 107 (U/mL)/(Kg/ms) towards the last 24 h of the run. In the batch 

where oil was added at 90 h a steep increase appeared at 136 h. Whereas in the 

72 h oil addition batch the rate of the increase was lower and more evenly 

distributed from 100 h till the end (168 h). So, the addition of the oil at the 

maximum OUR point allowed the organism to produce more enzyme molecules 

before reaching its maximum production point (assuming that this coincided with 

the 90 h lipase plateau point).

Summary

Lipase was produced by S. erythraea even at the absence of oil from the 

medium. Therefore, lipase biosynthesis was considered constitutive. In addition, 

lipase activity was higher when high amounts of oil were present in the 

fermentation broth. This indicated that the substrate might induce further lipase 

enzyme production. Oil addition in a no oil containing batch induced further 

lipase activity, with a delay of 48 h. therefore, lipase activity was clearly divided 

in two distinct elements: a constitutive one and an inducible one.
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3.5 Erythromycin production

Erythromycin production was monitored throughout the cultures with the 

use of two methods: bio-assay and HPLC. In the beginning, the method of bio

assay was performed only, since the HPLC method was not fully developed. The 

results obtained gave a rough indication of the erythromycin production profile in 

general. More accurate measurements could be made later on and in particular 

erythromycin could be separated to erythromycin A, which is the most useful and 

biologically active one, and the other forms.

Figure 3.35 shows a typical erythromycin profile as obtained by bio-assay 

from a batch that contained 23 g RSO/L initially run at 500 rpm agitation speed. 

Erythromycin is not at all detectable during the first 120 h of culture. Antibiotic 

is produced from 124 h and titres increase even until the end of the culture. The 

final titre of 221 mg/L is a relatively low compared to concentrations obtained by 

fermentations of the same organism in complex medium at a larger scale 

(Heydarian, 1998). It must be noted that this titre represents all type of 

erythromycin produced by S. erythraea i.e. erythromycins A, B, C, D, E and F. 

This profile agrees with theory, since erythromycin is a secondary metabolite, 

therefore its production should be expected towards the end of a batch culture.

Erythromycin production was followed in every batch at all operating 

conditions in order to examine any possible relation of fermentation and 

physiological parameters, such as agitation speed, oil initial concentration etc. 

with it. Table 3.3 summarises the results from some representative batches. 

Antibiotic final titres are reported, because these are the ones that might be of 

interest when it comes to commercial exploitation of erythromycin production. 

For the range of experiments carried out at 500 rpm and at all four initial RSO 

concentrations volumetric and specific erythromycin values are fairly low: 166 to 

221 mg/L and 2.88 to 3.88 xlO^ (mg/L)/(Kg/ms) respectively. This might be a 

result of low oil utilisation which consequently could be a result of low oxygen 

availability around the vessel due to the relatively low agitation rate of 500 rpm 

(see also sections 3.2, 3.3, 4.1 and 4.3). However, presence of oil in the culture 

did seem to have an effect on the production of erythromycin. When the stirrer 

speed was increased to 750 rpm, hoth volumetric and specific erythromycin titres
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were increased two fold: 467 mg/L and 8.05 xlO'^ (mg/L)/(Kg/ms). This must be 

an effect of the richer oxygen conditions at 750 rpm that result to higher growth, 

better oil utilisation and therefore more intense antibiotic production. As far as 

the increasing agitation rate (750 to 1500 rpm) batch is concerned, volumetric 

erythromycin increased by 150 % (546 mg/L) and specific erythromycin 

production reached a 30 xlO^ (mg/L)/(Kg/ms), i.e. 690 % increase.

Table 3.3: Volumetric and specific erythromycin A productions at different 

stirrer speeds of S. erythraea fermentations

500 0 166 + 21 2.88

500 10 192 ± 15 3.34

500 23 221 ± 12 3.81

500 30 192 ± 12 3.31

750 23 467 ±14 8.05

750-1500 23 546 ± 10 30.00

The results from Table 3.3, especially the ones from high agitation speed 

batches indicate that erythromycin production could be enhanced with the use of 

oil as nutrient. In order to examine further the differences between the three last 

batches from Table 3.3. Their profiles of erythromycin production were 

compared in Figure 3.36. As reported earlier in this section, erythromycin 

production started after 100 h of fermentation. Samples from earlier time points 

were assayed, however they showed no antibiotic activity at all. Samples from 

100 h onwards only, are shown in Figure 3.36. Due to technical reasons some of 

the samples from the 750 rpm batch were not assayed. Nonetheless, it is clear 

that specific erythromycin production was almost double during the last 20 h of 

the culture. In the third fermentation, antibiotic profile resembles the one from
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the second, constant 750 rpm, batch until 118 h. At that point the stirrer speed 

was turned up to 1250 rpm and in 10 h time it was increased once again to 1500 

rpm. This agitation rate increase had a tidal effect on the production of 

erythromycin: 18 h after the first and 8 h after the second increase in stirrer speed 

specific erythromycin titre tripled up, from 5.4 to 15.8 xlO^ (mg/L)/(Kg/ms). 

Antibiotic concentration kept rising until 145 h when the maximum of 30 xlO^ 

(mg/L)/(Kg/ms) was reached. After that time erythromycin titre decreased 

slightly to 27.2 xlO^ (mg/L)/(Kg/ms). This small decline could be due to 

degradation for physicochemical reasons.

Increasing agitation rate can lead to higher erythromycin production. 

Therefore, increasing the amount of oxygen available for growth and metabolism 

would be expected to have a similar or even more impressive result. Figure 3.37 

shows the profile of erythromycin production from a batch where pure oxygen 

was mixed with air to supply the vessel in order to keep the DOT above 50 %. In 

the same Figure the erythromycin profile from a typical (control) batch can also 

be seen. It must be noted that both fermentations were run at 500 rpm and 

contained RSO to an initial concentration of 23 g/L. In the case of the richer 

oxygen batch, erythromycin appears at 118 h at 1.77 xlO^ (mg/L)/(Kg/ms) which 

is quite similar to the control batch value (1.67 xlO^ (mg/L)/(Kg/ms)) at 124 h. 

For the next 32 h specific erythromycin from the high oxygen batch follows the 

pattern of the control batch profile, yet at values 17 to 33 % higher (2.84 xlO^ 

(mg/L)/(Kg/ms) compared to 2.15 xlO'^ (mg/L)/(Kg/ms) at 150 h). 

Unfortunately, analysis of the last two samples from the oxygen enriched 

fermentation were faulty and data are not available for the final erythromycin 

concentrations in this run. Judging from the rate of increase of antibiotic titre 

until 150 h, it could be supposed that a final erythromycin titre higher than 3.81 

xlO^ (mg/L)/(Kg/ms) (control value) might have been achieved owing to richer 

oxygen conditions.

Summary

Erythromycin can be biosynthesised from moieties derived by fatty acid P 

- oxidation. Oil utilisation in S. erythraea cultures could enhance erythromycin
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production. Erythromycin titres were not affected by initial rape seed oil 

concentrations at low oxygen conditions (500 rpm fermentations). When 

agitation rate increased, oil utilisation increased and erythromycin titres 

increased, similarly. This was even more obvious in the step-wise increasing 

stirrer speed batch, where specific antibiotic production increased by 690 %.
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Figure 3.35: Typical erythromycin production profile during a fermentation
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4. DISCUSSION

4.1 Oil utilisation

S. erythraea cultures were earried out throughout this study to examine 

the ability of the organism to metabolise rape seed oil during the production of 

polyketides. Initially, the ability of the microorganism to grow on a medium 

containing this oil had to be examined. Various Streptomyces spp. can degrade 

many biopolymers and that is linked to their capacity to produce large amounts of 

extracellular enzymes which can in turn break down the nutrients to smaller 

manageable residues (Gilbert et al., 1995). Relative mieroorganisms have been 

shown to grow on eomplex media containing oil (Large et a l,  1999; Park et a l ,  

1994a, b; Ohta et a l, 1995; Mitsuru et a l, 1997; Tan and Gill, 1985; Lee and Ho,

1996).

Initial cultures were performed on shake flask scale. S. erythraea did 

grow on all combinations of media, however the extent of growth could not be 

quantified due to the nature of the medium and the existence of partieulates in it. 

The organism produced lipase enzymes, even at a low level, in order to use rape 

seed oil. Oil utilisation was very small, however, the fact that even a little bit of 

the oil was catabolised encouraged the attempt of higher scale experiments.

The first cultures carried out at 2 L scale were aimed to eompare growth 

and oil utilisation on two media: one with rape seed oil and one without oil. S. 

erythraea grew quite well on both combinations of media, achieving similar 

levels of biomass accumulation, as far as this can be seen by OUR data. Rape 

seed oil was indeed eatabolised in the oil containing culture, therefore further 

experiments could be performed so that oil utilisation could be further explored.

