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Abstract

Vegetable oils have been used as carbon sources in many fermentations to 

improve the antibiotic titres. However, some oil still remains at the end of the process. 

This study investigates how oil consumption can be increased in the production of 

erythromycin by Saccharopolyspora erythraea CA 340 grown on rapeseed oil. Two 

methods have been carried out. The first was the effect of the application of either 

sulphuric or phosphoric acid in the pH control. The second was the inclusion of 

surfactant either Disponil SMO 100 (DPN) or sodium dodecyl sulphate (SDS) in the 

production medium.

For the effect o f pH-control agent, which was studied in 2-L fermenter only, 

the oil consumption of the culture using phosphoric acid was higher than that using 

sulphuric acid while the lipase activity after 96 hr was lower. In addition, the yield of 

erythromycin A was also lower but not the total erythromycin. The DNA content (as 

a measure of biomass) was also the same. Besides that the oxygen uptake rate (OUR) 

and the carbon dioxide evolution rate (CER) of these cultures were also similar. 

However, there was a sharp drop in DOT profile after it reached 55% in the culture 

using sulphuric acid, which was not seen In that using phosphoric acid.

For the effect of surfactant, the study was carried out in both a 2-L fermenter 

and shake flasks (500-ml and 2-L). In the 2-L fermenter, it appeared that Disponil at 

the concentration of 1.58 or 3.33 g per 29.9 g oil increased the oil uptake of this 

organism. The residual oil profile was 2-5 g/L lower with the earlier decrease (24 hr 

earlier) over a period of 168 hr. On the other hand, the DNA content was slightly 

higher. The OUR and CER profile also reached the maximum earlier, especially that 

of DPN 3.33. This surfactant also increased the rate of erythromycin synthesis before 

96 hr. However, the total erythromycin concentration was lower while that of 

erythromycin A was similar.

In contrast, SDS at 0.075% delayed the oil consumption of this culture and 

more residual oil remained at the end of the fermentations. It also inhibited the growth 

(lower contents of DNA). The OUR and CER profile in this culture was also lower 

than the controls. Even though the volumetric total erythromycin of this culture was
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lower than the controls, the yield of eiythromycin per unit of consumed oil was similar 

while that of DPN-containing cultures was lower.

There was no direct effect of DPN against the enzyme lipase when it was 

added in the assayed mixture and tested with either 48-hr or 96-hr culture. However, 

when the fermentation was carried out in 500-ml or 2-L shake flasks, none of the 

concentrations studied (0 .1 % to 1 .0 % (w/v)) increased the oil uptake of this organism 

during the 144 hr fermentation. The differences between the fixed fermenter and the 

shake flask fermentation are probably caused by changes in mixing and aeration. The 

lipase production was reduced in medium containing Disponil at concentration higher 

than 0.5% (w/v). The effect of the anionic surfactant, sodium dodecyl sulphate (SDS), 

was also investigated.
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Project aim

Oils are now considered essential components in fermentation media since 

they possess defoaming properties as well as serving as an alternative nutrient source 

for the growth and maintenance of the organism. However, there is an important 

limitation of oil utilisation. The residual oil level is generally not reduced to zero at the 

end of the process and thus interferes with product recovery. If all the oil were 

consumed, the antibiotic production might be improved and the cost reduced.

Even though there are many reports on the uses of oils in antibiotic 

production, few study the effect of adding surfactant to the growth medium. 

Furthermore, the influence of the acid used in the pH control of the fermentation has 

also not been widely studied.

The aim of this research was to elucidate the role of lipase and surfactants in 

oil hydrolysis and to identify a method for reducing the residual oil by careful 

selection of the fermentation conditions with and without the use of a surfactant. As a 

model system, the project investigated these effects in the production of erythromycin 

by Saccharopolyspora erythraea. Lipase activity, residual oil level, and erythromycin 

production were monitored from a complex production medium. A detailed 

investigation in this study will yield information that will generate a greater 

understanding of the processes involving lipid metabolism and antibiotic production. 

Increased understanding may lead to developments of methods to increase product 

titres and decrease downstream processing costs through reduction in residual oil 

levels. The knowledge gained will have global applicability to the many antibiotic- 

producing processes that use lipids as co-substrates in their production medium.
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Chapter 1: Introduction

1. Introduction

Oils are now important to antibiotic production because oil supplements lead 

to increased antibiotic titres and they are relatively cheap when compared to 

carbohydrates. However, some oil remains at the end of the process. This research 

was carried out in order to investigate how oil consumption can be increased in the 

prod iction of erythromycin in oil-based medium. The addition of surfactant was 

carried out.

A literature review was initially undertaken about the basic knowledge of the 

antibiotic producing Streptomyces and Saccharopolyspora. Erythromycin and its 

biosynthetic pathway were also mentioned. Furthermore, the relationship between oil 

and antibiotic production, the relevance of enzyme polyketide synthetases (PKSs) and 

fatty acid synthases (FASs), and the characteristics and the kinetics of enzyme lipase 

were considered. The last part of this review was the properties of surfactant.

Then, the preliminary study about the effect of non-ionic surfactant was 

carried out in 2-L fermenter before changing to study in 500-ml and 2-L shake flask. 

The effect of these surfactants on the enzyme lipase was also investigated, as lipase is 

an important enzyme in oil hydrolysis. In addition, the application of different acids in 

the pH control of fermentation was also studied to observe whether it has any 

influence on the production or not. The study of the effect of nonionic and anionic 

surfactant was then investigated again in the 2-L fermenter after the appropriate 

assays of residual oil and biomass had been established.
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Chapter 2: Literature review

2. Literature review

2.1. Antibiotic-producing microorganisms

According to Lancini and Lorenzetti (1993), the most important group of 

microorganisms that produce antibiotics is actinomycetes. Furthermore, seventy-five 

percent of these have been isolated firom strains of the genus Streptomyces. Besides 

actinomycetes. Bacillus and Pseudomonas are other genera that produce antibiotics. 

Some antibiotics are produced fi-om lower fimgi and one-third of which come firom 

either Pénicillium or Aspergillus strains. However, this review will emphasize 

actinomycetes only because this research is interested in the polyketides which are 

produced by actinomycetes.

2.2. Actinomycetes
Actinomycetes are aerobic. Gram-positive bacteria that form branching 

filaments, or hyphae, and asexual spores. They can be divided into two broad groups, 

nocardioform- and sporo-actinomycetes. Nocardioform bacteria form a substrate 

mycelium which eventually firagments into coccoid or rod-like elements that give rise 

to new mycelia. The sporoactinomycetes encompass a greater morphological 

complexity that includes the formation of spores in or on a particular part of the 

mycelium.

When growing on a solid substratum such as agar, the branching network of 

hyphae developed by actinomycetes grows both on the surface of the substratum and 

into it to form a substrate mycelium. Septa usually divide the hyphae into long cells 

(20 pm and longer) containing several nucleoids. Many actinomycetes also have an 

aerial mycelium that extends above the substratum and forms asexual, thin walled 

spores called conidia {s. conidium) or conidiospores on the end of filaments. With 

further development, a network of aerial hyphae may cover the colony surface, giving 

it a typical ‘hairy’ or ‘powdery’ appearance. These spores develop by septal formation 

at filament tips, usually in the response to nutrient deprivation. Most are not

S. Tantipaibulvut 2



Chapter 2: Literature review

particularly heat resistant but can withstand desiccation well and thus have 

considerable adaptive value (Prescott et a l , 1996; Goodfellow et al, 1984).

AU organisms within this group are defined as chemoorganotrophs, requiring 

some form of organic carbon source, inorganic nitrogen source, mineral salts and an 

approximate neutral pH in order to grow (Gusek and KinseUa, 1992). Most 

actinomycetes are not motile; when motility is present it is confined to flagellated 

spores (Prescott et a l, 1996).

Since the species Saccharopolyspora erythraea was assigned to its present 

genus as late as in 1987 (Labeda, 1987), less recent literature has to be consulted for 

Streptomyces erythraeus, also known as Streptomyces erythreus. Both genera are 

outlined in order to emphasize the differences that occur in these species (Labeda, 

1987; Lancey, 1989).

2.2.1. Streptomyces

Streptomyces are aerobic. Gram-positive sporoactinomycetes with an aerial 

mycelium bearing chains of three to many conidiospores and a substrate hypha of 0.5- 

2.0 pm in diameter, which rarely fi-agments. Their colonies first exhibit a smooth 

appearance, and later become granular or powdery (Buchanan and Gibbons, 1974). 

Their aerial mycelium at maturity forms chains of non-motile spores within a thin, 

fibrous sheath. The conidia in each chain are often pigmented and can be smooth, 

hairy, or spiny in texture. The colour of the aerial and substrate mycelia, spore 

arrangement, and surface features of individual spores help in classifying the dififerent 

species. The ceU waU contains major amount of LL-diaminopimelic acid (LL-DAP) 

and glycine in interpeptide bridge. The optimum condition for growth are pH 6.5-8.0 

and temperatures fi'om 25 °C to 35 °C, usually 28 °C (Goodfellow et al., 1984; Holt 

et a l, 1994; Prescott et a l, 1996).

Streptomyces are best known for their synthesis of a vast array of antibiotics, 

some o f which are useful in medicine and biological research. Examples include two 

structurally and functionally similar compounds, chlortetracycline and oxytetracycline, 

which are produced by Streptomyces aureofaciens and S. rimosus, respectively. 

However, condicidin, streptomycin and cyclohexamide, which differ structurally but

S. Tantipaibulvut 3



Chapter 2: Literature review

share similar biosynthetic pathways, are all produced by S. griseus. Other 

Streptomyces produce related compounds such as S. clavuligerus which secretes 13- 

lactam compounds such as penicillin N, clavams including clavulanic acid, and also 

produces a group of cephalosporins. S. erythreus, which was now assigned to 

Saccharopolyspora erythraea produce the well-known antibiotic erythromycin. The 

other organisms that produce antibiotics are summarized in Table 2.1.

Table 2.1. Major antibiotics produced by streptomyces and the microorganism 

affected.

Antibiotic Group Produced by Spectrum of Action

Amphotericin-B Streptomyces nodosus Fungi

Carbomycin S. halstedii Gram-positive bacteria

Chlorotetracycline S. aureofaciens Broad spectrum

Chloramphenicol S. venezuelae Broad spectrum

Clavulanic acid S. clavuligerus

Cycloheximide S. griseus Pathogenic yeasts

Kanamycins S. kanamyceticus Gram-positive bacteria

Leucomycin S. kitasatoensis

Oleandomycin S. antibioticus Staphylococci

Oxytetracycline S. rimosus Broad spectrum

Neomycins S. fradiae Broad spectrum

Novobiocin S. niveus Gram-positive bacteria

Nystatin S. noursei Fungi

Streptomycin S. griseus Gram-negative bacteria 

Mycobacterium tuberculosis

2.2.2. Saccharopolyspora

The genus Saccharopolyspora are aerobic, Gram-positive, nocardioform 

actinomycetes and form a well-developed substrate mycelium which is well branched 

septate of 0.4-0. 8  pm in diameter. Their hyphae in the older part of colony can
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Chapter 2: Literature review

fragment into rod-shaped elements about 1.0 x 0.5 pm. This rarely occurs in growing 

margin. The aerial mycelia are slightly thicker, exhibit a straight or spiral appearance 

and segment into bead-like chains of round to oval spores with the dimension 0.7-1.5 

X 0.5-0.7 pm. These spores are separated by lengths of “empty” hyphae and are 

retained in a distinctive hairy sheath. Colonies appear to be thin, raised or convex, 

slightly wrinkled, and mucoid or gelatinous. Optimum growth occurs at temperatures 

of 37 °C to 40 °C and the growth temperature range extends from 25 °C to 50 °C. 

The main differences between them and streptomyces are, that the cell wall of 

Saccharopolyspora species contains large amounts of meso-diaminopimelic acid 

together with arabinose and galactose, and no glycine in interpeptide bridge. This is 

the main reason S. erythraea has renamed from the genus Streptomyces (Goodfellow 

et al., 1984; Labeda, 1987; Prescott et al., 1996; Lancini and Lorenzetti, 1993).

2.2.2.1. Saccharopolyspora erythraea

Saccharopolyspora erythraea was first discovered in 1952 in a soil sample 

from Iloilo City in the Philippines. This wild type strain is known as NRRL 2338 

(Northern Regional Research Laboratory) and is equivalent to ATCC 11635 

(American Type Culture Collection), to ISP 5517 (Ohio Weslayan University). It is 

characterized by orange to red colonies with mainly pink to brownish-grey aerial 

mycelium bearing short spore chains in imperfect spirals or straight to flexous chains. 

The spore surface is spiny. Substrate mycelium ranges from pale orangish yellow to 

reddish brown, depending on the medium. A faint yellow to pinkish orangish brown 

soluble pigment is produced in most media. The temperature range for growth is 20 to 

42 °C. Many strains produce erythromycin A and B (Labeda, 1987).

2.3. Erythromycins

Erythromycins are macrolide antibiotics consisting of a 14-membered 

macrolide lactone ring substituted in two positions with sugars, one basic and one 

neutral. These two sugar substituents (D-desosamine and L-cladinose) are essential 

for its biological activity. Besides Saccharopolyspora erythraea, erythromycins were 

also produced by Streptomyces griseoplanus and Micromonospora sp. 1225. 

Erythromycins B, C and D are produced as minor components together with
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erythromycin A. Erythromycin E is derived from erythromycin A, B, or C when fed 

to the fermentation broth of blocked mutant Abbott 2NU153 (blocked between 

propionate and 6 -deoxyerythronolide B) of S. erythraea (Martin et al, 1975; 

Vandamme, 1984). Their antibacterial activity is caused by binding to the 50S 

ribosome subunit and inhibiting protein synthesis. Erythromycins inhibit the 

elongation-factor G-dependent release of deacylated tRNA from the P site of the 

ribosome. Chemical studies have demonstrated that the aglycones lack antibacterial 

activity, but both moieties of the macrolide (lactone and sugars) are essential for 

ribosomal binding and antibacterial activity (Rose, 1979; Crueger & Crueger, 1990; 

Betina, 1994; Prescott et at., 1996).

CH

OH

HO -dcsosamine

CH
CH,

CH,

(CH,),N

—R, —R,
Erythromycin A: 
Erythromycin B: 
Erythromycin C: 
Erythromycin D:

OH Cladinose 
H Cladinose 
OH Mycarose 
H Mycarose

OCH,

D-Dcsosaminc

L-Cladinose

L-Mycarosc

Figure 2.1. Chemical structure of erythromycin (Martin, 1979).

2.3.1. Biosynthesis of erythromycins

The biosynthesis of erythromycins can be divided into 2 phases. In the first 

phase, the polyketide synthase (PKS) catalyzes sequential condensation of one unit of 

propionyl CoA and six units of methylmalonyl CoA to give 6 -deoxyerythronolide B 

(6 -dEB). In the second phase, 6 -deoxyerythronolide B is elaborated by a series of 

“tailoring” enzymes which include regiospecific hydroxylases, glycosyl transferases, 

and methyl transferases. This phase is essential for the production of active antibiotics.
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2.3.1.1. The biosynthesis o f 6-deoxyerythronolide B

The 6 -deoxyerythronolide B is produced from one unit of propionyl CoA and 

six of methylmalonyl CoA through the action of polyketide synthase complexes type I 

(PKS type I). These enzymes consist of three giant multifunctional proteins (more 

than 3,000 amino acids in each protein), named DEBSl, DEBS2, and DEBS3, 

respectively. Each protein catalyzes two cycles of chain extension and the biosynthetic 

intermediates remain PKS-bound throughout the whole synthetic sequence via 

thioester links. At the start of the first protein, DEBSl, there is a loading module for 

the starter unit (propionyl-CoA). This module (see Figure 2.2) consists of an AT 

linked to an ACP. The last module of DEBS3 is followed by a thioesterase activity, 

which is thought to catalyze lactonization of the polyketide chain and so release the 

macrolide from the enzyme (Staunton and Wilkinson, 1997; Robinson, 1991).

According to Katz and Donadio (1995) and Staunton and Wilkinson (1997), 

the synthesis of 6 dEB begin with the transfer of propionyl-CoA (the starter unit) by 

the AT in loading module (located at the N-terminus of DEBSl) to the ACP in the 

same module to form propionyl-ACP. The propionyl group is then transferred to the 

active-site cysteine of KSl. The ACP domain in module 1 is acylated with the first 

extender unit, a methylmalonate (mm) group, through the enzymatic action of its 

cognate AT, the AT domain in module 1. The condensation to yield a five-carbon P- 

ketoacyl-ACP (2-methyl-3-keto pentanoyl-ACP) results from the attack by C-2 of 

mm-ACP on C-1 of propionyl-KS with the release of CO2 from the mm-ACP. This 

condensed chain is brought into proper alignment with the KR of module 1 where 

reduction takes place. The processed chain is then transferred to the KS of module 2. 

ACP2 is charged with the second extender mm residue (by the AT of module 2) and 

condensation takes place to form the C? p-ketoacyl-ACP (2,4-dimethyl-3-keto-5- 

hydroxyheptanoyl-ACP). Reduction of the p-carbonyl group by the KR domain of 

module 2  completes the second cycle.

The third cycle in 6 dEB synthesis requires module 3, so the nascent polyketide 

must be transferred from the ACP2 domain in DEBSl to the KS3 domain of DEBS2. 