Various initial rape seed oil concentrations were implemented in order to 

find out if that would have any effect on how much of the oil is finally used. The 

values chosen were in the range of 0 to 30 g/L as this was indicated as a good 

range to work with by other researchers (Park et a l, 1994 a, b; Cavanagh et a l, 

1994). From all values of initial oil concentration, 23 g/L proved to be the most 

successful concentration. A 43.5 % utilisation was achieved at those 

fermentations, giving a 13.3 g RSO / L residual concentration.
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Higher initial oil (30 g/L) did not result in higher utilisation, most 

probably because the organism could not adapt to using so much oil for its basic 

metabolic needs. The microorganism preferentially used dextrin before using 

rape seed oil in this fermentation, as S. clavuligerus had done in similar 

conditions (Cavanagh, personal communication). This could be due to the 

availability of the substrate, oil in particular, which is limited by the degree of its 

dispersion in the process medium. It is thought that oil is not uniformly 

dispersed, especially in the beginning of a fermentation, as reported by Tan and 

Gill, (1987). In addition, the delay S. erythraea cells show in using rape seed oil 

as a carbon source might be due to regulation of the primary metabolism. Since 

dextrin is a favoured carbon source, the bacteria might be prevented or repressed 

from producing the enzymes involved in the catabolism of the alternative carbon 

source, i.e. the oil. Therefore, only a small amount of the second source will be 

used before dextrin is depleted and the relevant enzymes will be synthesised to 

the appropriate extent after that point (these enzymes might be other than lipase, 

involved further down in the uptake and breakdown of free fatty acids by the 

cells).

Apart from dextrin and rape seed oil, soya flour contains carbon atoms, 

too. This carbon component present in the soya flour might be also catabolised 

by S. erythraea cells. Motina et al, (1991) suggested that the presence of 

complex solids, such as soya flour can solubilise protein during sterilisation. S. 

clavuligerus was shown to do so, since soya flour is substantially broken down 

during sterilisation as indicated by the protein profiles and the rise in pH during 

this operation (Cavanagh, personal communication).

Slower growth was observed in this high oil content fermentations and 

this could have been due to two reasons. At first, the organism would have to 

establish a cell -  substrate association which would involve a uniform dispersion 

of the oil in the broth. However, some S. erythraea cells would be in a more 

advantageous situation being close to a two-phase interface and hence take up 

rape seed oil, while other cells could be found solely in the aqueous phase and as 

a result they would only use dextrin as a carbon source. However, dextrin was 

present in small quantities (3 g/L only) and it would be fairly quickly consumed. 

Secondly, a lag phase in the induction of lipase is required before the oil can be
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metabolised (Tan and Gill, 1987) (see also section 3.4.3 and 4.2.3). Poor lipase 

induction will result in slow fatty acid oxidation, since there will be reduced 

transport of fatty acid residues into the cells. This will in turn reduce growth 

since oil cannot be readily used by cells immediately after dextrin depletion and 

ultimately reduce antibiotic production (Tan and Ho, 1991).

Similarly, a lower initial concentration of 10 g/L only yielded a 17 % 

utilisation of the oil. Although, the lower concentration was expected to lead to 

higher utilisation, in terms of percentage of oil being used, this did not happen. 

The reason behind this might be that since there was more dextrin available to the 

microorganism, cells did not respond to oil as quickly and as intensively as they 

had done in a 23 g/L batch, or just because oil was found in a low concentration.

Overall, an initial concentration of 23 g RSO / L was derived as the most 

successful one, in terms of percentage of oil being used, residual oil level and 

biomass growth. This oil concentration is in the range of oil concentrations 

reported by other researchers to be improving antibiotic production. Park et al., 

( 1994a) examined the effect of various initial oil concentrations in the range of 0 

to 32 g/L on cephamycin C production and residual oil levels and reported that 

growth was not affected. An initial concentration of 7 g/L in the shake flask 

resulted in the highest cephamycin C production and the lowest residual oil. 

Choi et a l ,  (1996) used rape seed oil at initial concentrations of 40, 60, 80 and 

100 g/L and found that 60 g/L initial RSO gave the highest tylosin concentration. 

The amount of oil consumed was similar in all cases: 40 g/L was always used. It 

must be noted that DOT was held at 40 % of air saturation in all their 

experiments. From the above mentioned conclusions, it seems that once an 

optimal oil concentration is identified this could be applied in an enhanced 

antibiotic production which could be used for the production of already existing 

or novel polyketide antibiotics (see section 1.3.3).

Examination of the dissolved oxygen levels during the above cultures, 

along with the profiles of OUR led to the conclusion that oxygen limitation might 

be a reason for not getting higher oil utilisation. Oxygen is important for 

fundamental growth of the microorganism in a culture. In addition, it is 

important for other functions such as oil catabolism and secondary metabolite 

formation. Fatty acid catabolism requires more oxygen than carbohydrates
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breakdown does (Stowell, 1987). Therefore, increasing the levels of oxygen 

dissolved inside the vessel should increase oil utilisation.

One way of increasing dissolved oxygen in the medium is to improve the 

mixing of oxygen carrying gas bubbles. This can be done by implementing a 

higher stirrer speed. In addition, mass transfer between the gaseous phase and 

the liquid phase will be enhanced, therefore, more oxygen is going to be diffused 

in the liquid for the cells to take up (Dion and Kaushal, 1959; Konig et a l ,  1981; 

Heydarian et a l,  1996). Apart from the oxygen transfer, oil transfer should be 

improved, too. Mass transfer between the aqueous and the oil phase would be 

facilitated, resulting to more of the oil being available for the cells to break down, 

due to an increase of the kta of the fermenter (see section 7.6). Leitao et a l,  

(1997) found that allophane and alumina addition in Nocardia lactamdurans 

cultures resulted in higher levels of dissolved oxygen. Physical interaction and 

disruption of the air bubbles by the above mentioned compounds led to a larger 

gas / liquid interface and higher kta values in the vessel.

Fermentations were carried out at 750 rpm with an initial oil 

concentration of 23 g RSO / L and yielded a 55.7 % oil utilisation, compared to 

43.5 % acquired at 500 rpm with the same initial oil level. OUR data indicated a 

higher oxygen uptake by the cells, as was originally expected. Therefore, oxygen 

availability could be one of the most important factors affecting oil utilisation.

An additional increase of the agitation speed to 1000 rpm was attempted, 

so that even better mass transfer would take place, but foaming problems did not 

allow such experiments to be completed. Hence, a gradual step wise increase of 

the stirrer speed was implemented in batches with an initial 750 rpm speed and 

23 g RSO / L. The stirrer speed was increased to 1000 rpm, 1250 rpm and finally 

to 1500 rpm, so that DOT would never fall below 50 % of air saturation. Oil 

utilisation was shown to reach 60 % at these conditions, the highest one observed 

in this project.

The high oil utilisation observed is a  key to antibiotic biosynthesis. As 

mentioned before (see sections 1.3.2.2 and 1.4.2.1) fatty acid catabolism inside 

the cells leads to moieties that could be used by the microorganisms as building 

blocks for secondary metabolite formation. Therefore, the observation that a 

high percentage of the oil was indeed catabolised reveals a great potential for the
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use of oil containing complex media in already existing or novel polyketide 

antibiotics production.

As a result, it can be said that increasing the agitation rate in a 

fermentation leads to enhanced oxygen levels, as indicated by DOT levels kept 

above 40 %, and better oil mass transfer and hence to higher oil catabolism. 

Similarly, Ohta et ah, (1995), found that soy bean oil utilisation in Streptomyces 

fradiae stirred tank fermentations was higher when stirrer speed was increased. 

They suggested that more intensive mechanical agitation caused mycelial damage 

and led to higher oil consumption for two reasons: i) the cells needed fatty acids 

for cell membrane synthesis in mycelia damaged due to mechanical agitation and 

ii) damaged mycelia needed energy, which could be derived from fatty acids, for 

the synthesis of cell membrane. However, the same authors report that extreme 

agitation rates cause mycelial damage to a large degree which renders cells non 

viable and hence reduces oil consumption.

Heydarian, (1998), reported that agitation speed had minor effect on 

growth of S. erythraea on complex medium at 7 L scale, however, the maximum 

biomass concentration tended to be lower at higher stirrer speeds. In S. 

clavuligerus 7-L batch fermentations where DOT was maintained at 50 % of air 

saturation by using variable air flow rate better oil utilisation was achieved 

(lower residual oil compared to a no controlled batch) (Cavanagh, personal 

communication). In addition, growth was poorer at low agitation rate 

fermentations, while Belmar - Beiny and Thomas (1991) found that cell growth 

of S. clavuligerus as monitored by DCW was independent of agitation rate. 

Okabe et a l, (1992) found that high agitation speed at the initial stages of a 

Streptomyces strain fermentations resulted in cell growth inhibition, even though 

DOT was maintained at a high level. Instead, they suggested a suitable control 

profile for the fermentation, in other words, to start with a low agitation speed 

which is gradually increased, while maintaining dissolved oxygen levels above 

20 % of air saturation to avoid deleterious effects on cell growth. The suggested 

pattern was similar to the one used in the step wise increasing agitation rate 

experiment in this project (see section 3.3.2.1). The stepwise increase of 

agitation rate in the present study leads to a lower viscosity environment, as Choi 

and co-workers, (1996), and Heydarian, (1998), have reported, too, hence, cells
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are protected from high viscosity effects. It is not clear, though, if this is because 

of breakage of mycelia or lower biomass concentrations due to cell damage. 

Increasing agitation enhances oxygen transfer but damages filamentous 

microorganisms, as van Suijdam and Metz, (1981), report. Bronnenmeier and 

Markl (1982) showed that growth rates of several fungi were stirrer speed 

dependent. On the contrary, other researchers have reported that a decrease in 

agitation speed resulted in low productivity but did not affect growth of 

filamentous fungi (Konig et a l, 1981). Makangiansar et a l,  (1993), showed that 

increasing the agitation rate led to a decrease in the specific growth rate of 

Pénicillium chrysogenum fermentations. Similarly, an increase in the agitator 

speed in Streptomyces thermotolerans fermentations led to mycelial damage due 

to mechanical shearing and a decrease in the final antibiotic titre (Huang et a l ,

1997).

Chen and Wilde (1991) reported that when DOT was shifted down from 

100 % to 25 % of air saturation in the rapid growth phase, cellular growth, oil 

consumption and tylosin production were almost halted, but all resumed to their 

initial rates when DOT was shifted up to the saturation level again. S. erythraea 

fermentations at 7 L scale did not have oxygen limitation as the DOT never 

decreased below 45 % of air saturation, yet the highest oil utilised was 50 % 

(Mirjalili et a l,  1999). Chen and Wilde (1991) observed no difference in oil 

utilisation rate between DOT controlled at 100 % and uncontrolled batches: the 

oil decreased from 45 to 10 g/L in both cases. A large number of parameters 

such as biomass concentration, stirrer speed, nutrient concentrations, 

microorganism morphology (pelleted or mycelial forms) govern the relations 

between mechanical agitation, growth, substrate utilisation and product yield, 

hence the outcome might be different in each case, as illustrated above.

Pan et a l,  (1959) reported that fats are superior to carbohydrates as 

carbon sources for growth of fungi and Streptomycetes provided their dispersion 

in the process medium is adequate. The microscale of turbulence throughout the 

fermentation process was calculated using the Kolmogorov ’s scale, (p):

p = ( / s ) (assuming equal energy distribution in the bioreactor)

and it was found to be in the range of 100-1100 pm (see App. 7.3). As the 

viscosity of the fermentations was fairly high (maximum 160 cP), the microscale
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of turbulence increased during the first 60 -  80 h of the fermentation and then 

decreased. The average size of an oil droplet in a similar fermentation and tip 

speed was 10 -150 |im (Cavanagh et a l, 1994). So, the micro-scale of 

turbulence is in theory much bigger than the oil droplets. As a result, the oil 

droplets are entrained by the eddies and turbulence does not significantly affect 

further breakdown of the droplets and does not enhance droplet surface 

interactions. Within the eddies formed, there is little mixing, therefore, mixing 

on a scale smaller than the Kolmogorov scale is achieved by diffusion only which 

is slow. Cui et a l ,  (1998) concluded that in fungi, molecular diffusion was the 

dominant mechanism for oxygen transfer in the pellets and that convection and 

turbulent flow in the pellets were negligible in submerged fermentations. This 

could be the case in this project, where low mixing of the oil droplets could be 

the reason behind low oil utilisation.

In general, growth of a microorganism on an oil substrate requires good 

dispersion of the oil to a small particle size so that the area for lipase activity will 

be as large as possible. The higher the oil concentration, the larger the oil 

droplets and therefore, the surface area for lipase action is reduced on a volume 

basis. Although more oil is present, the ability of the organism to take it up is not 

proportionally higher, despite the fact that an adequate amount of appropriate 

enzyme molecules might be already present (Mimura et a l,  1971).

When two immiscible fluids are mixed in a bioreactor, the dispersion of 

one into the other produces large interfacial areas, which play an important role 

in heat and mass transfer. In the case of oil and water, those interfacial areas are 

the site of lipase activity where oil -  cell association takes place. The dispersion 

of the oily phase into the aqueous one is achieved by the energy that the impeller 

provides into the broth. This is accomplished in steps, with large oil droplets 

being formed initially, which break up further down until a dynamic equilibrium 

is finally reached. Other compounds present in the medium might affect the oil / 

water dispersion profile. Soya flour addition caused a significant change in the 

oil droplet size distribution in S. clavuligerus fermentations (Cavanagh et a l,  

1994). Oil tended to form larger droplets when soya flour was added in the broth 

because the oil is interacting with the flour. Soya flour could be causing oil 

droplets to coalesce by reducing the interfacial tension gradient and / or by
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increasing the surface tension. It has been also suggested that soya flour has 

surface active properties and can act as an emulsifier. Finally, it has been also 

thought that soya flour particles are coated by the oil in a way that an oil film is 

created around them due to cohesive forces between the soya flour and the oil 

and / or the affinity of the two. If that is the case then the oil, as well as the flour, 

might be turned to an inert and unusable material as the association could render 

both ingredients inaccessible for S. erythraea cells.

Emulsification of the oil could be a means to improve oil utilisation. The 

medium composition will affect the émulsification of the oil e.g. natural surface 

active agents such as peptone or even chemical ones. However, Tween 20 has 

been reported to cause an inhibitory effect on mycelial growth (Ichida, 1995). 

The inoculum of a fermentation can affect émulsification of the oil, too. The 

larger the volume of the inoculum culture, the higher the level of émulsification 

achieved. Ertola et a l, (1965), reported that no growth occurred when a small 

seed culture was used to inoculate a high oil concentration medium. They 

proposed that microorganism cells attach to the oil droplets and prepare for 

forthcoming growth. This can be linked to the outer lipids of the cells, e.g. 

phospholipids, that might show a strong surface affinity and émulsification 

properties (Munk et a l,  1969). This explains why there are large oil droplets in 

the first stages of a fermentation, since higher biomass concentrations are 

necessary before oil émulsification is acquired. Therefore, the higher the 

biomass concentrations, the better the oil émulsification and hence, higher oil 

utilisation, especially after the growth phase of a culture (when biomass has 

reached its maximum levels).

The affinity of the microorganism cells for the oil will affect cell -  

substrate association; fermentations inoculated with cells grown on oil show a 

smaller delay in using oil than with inocula not adapted to oil as a substrate (Tan 

and Gill, 1985). Raymond and Davis, (1960), found that Nocardia cells were 

surrounded by oil indicating a very strong oil / cell affinity. Since oil surrounds 

the cells, uptake will be higher and hence, oil utilisation increased. The affinity 

between the cells and the oil could be affected by a number of parameters such as 

oil concentration, cell population, the ratio of cell concentration to oil 

concentration, cell morphology, agitation and aeration. The presence of a surface
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active agent would separate the cells from the oil droplets. This suggests that the 

use of an antifoam could reduce oil metabolism. Mitsuru et a l,  (1997), added a 

mineral support in cephamycin C producing cultures using oil as a carbon source 

and better émulsification of the oil was achieved. In addition, an oil -  mycelia 

complex was formed around the support, which provided a larger surface area of 

oil to be taken up and a two-fold increase in oil utilisation. In general, adequate 

oil dispersion is needed to provide the necessary surface area for oil utilisation 

interactions.

Dissolved oxygen levels have been reported to affect growth and 

secondary metabolite formation in many cases. The critical dissolved oxygen 

concentration below which metabolic reaction rate becomes oxygen controlled 

varies and that variation is determined by biological and physicochemical 

fermentation parameters (Wang and Fewkes, 1977; Heydarian et a l,  1996; 

Kubieck et a l,  1980). The critical dissolved oxygen level for the growth of 

Pénicillium chrysogenum is 35 % of air saturation according to Vardar and Lilly, 

(1982). Bader, (1986) reported that Streptomycetes fermentations are in general 

more tolerant to low dissolved oxygen levels than those of P. chrysogenum. 

There are no reports for critical dissolved oxygen concentrations for S. erythraea 

fermentations. However, Heydarian, (1996) showed that when DOT is kept 

constant at 10 % of air saturation in a S. erythraea 1 L fermentation on defined 

medium, growth was inhibited compared to a culture where DOT was kept above 

65 %. Clark et a l,  (1995) reported that DCW decreased four -  fold in an oxygen 

limited culture, whereas specific erythromycin production was four times higher 

than that of an oxygen sufficient culture. Identification of the critical oxygen 

level could be crucial for erythromycin or another novel polyketide production 

process.

Dissolved oxygen levels in the medium could also be increased by 

supplying the fermenter with pure oxygen. Since the use of pure oxygen only is 

considered a high risk procedure, a mixture of air and pure oxygen was used 

instead. The ratio of the two gases in the fermenter gas inlet was manually 

adjusted, so that DOT would not fall below 50 % of air saturation. Oil utilisation 

was expected to be higher than that of a batch at similar operating conditions and 

medium composition with an air only supply. However, 31.3 % of the rape seed
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oil was used in the higher oxygen fermentation compared to a much better 43.5 

% in the control culture. So, the use of pure oxygen in the gas inlet did not help 

S. erythraea use larger quantities of the oil.

Oxygen levels were indeed higher as indicated by DOT patterns and 

relevant calculations for oxygen concentrations (see section 3.3.2.2; Fig. 3.23 and 

3.24; App 7.2). Higher dissolved oxygen concentrations did not seem to improve 

growth of the organism, as indicated by viscosity profiles from the two types of 

cultures (Fig. 3.25). Although higher biomass growth was achieved when 

oxygen mass transfer was improved by increasing the agitation rate, this did not 

happen when oxygen concentration was directly increased.

Lipase activity was not affected by higher oxygen concentrations, 

therefore enzyme levels were not a limiting factor for oil utilisation in this 

fermentation. Lipase could have been subjected to oxidation effects due to 

higher oxygen concentrations. If lipase activity had been decreased by higher 

oxygen levels, lower fatty acid uptake would have been expectable and lower oil 

utilisation could have been partly attributed to that. But, lipase activity was 

similar between the two types of batches, therefore the conclusion that higher 

oxygen concentrations did not affect lipase enzyme production can be drawn.

Another factor that might play a key role in the higher oxygen 

concentrations experiment might be the partial break down of triglycerides. 