Once the third mm extender is attached to ACP3, condensation takes place. The 

resulting C9 p-ketoacyl-ACP (2,4,6-trimethyl-3-keto-5,7-dihydroxynonanoyl-ACP) is 

not reduced because of a fimctional KR3 domain is absent. Therefore, this keto group
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is preserved through the remaining stages of chain growth, and it will eventually 

appear at C-9 in the completed lactone (Figure 2.2).

In the fourth cycle, the polyketide that has been transferred from ACP3 to 

KS4 condenses with mm-ACP4. The P-carbonyl of C,, chain formed (2,4,6,8-tetra- 

methyl-3,5-diketo-7,9-dihydroxyundecanoyl-ACP) is first reduced through the action 

of the KR4 domain to produce the p-hydroxy-6 -keto derivative. The DH4 and ER4 

domains of module 4 catalyze removal of water from the a- and p-carbons and 

reduction of the resulting 2-ene-4-keto chain, respectively, to form the methylene 

group at the p-carbon which will appear at C-1 in 6 dEB.

Z )eryAI ) eryAII

11translate 

•DEBS 1 -------

) eryAin

translate 

DEBS 2 --------
I translate 

DEBS 3 -------
module 6module 4module 2load

module 5 endmodule 3module 1
ER

KRDM KRKRKR KR
ksYat

OHOHOH

OH OHOH

""OH OH
AT « acyl tranafaram 
ACP « acyl carriar protein 
KS = p-ketoacyi aynthaa* 
KR « p ^ o a c y l reductaae 
ER = anoyl reductaae 
DM * dehydrate»*
TE X thioeateraae

"OH OH

Intermedtatea fai 
Chain axtanaion 
Cyciea

OH.... OH

"OH

■OH Cycliae

""OH

6-Deoxyerythronollde B (7)

Figure 2.2. Proposed pathway for the formation of 6 -deoxyerythronolide B.

The final two steps of 6 dEB synthesis resemble step 2 and employ module 5 

and module 6  in succession to yield C 13 and subsequently C15 acyl-ACP molecules.

S. Tantipaibulvut



Chapter 2: Literature review

The C15-ACP is then released from ACP6  in DEBS3 and cyclized to 6 - 

deoxyerythronolide B by the action of a thioesterase (TE) domain (Hutchinson, 1997; 

Gil and Martin, 1997).

2.3.1.2. Post PKS erythromycin biosynthesis

In this phase erythronolide B is the first intermediate to be produced by the C- 

6  hydroxylation of 6 -deoxyerythronolide B. The enzyme responsible is ery F-encoded 

cytochrome P450 hydroxylase (Figure 2.3). The sugar, L-mycarose, is then attached 

to the C-3 hydroxyl group of erythronolide B by a Ery BV glycosyltransferase 

(previously TDP-mycarose glycosyl transferase), to give 3-a-mycarosyl-erythronolide 

B. In the next step, the C-5 hydroxyl group of this intermediate is added with the 

amino sugar, D-desosamine, by the action of the enzyme Ery GUI desosaminyl- 

transferase, or TDP-desosamine glycosyltransferase. This step results in erythromycin 

D which is the first intermediate to show antibacterial activity and occurs at a branch 

in the biosynthetic pathway (Staunton and Wilkinson, 1997; Carreras et a/., 2002).

1 Propionyl CoA 

6  M ethylmalonyl CoA '

6-0eo x y eiy « iro n o M o  B ErythranoBda B 3-ot-M ycarosyletythronoM a B

NICHÿj

HtCH^g

E ry ttu o m y d n D

Erythromycin A

Erythromycin B

Figure 2.3. Biosynthetic scheme for erythromycin A (Summers et al., 1997).

Erythromycin D is further modified through the action of the Ery K 

cytochrome P450 hydroxylase, which hydroxylates C-12 to yield erythromycin C. The 

Ery 0  methylase use S-adenosylmethionine for the méthylation of the 3”-OH of
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mycarose on erythromycin C to yield the final product, erythromycin A. It is also 

possible for the Ery G methylase to act directly on erythromycin D to form 

erythromycin B; however, due to substrate specificity of the Ery K cytochrome P450 

hydroxylase which has a 1200-1900 fold preference (Kcat/Km) for erythromycin D over 

erythromycin B substrates, the pathway via erythromycin B is not preferred 

(Staunton and Wilkinson, 1997; Carreras et al., 2002).

2.4. Oil and antibiotic production

2.4.1. The role of oil in antibiotic biosynthesis

Oils were first used in antibiotic processes as antifoams. However, it soon 

became clear that oils can provide a readily available, consistent and economic source 

of energy for the growth and maintenance of the organism and were hence employed 

as cosubstrates for use with carbohydrates such as sugars in a wide variety of 

fermentations (Pan et a l, 1959; Stowell et a l,  1987).

Oils can be hydrolysed by lipases to give one glycerol and three fatty acids, as 

mentioned in Section 2.5. The glycerol will be phosphorylated and oxidized to 

dihydroxyacetone phosphate before being isomerized to glyceraldehyde-3-phosphate. 

This molecule is oxidized via glycolysis. A fatty acid released can be activated to 

become a fatty acyl-CoA which is then oxidized to produce a double bond between 

the C-2 and C-3 (a  and p), yielding a trans-A^-enoyl-CoA. This molecule is hydrated 

at the double bond to form p-hydroxyacyl-CoA. Next, the hydroxyl group is 

dehydrogenated to form p-ketoacyl-CoA. Finally, the four carbon fi-agment is cleaved 

by coenzyme A to yield acetyl CoA and a fatty acyl-CoA shortened by two carbon 

atoms. This process is called fatty acid degradation, or p-oxidation pathway. If the 

fatty acid has an even number of carbon atom and is saturated, the process is simply 

repeated until the fatty acid is completely converted into acetyl CoA units. On the 

other hand, if the fatty acids with an odd number of carbon atom are oxidized, the 

pathway is still the same as above except that propionyl CoA and acetyl CoA, rather 

than two molecules of acetyl CoA, are produced in the final round of degradation. 

This propionyl CoA enters the citric acid cycle after being converted into succinyl
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CoA (Nelson and Cox, 2000; Stryer et. al, 2002). Alternatively, either acetyl CoA or 

propionyl CoA can be a starter unit for the precursors in the formation of many 

antibiotic, such as oleandomycin and erythromycin, respectively.

The effect of using oil in antibiotic production can be both stimulation and 

inhibition depending on the type of antibiotic and the time the oil is added. For 

example, in penicillin fermentation, the addition of soybean oil, castor oil, or rapeseed 

oil to young cultures (24 hr) stimulated the production of penicillin. However, it 

caused the lysis of the cells and a decrease in the antibiotic titre when added to the 

older cultures (> 48 h) (Ishida & Isono, 1952; Yasuda et al., 1952). These effects 

were thought to be due to the build up of fatty acids which could not be metabolized 

by the older more slow growing cells and hence the concentration of fatty acids 

increased to a toxic level resulting in the lysis of the cells.

Vegetable oils such as rapeseed oil, soybean oil and cotton seed oil have been 

used as a part of the carbon source, because they contain oleic acid, linoleic acid and 

linolenic acid which were causing the increased antibiotic titre (Park et al., 1994). 

However, the concentration of these fatty acids may also act as an inhibitor of 

antibiotic production, such as cephamycin C (Park et al., 1994) and tylosin (Choi et 

al., 1996). For example, in Streptomyces sp. p6621 linoleic acid and linolenic acid 

higher than 0.25 g/L were inhibitory to cell growth, whereas oleic acid at 0.5 g/L was 

inhibitory (Park et al., 1994). Furthermore, the p-oxidation of fatty acids gives rise to 

acetyl-CoA which is a precursor in the formation of many antibiotics.

2.4.2. The similarities between polyketide synthesis and fatty 

acid metabolism

There are similarities between fatty acid and polyketide biosynthesis. Fatty 

acids are synthesized by a pathway in which a single acetate “starter” unit and a smaU 

number of malonate “elongator” units (7 to 12) are joined together. Polyketides are 

formed by pathways in which one starter unit (acetate or other compound such as 

propionate) and a highly variable number of elongators (malonate, 2 -methylmalonate 

or 2 -ethylmalonate) units are similarly joined.
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In the microbial fatty acid biosynthesis, acetate (starter) and malonate 

(elongator) in their activated form, acetyl-CoA and malonyl-CoA, respectively, are 

used. Activation occurs by an ATP-mediated formation of thiol esters either with CoA 

or with pantetheine of acyl carrier protein (AGP). Activated acetyl-CoA is 

carboxylated to malonyl-CoA, the elongation unit. The biosynthesis of fatty acid then 

occurs through the formation of p-keto esters that remain attached to the pantetheine 

protein, a component of the fatty acid synthase (FAS). A similar mechanism of 

condensation is suggested in the polyketide biosynthesis.

In the biosynthesis of fatty acids, the P-keto group introduced at each 

condensing step is modified by ketoreduction, dehydration and enoyl-reduction prior 

to the next condensation step (Hopwood and Sherman, 1990; Betina, 1994).

In polyketide synthesis, the p-keto group similarly formed may or may not be 

retained. In fatty acid biosynthesis reduced NADPH is required as a co-factor in all 

the reduction and hydrogenation steps. The requirement for NADPH is lower in the 

polyketide pathway, as some of the keto groups are maintained in the final structures 

and most of them are simply reduced to hydroxyl groups without undergoing 

subsequent dehydration and hydrogenation. For example, in 6 -dEB biosynthesis six 

NADPH are required for the production of one 6 -dEB (C2 1), compared with fourteen 

NADPH for one palmitate (Cie). Successive condensation steps of the polyketide 

pathway result in the formation of the general type, where R indicates the radical of 

different starter units (e.g. methyl or ethyl in macrolide antibiotics or malonamoyl in 

tetracyclines); R’ indicates hydrogen, methyl or ethyl, depending on the kind of 

elongator units (Martin, 1979; Stryer et al, 2002).

R-CO-CH-CO-CH-CO-CH-CO-CH-CO-CH-CO-SCoA 
I I  I I I 
R’ R’ R’ R’ R’

The polyketide chains formed in secondary metabolism are further modified to 

produce the final structures. These structures include aromatic rings, quinones, 

heterocyclic compounds, macrocyclic lactones, etc. Hence, there are two distinct 

phases in polyketide biosynthesis. The initial phase is the assembly of the polyketide 

chain and its modification, usually by aromatization or reduction, to give a stable 

product; this phase involves protein-bound intermediates. In some instances, the first
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Stable p ro d u c t m ay  be th e  m ajor m etabo lite , bu t, generally  it u n d erg o es fiirther 

m odifications during  th e  second  phase to  give th e  m ajor m etabo lite  (B etina, 1994).

There are two different types of polyketide synthases (PKSs) in 

streptomycetes : those similar to the fatty acid syntlmse II of bacteria and plant and 

the other is comparable to the type I fatty acid synthases of vertebrates and fimgi. The 

type I PKSs consist of giant multifunctional proteins, exemplified by 6 - 

deoxyerythronolide B synthase (DEBS), which catalyzes the formation of the 

macrolactone portion of erythromycin A in Saccharopolyspora erythraea 

(Hutchinson and Fujii, 1995). The type II PKSs consist of several separate, largely 

monofimctional proteins. These enzymes accomplish the formation of polycyclic or 

aromatic compounds such as actinorhodin (Streptomyces coelicolor\ granaticin 

(Streptomyces violaceoruber), tetracenomycin (Streptomyces glaucescens) and 

oxytetracyclines (Streptomyces rimosus) (Hutchinson and Fujii, 1995; Rehm and 

Reed, 1997).

The DEBS, which is a type I PKS, consists of three proteins of approximately 

300 kDa, each of which is constructed of two modules containing the set of active- 

site domains needed to assemble 6 -deoxyerythronolide B fi"om propionyl-CoA and 2- 

methylmalonyl-CoA (Figure 2.2). The linear order of the catalytic sites in each 

module mirrors the arrangement of the seven active sites in animal FASs, although a 

given module may not have all of the FAS activities. According to Katz and Donadio 

(1995), DEBS shares a common ancestor with eukaryotic FAS type-I systems and is 

not the result of a recent fiision of endogenous type-II fatty acid synthase genes. The 

assembly to 6 -dEB requires six successive condensations. Each condensation includes 

the addition of one extending unit to the growing chain and the total or partial 

reduction of the p-carbonyl group. The growing chain is transferred from one domain 

to the next, so that the order in which the domains are arranged determines the order 

in which the different chemical functions produced in a condensation appear in the 

final molecule (Figure 2.2) (Katz and Donadio, 1995; Hutchinson and Fujii, 1995).

The starter unit in this biosynthesis is propionyl-CoA and the extender units 

are methylmalonyl-CoA (mm-CoA). Propionyl-CoA can be generated from 

methionine and isoleucine catabolism and from the oxidation of branched-chain or 

odd-numbered fatty acids and from methylmalonyl-CoA by methylmalonyl-CoA 

carboxyltransferase. It can be converted to 2-(S)-mm-CoA by propionyl CoA
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carboxylase. 2-(R)-mm-CoA can be generated from succinyl-CoA by mm-CoA 

mutase, and from valine catabolism. The mm-CoA enantiomers can be interconverted 

by mm-CoA racemase (Katz and Donadio, 1995; Himaiti and Kolattukudy, 1982 and 

1984). According to Donadio et al. (1996), direct carboxylation of propionyl-CoA 

does not contribute significantly to the level of 2-(S)-mmCoA required for 6 dEB 

formation. Furthermore, a route leading to propionyl-CoA via decarboxylation of 

mm-CoA was found to be essential for erythromycin production in a resting cell 

system.

In the type II systems, individual enzymes with extensive sequence similarity 

to the KS, ACP, and KR enzymes of bacterial fatty acid biosynthesis are found. They 

also comprise of unique proteins called cyclases or aromatases that catalyse the 

formation of aromatic ring-containing compounds from the poly-p-ketone 

intermediates typically made by the KS and ACP from acetyl- and malonyl-CoA. The 

KS enzymes always occur with a highly homologous protein, named the chain length 

factor (CLP). The KR enzymes are not present in all type II PKSs, in some PKSs 

systems they may contain additional enzymes such as an AT in daunorubicin or ATs 

plus apparent acyl-CoA ligases and asparaginases in the oxytetracycline PKS. These 

extra kinds of enzymes are probably involved in specifying the unusual starter units : 

propionyl-CoA for daunorubicin and possibly malonamyl-CoA for oxytetracycline 

(Hutchinson and Fujii, 1995).

The mechanisms of type II PKS enzymes are quite different from those of the 

type I class, because these enzyme complexes catalyse the formation of cyclic, 

aromatic compounds that do not require extensive reduction or reduction and 

dehydration cycles. Moreover, even though there are the obvious structural and 

mechanistic differences between type I and type II PKSs, the type II class does not 

reflect a unique solution to creating cyclic, aromatic molecules, because these 

molecules are also formed by fungal type I PKSs. Hence, it is not clear whether the 

genes encoding type II enzymes simply evolved first (Avith the corollary that the type I 

enzymes with equivalent catalytic properties arose by fusion of genes encoding type II 

FASs or PKSs) or, as indicated by their apparent ubiquity, actually represent a better 

solution to the mechanistic problem (Hutchinson and Fujii, 1995).
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2,5. Lipase

Lipases are generally soluble in water. Most animal lipases exhibit pH optima 

on the alkaline side (pH 8-9). However, depending on the substrate used, the presence 

of salts, and the kind of emulsifiers present, the optimum may be shifted to the acidic 

range. Most microbial lipases display maximum activity at pH values ranging fi*om 5.6 

to 8.5 and maximum stability in the neutral pH range. With respect to the 

temperature, most lipases are optimally active between 30 and 40 °C. The 

thermostability of lipases varies considerably according to their origin: animal and 

plant lipases are usually less thermostable than microbial extracellular lipases. The 

heat stability of lipases depends on whether or not substrate is present, probably 

because substrate removes excess water fi-om the immediate vicinity of the enzyme 

and thus restricts its overall conformational mobility (Malcata et aL, 1992).

Lipases are strongly adsorbed at air/water interface. A lipase fi*om Candida 

cylindracea was easily inactivated at an air/water interface due to its high interfacial 

tension; this effect is enhanced by shear forces and increased with temperature. A 

lipase from C. cylindracea has been reported to lose activity as a function of shearing 

time and shear rate (Lee and Choo, 1989; Malcata et al., 1992).

When considering the types of lipases in microorganisms, most microbial 

lipases are extracellular enzymes, some are intracellular and the others are membrane- 

bound. The microorganisms that produce extracellular lipase are : Pénicillium 

cyclopium (Lazar and Eirich, 1989), Rhizopus oligosporus (Nahas, 1988), Candida 

rugosa (Veeraragavan and Gibbs, 1989), and Streptomyces cinnamomeus (Sommer et 

al., 1997), for example. A review of the production of exogenous lipases by bacteria, 

fungi, and actinomycetes is reported by Szatjer et al. (1988). According to this article, 

the highest lipase activity was found in Streptomyces sp.. Bacillus sp., and 

Pseudomonas fluorescens. Furthermore, enzyme production was strongly influenced 

by the age of the culture. The highest lipolytic productivity of Pseudomonas and 

Bacillus was observed afl;er 72 hr, whereas that of Streptomyces was observed after 

96 hr. The other organisms that produce both extracellular and intracellular lipases are 

Aspergillus niger, Galactomyces geotrichum, Rhizomucor miehei, Yarrowia 

lipolytica (Marek and Bednarski, 1996), and Geotrichum candidum (Tahoun, 1987; 

Jacobsen et al., 1989). The examples of organisms that produce membrane-bound
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lipases are Pseudomonas sp. (Lazar and Eirich, 1989), Geotrichum candidum 

(Jacobsen et a l, 1989) and P. cyclopium (Dreut Qt a l, 1992).