Lipase enzyme molecules catalyse the hydrolysis of the ester bonds between fatty 

acid residues and glycerol hydroxyl residues. For a triglyceride to be completely 

broken down to free fatty acids and glycerol molecules three steps have to take 

place (see section 1.4.3). However, the catabolism of triglycerides might get 

blocked right after the first fatty acid chain has been released (step 1), or even 

after the second one has been produced (step 2). If no further hydrolysis of the 

remaining ester bonds was possible, the result would be a diglyceride or a 

monoglyceride left unused. So, assuming a higher oxygen concentration blocks 

the completion of triglyceride hydrolysis, only a small portion of the fatty acids 

provided for the microorganism in the medium is really going to be available for 

use. The fatty acid residues left in the diglyceride or monoglyceride residues 

cannot be used, although the cells of S. erythraea could possibly need to use 

those fatty acids residues, too.
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Analysis of the fatty acids from the medium showed that oleic acid 

mainly and linolenic and palmitic acid to a smaller extent are the ingredients 

mostly used in the above fermentations. It is not clear whether S. erythraea cells 

used these three fatty acids because they preferred them for certain reasons or just 

because they were the more abundant ones (they are found in large amounts and 

they comprise the vast majority of rape seed oil fatty acids) (see Table 3.1). Fatty 

acid preference, if any, could be due to the fact that lipase enzyme molecules 

might present a preference to some triglyceride ester bonds or to the fact that 

enzyme molecules do not break down specific fatty acid glycerol ester bonds at 

all because of their stereochemistry. In addition, some of the fatty acids might be 

prevented from entering the cells because their physicochemical properties (size, 

shape, stereochemistry, polarity, presence of double bonds, solubility) might 

render them unable to penetrate the cell membrane or might attach them 

permanently to it.

Certain oils and fatty acids maybe inhibitory while others maybe 

stimulatory. Addition of 1 % (v/v) soybean oil increased production in yeast 

cultures (Kim et a l, 1996). Excess cellular fatty acids repress NADPH 

production through glucose 6 -  phosphate inhibition, hence, fatty acid 

biosynthesis can be blocked leading to a reduction in secondary metabolite 

production (Kim et a l, 1996). Sohn et a l, (1994) reported that oleic acid methyl 

ester appeared to be utilised faster than the linoleic acid methyl ester in C. 

accremonium fermentations due to the significant changes in the cellular fatty 

acid composition during inoculum cultivation and fermentation. They suggested 

that the ratio of unsaturated fatty acids to saturated fatty acids may affect the 

physicochemical properties of the cells including membrane fluidity, 

hydrophobicity, osmotolerance and nutrient transport. Lee and Chou, (1994), 

observed that castor oil hydrolysate increased lactone production in S. odorus 

cultures. Later on, Lin et a l, (1996), realised that palmitic, stearic and oleic acid 

did not affect growth at all in the above mentioned cultures, however, linoleic 

and ricinoleic acid significantly decreased growth rate. On the contrary, methyl 

ricinoleate enhanced production by inducing enzymes which are involved in the 

(3 - oxidation of fatty acids. In addition, they found that S. odorus was unable to
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metabolise stearic acid. Barnes and Clarke, (1934), have also found that 

ricinoleic acted as a growth inhibitor.

Choi et a l,  (1996) suggested that at higher than 60 g/L initial oil, fatty 

acids that inhibit tylosin production might accumulate in the process medium. 

Huber et a l, (1985) reported that fatty acid accumulation in the fermenter caused 

lysis of the cells of Streptomyces roseosporus. Khaoua et a l ,  (1992), reported 

that the addition of short-chain fatty acids in dextrin based S. ambofaciens 

fermentations induced the biosynthesis of acylkinases and 

acylphosphotransferases that take part in spiramycin production. A similar effect 

of short chain fatty acids has been described with other secondary metabolite 

producing Streptomyces strains (Mandai et a l, 1988; Raczynska-Bojanowska et 

a l, 1970). Tsunoda (1993) reported that linoleic and linolenic acid at 

concentrations higher than 0.25 g/L and oleic acid at concentrations higher then 

0.5 g/L were inhibitory to cell growth. Toxicity of linoleate has similarly been 

reported by Gray et a l, (1990) and Mouslim et a l, (1997) (where stearate was 

also reported to be detrimental to growth). In the present study, none of the five 

fatty acid components of rape seed oil proved to be toxic for S. erythraea.

Neal et a l,  (1965) have demonstrated the fungistatic and fungicidal 

activities that fatty acids exhibit. The antimicrobial activity of fatty acids has 

been found to depend on their concentration, chain length and medium pH 

(Lawrence and Hawke, 1968). Unsaturated fatty acids, such as linoleic, have 

been reported to be toxic to Gram -  positive cells by causing structural changes 

in the cell membrane, inhibitory effect of amino acid uptake and spore 

germination, and a decrease in the activity of membrane bound enzymes 

(Shibasaki, 1979; Carson and Daneo-Moore, 1980; Fuller and Moore, 1967; 

Keenan and Rose, 1979). Stowell, (1987), concluded that oils with a high 

content of unsaturated fatty acids yield higher antibiotic titres (see also section 

4.3).

Results from this study and other experiments carried out at 7 L scale 

show that there is no accumulation of the fatty acids and any of the glycerides in 

the fermentations broth (Mirjalili et a l, 1999). Therefore, the high levels of 

residual oil are possibly not due to the toxicity of the fatty acids to the bacteria.
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but due to the inaccessibility (physical limitation) of the oil to the cell surface 

which is governed by diffusion in the oil / water interface.

In addition, the level of oil utilised was not related to the levels of lipase 

produced, as it was shown in both 2 L and 7 L scales o f fermentations and two 

strains of S. erythraea (Mirjalili et a l, 1999). This is in contrast with the results 

by Tan and Ho, (1991), where the different oil utilisation rates between two 

Pénicillium strains are attributed to the different rates and abilities of transport of 

fatty acids in the cells causing poor induction of lipase production.

Lipases are triacylglycerol acylhydrolases catalysing the breakdown of 

tri-, di- and mono-glycerides; they can also catalyse the reaction of forming 

glycerides from glycerol and fatty acids (Pokorny et a l,  1994). Lipases act only 

at an oil-water interface and the rate of lipolysis is a function of the surface area 

of the oil water interface (Lee and Choo, 1989; Macrae, 1989; Fletcher et a l, 

1987; Marangoni, 1994; Malcata et a l, 1992). Marangoni, (1994), proposed a 

model for the enzyme kinetics of lipolysis where the lipase is assumed to bind 

from the bulk phase to a substrate interface followed by catalysis at that interface; 

the rate limiting step of the reaction being the interfacial binding step. It was 

suggested that the interfacial binding involves the association of the enzyme with 

a cluster of substrate molecules and a conformational change in the enzyme, the 

activity of which is reduced if the product of the hydrolysis (fatty acids) is 

accumulated at the interface (Marangoni, 1994; Malcata et a l, 1992).

The mechanism by which this inhibition occurs is unclear, but fatty acid 

molecules are thought to accumulate at the lipid / water interface, thereby 

blocking access of the enzyme to unreacted tri-glyceride molecules (Malcata et 

a l,  1992). The FAME-GC analysis of fatty acids and glycerides from S. 

erythraea fermentations showed no fatty acids in the fermentation broth (Mirjalili 

et a l,  1999), although their accumulation at the interface could inhibit lipase 

activity. Mitsuru et a l, (1997) used a mineral support to increase the oil water 

interfacial surface area and reduced their residual oil levels when using soy bean 

oil as the sole carbon source in the production of cephamycin C. The 

disadvantage of using the mineral support was the increase in viscosity, rendering 

this inapplicable at industrial scale. Overall, lipase activity on fatty acid ester 

bonds was important for oil utilisation that is why it was meticulously studied.
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4.2 Lipase activity

Lipase enzyme examination in this study was thorough in order to check 

whether lipolysis was a limiting factor in oil utilisation. Titrimetric assay was 

chosen as the assay to use throughout this study, as Large et a l, (1999), had 

suggested it is the best for samples from Streptomycetes liquid cultures.

4.2.1 Lipase assay conditions determination

The lipase titrimteric assay had to be optimised prior to use. General 

conditions referred by other researchers have been followed (Large et a l, 1999). 

At first the reaction pH had to be defined, in order to get the highest measured 

value achievable for the enzymic activity. From all the values of pH tested, the 

conclusion that the higher the pH, the higher the value of activity measured was 

drawn. However, there seemed to be little difference between pH = 7.8 and pH = 

8.0. In addition, a pH value as close as possible to that of the sample (pH=7.0) 

was preferable, in order to avoid any effects of the pH to the medium 

physicochemical conditions that would affect the measured value. Therefore a 

pH of 7.5 was thought to be the most appropriate for this case, particularly in the 

case of measuring activity against tributyrin, since it gives high enough activity 

values, which is important for the first steps of the fermentations when activity is 

kept at low levels, and is close to the pH of the sample and therefore more 

representative of in vivo activity. The pH of assay reaction affects enzyme 

activity itself, but also substrate emulsion properties as well: when tributyrin or 

tripropionin were used as substrates a pH of 5.5 - 5.8 was the best to be used for 

gastric lipase, whereas a pH of 7.2 -  7.9 was ideal when trilaurin or tristearin 

were used instead (Schonheyder and Volqvartz, 1945).

As far as sample preparation is concerned, it can be clearly seen that 

whole broth samples are far better to assay than cell-free supernatants. Lipase 

seems to be cell-associated, since no activity is measured in the supernatants, 

whereas high values are obtained from whole broth samples. However, since no 

direct biomass measurements can be deducted from our samples, due to the 

specific nature of the medium, no calculations can be made about the specific
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enzymic activity of lipase measured and due to this, no direct comparisons 

between batches can be made, unless the OUR and CER data are similar between 

the batches, indicating growth to the same extent. Additionally, viscosity 

measurements could be used in order to compare specific lipase activity.