2.5.1. Lipase structure

Lipases (glycerol ester hydrolases, E.C.3.1.1.3.) are hydrolases acting on the 

carboxyl ester bonds present in acylglycerols to liberate organic acids and glycerol. 

Their major substrates are long-chain triacylglycerols, and this property is the basis of 

an old definition of lipases as ‘long-chain fatty acid ester hydrolases’ or ‘esterase 

capable of hydrolysing esters of oleic acid’ (Jaeger et a l,  1994). Their action is shown 

in Figure 2.4.

According to Sarda and Desnuelle (1958), the lipolysis occurs exclusively at 

the lipid-water interfece. This implies that the concentration of substrate molecules at 

this interface (expressed in mol m'^) directly determines the rate of lipolysis. 

Furthermore, the concentration and physical state of lipid molecules in bulk phases 

(le. the soluble monomer concentration, expressed in mol m'^) also affect the surface 

phase via bulk surface phase equilibria. Desnuelle et a l (1960) postulated that the 

lipase becomes activated when adsorbed at the water-lipid interface and that this 

activation process is associated with a conformational change in the enzyme. This was 

supported by the determination of the crystal structure o f the lipase fi"om Rhizomucor 

miehei complexed with the active-site inhibitor n-hexylphosphonate ethyl ester 

(Bzozowski et a l, 1991). It was found that the active site of lipase was covered by a 

lid-like polypeptide chain which rendered the active site inaccessible to substrate 

molecules, thereby causing the enzyme to be inactive on monomeric substrate 

molecules. However, when a lipase was bound to a lipid interface, a conformational 

change took place causing the lid to move away whereby the active site of the lipase 

became fully accessible. As a result, the hydrophobic side of the lid became exposed 

to the lipid phase, thus enhancing hydrophobic interaction between the enzyme and 

the lipid surfece. This observation explains the interfacial activation phenomenon with 

the lid causing inactivation if no lipid interface is present (Brady et a l, 1990; 

Tilbeurgh et a l,  1993; Jaeger et al., 1994). The interfacial activation is used to 

distinguish “true” lipases fi'om esterases by defining a lipase as an enzyme which 

shows interfacial activation in the presence of long-chain triacylglycerols as
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substrates. However, this definition should be used with care for several reasons : (i) 

the detection of interfacial activation requires pure lipase enzyme to avoid potential 

effects of other carboxyl hydrolases; (ii) the same lipase may show a distinctly 

different behaviour depending on the ‘quality of the interface’. An example is S. 

hyicus lipase which is able to degrade acylglycerols as well as phospholipids. It is 

activated in the presence of a tributyrin interface, but not in the presence of an 

interface composed of diheptanoyl-phosphocholine. (iii) Lipases fi'om P. aeruginosa 

and B. subtilis do not show activation in the presence of emulsified substrates; 

instead, their activity continuously increases indicating that these enzymes are able to 

degrade both emulsions and monomeric substrates, whereas true esterases degrade 

only monomeric substrates. Therefore, a lipase should not be defined solely according 

to its interfacial activation behaviour, but also according to its capability to hydrolyse 

emulsions of long-chain acylglycerols (Jaeger et al., 1994).

Triacylglyceride
H2O

Diacylglycerol + Free Fatty Acid

Monoacylglycerol + Free Fatty Acid 
H2O

Glycerol + Free Fatty Acid 

Figure 2.4. Lipase reaction

Furthermore, when the 3-dimensional structures of three different lipases were 

determined (the 27-kDa Rhizomucor miehei lipase, the 46-kDa human pancreatic 

lipase, and the 60-kDa Geotrichum candidum lipase), it was found that the active site 

composed of a Ser-His-Asp/Glu catalytic triad reminiscent of the serine protease. In 

addition, it is not exposed on the protein surface but rather is covered by surface 

loops and is not accessible to the substrate when they are inactive. There is also the 

commonality of the basic fold of these lipases within their catalytic domains. This fold 

is called the a/p-hydrolase fold (Cygler and Schrag, 1997a).

Most lipases contain only one domain, except pancreatic lipases. These 

catalytic domains belong to the a,P doubly wound protein fold and are formed fiom a 

parallel p sheet and a number of helices that flank the sheet on both sides. The
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minimal fragment of this fold common to all lipases contains a five-stranded p sheet 

and two a  helices (B and C in Figure 2.5). In addition, helix A exists in all lipases 

except for those of the R. miehei family, and helix D usually exists in the form of a 

short, distorted turn that is positioned in space between that of helix D and E of the 

a/p-hydrolase fold. The P strands correspond to strand p3 to p7 of the a/p-hydrolase 

fold. The positions of the catalytic residues in this nomenclature are as follows : serine 

after strand p5, histidine after strand pS, and acid after strand p7. Pancreatic lipase is 

an exception to this arrangement, with the acid after strand p6  (Cygler and Schrag, 

1997b).

One of the important features of an enzyme is the shape of the substrate- 

binding site and its accessibility to the substrate. The active site of lipases is different 

from that of the majority of enzymes which are on the surface of the molecule and is 

accessible to the solvent. The lipase structures can be divided into two categories : 

those with the active site accessible from the solvent (open form) and those with an 

inaccessible active site (closed form). The closed conformations are characterised by 

an unoccupied active site, which is shielded from the solvent by one or more loops 

forming the lid. The features of the lipase surface in the open conformation are quite 

different from those of the closed conformation. In the open conformation, the 

movement of the lid not only opens access to the active site, but at the same time 

exposes a large hydrophobic surface and some of the hydrophilic surface previously 

exposed becomes buried. In all open conformations of lipases, the nucleophile is at the 

bottom of a depression created by the lid movement. In the observed conformation of 

C  antarctica lipase B, the path leading to the active site is rather narrow (Cygler and 

Schrag, 1997a).

This lid opens not only to let the substrate in but also the product out. The 

open-lid and closed-lid conformers are stabilised by a number of hydrogen bonds 

between the lid and the rest of the protein. The closed-lid conformer of the lipase is 

stabilised by hydrophobic interactions, while the open form is stabilised by hydrogen 

bonds. In the open form, the lipase has around the active site a non-polar surface, 

which can serve as a binding site to a hydrophobic interface (Cygler and Schrag, 

1997a; Martinelle and Huit, 1994).
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Figure 2.5. The com m on lipase fold. A rrow s indicate p strands and rectangles 
indicate a  helices, p S trands are num bered according to  the nom encla ture o f  the a /p -  
hydrolase fold. Secondary structu ra l elem ents show n in black o r w hite (strands p 3 -p 7  
and helices B and C) o ccu r in all lipases; those  show n in gray (strand  p2 and helices 
A, D, and F) occu r in m ost. H elices A and F, show n w ith dashed bo rder lines, are on  
the concave side o f  the p sheet; the o ther helices are on the convex  side. Helix is o ften  
com posed  o f  only one (d isto rted ) turn.

The surface o f  the catalytically open  conform ations o f  the various lipases are 

distinctive, how ever, the  area  surrounding the catalytic site usually is hydrophobic. 

This is the side o f  the lipase surface that is d irected to w ard  the lipid layer. L ipase 

adsorbs to  the  interface and likely pene tra tes partially into the lipid layer. The 

increased activity in the p resence o f  a lipid-w ater interface is no t only the result o f  

shifting the equilibrium  fi'om a closed to  an  open  state, but also o f  the adsorp tion  o f  a  

lipase m olecule on  the m icelle' surface. The low er activities o f  lipases in organic 

so lvents are explained b o th  by p o o r adso rp tion  and equilibrium  favouring the closed  

s ta te  (C ygler and Schrag, 1997a).

2.5.2. Lipase interfacial kinetics

Kinetics o f  lipases cannot be described w ith the M ichaelis-M enten m odel since 

th is m odel is valid only in the case o f  one hom ogenous phase, that is, fo r soluble
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enzymes and substrates. Therefore, a new model has been proposed to describe the 

kinetics of catalysis by lipolytic enzymes which consists of two steps (Figure 2.6) : (1) 

the physical adsorption of the enzyme at the lipid interface may include an activation 

of the enzyme (opening of the lid which blocks the active site); (2 ) the formation of 

the enzyme/substrate complex which can be hydrolysed to give the product and 

regenerate the adsorbed enzyme. This second step may be described by an ‘interfaciaf 

Michaelis-Menten model with the substrate concentrations expressed in [mol/surface] 

instead of [mol/volume] (Verger and de Haas, 1976; Jaeger et al., 1994).

When lipases are in an aqueous solution, they will difllise to the interface, 

absorb to the surface and subsequently penetrate into an interface (E <-> E*). Then, 

one molecule of penetrated enzyme binds a single-substrate molecule giving the 

complex E*S. The lipase will also undergo a conformational change, as mentioned in 

Section 2.5.1. Furthermore, the binding of the first lipase to an interface will facilitate 

the binding of the second lipase molecule to the interface, and so forth. This may 

result fi'om the lowering of the electrostatic energy barrier for binding and so helping 

in fiirther lipase-interface associations. Once the complex E*S is formed, the catalytic 

steps take place, regenerating the enzyme in the form E* along with liberation of the 

products. The only case considered is one in which all the products of the reaction are 

soluble in the water phase, diffuse rapidly away fiom the interface, and induce no 

change with time in the physiochemical properties of the interface (Verger, 1980).

àM l " / /
kp

Figure 2.6. Model for description of interfacial kinetics with a water-soluble lipase 
enzyme acting on insoluble substrate.

' Micelles are organised aggregates of the surfactant ions in which the lipophilic hydrocarbon chains 
are oriented towards the interior of the micelle, leaving the hydrophilic groups in contact with the 
aqueous medium (Shaw, 1992).
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In addition, there is the existence of a lag (induction) period between the 

addition of a lipase to an emulsion and the start of substrate depletion. It has been 

suggested that this period can be attributed to diSusion-controUed adsorption of the 

lipase at the lipid/water interface. The induction period is required for the lipase to be 

brought into contact with the Hpid substrate and then orient itself and/or acquire a 

more suitable conformation at the oil/water interface before catalysis can occur. This 

mechanism consists of two successive equilibria. The first describes the reversible 

binding of the fi*ee lipase to the interface. This binding is believed to be characterized 

by a Langmuir isotherm. This process has been denoted as penetration. It is the 

process that converts the lipase to an activated conformation. The second process is 

the process in which the activated lipase binds a single substrate molecule at the 

catalytic site. This step is the two-dimensional analog of the Michaelis-Menten 

equilibrium established in classical enzyme kinetics. The length of the induction time 

during the hydrolysis of lipid monolayers by lipases are related to a slow enzyme 

penetration into the interfece. The rate limiting step o f the reaction is the breakdown 

of the enzyme-substrate complex, and hence the velocity of the reaction will be 

proportional to this final step (Verger, 1980; Malcata et a l,  1992).

Although the kinetics of hydrolases in water can often be interpreted by simple 

one-substrate kinetics, the reaction involves water as a second substrate and follows 

a so-called ‘bi-bi-ping-pong’ mechanism. According to Malcata et a l (1992), the 

hydrolytic action of lipases follows this mechanism, which has two steps: the first step 

is a nucleophilic attack of the serine hydroxyl group on the ester bond resulting in 

formation of an acyl enzyme and release of the alcohol moiety of the original 

substrate; the second step is hydrolysis of the acyl enzyme. It is strongly supported by 

kinetic studies involving pancreatic lipase and lipase fi’om Candida cylindracea. These 

studies have also demonstrated that, depending on the substrates and the acyl 

acceptors used, the rate-controlling step is the déacylation of lipase.

When studying the action of lipolytic enzymes in lipid monolayers at low 

surface pressure and their action at triglyceride-water interface, it has been shown that 

a proportion of the interfacial lipases will become irreversibly inactivated (E* -> EJ. 

This competes with the formation of the productive complex E*S. As a consequence 

of these consecutive penetration and inactivation steps, the lipolytic enzyme kinetics 

may be qualitatively controlled by an adsorption flux responsible for an initial lag
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period and an inactivation flux tending to decrease the reaction rate. The kinetics are 

linear either when both fluxes equilibrated temporarily or when the penetration step is 

fast compared with the inactivation (Rietsch et a l, 1977). The reversibility of the 

adsorption step seems to depend on the surface pressure. For the kinetic treatment of 

the model, the shape of the interface does not impose any restrictions. It may be 

spherical or ellipsoidal (micelles, emulsions, liposomes) or planar (monolayers) 

(Verger, 1980).

In the steady state of bulk conditions, the maximal velocity (Vmax) can be 

increased by increasing the amount of substrate (area of interface per unit volume) to 

reach a situation in which all the enzyme is in the penetrated form (E* + E*S). 

However, the effective substrate concentration (molecules per unit surface) cannot be 

changed by adding more lipid. This means that an unknown fi*action of E* is converted 

to E*S and, therefore, the Vmax and Km values measured under the bulk conditions are 

only apparent values (Verger, 1980).

Furthermore, in the bulk system the ratio of interface area to volume (I/V) is 

10̂  cm \  depending upon the amount of hpid used. This value is much higher than 

that of the monolayer conditions, which is about 1 cm'’ depending on the depth of the 

trough. As a consequence, bulk conditions allow the adsorption of nearly all the 

enzyme at the interface, whereas with a monolayer only 1 enzyme molecule out of 

2500 may be at the interface. This make the velocity depend linearly upon the 

substrate concentration in the monolayer conditions (Verger, 1980).

The adsorption of hpase at interfaces can be inhibited by a number of other 

surface-active molecules. Verger et a l (1991) have shown that proteins, such as 

bovine serum albumin and p-lactoglobulin A, inhibit the action of lipase fi'om pancreas 

and fi'om Rhizopus delemar. The inhibition correlated well with a decrease of lipase 

binding to the protein-lipid films. The inhibitory proteins were also able to cause 

dissociation of the lipases fiom the interface when added afterwards. The lipases were 

inhibited to 50% when the inhibitory protein covered only 5-10% of the surface of a 

dicaprin monolayer. This disproportionately strong inhibition is explained by Verger 

et al. (1991) as being due to long-range effects of the inhibitory proteins. They 

suggested that protein, which are polyelectrolytes, may induce long-range 

electrostatic forces after their binding to the lipid interface as well as variations in 

several physiochemical parameters (surface potential, surface viscosity, water
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Structure, etc.) that might control the interaction of lipase with the interface. Büe salts 

and other surfactants have a dual effect on lipase catalysis. At low concentrations they 

seem to prevent lipase dénaturation at interfaces, but at high concentrations they 

inhibit binding by blocking the interface.

According to Goldstein (1976), the immobilized enzyme can served as a 

simple, relatively well-characterized model system for understanding the kinetic 

behaviour of membrane-bound enzymes in the nature. The conversion of dibutyrin to 

monobutyrin in the hydrolysis of tribytyrin in aqueous solutions as catalysed by 

immobilized lipases increases with the hydrophobic character of the support chosen to 

immobilize the lipase. The pH optima for the immobilized lipases are equal to or 

higher than those for their free counterparts. Hence, the immobilization procedure 

seems to render catalytically important amino acid residues more basic. An 

explanation is that upon immobilization the active site becomes more exposed to 

solvent than it was in the globular, folded soluble lipase form. Hence proton transfer 

to the amino acid residues at the active site becomes less hindered (Malcata et aL, 

1992).

2.6. Surfactants
Surfactants, or surface active agents, are materials that have the ability to 

adsorb at various interfaces; for example, air-water, oil-water, water-solid, oil-solid, 

etc. and to lower the interfacial surface energy. This results from the presence of both 

hydrophobic and hydrophilic structural units. Their hydrophobic group is generally a 

long-chain hydrocarbon radical and is called the tail. The hydrophilic group will be an 

ionic or highly polar group that can impart some water solubility to the molecule. This 

portion is usually termed the head-group (Tadros, 1984; Myers, 1992).

Chain 
Linear or Branched 

Hydrocarbon or Fluorocarbon

Head Group

Figure 2.7. Schematic diagram of surface active molecule.
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Surfactants can be classified into four basic classes, depending on the nature of 

the head-group, that is, anionic, cationic, nonionic and zwitterionic.

1. Anionic surfactants are with the hydrophilic group carrying a negative 

charge such as carboxyl (RCOOTvf^, sulfonate (RSOsTVT), or sulfate 

(ROSOs'IS/T). One of the important surfactants of this group is sodium 

dodecyl sulphate (Ci2H25S04TSla^. Salts of carboxylic acids form the group 

of compounds known as soaps, used as detergents since antiquity (Section 

2.6.2.7, p 39).

2. Cationic surfactants are with the hydrophile bearing a positive charge, as 

for example, the quaternary ammonium halides (RjN^ Cf), 

dodecyltrimethyl-ammonium bromide (DTAB, C12H25hrM e3Br) and 

hexadecyltrimethyl-ammonium bromide (HTAB, C%6H25N ^ e ]B r  ). The 

two latter materials usually have good germicidal properties.

3. Non-ionic surfactants, where the hydrophile has no charge, derives their 

water solubility fi'om highly polar groups such as polyoxyethylene 

(-OCH2 CH2 O-) or polyol groups. A typical example is dodecylhexa- 

oxyethylene glycol monoether, which is often abbreviated to C12E6 to 

denote hydrocarbon chain length and ethylene oxide chain length.

4. Zwitterionic surfactants, in which the molecule contains, or can potentially 

contain, both a negative and a positive charge, such as the sulfobetaines 

RNT(CH3)2 CH2CH2 S0 3 ‘. Within this group there are a number of important 

naturally occurring materials, known as triglycerides, a good example being 

lecithin, which occurs in the membranes of many animal cells (Osipow, 

1962; Tadros, 1984; Myers, 1992).

Furthermore, cell envelopes can also behave as a surfactant because they are 

composed largely of biosurfactant molecules classified as lipids of which phospho

lipids, glycolipids and lipopolysaccharides are common (Zajic & Sefifens, 1984; Rouse 

eta/., 1994).

Most surfactants are soluble in water. As a rough approximation the 

compounds with chain length more than C16 are insoluble in water, while those with a 

chain length less than C16 are water soluble (Tadros, 1984; Rosen, 1989; Porter, 

1994).
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The principal characteristics of surfactants are as follows : solubility, 

adsorption at surfaces, and the formation of micelles in solution. These three 

properties differentiate a surfactant from other chemical entities. It is the abnormal 

solubility characteristics of surfactants that give adsorption and form micelles. It is the 

adsorption at surfaces that gives the surface active effects of foaming, wetting, 

émulsification, dispersing of solids and detergency. It is the micellar properties that 

give the solution and bulk properties of surfactants such as viscosity and 

solubilisation, but also there is increasing evidence that the micellar properties are 

necessary in functional effects such as émulsification and detergency (Porter, 1994).

2.6.1. Surfactant characteristics

1. Adsorption
The major characteristic of a surfactant is that it is at a higher concentration at 

the surface than in the bulk of a liquid. This phenomenon is known as adsorption and 

occurs at a liquid/solid interface, at a liquid/liquid interface, and at an air/liquid 

interface. The effectiveness of a surfectant in adsorbing at an interface is defined as 

the maximum concentration that the surfactant can attain at that interface, that is, the 

surface concentration of surfactant at surface saturation. The effectiveness of 

adsorption is related to the interfacial area occupied by the surfectant molecule; the 

smaller the effective cross-sectional area of the surfactant at the interface, the greater 

its effectiveness of adsorption (Porter, 1994; Rosen, 1989).

2. Solubility
Solubility is one of the most important properties of a surfactant. Adsorption 

and surface active properties are high when solubility is poor. As the hydrophobic 

group increases in molecular weight (for the same hydrophilic group), the surfactant 

becomes less soluble in water. Similarly, for the same hydrophobic group, the 

surfactant becomes more water soluble as the hydrophilic group increases in 

molecular weight (Porter, 1994).
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Surfactants show abnormal solubility characteristics compared to most other 

organic chemical compounds. The solubility of most common chemical compounds in 

water increases as the temperature rises. However, the solubility of ionic surfactants 

increases dramatically above a certain temperature known as the Krafft point. The 

solubility of nonionic surfactants (ethoxylates) decreases dramatically above a certain 

temperature known as the cloud point (Porter, 1994; Rosen, 1989).

The solubility of an ionic surfactant slowly increases as the temperature rises 

up to a certain temperature (the Kraflft temperature), after which the solubility 

increases rapidly with practically no further raise in temperature. The Kraftt 

temperature is where micelles are formed. Below the Krafft temperature no micelles 

are formed and the solubility is limited. The surfactant exists as hydrated crystals. 

Above the Krafft point micelles are formed and the solubility is appreciably increased. 

The concentration at which micelles are formed at the Krafft temperature is the 

critical micelle concentration (CMC) (Osipow, 1962; Myers, 1992; Porter, 1994;).

3. Micelle formation
The other property of surfactants that is as important as their property of

being adsorbed at interfaces is their ability to form aggregates called micelles. The

least concentration of surfactants at which this phenomenon occurs is called the

critical micelle concentration (CMC). Micelles are an arrangement of surfactant

molecules formed by the hydrophobic tail groups coming together to create a

thermodynamically favourable hydrocarbon (HC) pseudophase with a hydrophilic

exterior. Below the CMC, surjetants in solution exist solely as individual molecules

or monomers. Above the CMC, a constant monomer concentration is maintained in

equilibrium with the micelles. The formation of micelles allows for the partitioning of

HC compounds into the hydrophobic pseudophase of the micellar core. This

phenomenon can greatly enhance the total concentration of a compound in solution

above its aqueous solubility limit and is referred to as solubilization. The amphipathic

nature of surfactants also give them the tendency to accumulate at the water surface

or at interface (eg. water : oil), which results in a reduction in surface and interfecial

tension.
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At CMC there are changes in some physical properties of bulk solution such 

as electrical conductivity, surface tension, light scattering, refractive index, interfacial 

tension, and osmotic pressure. Therefore, the determination of CMC can be made by 

use of any of these physical properties, but most commonly the measurement of 

electrical conductivity, surface tension, light scattering, or refractive index against 

surfactant concentration have been used for this purpose (Figure 2.8). The surfactant 

molecules in the solution will form a micelle so long as the concentration is above the 

CMC (Myers, 1992; Rosen, 1989).

cmc

Conductivity

I1 Surface
tension

Turbidity

Surfactant concentration

Figure 2.8. Changes in the concentration dependence of a wide range of physico
chemical quantities around the critical micelle concentration.

A. The shape o f micelles in solution

The actual structure and shape of a micelle depends upon the temperature, the 

type of surfactant and its concentration, other ions in solution and other water-soluble 

organic compounds, such as alcohols. The shape produced in aqueous media is of 

importance in determining various properties of the surfactant solution; for example, 

its viscosity, its capacity to solubilize water-insoluble material and its cloud point 

(Porter, 1994).

Depending upon the conditions micelles can form spherical, rod-shaped or 

lamellar shapes (Figure 2.9). In aqueous media, surfactants with bulky or loosely 

packed hydrophilic groups and long, thin hydrophobic groups tend to form spherical 

micelles, while those with short, bulky hydrophobic groups and small, close-packed 

hydrophilic groups tend to form lamellar or cylindrical micelles. The effect of micellar 

structure on viscosity is summarised in Table 2.2 (Porter, 1994; Rosen, 1989).
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Figure 2.10 shows the ideal sequence of phase in the change of micellar 

structures against the surfactant concentration. When the surfactant concentration is 

low, sphericaJ/rod-shaped micelles are first formed and then on increasing 

concentration, hexagonal and then lamellar phases form. In between the changes fi'om 

one phase to another, cubic phases can be detected. This is the cubic face-centred or 

cubic body-centred structure of spherical micelles. When the surfactant becomes more 

concentrated, then reverse hexagonal phases and eventually reverse micelles are 

formed, and there is again the opportunity for cubic phases to be formed when one 

phase changes into another. This diagram is an ideal situation; in practice, one or 

more of the phases may be missing, and also there are more cubic phases formed than 

indicated in Figure 2.10 (Porter, 1994).

(b)

Figure 2.9. Shape of micelles : (a) spherical; (b) rod-shaped or cylindrical; (C) 
lamellar

Table 2.2. Viscosity and micellar structure.

Type of micellar structure Viscosity characteristics Effect of shear

Spherical

Cylindrical

Hexagonal packing of 

cylinders

Lamellar packing at high

concentration

Cubic phases

Low viscosity 

Moderate viscosity 

High viscosity

High viscosity

Highest viscosity often in 

the form of gels

Independent of shear 

Dependent upon shear rate 

Highly shear dependent

Often gel-like but shears 

easily

Difficult to shear
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Increasing surfactant concentration
  »

oil in water

HoO

water in oil

Solid
Micelles < Hexagonal < Lamellar < Rev. hexagonal < Rev. micelles

(Li) t t i t (L2)

Cubic Cubic Cubic Cubic

Figure 2.10. Possible location of cubic phases.

2.6.2. Interfacial phenomena

1. Solubilization
Solubilization is defined as the spontaneous dissolving of a substance (solid, 

liquid, or gas) by reversible interaction with the micelles of a surfactant in a solvent to 

form a thermodynamically stable isotropic solution with reduced thermodynamic 

activity of the solubilized material. Although both solvent-soluble and solvent- 

insoluble materials may be dissolved by the solubilization mechanism, the importance 

of this phenomena is that it make the insoluble substances be possible to dissolve in 

solvents (Rosen, 1989).

Solubilization is distinguished fi'om émulsification (the dispersion o f one 

liquid phase in another) by the fact that in solubilization, the solubilizing material (the 

“solubilizate) is in the same phase as the solubilizing solution. Therefore, the solution 

formed are clear and thermodynamically stable (Rosen, 1989).

The location of the solubilized molecules in a micelle varies with the nature of 

the material solubilized and the surfactant. The sites in the micelle that solubilization is 

believed to occur are as follows (Figure 2.11) : 1) on the surface of the micelle, at the 

micelle-solvent interface; 2) between the hydrophilic head groups (e.g. in 

polyoxyethylenated materials); 3) in the so-called palisade layer of the micelle between 

the hydrophilic groups and the first few carbon atoms of the hydrophobic groups that 

comprise the outer core of the micellar interior; 4) more deeply in the palisade layer; 

and 5) in the inner core of the micelle. For example, hydrocarbons will be associated
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with the core of the micelle, while slightly polar compounds (fatty acids, alcohols, 

esters) can be found in the outer regions of the micelle (Porter, 1994; Rosen 1989).

s

Figure 2.11. Loci of solubilization of material in a surfactant micelle.

The reactions of organic compounds may be affected by the form of the 

micelles, and their locus of solubilization within them. In normal micelles in aqueous 

medium, enhanced reaction of the solubilized substrate generally occurs at the 

micelle-aqueous solution interface; in reversed micelles in nonaqueous medium, this 

reaction occurs deep in the inner core of the micelle. For catalysis to occur, it is 

necessary that the substrate is solubilized by the micelle and the locus of the 

solubilization is such that the reactive site of the substrate is accessible to the 

attacking reagent. In some case, when the length of the hydrophobic group of the 

substrate is too long, it may be solubilized so deeply in the micelle (position 3, 4, and 

5 in Figure 2.11) that access to its reactive site by a reagent in an aqueous solution 

phase is hindered. In that case, solubilization will inhibit, rather than catalyse the 

reaction. Reactions may be much faster if the locus of solubilization is nearer to the 

surface o f the micelle (position 1 and 2 in Figure 2.11).

In the consideration of the effect of temperature on solubilization capacity of 

nonionic surfactant, when the temperature o f an aqueous micellar solution Wd o f a 

polyoxyethylenenated (POE) nonionic surfactant is increased, its solubilization of 

nonpolar material O increases due to the increased dehydration of the POE chains, 

which increases the lipophilic character of the surfactant. If this occurs for POE 

nonionics of the proper structure in the presence of excess nonpolar material, the 

volume of the aqueous phase Wd increases and that of the nonpolar phase O decreases 

as the temperature increases (Figure 2.12a, b). This is accompanied by a decrease in 

the tension yow at the 0/W  interface. With further increase in temperature, the POE
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chain become more and more dehydrated, the surfactant becomes more lipophilic, 

and more and more nonpolar material O is solubilized into the increasingly 

asymmetric micelles. When the vicinity of the cloud point of the nonionic is reached 

the surfactant micelles, together with solubilized material, will start to separate from 

Wd as a separate phase D. If excess O is still present, the system now contains three 

phases: excess O; a phase D, the so-called middle phase, containing surfectant 

together with solubilized W and O; and an aqueous phase Wd (Figure 2.12c).

The 0 /Wd interface is now replaced by a D/Wd interfece, whose interfacial 

tension yow is close to zero. At this point, there is also an 0/D  interface, whose 

interfacial tension you is low. As the temperature continues to increase, more and 

more surfactant micelles separate out of Wd carrying with them solubilized O and W. 

The volume of Wd decreases and that of the middle phase D increases; yoo continues 

to decrease and yDw increases. Separation of the surfactant micelles from it has 

converted the aqueous phase into one (W) that contains only a small amount of 

unmicellized surfactant (Figure 2.12d).

As the surfactant continues to become more and more lipophilic with increase 

in temperature, a point is reached at which the micelles start to invert and these 

dissolve in the excess O, carrying with them solubilized water and forming a reversed 

micellar solution Od. This is accompanied by an increase in Od and a decrease in D to 

a very small volume (Figure 2.12e). yoD is close to zero; yDw continues to increase. 

Eventually, all o f D dissolves in O d, leaving only W (figure 2.121). At this point, the 

DW interface disappears and yDw, still low, is replaced by yow. With further increase 

in temperature, the surfactant becomes even more lipophilic, the solubilization 

capacity of the inverted micelles decreases, more W separates out, and yow increases 

(Figure 2.12g).

The maximum volume of the surfactant (middle) phase D at the temperature 

where all three phases exist is dependent upon the percentage o f surfactant in the 

system. If the percentage is very small, the surfactant phase may not be visible to the 

naked eye and the system may appear to contain only two phases. If the percentage of 

surfactant is large, then the aqueous and nonpolar phases may be completely 

solubilized in the surfactant phase and the system may contain only one phase. In the 

latter case, the system is called a microemulsion (Rosen, 1989).
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T em perature change in PO E non-ionic system s is no t the only m ethod  o f  

producing these phase changes. For ionic surfactants o f  the p ro p e r structu re , the 

addition o f  electrolyte, such as N aCl, w ith  its consequent reduction  o f  the  electrical 

in teractions o f  the ionic head groups, can  cause the surfactan t to  change from  

hydrophilic to lyophilic. W ith increasing “salinity,” such system s m ay show  changes in 

phases, solubilization, and interfacial tension  similar to  those  show n by PO E  n o n 

ionics w ith tem peratu re  change. The addition  o f  hydrophilic o r  lipophilic po lar 

com pounds (“cosu rfactan ts”) can  also change the hydrophilic o r lipophilic charac te r 

o f  the system, its solubilization o f  w ater o r  oil, and the interfacial tension.

3-pHate rvBion

.Voir

W

o\

ypo
'DW d

Inc f e a r in g  t e m p e r a tu r e  ( fo r  POE n o n io n lc i )  
I n c r e a s in g  s a lin ity  (fo r  io n ic a )

Figure 2.12. E ffect o f  m olecular environm ental conditions on  interfacial tension  and 
phase volum es. Shaded phases indicate locations o f  the surfactant.

2. M icroem ulsions
M icroem ulsions are transparen t d ispersions containing tw o  im miscible liquids

w ith particles o f  10-100 nm  (0.01-0,1 p,m) diam eter that are generally  ob tained  upon

mixing the ingredients gently. They differ m arkedly from  m acroem ulsion in this

respect, since the la tter depends upon  intense ag itation  for their form ation.

M icroem ulsions m ay be w ater-in-o il (W /O ) o r oil-in-w ater (O /W ) (R osen , 1989).

M icroem ulsions are generally p repared  w ith m ore than  one surfactan t o r w ith

a m ixture o f  a surfactan t and a cosurfactan t (e.g. a  po lar com pound o f  in term ediate

chain length). T he com bination is usually required  to  provide the p ro p e r balance

betw een  hydrophilic and lipophilic p roperties for the required  oil and w a te r phases

under the conditions o f  use. I f  a  th ree-phase system  is obtained  instead o f  a  one-phase

m icroem ulsion, th e  concen tra tion  o f  surfactan t-cosurfactan t m ixture can  be increased
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until both water and oil phases disappear by solubilization into the surfactant phase 

(Rosen, 1989).

The differences between macroemulsions and microemulsions are rather clear. 

Their differences are as follows:

1. Macroemulsions are less stable, after a long period of time, they will have 

phase separation to attain a minimum in interfacial fi’ee energy. On the 

other hand, microemulsions appear to be thermodynamically stable 

compositions with essentially infinite lifetimes, assuming no change in such 

factors as composition, temperature, and pressure.

2. The droplet diameters of macroemulsion are more than 400 nm, meaning 

that such systems are usually quite turbid or opaque. Microemulsions, 

however, normally have droplet diameters of 100 nm or less, which are 

much smaller than the wavelength of visible light. Therefore, they are 

normally transparent or slightly bluish (Rosen, 1989; Myers, 1992).

3. Macroemulsion and the hydrophilic/lipophilic balance (HLB)
A macroemulsion is a heterogeneous system, consisting of at least one

immiscible liquid dispersed in another in the form of droplets, whose diameters exceed

0.1 p.m. Such systems possess a minimal stability, which may be accentuated by such 

additives as emulsifying agents (which are usually surface active agents) and finely 

divided solids. Since in almost all cases, at least one liquid will be water or an aqueous 

solution, it is common practice to describe an emulsion as being either oil-in-water 

(O/W) or water-in-oil (W/O), where the first phase mentioned represents the 

dispersed phase and the second the continuous phase. The appearance of these 

systems are opaque and white in colour. Such systems are unstable and separate on 

standing. The differences between these two types are as follows :

1) The O/W emulsion show high electrical conductivity while the W/O show 

low electrical conductivity.

2) W/O emulsions will be coloured by oil-soluble dyes, whereas O/W 

emulsions show the colour faintly, if at all, but will be coloured by water- 

soluble dyes (Rosen, 1989; Myers, 1992; Porter, 1994).
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In general, O/W emulsions are produced by emulsifying agents that are more 

soluble in the water than m the oil phase, whereas W/O emulsions are produced by 

emulsifying agents that are more soluble in oil than in the water. O/W and W/O 

emulsions are not in thermodynamic equilibrium with each other; one type is usually 

inherently more stable than the other for a particular emulsifying agent at a given 

concentration under a given set of conditions. However, the one type can be 

converted to the other by changing conditions. This is called inversion of the emulsion 

(Rosen 1989).