The fact that lipase activity is observed in whole broth samples only 

implies that in S. erythraea lipase is cell -  associated. In other words, enzyme 

molecules are situated on the cell membrane, that is why no lipase activity is 

detected in cell -  free supernatant samples. This is verified by the fact that 

almost the same enzymatic activity is measured in a sample containing 

precipitated cells, from a whole broth sample initially assayed and then 

centrifuged, which are resuspended in an equal volume buffer.

There is a clear advantage in having a cell-bound lipase: fatty acids 

released by triacylglycerol hydrolysis will be directly transported inside the cell 

and hence, no accumulation in the fermentation broth will be observed. 

However, the fact that lipase is cell-associated can be a disadvantage as far as oil 

utilisation is concerned. Studies by Jacobsen et a l, (1989b), have shown that cell 

-  associated lipase molecules will prevent the secretion of more lipase molecules 

into the broth and hence oil utilisation will be limited by microorganism 

morphology.

Other Streptomyces strains have been also shown to produce cell 

membrane -  associated lipase: S. lividans, S. clavuligerus, S. coelicolor and S. 

rimosus (Large et a l, 1999). Cell -  associated lipase activity has been measured 

before but not in Streptomyces (Borman et a l,  1993). Cell -  associated lipases 

have also been found on Yarrowia lipolytica (Novotny and Dolezalova, 1993), 

Lactobacillus reuteri, L. fermentum DT 41 (Gobetti et a l ,  1996; Fox and 

Stepaniak, 1983), Geotrichum candidum (Jacobsen et a l ,  1989b), Pseudomonas 

aeruginosa (Misset et a l, 1994), Pseudomonas fluorescens (Rowe and Gilmour, 

1982), Saccharomycopsis lipolytica (Tan and Gill, 1985) and Chromobacterium 

viscosum (Sugiura and Isobe, 1974).

However, there are many reports on extracellular lipases by various 

organisms: Pseudomonas fluorescens and P.. fragi (Tan and Gill, 1985), many 

filamentous fungi, yeasts and bacteria, such as Bacillus spp., Nocardia spp..
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Rhodococcus spp. and many Streptomyces spp., 47 strains of which exhibited 

extracellular lipolytic activity (Rapp and Backhaus, 1992).

The substrate for the reaction was tributyrin, since other researchers in the 

field (Large et a l, 1999) agree on its good behaviour in émulsification and 

reaction. However, rape seed oil behaviour in this assay was tested, too. 

Emulsions containing RSO were assayed against tributyrin emulsions in order to 

check the difference in the measured activity. Unfortunately, the RSO emulsions 

showed no detectable activity. This was thought to be due mostly to incomplete 

émulsification of the RSO. Large oil drops could be clearly seen in the RSO 

emulsions, compared to the small and well-dispersed droplets in the tributyrin 

emulsions (similar observations are reported by Large et a l,  1999). Therefore 

this was the main reason for the failure of use of the RSO emulsions, although 

the ability of the enzyme to degrade RSO triglycerides still remains a question as 

it must be examined in vivo.

The rate of hydrolysis measured during assaying also depends on the 

composition of the oil that is used for that purpose. Fatty acid chain length is a 

determining factor as Schonheyder and Volqvartz (1945) and Wills (1965) had 

shown with tripropionin (3 carbon atoms) and tributyrin (4 carbon atoms) in 

pancreatic lipase experiments. The rate was faster with those short chain fatty 

acid glycerides compared to longer fatty acid lipids because of high esterase 

action. A question is imposed, therefore, as to how good a substrate tributyrin 

can be since it is susceptible to esterase hydrolysis, which can lead to 

overestimation of the actual lipase activity. However, tributyrin presents an 

excellent behaviour as far as dispersion and émulsification are concerned, which 

makes up for the disadvantage mentioned above. In addition, use of tributyrin 

showed better reproducibility as far as same samples are concerned (Large et a l , 

1999).

4.2.2 Lipase activity in S. erythraea cultures

Streptomycetes have not been widely studied for their lipolytic activity 

until recently. Sztajer et a l,  (1988), examined a wide range of Streptomycetes 

and detected lipase enzymes in only a few strains. In a review by Borman et a l.
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(1993), 51 % of 243 Streptomycetes strains tested exhibited lipolytic activity 

through plate screening and only 33 % of these when testes in liquid media. In 

addition, Peczynska-Czoch and Mordarski, (1988) have published an extensive 

review of the intracellular and extracellular enzymes, including lipases, from 

Streptomycetes.

Lipase activity measurements from all types of S. erythraea cultures 

carried out in this study follow the same profile. Enzymatic activity is never 

detected before the first 24 h of fermentation. This delay may be attributed to a 

possible low sensitivity o f the assay for low levels of lipolytic activity or due to a 

delay in enzyme synthesis. In this case, the lag in activity may be due to the fact 

that the microorganism uses dextrin first, therefore, there is no need for it to 

produce lipase immediately, as oil is used later in the culture (see also section 

3.2). In S. clavuligerus cultures lipase was detected even before 24 h when an oil 

only carbon source was used in the medium (Large et a l,  1999). From that point 

on, activity increases to reach a maximum at 60 -  100 h. A plateau in the 

measured values is usually observed and activity is maintained at relatively high 

levels until the end. Some decline in activity has been noticed in some batches.

Similar profiles have been obtained in S. clavuligerus, S. erythraea 

recombinant strain, S. lividans and S. coelicolor fermentations (Large et a l,  

1999). Volumetric activity in S. erythraea cultures is much higher than those 

measured in the other strain fermentations. However, specific activity values are 

very similar.

Some lipase profiles of the above organisms exhibit a decline in 

enzymatic activity towards the end of the runs, although excess lipid is still 

present in the media. In particular, S. coelicolor lipase activity decreased to zero 

after 100 h of culture. This decline could be due to inaccessibility of the 

substrate to the enzyme molecules or a decrease of the interfacial area available 

for lipase activity (see also section 4.1) or even dénaturation of the enzyme. The 

latter could have been caused by the detrimental effects of the interfacial tension 

at the gas -  liquid interface (Hoare et a l, 1993) or by activity o f proteases in the 

medium (Cordenons et a l,  1996; Chartrain et a l, 1991). It was noted that 

addition of excess antifoam in the medium of S. clavuligerus fermentations 

decreased the rate of dénaturation of lipase activity (Large et a l,  1999). Perhaps,
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the antifoam protected lipase molecules by decreasing surface tension and 

therefore inactivating interfacial forces. Or, antifoam may have bound directly 

with the enzyme and protected it from the interfacial forces that way.

In general, the levels of lipase activity, as well as the stability of the 

enzyme molecules in submerged cultures have been shown to be affected by 

various parameters. Carbon source and nitrogen source (Cordenons et a l ,  1996; 

Nahas, 1988), temperature (Andersson, 1980a; Merieau et a l, 1993), chemical 

parameters, such as pH, metal ion concentration (Maliszewska and Mastalerz, 

1992), surfactants (Nahas, 1988) and other media components (Chartrain et a l,  

1991) have been reported.

Medium composition will affect lipase activity in terms of amount 

produced and when this is done. Alford and Pierce, (1963), proposed that this 

variation is due to differences in the nutrients available for lipase enzyme 

biosynthesis. They suggested that defined medium fermentations exhibit low 

lipase activity, compared to complex medium cultures that show increased 

lipolytic activity (Nahas, 1988). Inorganic elements, such as phosphate, 

magnesium and iron have also been shown to affect enzymic activity (Alford and 

Pierce, 1963; Petrovic et a l,  1990; Jacobsen ar a/., 1989a, b; Iwai et a l, 1973).

The values of maximum activity at various initial rape seed oil 

concentrations in S. erythraea fermentations do not differ a lot, except in the case 

of a 30 g/L concentration, where a 50 % higher volumetric activity was 

measured. Therefore, in the low agitation rates fermentations initial oil levels 

don’t seem to affect lipase levels, except when excess oil is added in the medium.

At higher agitation profile cultures, lipase activity levels seem to increase 

earlier than at lower stirrer speed runs. Specific activity was higher compared to 

batches with the same oil content at 500 rpm. It seems that growth was better at 

higher agitation profiles since oxygen and oil mass transfer was enhanced by 

intense agitation.

In the increasing agitation experiments specific lipase activity was much 

higher than that of a batch with similar medium composition at 500 rpm. 

However, a decline in activity was seen in the last 24 h of the culture, which 

reached values even lower then those of the 500 rpm fermentation. There are a 

number of reasons behind that drop. It seems that the enzyme molecules might
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have been damaged by high shear rates at 1500 rpm stirrer speed. Tahoun et a l,  

(1982), found that high agitation and aeration rates in liquid cultures cause a 

decrease in lipase activity due to shear effect (Lee and Choo, 1989) or to 

inactivation of the enzyme by oxidation. In addition proteases might have acted 

on lipase molecules and degraded them (Liu and Hsieh, 1969).

In richer oxygen conditions, specific lipase activity was quite similar to 

that measured at normal oxygen levels fermentations. This result could be 

attributed to a similar extent of growth at the two types of runs. Although 

oxygen enrichment was expected to enhance growth and therefore lipase activity 

this was not observed. In addition, high oxygen levels might end up as “toxic” 

for lipase activity as Tahoun et a l, (1982) had found, although Jacobsen et a l,  

(1989), supported that high aeration is advantageous to lipase biosynthesis. 

Giuseppin et a l, (1984) reported a decrease in lipase production when the DOT 

was lower than 18 % of air saturation.