Many attempts have been made to correlate surfactant structures with their 

effectiveness as emulsifiers. The most successful method, still used, is the 

hydrophilic/lipophilic balance (HLB) first developed by Griffin (1949). This has 

proved very successful with alkoxylated nonionic surfactants but less successful with 

ionic surfactants. For nonionic surfactants with polyoxyethylene solubilizing groups, 

the HLB was calculated fi'om the formula

HLB = mol% of the hydrophilic group divided by 5.

That is, the larger the HLB number, the more hydrophilic the molecule. An 

approximate HLB number can be obtained by adding a small quantity of a surfactant 

to water and shaking. The appearance of the resulting solution is shown in Table 2.3 

(Porter, 1994).

Table 2.3. HLB and emulsifying properties.

HLB number Appearance on adding surfactant to water Emulsion

1-4 Insoluble W/O

4-7 Poor dispersion unstable W/O

7-9 Stable opaque dispersion -

10-13 Hazy solution O/W

13- Clear solution O/W

During the past decade it has become apparent that although the HLB method 

is usefiil as a rough guide to emulsifier selection, it has serious limitations. That is, a
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single surfactant can produce either an  O /W  o r a  W /O em ulsion, depending on  the 

tem peratu re  at w hich the em ulsion is p repared  or, at high oil concen trations, on  the 

ratio  o f  surfactan t to  oil. O /W  em ulsion can be prepared  w ith certain  surfactan ts over 

the en tire range o f  H LB  num bers from  2 to  17 (R osen, 1989).

4. Foam ing and  Antifoam ing
F oam  is p roduced  w hen air o r som e o ther gas is in troduced  beneath  the

surface o f  a liquid that expands to  enclose the  gas w ith a film o f  liquid. Foam  has a

m ore o r less stable honeycom b structu re  o f  gas cells w hose w alls consist o f  thin liquid

films w ith approxim ately  plane parallel sides. T hese tw o-sided  films are called the

lamellae o f  the  foam. W here th ree  o r m ore gas bubbles m eet, the  lam ellae are curved,

concave to  the gas cells, form ing w hat is called the Plateau border o r  Gibb Triangles

(F igure 2 .13) (R osen, 1989).

A bsolutely pure liquids do not foam. Foam  is also not form ed in m ixture o f

sim ilar types o f  m aterials (e.g. aqueous solutions o f  hydrophilic substances).

H ow ever, aqueous solutions o f  pro teins and o ther w ater-so luble polym ers p roduce

lasting foam s (Zajic and Sefifens, 1984; R osen, 1989).

Gas phase

Lamellar film

lateau borders

Figure 2.13. Schem atic represen ta tion  o f  the critical regions o f  L /G  in terfaces m ost 
im portan t in determ ining ultim ate foam  stability.

In  an  absolutely  pure liquid, the  bubbles o f  gas in troduced  beneath  the surface 

o f  this liquid ru p tu re  im m ediately on  contacting  each o ther o r escape from  the liquid 

as fast as the liquid can drain aw ay from  them . For tru e  foam ing to  occur, the 

presence o f  a so lu te capable o f  being adsorbed  at the  L/G  in terface is required . The 

presence o f  this surface-active so lu te p roduces lamellae betw een  the  gas cells o f  the 

foam  th a t have adsorbed  m ono-m olecular films o f  surfactant m olecules on  each  side at 

the L /G  interface. T hese adsorbed  films provide the  system  w ith  the p roperty  that 

distinguishes foam ing from  non-foam ing system s - the ability o f  the  form er to  resist
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excessive localised thinning of the lamella surrounding the bubbles, while general 

thinning of the lamella proceeds. This property, which is generally known as film 

elasticity, is a necessary condition for the production of foam (Rosen, 1989).

Foams are destroyed when the liquid drains out from between the two parallel 

surfaces of the lamella, causing it to get progressively thinner. When it reaches a 

critical thickness (50-100 °A), the film collapses and the bubble will burst. The 

stability of the film wiU depend upon a number of factors such as type of surfactant, 

concentration of surfactant, temperature, presence of electrolyte, the presence of 

other organic materials (foam stabilisers), and the presence of finely divided solids 

(Rosen, 1989; Porter, 1994).

Antifoaming

Although the presence of certain additives can enhance the foaming ability and 

persistence of a surfactant system, the proper materials can also reduce or eliminate 

foams. Such materials are termed antifoam, if they act to prevent the formation of 

foam; or defoamer, if they cause the collapse of foam which is already formed. As 

foam is simultaneously being formed and collapsing in most applications, the 

distinction between antifoams and defoamers is not easy to detect.

Antifoaming agents can act in various ways:

1. They function as a dispersing agent for the hydrophobic oil and replace the 

surfactant causing the foam at the interface.

2. They act by spreading which may do so as a monolayer or as a lens (Figure 

2.14). In either case, the spreading antifoam sweeps away the stabilizing 

layer, leading to rapid bubble collapse.

3. They act by promoting drainage in the foam lamellae. There is a large 

cross-sectional area at the aqueous solution-air interface. By intercalating 

between the surfactant molecules in the interfacial film, the anti-foaming 

agent reduces the cohesive forces between them and consequently reduces 

the surface viscosity (Myers, 1992; Rosen, 1989).
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Foaming surfectam ^ u s n s  spreading 
Foam breaker

(a) (b)

Figure 2.14. Mechanisms of foam breaking : (a) surfactant displacement (mono- 
molecular film); (b) lens formation.

5. Wetting
When a drop of water is placed on a surface it can either spread over the 

surface, that is, it ‘wets’; or it forms a drop which is stable, that is, it does not ‘wet’. 

The term wetting agent is applied to any substance that increases the ability of water 

or an aqueous solution to displace air fi-om a liquid or solid surface. There are three 

types of wetting phenomena : spreading wetting, adhesional wetting, and immersional 

wetting (Porter, 1994; Rosen, 1989).

In spreading wetting, a liquid in contact with a substrate and another fluid 

increases its area of contact with that substrate at the expense of the second fluid. In 

adhesional wetting, a liquid not originally in contact with a substrate makes contact 

with that substrate, and adheres to it. In immersional wetting, a substrate which is not 

previously in contact with a liquid is immersed completely by the liquid (Rosen, 

1989).

• Modification o f wetting hy surfactants

Since water has a rather high surface tension, 72 dyne/cm, it does not 

spontaneously spread over covalent solids that have surface fi*ee energies of less than 

72 erg/cm^ (Rosen, 1989). The addition of a surface-active agent to water, to reduce 

the surface tension of the water and perhaps also the interfacial tension between the 

water and the substrate, is therefore oflen necessary to enable water to wet a solid or 

liquid surface and make spreading or immersion spontaneous. In general, the faster a 

surfactant molecule diffuses to a fi-eshly formed surface then the better the wetting. 

Therefore, the smaller surfactants are generally better wetters than large molecules
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due to the smaller molecules diflusing faster through the solution than larger 

molecules.

6. Dispersing
In general, when a preformed, finely divided solid is immersed in a liquid, it 

often does not form a stable dispersion. Many of the particles remain attached 

(aggregated) in the form of clumps, and those particles that do disperse in the liquid 

very often clunp together again to form larger aggregates that settle out of the 

suspension. Furthermore, even when the particles do disperse in the liquid, the 

dispersion may be viscous or thin, the particles may remain dispersed for different 

lengths of time, and the sensitivity of the dispersions to molecular environmental 

conditions (pH, temperature, additives) may vary greatly. Therefore, surfactants are 

necessary in preparing suspensions of the right particle size, which will be stable on 

storage for an extended period of time (Rosen, 1989; Porter, 1994).

There are three stages of the dispersal of a solid in a liquid. All o f them are as 

follows: 1) wetting the powder and displacing trapped air, 2) deaggregation or 

fi-agmentation of the particle clusters, 3) prevention of reaggregation of the dispersed 

particles (Rosen, 1989).

A. Wetting o f  the powder

For a liquid to disperse a finely divided solid, it must first wet each particle 

cluster completely. This will involve, at least in the final stages o f wetting, a spreading 

type of wetting, in which the air is completely displaced fi-om the surface by the 

wetting medium.

B. Deaggregation o f  fragmentation o f  particle clusters

Once the particle clusters have been wet by the suspending liquid, they must 

be dispersed in it. This may be accomplished by the surface-active agent in a number 

of ways : (a) By being adsorbed in “microcracks” in the solid, it may reduce the 

mechanical work needed to fi-agment the particles o f solid. These microcracks are 

believed to be formed in crystals under stress, but are self-healing and disappear when 

the stress is removed. The adsorption o f surfactants onto the surfaces of these 

microcracks may increase their depth and reduce their self-healing ability and thus
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reduce the energy required to rupture solid particles mechanically, (b) The adsorption 

of an ionic surfactant onto the particles in a cluster may cause the individual particles 

in the cluster to acquire an electrical charge o f similar sign, resulting in their mutual 

repulsion and dispersion in the liquid phase.

C  Prevention o f re-aggregation

Once the solid has been dispersed in the liquid, it is necessary to prevent the 

individual dispersed particles from coming together to form aggregates again. In the 

aqueous dispersions, the tendency for the dispersed particles to aggregate can be 

reduced by adsorption of surfactant onto the dispersed particles to increase or 

produce energy barriers to aggregation. These energy barriers may be electrical or 

nonelectrical in nature. In both cases, solvation of the lyophilic heads probably plays 

an important role in stabilizing the dispersion. The mechanism is not fully understood 

(Rosen, 1989; Tadros, 1984).

7. D etergency
The term detergency generally means cleaning power, but when it is applied 

to a surface-active agent, it means the special property a surfactant has of enhancing 

the cleaning power of a liquid. This is accomplished by a combination of effects 

involving wetting, adsorption, émulsification, solubilization and dispersion (Rosen, 

1989; Porter, 1994).

Normally there are three elements in every cleaning process : (1) the substrate 

which is the surface that is to be cleaned, (2) the soil which is the material that is to be 

removed from the substrate in the cleaning process, (3) the cleaning solution, bath, or 

detergent which is the liquid that is applied to the substrate to remove the soil. 

Cleaning process consists essentially of two steps : (1) removal of the soil from the 

substrate, and (2) suspension of the soil in the bath and prevention o f its redeposition 

(Rosen, 1989).

A. Removal o f soil from substrate

Soil, or the dirt, may be liquid or solid and the removal of soil by surfactants 

involves their adsorption onto the soil and substrate surfaces from the cleaning bath. 

This adsorption changes interfacial tensions and/or electrical potentials at the soil-bath
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and substrate-bath interfaces in such manner as to enhance the removal o f the soil by 

the bath. For example, with an oily soil there will be an oil drop surrounded by an 

aqueous surfactant solution. The oil drop wets the surface of the solid substrate. If 

there is a greater tendency of the aqueous solutioin to wet the surface than the oil to 

wet the surface, then the aqueous solution will replace the oil drop and the oil wül be 

released from the solid surface. The process of wetting and then subsequent removal 

of oily soil is known as the ‘roll-back’ mechanism. In this mechanism non-ionics are 

more efficient than anionics because of their better solubility in oils (Rosen, 1989; 

Porter, 1994).

In the case of particulate solid soil, their removal by an aqueous bath results 

from the formation of an electrical double layer at the point of contact of soil and 

substrate. Adhesion of small solid particles to solid substrate is greatly diminished by 

immersion in water, because of interaction of the water with substrate and particles. 

With the presence of water and adsorption of surfactant, an electrical double layer is 

formed at the substrate-liquid and particle-liquid interfaces. These electrical double 

layers almost always result in charges of similar sign on substrate and particle with a 

resulting mutual repulsion. This resultant repulsion thus releases the soil. As most 

fibres are negatively charged, the adsorption of anionics surfactants is necessary to 

increase the negative charge. Nonionics surfactants have little or no effect on surface 

charge and thus are not efficient in particle removal. However, the presence of Ca^  ̂

and Mg^  ̂ ions has been shown to compress any electrical double layers and thus 

decrease repulsion. This is the reason why hard water reduces detergency (Rosen, 

1989; Porter, 1994).

B. Suspension o f  the soil in the bath and prevention o f  re-deposition

Once the soil is removed, then it must be kept in suspension and prevented 

from re-deposition. There are probably several mechanisms: solubilization of organic 

materials in the micelles, stabilisation of the inorganic particles by dispersion forces, 

and formation of macroemulsion of the liquid components.

In the case of solid particulate soil, the formation or increase of electrical 

barrier is probably the most important mechanism by which solid soil is suspended in 

the detergent and prevented from re-depositing on the substrate. This includes the 

adsorption of similarly charged (almost always negative) surfactant or inorganic ions
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from the detergent on the detached soil particles, which results in mutual repulsions 

and preventing agglomeration (Rosen, 1989; Porter, 1994).

On the other hand, the major factor in the removal of oily soil and its retention 

by the bath is solubilization. Oily soil removal becomes significant only above the 

CMC for nonionics and even for some anionics having low CMCs. The extent of 

solubilization of the oily soil depends on the chemical structure of the surfactant, its 

concentration in the bath, and the temperature. At low bath concentrations only a 

relatively small amount of oily soil can be solubilized, whereas at high surfactant 

concentrations (10-100 times the CMC), it can accommodate a much larger amount 

of oily matter. With ionic surfactants, the use concentration is generally not much 

above the CMC; consequently, solubilization is almost always insufficient to suspend 

all the oily soil. When insufficient surfactant is present to solubilize all the oily soil, the 

remainder is probably suspended in the bath by macroemulsification (Rosen, 1989).
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3. Materials and methods

3.1. SaccharoDolvsDora ervthraea fermentations

3.1.1. Organism

An isolate of Saccharopolyspora erythraea strain CA340 was supplied by 

Abbott Laboratories (N. Chicago, II, USA).

3.1.2. Media and chemicals

The suppliers of the major media components are listed in Table 3.1. Rapeseed 

oil was generously obtained from GlaxoSmithKline Pharmaceuticals (Worthing, West 

Sussex, U.K.).

Table 3.1. Suppliers and grades of medium components and chemicals

Media Components Supplier Grade

Acetaldehyde Fluka > 95% pure

Acetonitrile Sigma-Aldrich HPLC grade

Agar (type 1) Oxoid

Ammonium sulfate BDH AnalaR

Boric acid Sigma

Bovine serum albumin (Fraction V) Sigma 99 % pure

Calcium carbonate BDH AnalaR

Calf thymus DNA Sigma

Chloroform Aldrich

Dextrin Sigma T III - Com

Diethyl amine BDH AnalaR

Diphenylamine Sigma

EDTA disodium salt, dihydrate Sigma -
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Media Components Supplier Grade

Equlibrated phenol Sigma

Eiythromycin Sigma 93% purity

Ethanol (absolute) BDH AnalaR

Ethidium bromide Sigma

Glacial acetic acid BDH AnalaR

Glycerol BDH AnalaR

Glucose BDH -

Gum arabic BDH AnalaR

Hexane ACROS (Fisher) HPLC grade

Lysozyme Sigma

Methanol BDH HPLC grade

Nutrient broth Oxoid -

Perchloric acid BDH Aristar

Polypropylene glycol BDH

Potassium dihydrogen orthophosphate BDH AnalaR

RNase (Type XII-A) Sigma

Sodium chloride BDH AnalaR

Sodium hydroxide BDH AnalaR

Sodium hypochlorite BDH Spectros.

Sodium p-aminosalicyclic acid Sigma

Sodium nitroprusside Sigma

Soy peptone Oxoid AnalaR

Soybean flour Sigma Type I - not roasted

Sucrose BDH AnalaR

Tween 80 BDH AnalaR

Tributyrin Sigma -

Trizma base Sigma

Yeast extract Oxoid -

Fisher Scientific U.K., Bishop Meadow Rd, Loughborough, LE 11 5RG, U.K.
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Aldrich Chemical Company, New Rd, Gillingham, Dorset, SP8 4JL, U.K. 

BDH, M erck Ltd, Merck House, Poole, Dorset, B H  15 ITD, U.K.

Oxoid, Unipath Ltd, Wade Rd, Basingstoke, Hampshire, RG24 OPW, U.K. 

Sigma Chemical Company, Fancy Rd, Poole, Dorset, BH 17 7BR, U.K.

3.1.3. Fermentation equipment

3.1.3.1. Fermentation vessels

Every fermentation was carried out using a glass 2-L capacity bioreactor, 

(Adaptive Biosystems Ltd, Richmond, Surrey, U.K.), with a 1.3 L working volume. 

The top plate contained twelve ports for temperature, pH, and pO: probe, electric 

heater, two sample ports, acid, base, and antifoam additions, air inlet, air outlet and 

inoculum port. Agitation was achieved by using two equally spaced six-bladed 

Rushton turbines which were mounted on the stirrer shaft and the vessel contained 

four equi-spaced tank baffles (Figure 3.1). The dissolved oxygen and pH electrodes 

were steam-sterilisable insertion probes, (Ingold, Life Science Laboratories, U.K.). 

The DOT was maintained above 50-55% by increasing the stirrer speed and air inlet.

3.1.3.2. Off gas analysis and data logging

Oflf-gas analysis was carried out through a VG Prima mass spectrometer (VG 

Gas Analysis Ltd, Cheshire, U.K.). This was used to measure carbon dioxide, oxygen, 

nitrogen and argon levels in the fermenter off gas every five minutes. The gas analysis 

was connected through the MTX-PROPACK system, (Acquisition Systems Ltd., 

Fleet, Hampshire, U.K.), and the mass spectrometer data were sent to MTX- 

PROPACK software run on an IBM compatible PC which calculated the oxygen 

uptake rate (OUR) and carbon dioxide evolution rate (CER) in mmol L'  ̂ h'% and the 

respiratory quotient (RQ). Data logging was carried out using the MTX-PROPACK 

programme.
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LI

BH

L2

{]
ID

VD

VH

HL

Symbol Definition Adaptive 2-L fermenter (cm)

VH Vessel height 19.5

VD Vessel diameter (inside) 12.5

HL Liquid height 11.5

LI Shaft length to the first impeller 12

L2 Length between the first and second 

impeller

5.4

ID Impeller diameter 4

BH Baffle height 9.3

BW Baffle width 1

SB Space between the baffle and the internal 

wall

1.5

Figure 3.1. Fermenter dimension
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3.1.4. Spore preparation

The organism was grown in Petri dishes containing agar medium which was 

composed of 2 g/L glucose, 1 g/L sucrose, 5 g/L soy peptone, 2.5 g/L yeast extract, 3 

g/L calcium carbonate, 20 g/L agar and 0.036 g/L EDTA in distilled water. The 

medium was sterilised for 20 minutes at 121 °C. The pH was adjusted to 7.0 before 

sterilisation using sodium hydroxide.

The Petri dishes with the organism were incubated at 28 °C for 7-9 days. 

Spore suspensions were prepared by scouring the agar surface with a sterile loop 

using a 20% v/v glycerol solution which contained 0.1% v/v Tween 80. The spore 

suspensions were pooled in Falcon tubes in order to check for contamination before 

splitting them into eppendorf tubes which were stored at -20 ®C.

3.1.5. Inoculum preparation

A. For the 2-L fermenter, a 1-ml of a 2x10*̂  spores ml'* Saccharopolyspora 

erythraea CA340 glycerol stock spore preparation was added to a 500-ml baffled 

flask containing 150 ml o f nutrient broth (NB). The flask was then incubated for 48 hr 

at 28 °C on an ISF-l-V orbital shaker, (Adolf Kuhner, Schmeiz, Switzerland), at 200 

rpm with a throw diameter o f 0.05 m.

B. For a 2-L baffled flask, 3-ml of spore suspension was added to a 2-L flask 

containing 400-ml NB. This flask was shaken in the same condition as was mentioned 

above. Then, a 40-ml inoculum was transferred to the 2-L flask containing 360-ml 

process medium (Section 3.1.6) giving a final volume o f400 ml.

C. For a 500-ml baffled flask, a 150 pi spore suspension was first transferred 

to a 250-ml flask containing 25-ml NB. After 48 hr at 200 rpm, this was all 

transferred to the 500-ml flask containing 100-ml process medium giving a final 

volume of 125 ml.

3.1.6. Process medium

For the erythromycin production in flask and fermenter culture, the 

composition of the medium as shown in Table 3.2 was used. In the fermenter, 1.3 L of 

process media, was steam sterilised in a Denley bench autoclave at 121 °C for 20
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min. Media was adjusted to pH 7.0 before inoculation with 1 M NaOH. In the shake 

flask fermentation, either a 500 ml baffled flask containing 125 ml medium or a 2-L 

baffled flask containing 400 ml medium was used.

Table 3.2. Composition of process medium

Composition Concentration (g L’̂ )

Soybean flour 30

Dextrin 10

Rape seed oil 23

KH 2PO 4 1.2

3.1.6.1. Addition o f the Lipid Dye, Sudan Black B, to Fermentations

In some fermentation, the oil droplets were stained with the dye Sudan Black 

B (SbB). It was added in a known proportion to the weight of RSO in the medium. 

The SbB was first dissolved in the RSO and then added to the shake flasks in varying 

concentrations before sterilisation. The final concentration used in the fermentation 

was between 1% to 3% (g SbB/g RSO) solution.

3.1.7. Process conditions

2-L fermentation conditions are described in Table 3.3. For the first 24 hr the 

flow rate was held at 0.4 L/min to avoid foaming. Subsequently, the dissolved oxygen 

tension was maintained above 50% by increasing first the gas flow rate and if this was 

insufficient, then the stirrer speed. All fermentations were carried out for 140-168 hr.

Table 3.3. Process parameter set points.

Parameter Set point

Temperature

PH

Dissolved Oxygen Tension 

A ir flow rate 

S tirrer speed

28 °C 

7.0 

> 50 %

0.4 -  1.3 L/min 

1000-1500 rpm
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In the case of shake flasks, the condition was the same as in the inoculum 

preparation but the time was varied.

3.2. Analytical methods

If the broth was viscous, the end of the micro-pipette tips was cut to enlarge 

the aperture. This enables a representative sample to be taken fi’om the whole broth.

3.2.1. Lipase assay

The principle of this assay is based on lipase hydrolysis of emulsified 

triacylglycerides according to the reaction:

lipase

Triacylglyceride + H2 O O  Diacylglyceride + fatty acid" + iT

The rate of hydrolysis was measured vrith an autotitrator (Jaeger et al, 1994). 

By titration at the optimum pH, the formation of free fatty acids per unit of time can 

be measured and the amount of titrant consumed to maintain a constant pH will be a 

measure of lipase activity. For S. erythraea the reaction is maintained at a pH of 7.2 

and room temperature (Large, 1999).

A. Reagents

Reagents were made as shown in Table 3.4. The titrant of 0.01 M NaOH was 

stored at room temperature and used within one month.

The émulsification reagent was made as in Table 3.4. In the preparation of this 

reagent, sodium chloride, potassium dihydrogen orthrophosphate, and de-ionized 

water were first mixed together and agitated on magnetic stirrer on setting 3 to 5. 

Glycerol was then added and the speed was increased to maximum. Finally, the gum 

arabic was gradually added and the solution was stirred until the gum arabic had 

dissolved. It was stored at 4 °C for up to one month. (It should be shaken before use.)

Fresh substrate reagent was prepared daily. The components were placed in a 

Waring blender (Waring Product Division, UK) and mixed at high speed for 20 

seconds. The reagent was kept agitated on a magnetic stirrer (Paterson Scientific,
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UK) on setting 4 (mild agitation) at room temperature to prevent the oil from 

separating.

Table 3.4. Composition of reagents for lipase assay

Reagent Amount Component

Titrant - 0.01 M Sodium hydroxide

Emulsification reagent 17.9 g Sodium chloride

0.41 g Potassium dihydrogen orthrophosphate

400 ml De-ionised water

540 ml Glycerol

6.0 g Gum arabic

Substrate reagent 15 ml Tributyrin

235 ml De-ionised water

50 ml Emulsification reagent

B. Assay

A  20-ml sample of the substrate reagent was placed in a Titrilab pH stat 

assembly comprising o f a TXT 80 Titrator, ABU 80 Autoburette and SAM 90 sample 

station (Radiometer-Copenhagen, Denmark). The reagent was allowed to equilibrate 

to room temperature. A 1-ml sample was added and the reaction vessel was mounted 

in the titration assembly. The pH of the emulsion was adjusted to 7.2 using 0.01 M 

NaOH. Automatic titration with 0.01-M sodium hydroxide was allowed to continue 

for 10-15 min. Lipase activity was calculated by substracting the rate of addition of 

alkali to the blank from that obtained from the substrate reagent, and expressed as 

lipase units per ml o f sample. A Unit of activity was defined as the release of 1 nmole 

of titratable fatty acid per minute under the assay conditions used. A blank was 

prepared by using distilled water instead of tributyrin in the substrate reagent.

3.2.2. Residual oil analysis
Residual oil levels were analysed by hexane extraction using a method 

modified from that o f Junker et al. (1998). Either hexane alone was added to whole
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broth in the ratio of 3: 1, or hexane and methanol in the ratios of 3: 2: 1. Then, it was 

stirred on a vortex mixer for 5 min and centrifuged at 3,500 rpm for 30 min. A 750 pi 

sample of the hexane layer (top) was then dispensed into a pre-weighed aluminium 

cup and dried until a constant weight was obtained in a HG 53 Halogen Moisture 

Analyzer (Mettler-Toledo Ltd, UK).

3.2.3. Biomass measurement
At the start o f this study, biomass was estimated directly from the wet cell 

weight. However, the turbid and particulate nature of the soybean flour, dextrin and 

oil in fermentation media prevent the use of the traditional biomass analysis by optical 

density and dry weight measurements. The protein in the soybean flour also affects 

protein determination. Finally, the high viscosity of the medium constituents made it 

impossible to establish a correlation between changes in viscosity and changes in 

biomass. Therefore, in the latter part of this study the increase in the total DNA 

content was used as a measure of biomass.

Toward the end of the fermentation (168 hr), as broth viscosity increased, 

pipetting became difficult and affected DNA measurements.

3.2.3. L Wet cell weight

A 750-pl aliquot of the culture was harvested into a pre-weighed eppendorf. 

Then, it was washed for 3 times with TE buffer pH 8 and centrifuged at 8,000 rpm for 

15 min. After the final supernatant was discarded, a tissue paper was used to dry the 

eppendorf wall around the culture before weighing.

3.2.3.2. Kirby mix procedure

Total DNA was extracted by a modified version of the method of Hopwood et 

a l (1997). A 50-pl sample of fermentation broth was washed vrith 10% glycerol and 

centrifuged at 13,000 rpm for 20 min and stored at -20 °C before the extraction. The 

frozen culture was re-suspended in 0.3 ml TE 25S buffer and lysed with 10 pi 

lysozyme solution plus 8 pi RNase solution (Table 3.5) at 37 °C for 10 min. This 

degrades the cell wall and hydrolysed the RNA. The lysis process was continued by 

the addition of 0.4 ml of 2xKirby mix (Table 3.5). The mixing was carried out gently
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by inverting the eppendorfs several times for 2.5 min. Then, 0.8-ml 

phenol/chloroform/isoamyl alcohol was added to deproteinate DNA. The solution was 

mixed as before. After 30 seconds the samples were centrifuged at 6,000 rpm for 10 

min. The upper aqueous phase was carefully transferred to a fresh tube containing 

0.3-ml phenol/chloroform/isoamyl alcohol and 60 pi of 3 M unbuffered sodium 

acetate, mixed as before for 2 min and centrifuged at 6,000 rpm for 10 min. The 

aqueous phase was transferred to another eppendorf and mixed with 0.6 volume 

isopropanol (2-propanol) in order to precipitate DNA. This DNA was washed with 

0.5 ml of 70% ethanol, re-dissolved in TE buffer pH 8 and stored at -20 °C for 

further measurement. The total DNA was measured and analyzed using gel analysis 

system as was explained below.

Table 3.5. Composition of reagents for chromosomal DNA extraction

Reagents Components

TE 25S buffer

Lysozyme solution 

RNase solution

Phenoi/chloroform/isoamyl

alcohol

2 X Kirby Mix

25 mM Tris, pH 8.0 

25 mM EDTA, pH 8.0 

0.3 M sucrose

60 mg/ml in TE buffer pH 8.0 

2 mg/ml in 0.01 M sodium acetate pH 5.2, heating at 

90 °C for 10 min and then adjust pH with 0.1 volume 

of2M Tris-HClpH8.0.

50 ml equilibrated phenol 

50 ml chloroform

1 ml isoamyl alcohol

2 g SDS

12 g sodium p-aminosalicylic acid 

5m lof2M Tris-H C l,pH 8.0 

6 ml equilibrated phenol 

make up to 100 ml with water

Electrophoresis : Agarose gels (0.7%) were made up in 0.5xTBE buffer (9 

mM Tris, 9 mM boric acid, 0.2 mM EDTA). Gels were run at 80 mV (« 40 mA) for 2
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hr. DNA in gels was visualized using ethidium bromide (Ebr) which was added to 

molten agarose to a final concentration of 0.05 pg/ml before pouring the gel. Gels 

were scanned and analyzed using the UVP 5000 Gel Documentation System and 

G e lB a se ™  analysis software (Ultra Violet Products, Cambridge, UK). The software 

converted band intensities into peak areas. The total DNA peak areas were compared 

with peak areas of known concentrations of Lambda DNA (Sigma).

The DNA standard curve is exemplified as shown in Figure 3.2.
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10000 -
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0 500 1000 1500
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Figure 3.2. The DNA standard curve of Lambda BstE II

3.2.33. Dische diphenylamine assay

The method used here is a microtechnique for the determination of DNA in 

cultured human cells. It is based on the colourimetric diphenylamine assay reported by 

Dische (1955) and Leyva and Kelly (1974). Its principle is to use the low 

concentration of perchloric acid (PCA) to precipitate proteins and nucleic acids at low 

temperature. After that, the acid insoluble pellet is hydrolysed with 1 M PCA at high 

temperature. The reaction of nucleic acid and diphenylamine in the chromogenic 

reagent leads to a blue colour, whose absorbance can be read at 600-nm. A solution 

of 1.0 M PCA and chromogenic reagent in the ratio of 1 to 2 was used as the blank. 

Each assay was carried out in triplicate.

A. Reagents'.

Reagents were made as shown in Table 3.6. The TE buffer, perchloric acid, and 

diphenylamine solution were stored at room temperature. The acetaldehyde solution 

was kept at 4 °C and the chromogenic reagent was fi*eshly prepared before use. Calf
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thymus DNA in the concentration of 0.4 mg ml'  ̂ in 10 mM TE buffer pH 8 was used 

as standard stock solution.

Table 3.6. Composition of reagents for DNA assay by using perchloric acid and 

diphenylamine.

Reagents Components
TE buffer pH 8.0 10mMTris-HCl,pH8.0 

1 mM EDTA, pH 8.0
Diphenylamine solution 0.21 g diphenylamine

14 ml glacial acetic acid
210 pi concentrated sulphuric acid

Acetaldehydye reagent 0.5 ml acetaldehyde 
25 ml de-ionised water

Chromogenic reagent 0.1 ml acetaldehyde solution 
20 ml diphenylamine solution

B. Assays:

A 150 pi sample o f whole broth was mixed with a solution of 150 pi of TE buffer 

pH 8.0 plus 300 pi o f 0.4 M PCA and kept at 4 °C. After 30 minutes the mixture was 

centrifuged at 13,000 rpm for 10 minutes and the supernatant was discarded. The 

pellet was then re-suspended in 375 pi of 1.0 M PCA and incubated at 70 ®C for 30 

minutes. After cooling, 750-pl of fi*eshly prepared chromogenic reagent was added to 

the solution and the mixture was incubated at 30 °C overnight. The mixture was 

centrifuged and filtered to remove the pellet before reading the absorbance at 600 nm.

For a DNA standard, a protein carrier has to be included. Therefore, a 

solution o f 38 pi of 2 mg ml*̂  bovine serum albumin (BSA) was mixed with 112 pi of 

TE buffer pH 8.0 and 300 pi of 0.4 M PCA before adding 150 pi of DNA sample. 

Then, the standards were treated in the same way as the experimental samples. The 

standard stock DNA solution was diluted to give the final concentration of 0.4, 0.2,

0.1, 0.05, and 0.025 pg pl'  ̂by using TE buffer before assay.

A standard was included in every assay to reduce any error that may happen 

during the experiment. The values obtained were used to plot a standard line fi’om the 

slope of which the DNA concentration in the samples is calculated.

The DNA standard curve is exemplified as shown in Figure 3.3.
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Figure 3.3. The standard curve of calf thymus DNA

3.2.4. Ammonium assay

This determination of NHÛ  is based on the reaction of ammonium 

hypochlorite and phenol in alkaline solution to form indophenol blue. The colour is 

measured in a spectrophotometer at 625 nm.

A. Reagents:

1. Phenol nitroprusside. 15.5 g of phenol was added to 0.0625 g o f sodium 

nitroprusside and made up to 500 ml with deionised water in a 500-ml 

volumetric flask. This was then divided into approximately 25 ml aliquots and 

stored in the freezer. Aliquots were defrosted when required.

2. Alkaline hvpochlorite. 5.0 g of sodium hydroxide pellets were added to 5.38 

ml of sodium hypochlorite in a 500-ml volumetric flask. The solution was 

made up to 500 ml with deionised water. This solution was stored in the 

laboratory refrigerator.

3. Ammonium standard. A standard curve was prepared with sangles 

containing 150 pi, 100 pi, 50 pi, and 20 pi of 0.5 mM ammonium sulphate in 

a final volume of 2 ml in deionised water. The assay procedure, as given 

below, was followed.
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B. Assay procedure:

Whole broth samples were centrifuged in a microcentrifuge at 13,000 rpm for 

15 minutes and frozen at -20 °C. Before the assay, the defrosted supernatants were 

filtered through 0.2 pm Whatman syringe filter. A sample of between 50 and 150 pi 

was made up to 2 ml with deionised water and placed in a water bath at 37 °C. After 

time for equlibration (1.5 min), 1 ml of phenol reagent was added. After another 2.5 

minutes in the water bath, 2 ml of alkaline hypochlorite reagent was added. The 

samples were left for a further 28.5 minutes for the colour to develop. The absorbance 

was read at 625 nm on a spectrophotometer. A blank was prepared from 2 ml of 

deionised water. The standard curve was prepared in every assay because the colour 

intensity may change with the age of reagents (Gerhardt et a/., 1994; Large, 1999).