In all types of fermentation lipase activity is measured until the end of the 

run. However, the lipid content of the medium is still high, compared to the 

initial concentration, in most cases. It can be said, hence, that lack of lipolytic 

activity is not a reason for which oil was not completely utilised in these 

fermentations. Nor was the interfacial area available for lipase activity a limiting 

factor, as Large et a l,  (1999), had indicated (see also section 4.1).

4.2.3 Induced and constitutive elements of lipase in S. erythraea

Initial experiments with various initial rape seed oil concentrations 

showed that lipase enzymes were produced irrespective to oil presence / absence 

from the medium. Even higher enzymatic activity was measured at excess oil 

medium combinations. Overall it seemed as if  lipase was produced constitutively 

by S. erythraea cells and that production of enzymes was enhanced when oil was 

present in the broth. Further experiments with oil being added later in the culture 

showed clearly the effect of oil in lipase production.

Lipase activity was detected in no oil fermentation, but after rape seed oil 

was added activity values increased. If no oil had been added, activity would 

have remained the same until the end of the run. Therefore, the presence of rape
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seed oil in the medium induced additional lipase production, although the 

increase in the activity was visible 48 h after the addition of the nutrient. The 

reasons for the delay are not clear, however it is similar to the delay observed in 

the appearance of lipase activity in cultures where rape seed oil is present from 

the beginning of the run.

A possible mechanism underlying lipase production in S. erythraea might 

involve constitutive production of the enzyme, which is enhanced by the presence 

of oil. Lipids possibly induce further production of biosynthetic enzymes used in 

the synthesis of lipase molecules.

Lipases have been found to require a lipid based carbon substrate so that 

their production can start. However, the role of the substrate in lipase 

biosynthesis is poorly understood (Gilbert et a l, 1991). Iwai et a l,  (1973) have 

also seen that fatty acids, such as oleic and linoleic acids can induce lipase 

production. Similarly, Shimada et a l (1992), reported induction of lipase activity 

of Geotrichum candidum by long chain fatty acids.. Huber et a l, (1985) and 

Huber et a l,  (1990), suggested that low concentrations of fatty acids or low fatty 

acid transport rate into the cells result in poor lipase induction.

Large et a l,  (1999) have reported that S. clavuligerus and S. coelicolor 

produce lipase only in the presence of lipid substrate and in the case of the 

second organism, only if lipid is present at high concentrations in the medium 

(222 g/L). S. lividans and S. rimosus have been shown to produce lipase in the 

absence of lipid in the fermentation medium, however lipase activity was 

increased in the presence of increasing oil concentrations. This was also 

observed in Aspergillus oryzae fermentations, where oil addition to the medium 

caused a 3 fold increase in lipolytic activity compared to the no oil activity 

(Ohnishi et a l, 1994).

Macris et a l,  (1996), reported de novo synthesis of lipase in Aspergillus 

niger in the presence of lipid, which was completely repressed when glycerol and 

glucose was added in the medium. They suggested that lipase biosynthesis was 

controlled by fatty acid chain residues. Similarly, Rapp, (1995), has reported 

induction properties in Fusarium oxysporum and F. vasinfectum. Lipase 

induction has also been reported for Pseudomonas, however, induction did not 

require, and may even be suppressed by, the presence of fat in the medium (Tan
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and Gill, 1985). Alford and Elliot, (1960) and Andersson, (1980b), reported that 

exhaustion of primary substrates from complex media induced lipase 

biosynthesis. Finally, Mates and Sudakevitz, (1973) have reported induction of 

lipase by other metabolites, such as peptides. In general, lipase induction could 

be a mechanism that affects oil utilisation and it could be a factor to be exploited 

in future work.
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4.3 Erythromycin in S. erythraea cultures

S. erythraea is the major erythromycin producer. Therefore erythromycin 

levels throughout fermentations were checked, so that a global aspect of the 

microorganism growth and behaviour was obtained. Erythromycin is 

biosynthesised by the cells of S. erythraea in a pathway similar to that of fatty 

acid synthesis. This pathway begins with moieties identical to the ones obtained 

by fatty acid oxidation in the cytoplasm. Hence, the use of oil as a partial carbon 

source for erythromycin production was considered as a part of oil utilisation.

Similar attempts have been made with other organisms. Khaoua et a l,

(1992) have reported that oil substrates that contain long chain fatty acids 

increase antibiotic titres (see also section 4.1). Similarly, Huber et a l ,  (1985) 

and Huber et a l, (1990) concluded that low fatty acid concentrations result in 

low antibiotic production. Unsaturated fatty acids have been shown to increase 

antibiotic production rate (Stowell, 1987), because these fatty acids can be more 

easily taken up by the cells in order to enter the biosynthetic pathway. Park et a l , 

(1994a) have used soybean oil to achieve a cephamycin C titre 4.7 times higher 

than that obtained when using starch as a carbon source. Chartrain et a l,  (1991) 

used soybean oil as a partial carbon source to support efrotomycin biosynthesis 

by Nocardia lactamdurans. Methyl oleate has been used to enhance antibiotic 

production in Streptomyces albus cultures (David et a l,  1985), as also in 

Cephalosporium accremonium cultures where cephamycin C production was 

twice than that with sucrose (Sohn et a l, 1994). Methyl oleate was also used to 

increase antibiotic production in Streptomyces hygroscopicus cultures, whereas 

methyl linoleate mainly, and methyl stearate had a detrimental effect on antibiotic 

titres (Mouslim et a l,  1997; Mouslim et a l, 1993).

Raczynska-Bojanowska, (1970) incorporated short chain fatty acids and 

increased erythromycin production of S. erythraea. Similarly, short chain fatty 

acids (2 to 4 carbon atom chain length) stimulated spiramycin production by 

Streptomyces ambofaciens by increasing the availability of acylthioesters, 

precursors of the final product. Fatty acids o f 8 to 12 carbon atom chains have 

been fed to Streptomyces roseosporus cultures. They were used by the organism 

as precursors for antibiotic biosynthesis, with 10 and 12 carbon chain fatty acids
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being the preferred substrates (Huber et a l, 1990). The same researchers have 

also attempted to feed fatty acids continuously in cultures to avoid fatty acid 

accumulation toxicity and resulted in an increased antibiotic titre. However, in a 

few cases fatty acids have been reported to affect secondary metabolite 

production negatively: high soybean oil concentrations have resulted in decreased 

antibiotic titres due to accumulation of oil hydrolysis by-products (Park et a l,  

1994a). In general, oils and fatty acids have been proved beneficial to antibiotic 

biosynthesis.

Erythromycin is produced late in the cultures carried out in this study, 

after 100 h, (after growth phase has ended) since it is a secondary metabolite, or 

idiolite, as those are alternatively called. In 7 L scale fermentations of S. 

erythraea, erythromycin synthesis started form the early stages of growth and less 

than 10 % of the total antibiotic was produced until 25 h (Heydarian, 1998). 

Bushell et a l, (1997a, b) suggested that erythromycin production is associated 

with depression of growth.

Various levels of rape seed oil have been used during this project and the 

effect of the initial concentration of oil on antibiotic production was shown in 

section 3.5. Maximum erythromycin titres from fermentations at 500 rpm do not 

differ significantly: they are all in the range of 160 to 220 mg/L. Similarly, 

specific erythromycin production values are all very close. Only an initial oil 

concentration of 23 g/L has the highest value observed, 3.81 (mg/L)(Kg/ms) and 

this could be due to the highest oil utilisation observed in this type of 

fermentation. Overall, initial oil concentration did not seem to affect 

erythromycin production very much in the constant 500 rpm stirrer speed 

fermentations.

Higher agitation rates fermentations provided richer oxygen environment 

for S. erythraea to grow and produce on, hence erythromycin concentration at a 

750 rpm run with an initial RSO at 23 g/L is 143 % that of a batch with the same 

medium at 500 rpm. Specific antibiotic production increased two fold. Higher 

oxygen availability increased oil catabolism, but definitely enhanced 

erythromycin biosynthesis. This is even more obvious in the increasing stirrer 

speed cultures, where specific erythromycin production increased 7.9 times 

compared to a similar fermentation at 500 rpm. Increasing the agitation speed
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during the run improved oil catabolism by maintaining DOT at a high level and 

improved antibiotic biosynthesis. The fact that a S. erythraea fermentation on a 

medium similar to those used in industrial antibiotic biosynthesis yielded that 

higher antibiotic titre forms a basis for further applications. Similar 

combinations of parameters could be applied to the production of other 

antibiotics by relative microorganisms, especially novel polyketide antibiotics by 

recombinant strains of S. erythraea (see also section 1.3.3; Mirjalili et a l ,  1999).

Heydarian, (1998), reported that specific erythromycin production at 7 L 

scale was 10 % lower at high stirrer speed (1250 rpm) than at lower rates (350 to 

1000 rpm). Similarly, Martin and Bushell, (1996), showed a 5 % drop in 

antibiotic titre when stirrer speed was doubled. Leitao et a l,  (1997), reported a 

two fold stimulation of cephamycin C biosynthesis when the stirrer speed was 

increased at 36 hours from 400 to 600 rpm, increasing the DOT from 11 % to 55 

% of air saturation. Neomycin titres in Streptomyces fradiae fermentations were 

300 % higher at 600 rpm than at 400 or 800 rpm and 10 fold that at 200 rpm 

(Ohta et a l, 1995). Observations from the researchers mentioned above come to 

agreement with results derived in this study.

High shear conditions, which are usually found in highly agitated stirred 

tanks, might present implications in antibiotic production. Smith et a l,  (1990) 

and Makangiansar et a l,  (1993) indicated that a high shear environment is 

undesirable for secondary metabolite formation by filamentous fungi. However, 

there are no indications of any relation between shear and idiolite production 

from filamentous actinomycetes (Belmar-Beiny and Thomas, 1991; Yang et a l, 

1996). Bushell, (1988) suggests that high stirrer speeds decrease the number of 

high entangled clumps, which might be good for erythromycin production. In 

general, changes in the agitation profile of a fermentation can cause changes in 

organism growth, viability o f the cells, morphology and size, which can affect 

secondary metabolism.

However, when pure oxygen / air mixture was added in a fermentation to 

increase oxygen concentrations inside the vessel, erythromycin production did 

not change much. Although higher oxygen levels were expected to improve oil 

utilisation and hence, antibiotic biosynthesis, none of the two was observed.
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Perhaps, the inability of the microorganism to take up more fatty acids did not 

allow higher erythromycin titres.

Heydarian, (1996), reported that specific erythromycin production was 

not affected when the DOT of a S. erythraea culture was decreased to 10 % 

compared to that of a culture where DOT was maintained above 65 %. 

Erythromycin was reported to be produced in both oxygen limited and oxygen 

sufficient cultures of S. erythraea (Clark et a l, 1995). More particular, DCW 

was reduced four fold at oxygen limited conditions while specific erythromycin 

production increased four fold at oxygen sufficient conditions. Nikolai et a l,

(1993) detected increased quantities of erythromycin D when low DOT was 

implemented.

Lilly et a l,  (1992) reported a reduction in the synthesis of difficidin by 

Bacillus sub tills and penicillin by Pénicillium chrysogenum at low dissolved 

oxygen values. Chen and Wilde, (1991) reported a halt in tylosin production 

when DOT was shifted from 100 % to 25 % in the rapid growth phase, however 

production resumed to initial rates when DOT was brought back to air saturation 

level again. Cephamycin C yield was higher at a DOT of 20 % than at DOT of 

10 % (Okabe et a l,  1992). Huang et a l, (1997) reported that highest antibiotic 

concentration was achieved at DOT of 40 %, whereas DOT values of 20 %, 60 % 

and 80 % resulted in lower antibiotic titres. An improved production of 

cephamycin C in S. clavuligerus cultures under increased oxygenation conditions 

was observed by Rollins et a l, (1989a, b, 1991). Results from this project 

confirm the hypothesis that high DOT levels are necessary for improved 

erythromycin biosynthesis.

Sufficient oxygen levels seem to be important for antibiotic synthesis. 

Yegneswaran et a l,  (1988) suggested that at low oxygen conditions antibiotic 

biosynthetic enzymes are repressed or inhibited from being active and that high 

oxygen concentrations repress the production of enzymes that would degrade 

antibiotic molecules or biosynthetic enzymes. Zhang and co-workers, (1987), 

made a different approach by saying that low oxygen levels result in low amino 

acid levels and hence, less antibiotic.

In general, antibiotic production seems to be a complicated procedure that 

is governed by many parameters. Strain properties, as well as, physicochemical
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and fermentation conditions can affect secondary metabolite biosynthesis 

negatively and positively, in many ways. Further work is needed in order to 

identify the exact mechanisms underlying these operations.
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5. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK

The aims and the objeetives of this research project were to investigate 

rape seed oil utilisation in complex medium 2 L batch fermentations of S. 

erythraea. In particular, experimental work was carried out in order to 

understand the reasons underlying the limitations in oil catabolism, to reduce the 

residual oil levels and to examine the link between oil metabolism and growth 

and antibiotic production. Parameters investigated were initial oil concentration, 

initial carbohydrate concentration, agitation rate and oxygen input. The 

parameters were tested with respect to oil utilisation and residual oil levels, lipase 

activity and erythromycin titres. The results obtained in this study regarding oil 

utilisation and residual oil levels have helped elucidate some aspects of 

polyketide biosynthesis investigations.

5.1 Conclusions

1. The ability of S. erythraea to grow on a complex medium containing rape seed 

oil and modified starch as carbon sources was verified. In addition, the 

microorganism was shown to be able to utilise the oil. Growth, as monitored 

by OUR profiles did not seem to be affected by the initial oil concentration, 

indicating that growth is from other carbon sources in the medium.

2. An initial oil concentration of 23 g/L led to 43.5 % of the oil being utilised by

S. erythraea at 500 rpm fermentations, the maximum utilisation observed in 

this study at this constant stirrer speed.

3. High oxygen levels were shown to be necessary for oil utilisation. In order to 

maintain high oxygen concentrations inside the vessel higher agitation rates 

were implemented. A stepwise increasing agitation rate pattern from 750 to 

1500 rpm was applied and oil utilisation improved to 60 %, the highest 

observed in this study. Apart from the enhancement of oxygen transfer in this

156



type of fermentation, cells are protected from high viscosity effects, therefore 

they can take up rape seed oil more efficiently.

4. An attempt to maintain actual oxygen concentrations inside the vessel at a 

high level was made by providing the culture with oxygen enriched air. The 

higher DOT profile observed was expected to boost oil utilisation, however 

the concentration of residual oil at the end of the fermentation was similar to 

that of a batch with normal air supply. Therefore, it can be said that a higher 

oxygen input did not enhance rape seed oil catabolism, compared to a control 

fermentation.

5. S. erythraea cannot take up all of the oil provided v/ithin the process medium. 

There is always a level of residual oil, at least 40 % of the initial 

concentration, at the end of a culture run which would increase the costs of a 

commercial fermentation and create problems in downstream processing 

removal of the remaining oil.

6. Lipase is the enzyme used to break down oil triglycerides to fatty acids. 

Lipase enzymes in S. erythraea are cell-associated and act at the aqueous-oil 

phase interface. Lipase activity appears in the cultures with a delay, as if cells 

go through an induction phase before they start lipase synthesis. Initial rape 

seed oil concentration does not affect lipase activity levels, except when oil is 

found in excess inside the process medium. Lipase activity decreased towards 

the end of the high agitation rate fermentations and this could be attributed to 

dénaturation of the enzyme because of high shear rates as Hoare and fellow 

researchers (1993) have indicated or due to protease activity (Chartrain et a l, 

1991; Cordenons et a l, 1996).

7. Lipase activity appears to be divided in two separate elements: a constitutive 

one and an inducible one, which appears after the addition of the oil in the 

medium. In particular, the induced element shows a 30 to 48 h delay in 

appearing similar to that observed in the appearance of lipase activity in a
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Figure 5.1: Interralations between fermentation parameters in S, erythraea 
fermentations
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culture containing oil from the start of the batch. The constitutive element 

seems to be produced even in the absence of an oil substrate from the medium.

8. The rate of oil utilisation and the level of residual oil at the end of 

fermentations were independent of the level of lipase activity, although lipase 

is essential for oil catabolism.

9. Erythromycin production did not seem to be affected significantly by rape 

seed oil initial concentration. However, when oil utilisation was improved by 

increasing the agitation rate profile, erythromycin titres increased. This shows 

that there is some connection between polyketide production and oil 

utilisation, as mentioned previously (see section 1.3.2 and 1.3.3). This is 

important for novel polyketides, where elucidation of the biosynthetic steps 

may lead to an understanding of the precursors. This knowledge may 

establish the link between polyketide and oil utilisation and lead to rapid 

improvement of yields for novel polyketides in industrial processes.

158



5.2 Recommendations for future work

The experiments carried out throughout this study form the basis of initial 

studies on rape seed oil utilisation in 2 L batch fermentations of S. erythraea 

using complex medium. It has been shown that increasing the agitation rate in a 

stepwise pattern can increase oil utilisation, however there is residual oil left 

unused by the microorganism. There is a possibility that certain fatty acids 

contained in rape seed oil might not be easily catabolised by S. erythraea. 

Therefore, single fatty acid ester containing batch cultures could show the 

organism’s behaviour against each of them, oleic, palmitic and linoleic acids 

especially. Continuous fatty acid feeding could be implemented, at the rate of 

their uptake by the microorganism, in order to avoid toxicity consequences. 

Recombinant strains could be used, such as a strain that would be resistant to a 

specific fatty acid, so that it could overcome the inhibition problems possibly 

implicated, as Park and co-workers (1994b) have already applied in cephamycin 

C production using soybean oil.

Blocked mutants could also be used to study thoroughly all the steps 

involved in fatty acid uptake and catabolism, in order to identify the limiting 

steps and elucidate the pathways, as Queener et a l,  (1978) have indicated. This 

could give hints for improvement of the fermentation process and even lead to 

the production of novel powerful antibiotics.

A scale-up of the increasing agitation rate profile fermentation could 

verify if oil utilisation would reach similar levels at a high commercial scale. 

Feeding the culture with single fatty acids would not be perhaps economically 

viable in a large scale. However, combinations of natural oils could be used 

instead, to provide the organism with the appropriate fatty acids (as those will 

have been derived by single fatty acid feeding or continuous fatty acid feeding 

experiments).

High oxygen input fermentations have to be carried out, in order to find 

out why better oil utilisation was not achieved. An even higher oxygen gas inlet 

combination could reveal the optimal levels of oxygen for rape seed oil 

utilisation by S. erythraea. Although this type of batch fermentation could prove 

expensive for production scale, it would show whether high oxygen levels only
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are the key to complete oil utilisation and minimal residual oil levels. A 

combination of enriched oxygen air input together with a stepwise increasing 

agitation rate pattern is suggested, in order to achieve high concentrations of 

oxygen in the fermentation broth and enhanced mass transfer, thus improved oil 

catabolism.