The ammonium standard curve is exemplified as shown in Figure 3.4.
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Figure 3.4. The standard curve of ammonium sulphate solution

3.2.5. Particle size distribution analysis

The distribution of different sizes of oil particle in the complex medium was 

measured using the Malvern MastersLzer 2000 (Malvern, Worcestershire, U.K). This 

instrument uses laser diffraction to measure the size of particles and can measure 

particles m the ranges of 20 nm to 2 mm depending on material properties. Its 

measurement is done using the principle of the Mie theory to “assume” the volume of 

the particle from the measured angular distribution of light scattered from the particles 

and then convert this into the diameter of an equivalent sphere. It completely solves
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the equations for the interaction of light with matter. In order to measure the broth 

sample the refractive index for the rapeseed oil need to be known, which is 1.465 

(Committee on Food Chemicals Codex, USA)

SufiScient sample was used to fill the dispersion unit, Hydro 2000 SM, which 

continuously mixes it and circulates it to the flow cell of the optical unit in the 

Mastersizer. This cell consists of a pair of windows that allow the laser beam to pass 

through the sample so that the sample particle can be measured. The detector array 

within the optical unit consists of a slice of photosensitive silicon with a number of 

discrete detectors (between 16 and 32). Each detector collects the light scattering 

from a particular range of angles at the particular time, which called a snap. This 

detector takes many snaps and averages the result. Typically, over 2000 snaps are 

made for each measurement, with each snap taking 1 ms. When the measurement is 

complete, the raw data contained in the measurement will be analysed by the Malvern 

software using the Mie theory as mentioned above.

The Hydro 2000 SM was filled with RO water in place of the sample in order 

to measure the background dispersion. The background was measured to substract 

from the sample measurement. Once a steady background was obtained, the sample 

was added to displace the water until concentrated enough to give a proper reading 

(See Manual). The reading was then taken and analysed as percentage volume size 

distribution.

3.2.6. High performance liquid chromatography analysis of 

erythromycin

Erythromycin titres were measured by high performance liquid chromato

graphy (HPLC). The concentration of erythromycin was calculated from a standard 

curve using a commercial erythromycin product (Sigma-Aldrich). The assay is based 

on the method developed by Heydarian et a l (1998).

A. Standard stock preparation

The standard stock used was 93% pure and contains ca. 90% erythromycin A. 

A stock solution of 10 g/L erythromycin standard in methanol was prepared and 

aliquots taken to prepare dilutions in the range of 0.5-10 g/L. All dilutions were made
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up in methanol. The stock solution was stable for up to 2 weeks at 7 °C. Before 

injecting the standards into HPLC, the solutions were filtered through a 0.2 pm PTFE 

syringe filter (Whatman, UK).

B. Sample preparation

Before HPLC analysis was carried out, the fermentation samples were clarified 

by centrifiigation and filtration and then concentrated using solid phase extraction. At 

first, the fermentation broths were centrifuged at 3,800 rpm for 1 hr in a bench top 

centrifuge and the supernatant was centrifuged again at 13,000 rpm using Biofuge 13 

(Heraeus Sepatech GmbH, Germany) for 30 min and filtered through 0.2 pm syringe 

filter before solid phase extraction.

The solid phase extraction was carried out by using the Bond Elut/Vac Elut 

System with CIS bond elut cartridges (Phenomenex, UK). After mounting the 

cartridges on the vacuum chamber, 5 ml of 0.5% diethyl amine in methanol was 

applied to condition the column. Then, 5 ml of 10 mM potassium dihydrogen 

phosphate buffer pH 7 was loaded to rinse the column. A known volume of sample 

was loaded on each cartridge and then 5 mL of phosphate bufifer was added to wash 

unbound components o f the column. Afterwards, the column was eluted with 1 ml of 

methanol. The eluent was collected and filtered through a 0.2 pm syringe filter into 

appropriate HPLC vials (Chromocol Ltd, UK). The vacuum applied in each step 

should not be higher than 5 or 6 mm Hg. In addition, care was taken that the column 

was not run dry in the phosphate buffer and sample loading steps.

C. HPLC set-up

The erythromycin A concentrations in the standard and sample solutions were 

measured using the Beckman Gold HPLC system (Beckman Instruments). This 

system consists o f  a solvent and pump module (Model 126), an autosançler (Model 

507e) and a UV detector (Model 166). The column used weis a 150 x 4.6 mm reverse 

polystyrene phase (8 pm) column (Polymer Laboratories, UK). The HPLC conditions 

were as follows: acetronitrile-10 mM potassium dihydrogen phosphate (pH 7) (45:55) 

at a flow rate o f 1.0 ml/min was used as the mobile phase. The column temperature
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was controlled at 70 °C with a block column heater (Jones Chromatography, UK) and 

the sample injection volume was 20 pi. Absorbance was measured at 215 nm.

The erythromycin A standard curve is exemplified as shown in Figure 3.5.
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Figure 3.5. The standard curve of erythromycin A

3.2.7. Bioassay of eiythromycin using large plate method

The large plate method as described by Heydarian (1998) was used with some 

modification. The level of erythromycin in the fermentation broth was determined by 

using Arthrobacter citreus (NRRL B-1258). This organism was kindly given by ARS 

(NRRL) Culture Collection (United States Department of Agriculture, Illinois, USA).

A. Standard preparation

The standard used was 93% pure, the same as used in HPLC analysis (Section 

3.2.6.A). A standard solution of 0.1-mg ml’* erythromycin in sterilized de-ionized 

water or 10 mM phosphate buffer, pH 7 was prepared freshly in each time of the 

assays, and then diluted in the range of 2 to 10 pg ml’*. The standard was included in 

the same plate o f the fermentation broth in every assay to reduce any error that may 

happen between assays.

B. Sample preparation and bioassay

Fermentation broth was transferred into eppendorf tube and centrifuged at 

13,000 rpm for 15 minutes. These supernatants were collected and frozen at -20 °C 

until they were assayed.
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A culture of^ .  citreus (NRRL B-1258) was grown in a 250-ml shake flask 

containing 75-ml Oxoid nutrient broth (NB). The flask was incubated for 24 hr at 28 ® 

C on an ISF-l-V orbital shaker at 200 rpm.

A batch of 200 ml of nutrient agar containing 1.3% NB and 1.3% agar was 

sterilized and cooled down to approximately 40 ®C before being inoculated by 2 ml of 

A. citreus culture. The culture was well mixed before pouring into the square plate 

(22.5 X 22.5 cm^) and allowed to solidify. Then, the plate was placed over a paper 

template and 36 wells (6 x 6) were punched using an 8.0 mm cork-borer sterilized in 

an alcohol fi*ame (Fisher, UK).

100 pi of broth supernatant or calibration solution was pipetted into the well 

in triplicate. The broth supernatant will be diluted if necesssary. The assay plate was 

incubated at 28 for 24 hr before leaving for another 24 hr at room temperature in 

order to obtain clear inhibition zones which then were measured with a ruler. These 

zones o f inhibition were recorded and the values obtained for the standards are used 

to make a standard curve, the slope of which is then used to calculated the 

erythromycin concentration in the samples.

The logarithm of antibiotic concentration is proportional to the square of the 

distance between the reservoir and the inhibition zone border, as described below:

Inm = (di -  d2)V4 DcTo (3.1)

where : m, antibiotic concentration

di, diameter o f inhibition zone 

d2 , diameter of reservoir 

Dc, diflhision coeflScient 

To, absolute temperature

Standard curves were constructed based on this theory on Microsoft Excel. 

The value of In m was plotted against (di -  d2 )̂  for erythromycin standards and the 

standard curve was determined by linear regression. This standard curve was used for 

determination o f erythromycin in the samples.
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The total erythromycin standard curve is exemplified as shown in Figure 3.6.
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Figure 3.6. The standard curve of total erythromycin
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4. The effect of surfactant on oil utilization 
(2-L fermenter, Preliminary)

This experiment studied the effect of surfactant on oil uptake, antibiotic 

production and lipase activity in the Adaptive 2-L fermenter. The working volume was 

1.3-L and the fermentation time was about 160-180 hr. Four fermentations were carried 

out, three of which were controls (ST 1, ST 2 and ST 3), but the fourth (DPN 0.26) 

contained added surfactant. The surfactant used in this experiment was 0.26% Disponil 

SMOlOO (DPN) which is a non-ionic surfactant based on sorbitan monooleate.

In each experiment, the estimate of the residual oil concentration and of the 

lipase activity were the averages of two assays. In general, the variation in these assays 

was less than 8 %, except for the values of the lipase activity before 48 hr which varied 

by as much as 31 %.

4.L The influence o f Disponil SMOlOO against oil utilization  ̂
lipase activity and erythromycin production

4.1.1. Lipase activity
As can be seen from figure 4.1 A, the lipase activity o f the DPN-added culture 

(DPN 0.26) increased more quickly and had higher activity than the non-added ones (the 

controls) after 48 hr. The maximum lipase activity of this culture was 5.0 units/ml at 149 

hr (and may have increased further), while at this time the activity o f the controls was

2.4 units/ml.

There was variation in the lipase activity profiles of the controls. The activity 

profile of the first control (ST 1) was the lowest, even though it increased at the same 

time as the others, that is, at 48 hr. The maximum activity o f this batch was 1.35 units/ml 

at 111 hr. On the other hand, the activity of the others was 2.25 units/ml at nearly the 

same time. However, the rate of the increase in lipase activity between 60 and 120 hr in 

this batch was not much different from the others. Its rate was 0.025 units ml'  ̂ hr"* while 

the others were 0.028 units ml"* hr"*. In addition, after 111 hr, there was decrease of the
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activity in batch ST 1 and ST 2 while the activity of the batch ST 3 was rather constant 

after this time until the end of the process.

4.1.2. Oil uptake
In the DPN-added culture, the consumption of oil was more rapid than it was in 

the controls (Figure 4 .IB). In all the fermentations, the fall in oil concentration began at 

about 48 hr but the minimum level was reached at 96 hr in the DPN fermentation 

compared to about 120 hr or after for the controls. The rate o f decline in the controls 

was 0.2 and 0.27 g L'  ̂ hr’̂  while in the DPN-added it was 0.4 g L"̂  hr"\ However, the 

final oil concentration (considered at 150 hr) was between 3 and 5.5 g L‘̂  whether DPN 

was added or not.

4.1.3. Eiythromycin A production
The profiles o f erythromycin A production varied between the controls, as shown 

in Figure 4.1 C. In all the fermentations, there was a steady increase in titre between 50 

and 140 hr, but beyond that the titre was variable. During the period between 50 and 120 

hr, the rate o f the production in the controls was 3.8 to 6.8 mg L'  ̂hr"̂  while in the DPN- 

added culture the rate was 7.9 mg L'  ̂hr"\ However, the final erythromycin titre in DPN- 

added cultures was not much higher than in the controls at 140 hr. The concentration 

was around 0.6 g/L while that of the controls was 0.4 - 0.5 g/L.

4.2. The relationship o f lipase activity against oil utilization and 
erythromycin production

As can be seen from Figure 4.2, there was a good relationship between lipase 

activity and residual oil between 48 and 100 hr; that is, there was steady decrease o f oil 

in the same time as the increase in lipase activity. Afterwards, the lipase activity 

decreased while the oil level was steady. This happened in the controls but not in the 

DPN-added culture where the lipase activity continued to increase even though the oil 

level was stable (Figure 4.2D).

The profile o f the lipase titre was nearly the same as that of erythromycin in all 

the fermentations (Figure 4.3). This may indicate that the production of erythromycin 

followed the hydrolysis o f oil by lipase.
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4.3. Relationship between oil uptake and erythromycin 
production

When the ratio of erythromycin production was compared to the amount of oil 

consumed (mg erythromycin /g oil consumed), there was an initial peak in this ratio at 

about 65 hr (Figure 4.4 A to C). The ratio in these controls reached 20 and 60 mg/g. 

However, in the DPN fermentation a greater figure of 115 mg/g was reached which 

occured at 55 hr, about 10 hr earlier than in the controls. This suggested the potential for 

a more efficient conversion of oil into erythromycin in the presence of DPN.

The ratios earlier and later in these fermentations are unreliable because neither 

the oil nor the erythromycin concentration is changing fast enough to allow an accurate 

value to be calculated.

4.4. The % Dissolved oxygen tension (%DOT)
As shown in figure 4.5, the %DOT began to fall from the saturation at 50 hr in 

all fermentations. It reached 50% at 75 hr in the controls (Figure 4.5 A to C). When it 

reached 50%, the DOT was controlled by adjusting the stirrer speed to hold it at this 

level until the end of the process. When the DPN was added, the fall in %DOT was more 

rapid. It reached 50% by 65 hr and then fell further, touching zero at 100 hr before 

slowly rising to 50% at 120 hr.

The DOT did not fall below 50% in the controls; in the DPN fermentation the 

minimum occurs when the oil level falls to a minimum (Figure 4.1 B and 4.5D).

4.5. Exit gas analysis

4.5.1. Oxygen uptake rate (OUR)
As can be seen from Figure 4.6, the OUR gradually increased to 9 mmol L'  ̂ hr'  ̂

at 90 hr in two controls (ST 1 and ST 3) before increasing further to 15 mmol L'  ̂ hr‘̂  at 

110 hr in ST 1 or remaining at this level until 140 hr in ST 3. After 140 hr the OUR was 

4-5 mmol L’̂  hr'  ̂in these batches. In ST 2, OUR increased to 6 mmol L'  ̂hr"̂  at 50 hr, to

7.5 mmol hr'  ̂ at 110 hr and then to 12 mmol L'  ̂ hr'* at 125 hr before dropping to 6 

mmol L'* hr'* afterwards.

In DPN-added cultures, the OUR increased more sharply between 0 and 12
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mmol L‘* hr'^ at 90 hr before felling to 6 mmol L'  ̂ hr’̂  and remaining at this level until 

the end. According to these results, the OUR of DPN 0.26 rose to its maximum earlier 

and then fell more quickly than that of the controls.

4.5.2. Carbon dioxide evolution rate (CER)
In the control fermentations, the CER increased to 4-5 mmol L‘  ̂hr'^ at 24 hr and 

continued at this level until 100 hr before increasing to the maximum which was 9 - 1 0  

mmol L'  ̂ hr'  ̂ at 120 hr in ST 1 and ST 2 but around 6 mmol L"̂  hr'* in ST 3 at 135 hr. 

After this time, the CER dropped to 2 -  3 mmol L'* hr'* and remained at this level until 

the end o f the process (150-185 hr) (Figure 4.6 A, B and C).

In the surfactant-added culture, the CER increased from 2 to 6 mmol L * hr * after 

24 hr and fluctuated around 6 - 7  mmol L * hr'* until 90 hr before dropping to 2 

mmol L * hr * afterwards. Finally, it dropped zero at 145 hr, which may indicate the 

death of the organisms (Figure 4.6D). According to these results, the CER of DPN 0.26 

may rise to its maximum more quickly than that of the controls.

4.5.3. Respiratory quotient (RQ)

The maximum of RQ before 50 hr was around unity in most batches except ST 1 

and DPN 0.26, which were around 0.8 (Figure 4.7). After 50 hr, RQ gradually fell to 

around 0.5 to 0.6 at 75 hr in the controls. In the surfactant-added, RQ gradually 

decreased to 0.5 before 75 hr and dropped to zero near 150 hr (Section 4.5.2).
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Figure 4.4. The erythromycin yield against time in each fermentation. (A), (B), and

(C) are the controls; (D) is the surfactant-added culture.
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Figure 4.5. The dissolved oxygen tension (DOT) of the control and DPN-added 
culture. (A), (B), and (C) are the controls; (D) is the surfactant-added culture.
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Figure 4.6. The oxygen uptake rate (OUR) and carbon dioxide evolution rate (CER) 

of the controls and Disponil-containing S. erythraea culture. (A), (B), and (C)

are the controls. (D) is the DPN-containing culture.
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Figure 4.7. The respiratory quotient (RQ) of the controls and the DPN-containing 

culture. (A), (B), and (C) are the controls. (D) is the Disponil-containing culture.

S. Tantipaibulvut 71



Chapter 5: The ^ e c t  o f surfactant on lipase activity and oil uptake (shake flask)

5. The effect of surfactant on lipase activity and oil
uptake (shake flask)

Chapter 4 describes the effect o f 0.26% (w/v) DPN when it was added to the 

medium for cultivation. Although this resulted in an increase of lipase activity, it is 

possible that the surfactant in this culture broth affected the lipase activity itself. To 

examine this point, the effects of adding surfectants to the assay mixtures on the lipase 

activity was investigated (Section 5.1). Furthermore, the effects of different 

concentrations of surfactants (DPN and SDS) on lipase production and oil consumption 

have also been studied (Section 5.2). Where possible the data in the tables are presented 

as a mean and a standard error of the mean with the number of assays in parenthesis (eg. 

Ü ± serr (n)). Significance tested with Student t-test at 95% confidence limits unless 

otherwise stated.

5.1. Direct effect o f surfactants on lipase assays
In this study, the culture was grown in a 500-ml flask containing oil-based 

medium and its lipase activity was assayed at 48 and 96 hr. A sample of the whole broth 

was first separated into cells and supernatant and the activity o f both was assayed to see 

where the lipase was present. An equal volume of sterile de-ionised water was added to 

dilute the cell pellet to the original volume of the sample. There! was no lipase activity in 

the supernatants from either 48-hr or 96-hr culture. This indicates that the lipase from S. 

erythraea is either intracellular or is firmly bound to the cells.

When Disponil was added to the assay mixture before the addition of the culture, 

it caused a small (12%) but significant activation of the lipase from the 48-hr culture, but 

SDS had no effect. On the other hand, when tested against the lipase present in the 96-hr 

culture Disponil had no effect, but SDS have caused a small but significant inhibition of 

the lipase (Table 5.1).