Increasing the agitation speed in a fermentation does not only lead to 

better mass transfer, i.e. higher oxygen levels for the microorganism, but also 

improves the dispersion of the oil in the process medium. This could also be 

achieved by the addition of a surfactant in the medium (Large, 1999). Although 

the surfactant might have an inhibitory effect on lipase, the improvement in oil 

utilisation due to better dispersion could make up for that and the added cost of 

surfactant removal during downstream processing.

The fact that lipase in S. erythraea consists of a constitutive and an 

inducible element, which increase overall the measured activity, is an issue that 

could be exploited to improve oil utilisation. The investigation of the exact 

mechanisms underlying the induction of lipase biosynthesis could prove very 

useful. Revealing the induction mechanism could lead to feeding cultures with 

activator molecules to enhance enzyme production. In addition, genetically 

modified strains could be engineered to produce higher lipase enzyme levels, as 

if constitutive, either by multiple insertion of the lipase encoding genes or the 

activators genes in the producing microorganism genome.

Lipase activity appears in S. erythraea cultures with a delay. An attempt 

to grow inoculum cultures on media containing oil could help the microorganism 

adapt to producing high amounts of lipase and hence reduce or remove the delay 

in lipase activity seen in the batch fermentation. This could be used in 

conjunction with the induction mechanism experimentation and could lead to 

even higher oil utilisation profiles.

Erythromycin production was shown to be enhanced by oil utilisation, 

mainly when the increasing agitation rate profile was implemented. Therefore, 

further improvement of oil utilisation in S. erythraea cultures can lead to higher 

antibiotic titres. In the case of recombinant strains being used, all the 

conclusions drawn for the link between erythromycin production and rape seed
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oil utilisation could be applied to yield novel antibiotic production processes 

sooner and less expensively than before.
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APPENDICES

7.1 Error analysis and data

As mentioned previously (see also section 2.6) assaying o f the samples 

took place in duplicates or triplicates. Average values were then used to plot 

graphs o f the corresponding property. Figure 7.1 shows a typical total lipid assay 

standard curve as obtained by linear regression on the measured values o f the 

standard samples:

1.0 H

0.B*

0.6 *

Standard Curve 
for TLA

O 0.4 -

0.2 -

0.0

Oil Concentration (g/L)

Figure 7.1: Typical standard curve for TLA as obtained by linear regression

(slope = 0.03229 ± 0.00152, R = 0.99211)

Figure 7.2 presents a total lipid content profile as obtained by total lipid 

assay (TLA). All values are average ones and error bars are presented in the plot, 

too. It can be seen that some o f the points plotted do not fit into the expected 

profile, e.g. the 0 h and the 41 h point. These two odd points, although 

statistically acceptable, might be attributed to bad sampling o f the fermenter, 

inadequate mixing o f the vessel, poor émulsification o f rape seed oil inside the

194



broth, etc. Therefore, these points are not taken into account when calculating oil 

utilisation percentages.

The set o f data from which this graph is plotted is shown in Table 7.1. all 

measured values are presented along with the calculated average ones and the 

standard deviations. Standard curve slope was used to convert the average value 

to a concentration value and then standard deviation was calculated. That was 

the way all assay measurements were processed throughout this project.

— ^-TotaKipid(gi1^

4 5 -

4 0 -

3 5 -

g  3 0 -

^  2 5 -
2& 2 0-,{ 
«  15-

g
10 -

1 6 81 4 41209 62 4 7 24 80

Time (h)

Figure 7.2: Typical average value profile for total lipid content as obtained 

by triplicate assaying with TLA
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Table 7.1: TLA measurements for total lipid content and relevant calculated 

valuesim mm
0.661 0.569 0.646 19.36616 0.96831
1.246 1.046 1.033 34.32435 1.71622
1.213 1.178 1.069 35.71797 1.7859
1.472 1.383 1.426 44.19325 2.20966
1.132 1.243 1.295 37.88583 1.89429
1.146 1.15 1.069 34.73728 1.73686
0.928 1.018 1.076 31.19645 1.55982
0.875 1.077 0.982 30.28801 1.5144
0.894 1.002 1.1 30.92805 1.5464
0.864 1.178 0.869 30.05058 1.50253
1.098 1.093 1.024 33.18881 1.65944
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7.2 Oxygen concentration in fermenter broth

Oxygen levels throughout a culture were monitored by measuring 

Dissolved Oxygen Tension (DOT) through an Ingold probe. However, following 

some assumptions direct calculations of the actual oxygen concentration in the 

vessel can be made. Hence, comparisons between different batches can be made 

as far as oxygen levels are concerned e.g. between a batch with air only supply 

and a batch with air and pure oxygen mixture supply:

Since DOT = C l / C *  (Eq. 7.1)

where, Cl= gas concentration in liquid and C* = solubility in liquid

and P o 2  — H # C* = P t o t a l  • X 0 2  (Eq. 7.2)

where, P 0 2  = partial pressure of oxygen in gas, H = Henry’s constant, P t o t a l =

total pressure of gas and Xq2= mole fraction of 0% in gas

X0 2  in AIR — 0.21 and X0 2  in MIX — 0.473

and assuming P t o t a l  = constant

C* in Mix X q2 in MIX

(Eq. 7.2) =>   =   =>

C * in AIR X q 2 in MIX

= >  C* in M I X  “  C* in a i r  •  2.254

From tables, C* in a ir  = 8.29 * 10 K g W  = 0.259 mmol O2 / L

Eq. 7.1 C l = DOT*C*

therefore C l in a ir  = DOT • C* in a ir

and C l in m ix  “  DOT • C* in a ir  * 2.254

197



Hence, C l in a ir  and C l in m ix  were calculated. Data were then plotted together to 

compare oxygen levels in the two runs (see Fig. 3.23).
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7.3 Microscale of turbulence calculations

The microscale of turbulence as suggested by Kolmogorov (1941) is 

calculated by the following equation (assuming equal energy distribution inside 

the bioreactor) :

1 1 = ( 6 /  (Eq. 7.3)

where, y = kinematic viscosity , ( y = / p ) (Eq. 7.4)

p = viscosity 

p = density

s = power input per unit mass , ( Pg / V ) / p (Eq. 7.5)

Pg = gassed pow er, Pg = 0.72 .  [ ( P„ĝ  .  N .  D’ ) / Q " “  ] " (Eq. 7.6) 

Pug = ungassed pow er, P„g = Po • p • N  ̂ •  D  ̂ (Eq. 7.7)

Assuming ?o = 5 for Rushton turbine: ?o = 2*5 = 10  (there are 2 impellers in the 

fermenter vessel) and since D = 0.04m, Q = 1.5 L / min = 2.5 • 10 m^/s

P u g  = 1 .024 . 10“^ .N ^ = >  P g =  1.346. 10'^“ .  

=s. 0 = 0 .8 9 7 .1 0 “^“ .

assuming also that p = 1000 Kg/m^, y=  10  ̂ .  p

Therefore, ^  ”  / ( 0.973 .  10 ' .  N ) (Eq. 7.8)

Substituting for p and N the microscale o f turbulence can be calculated. 

Table 7.2 presents the values of microscale o f turbulence as calculated by 

equation 7.8 for various viscosity and agitation rate values.
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Table 7.2: Microscale of turbulence calculations

Viscosity 

(* 10 Kg/ms)

Agitation rate 

(rps)

Microscale of turbulence 

(pm)

3.20 12.50 88.980

133.44 25.00 845.929

6.40 8.33 205.938

63.36 8.33 1149.380
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7.4 Morphological data

Image analysis of samples from various fermentations (see section 

2.5.2.3) has resulted in the following Table 7.3:

Table 7.3: Morphological measurements from batches at various agitation 

speeds

500 46.2 ± 1.7 63.1 ±3.2

750 41.9±2.1 58.2 ± 1.4

1000 37.3 ± 1.3 52.3 ± 1.7

1250 30.9 ±0.8 47.1 ± 1.4

1500 26.4 ± 1.8 40.9 ± 1.2

(all values presented are maximal ones for each type of fermentation)
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7.5 Typical fatty acid chromatography data

A typical chromatogram as derived from the FAME-GC method for the 

determination of fatty acid concentrations in the broth is presented in the next 

page (Fig. 7.3). The fatty acids retention times are shown in Table 7.4:

Table 7.4: Fatty acid chromatography retention times

Fatty acid

palmitic

stearic

oleic

linoleic

linolenic

Retention 

Time (m)

17.8

20.3

20.7

21.2

21.9
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Figure 7.3: Typical chromatogram of rape seed oil fatty acids as obtained by 

FAME-GC
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7.6 Fermenter mass transfer coefficient

The static gassing-out method was applied in the 2 L fermenter in order to 

estimate the K^a. of the fermenter. The values obtained are based on water only 

medium.

Table 7.5: Kta values for 2 L fermenter

Agitation rate kra

(rpm) (h ')

500 36

750 72

1500 180
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7.7 Fermentation gas parameters calculations

The system for logging the data of a fermentation run (RT-DAS) carried 

out calculations based on some of those data. By using the data given by Mass 

Spectrometer on the composition of the fermenter inlet and outlet gases OUR, 

CER and consequently RQ values were calculated for each time point in the 

culture.

The equations used by RT-DAS are presented below:

CER = Qco2 = [ F / (Vm » Vo)] .  { X°co2 # [(1 - X'o2 - X'coi) / (1 - X°02 - X^cœ)

- X ‘c0 2

OUR = Qo2 = X'o2 - (1 - X'o2 - X'coi) / (1 - X°02 - X°co2) '  X°o2
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