The concentrations o f surfactants shown in Table 5.1 were those added to 

samples of the broth before assay. They are equivalent to the concentrations o f 

surfactant present in the fermentation media. The actual concentrations in the assay were 

20 fold lower because of the dilution of the broth sample in the assay mixture.
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When the effect of surfactants was studied on the lipase activity of separated 

cells' it appeared that Disponil had no significant effect on Hpase activity o f the cells 

either at 48 hr or 96 hr, but SDS significantly lowered the activity at both times. At 48 

hr, it caused a 12% reduction and a 21% reduction when tested with 96-hr cell pellets 

(Table 5.1).

Table 5.1. Comparison of lipase activity of whole broth and separated cells o f S. 

erythraea with and without the addition o f surfactant.

Time Sample Activity*

(Units/ml)
48 hr Whole broth (W) + Substrate (S) 

W + S  + 0.05% SDS 

W + S + 0.26% Disponil

0.22 ±0.01 

0.23 ± 0.01 

0.24 ± 0.005

Cell (C) + S 

C + S + 0.05% SDS 

C + S + 0.26% Disponil

0.28 ±0.01 

0.25 ± 0.003 

0.29 ±0.01

96 hr Whole broth + Substrate 

W + S  + 0.05% SDS 

W + S + 0.26% Disponil

0.54 ± 0.005 

0.50 ±0.01 

0.55 ±0.01

Cell + S

C + S4- 0.05% SDS 

C + S + 0.26% Disponil

0.50 ± 0.02 

0.40 ± 0.02 

0.50 ±0.015

The number of the assays is five.

The cells show some ‘lipase’ activity in the absence o f added substrate (Table 

5.2). At 96 hr, it is about 20% of the activity measured with tributyrin (0.10 units/ml & 

0.54 units/ml, respectively). Both Disponil and SDS reduce this activity, but only the 

effect of the former is statistically significant.

Another study in this section investigated the effect of various concentrations of 

surfactants on hpase activity by using the culture grown in 2-L flask and checked at 48- 

hr intervals. Disponil at the concentration between 0.1% to 0.75% had little effect on 

lipase activity from the culture of either 48 hr or 96 hr, but significantly reduced the
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activity from the culture of 143 hr with a 9% to 15% reduction (Table 5.3). In contrast, 

SDS at 0.025% and 0.05% caused small but significant activation o f the lipase from 48- 

hr and 96-hr culture. Only the higher concentration has this effect on the 96-hr culture. 

The lower concentration of SDS makes little difference to the lipase activity present in 

cultures grown in 500-ml and 2-L flasks.

Table 5.2. The hpase activity of whole broth from the blank assay at 96 hr

Time Sample Activity*

(Units/ml)
96 hr Water used instead of tributyrin 

W + S

W + S  + 0.05% SDS 

W + S + 0.26% Disponil

0.102 + 0.007 

0.087 ±0.013 

0.056 ± 0.003

■ The number of the assays is five.

5.2. The effect o f surfactants in the culture on lipase production 

and oil uptake
In this study, the fermentation was carried out in 500-ml and 2-L baffled flasks 

and samples were taken every 48 hr of the 96-hr or 144-hr incubation time. The medium 

was prepared in bulk, adjusted to pH 6.8, and then dispensed into separate flasks before 

adding surfactant. The flasks were then sterilized. The results of 500-ml shake flasks are 

shown in Table 5.4 and 5.5. As can be seen from Table 5.4, the hpase activity decreased 

with increasing concentration of DPN at both 48 and 96 hr. The maximum decrease of 

activity was in the 0.75% DPN-containing culture.

In addition, when the volume of spore suspension in the inoculum was reduced 

by a half, it caused 28% reduction in the hpase activity. In the case of the effect of SDS, 

it appeared that this surfactant was able to inhibit hpase activity o f 48-hr culture, as 

shovm in Table 5.5. The inhibition increased with the concentration. The maximum 

inhibition was 100% at 0.075% and 0.1% SDS. In contrast, the extent of the activation 

was increased according to the concentration in 96-hr culture. The maximum activation
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was 34% at 0.1% SDS-containing medium. This effect of SDS against lipase activity at 

96 hr was similar to that found in Section 5.1 (Table 5.3 and 5.5).

Table 5.3. The comparison o f lipase activity of whole broth with the addition o f several 

concentrations of surfactants into the substrate reagent

Time Sample Activity*

(units/ml)

Sample Activity

(units/ml)

48 hr No surfactant 

0.1% DPN 

0.25% DPN 

0.5% DPN 

0.75% DPN

0.19 + 0.005 

0.20 ± 0.002 

0.19 ± 0 .03  

0.19 ±0 .004  

0.18 ±0 .004

No surfactant 

0.025% SDS 

0.05% SDS 

0.075% SDS 

0.1% SDS

0.19 ±0.005 

0.21 ±0 .002  

0.22 ±0.001 

0.20 ±0 .007  

0.19 ±0 .007

95 hr No surfactant 

0.1% DPN 

0.25% DPN 

0.5% DPN 

0.75% DPN

0.33 ± 0.01 

0.33 ±  0.003 

0.34 ± 0.003 

0.31 ±0 .004  

0.32 ±0 .005

No surfactant 

0.025% SDS 

0.05% SDS 

0.075% SDS 

0.1% SDS

0.33 ±0.01 

0.34 ±0.01 

0.38 ±0.01 

0.39 ± 0.005 

0.40 ± 0.01

143 hr No surfactant 

0.1% DPN 

0.25% DPN 

0.5% DPN 

0.75% DPN

0.26 ± 0.004 

0.24 ± 0.003 

0.24 ±  0.004 

0.22 ± 0.01 

0.22 ±  0.004

The number of assays is four.
' The number of assays is three.
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Table 5.4. Comparison of lipase activity of whole broth of S. erythraea with and without 

Disponil (500-ml flask)

Time Sample Activity

(units/ml)

48 hr Standard 1̂  

Standard 2  ̂

0.25% DPN 

0.5% DPN 

0.75% DPN

0.36 + 0.01 (3) 

0.28 ±0.01 (4) 

0.36 ±0.02 (3) 

0.31 ±0.01 (3) 

0.27 ±0.025 (3)

96 hr Standard 1® 

Standard 2  ̂

0.25% DPN 

0.5% DPN 

0.75% DPN

0.91 ±0.02 (4) 

0.66 ±0.01 (4) 

0.95 ± 0.02 (4) 

0.92 ±0.01 (4) 

0.79 ±0.01 (3)

“Standard 1: Inoculum is 150 pi spore suspension in 25 ml nutrient broth, the control, 
 ̂Standard 2: Inoculum is 75 pi spore suspension in 25 ml nutrient broth.

Table 5.5. Comparison of lipase activity of whole broth of S. erythraea with and without 

SDS in 500-ml shake flask

Time Sample Activity (units/ml)

48 hr No surfectant 

0.025% SDS 

0.050% SDS 

0.075% SDS 

0.1% SDS

0.44 ±0.03 (5) 

0.29 ±0.02 (4) 

0.21 ±0.01 (4) 

0 

0

96 hr No surfactant 

0.025% SDS 

0.050% SDS 

0.075% SDS 

0.1% SDS

1.18 ±0.03 (4) 

1.10 ±0.05 (4) 

1.49 ±0.07 (4) 

1.41 ±0.01 (4) 

1.59 ±0.02 (3)
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When these experiments were scaled up to 2-L baffled flasks, the medium was 

prepared in the same way as above. Two batches containing DPN and three batches 

containing SDS were prepared. However, only the result of the final with each surfactant 

is presented here because of deficiencies in the earlier media preparation and assays. 

According to Figure 5.1 A, before 96 hr there was little change of pH in the cultures 

containing a higher concentration of DPN. This may indicate a little activity in the 

cultures. On the other hand, the lower concentration of DPN in the culture increased the 

lipase activity before 100 hr, while the higher concentration (0.75% and 1.0%) inhibited 

the activity (Figure 5.IB).

This trend seems to be the same as the growth of cells (Figure 5.1 C), when using 

wet cell weight as the rough indicator. The % error of wet cell weight was less than 10% 

in triplicate assay. According to this result, it seemed that the organisms needed time to 

adapt to the high concentration of DPN before they could grow at the end of the process. 

However, none of these concentrations increase the oil uptake of S. erythraea culture 

(Figure 5.ID), which was different from the results for the 2-L fermenter described in 

Chapter 4. However, there was a large variation in this assay of the oil concentration; the 

maximum error was 80% at 4 hr and 25% afterwards so that it is difficult to interpret the 

results.

For the effect of SDS which is shown in Figure 5.2, it appears that before 100 hr 

there was little change of pH in the culture containing SDS at the concentration of 

0.05% and above (Figure 5.2 A). In addition, there was no lipase activity in any of the 

SDS-containing cultures at 48 hr, but it was higher than the control at 96 hr (Figure 5.2 

B). This observation was comparable with that of 500-ml shake flask (Table 5.5) and in 

Section 5.1 (Table 5.3). The culture containing the highest concentration of SDS (0.1%) 

gave the highest activity at both 96 and 144 hr. In the observation of growth, all SDS- 

containing cultures had a wet cell weight higher than the control throughout the 

fermentation (Figure 5.2 C).

In the case of the oil uptake, there is a higher uptake of oil at 96 hr in the 0.05- 

0.1% SDS-containing culture (Figure 5.2D). The maximum reduction was 20% at 0.1% 

SDS. This may be the result of the higher lipase activity in all the SDS-containing 

cultures at 96 hr.
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At 48 hr, the residual oil level cannot be assayed by hexane extraction because of 

the formation of emulsions during the extraction step. Therefore, the oil concentration 

was assumed to be the same as at the start o f the fermentation. However, at the end of 

the process the residual oil level in all SDS-containing culture was higher than the 

control. The maximum error was less than 5% after 48 hr (Figure 5.2D).
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Figure 5.1. The pH (A), lipase activity (B), wet cell weight (C), and residual oil

profile (D) of DPN-containing culture. $  No surfactant, □ DPN 0.1%,

A DPN 0.25%, X DPN 0.5%, -  DPN 0.75%, o DPN 1.0%
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Figure 5.2. The pH (A), lipase activity (B), wet cell weight (C), and residual oil

profile (D) of SDS-containing culture. 4  No surfactant, □ SDS 0.01%

A  SDS 0.025%, X SDS 0.05%, -  SDS 0.075%, o SDS 0.1%
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6. Assay method development

6.1. Analysis o f the oil content o f the fermentation

Many studies use hexane extraction to measure the total oil content of 

fermentation media (Park et al., 1994; Ohta et a l, 1995; Junker et a l,  1998). However, 

when this method was used in this study, a thick white layer, or emulsion, formed 

between the organic phase (hexane) and the cell paste. If this layer is too thick, there may 

be little or no separated organic phase, and the oil is incompletely extracted. For this 

reason, the values for the ratio of hexane to medium, for the mixing time, and for the 

diying temperature in the moisture analyzer which give the correct amount of oil in the 

medium were checked. Furthermore, the components in the medium that might cause the 

thick white layer were also studied.

6.1.1. Study of hexane extraction

At the beginning, 5 ml of sterile oil-based medium containing 23 g/L rapeseed oil 

was mixed for 3 min with various volumes of hexane on the vortex mixer before drying at 

75 °C in the moisture analyzer. It can be seen from Table 6.1 that the hexane to sample 

volume ratio between 1:1 and 2:1 gave similar values, the average of which was 19.3 ±

1.5, even though the ratio 1:1 gave the thinner hexane layer.

Table 6,1. The oil content extracted at various ratio of hexane with 3-minute mixing time

Hexane : Sample 

(volume: volume)

Oil content

(g/L)

1: 1 17.5 20.8

2: 1 18.2 20.8

3: 1 19.0 19.5

4: 1 16.6 18.5
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In further studies the mixing time was varied from 3 and 5 min at the ratio 2:1. 

According to Table 6.2, the 5-minute mixing time gave the higher concentration of oil. 

The second extraction with 3-minute mixing time showed there appeared to be some oil 

left in the medium, but it appeared that the amount of oil obtained was greater than the 

23 g/L originally added to the medium. There was a thick white layer in the cell paste 

obtained from the first 5-minute mixing time (see below), which interferes with the assay. 

Finally, the ratio of hexane to sample volume was varied again with 5-min mixing time. 

The ratio of 4: 1 appeared to be the best (Table 6.3). However, two ratios; that is, 3: 1 

and 4: 1, were selected to study the optimum drying temperature. As shown in Table 6.4, 

the ratio 3: 1 at 70 °C drying temperature gave 91% recovery efficiency with less 

variation. As a result, the assay of residual oil will be carried out at the ratio of 3: 1 with a 

5-minute mixing time on the vortex mixer and with the extract dried at 70 °C in the 

moisture analyzer.

Table 6.2. The effect of mixing time on hexane extraction

Time (min) Oil content (g/L)

3 19.7 20.1

5

Second extraction

20.1 21.1

3,3 5.1 5.4

5,3 ND ND

Table 6.3. The oil content extracted at various ratio of hexane with 5-minute mixing time

Hexane : Sample Oil content

(volume: volume) (g/L)

2: 1 21.1 18.1

3: 1 18.8 18.5

4: 1 21.6 20.7
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Table 6.4. The effect of drying temperature on hexane extraction

Hexane: Sample Temperature Oil content Mean

(volume: volume) (°C) (g/L) ± std. error

3: 1 75 20.6 21.1 20.6 ± 0.5

4: 1 19.5 19.5 19.5 ±0.0

3: 1 70 20.8 21.0 20.9 ±0.1

4: 1 19.3 19.0 19.2 ±0.1

6.1.2. Study of the effect of medium components

The next step was to study the effect of each component in the medium that may 

cause the formation of emulsion during the extraction. This included the study of the 

surfactants used in this research as well. The concentration of surfactant used was either

0.1% SDS or 1% DPN. The main components present in every sample were 23 g/L 

rapeseed oil and 1.2 g/L KH2PO4. The amount of dextrin and soya flour was 10 g/L and 

30 g/L, respectively.

As can be seen from Figure 6.1, after shaking for 18 hr with 200 rpm, there was a 

separate oil layer (yellow upper layer) in the sample containing oil with either dextrin or 

SDS, while in other samples the oil was uniformly distributed with the other components. 

When the oil was extracted with hexane, a white interface formed between the upper 

hexane phase and the medium. The order of thickness o f the white layer from maximum 

to minimum was as follow:

normal medium >  oil + soya flour >  oil + SDS = oil + DPN > oil + dextrin 

(Figure 6.2).

On the other hand, the amount o f oil extracted from greatest to least was

normal medium > oil + soya flour >  oil + SDS >  oil + DPN >  oil + dextrin 

(Table 6.5).
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Table 6.5. The efifect of medium components on hexane extraction

Sample”

Medium components (g/L)

Oil content (g/L)Oil KH2PO4 Soybean flour Dextrin Surfactant

1 23 1.2 30 10 - 40.8 ± 8.3

2 23 1.2 30 - - 20.3 ± 1.2

3 23 1.2 - 10 - 3.0 ±0.7

4 23 1.2 - - 1% DPN 3.9 ±0.2

5 23 1.2 - - 0.1% SDS 7.5 ±0.7

All samples contained 23 g/L oil and 1.2 g/L KH2PO4. Other additives was made as indicated. Sample 

1 is eqivalent to the normal process medium.

The amount of oil extracted from the medium containing soybean flour was 

roughly the same as that originally added, and was typical of the quantity expected in the 

earlier test (Table 6.1-6.3). This may result from the effect of lecithin in the soybean 

flour. However, when dextrin was combined with oil and soybean flour as in the normal 

process medium, the amount of oil extracted was twice as high as expected with the 

higher error. This is probably due to the thickness of the white interfacial layer. The low 

values, as low as 3 g/L, from the medium with only oil and dextrin are probably the result 

o f sampling errors from the original mixture in which the oil is not properly mixed with 

the rest of the medium. Also when oil is mixed with DPN, it may form an emulsion which 

prevents the hexane from extracting the oil.

The accurate measurement of oil levels in the fermentation requires further study.
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Figure 6.1.The visible condition of the oil mixture after shaking for 18 hr at 200 rpm.
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Figure 6.2. The condition of the emulsion phase after hexane extraction.

6.1.3. Solvent extraction development
According to previous sections, it appeared that oil was not completely extracted 

in pure hexane, especially when the surfactant was present in the medium. Another
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solvent may have to be added to separate oil from the surfactant. Methanol was chosen to 

use in this research (L. Marteaux*, personal communication) and the values for the ratio 

of hexane to methanol to medium was checked. Furthermore, the effect of antifoam in 

solvent extraction was also studied.

As can be seen from Figure 6.3 a and b, the addition of methanol can reduce the 

thickness of the white layer formation after solvent extraction in normal medium (sample 

1) and oil + soybean flour (sample 2), and gave more accurate amount of oil with less 

error (Table 6.6). However, the ratio of 1: 1: 1 (hexane: methanol: sample) stÜl gave a 

smaller upper organic phase compared with that of 2: 1: 1. The values of oil in oil + RO 

water (sample 4) and oil + dextrin (sample 3) was not much improved which may result 

from the improper mixing of oil with the rest of the medium.

Therefore, other ratios were used to try to increase the hexane layer and improve 

the extraction. These ratios were 2: 2: 1 and 3 :2 :1  (hexane: methanol: medium). As 

shown in Figure 6.4, the increased ratio of methanol reduced the thickness of white layer 

and increased the hexane layer, compared with the previous ratio (Figure 6.3). 

Furthermore, it significantly increased the amount of oil extracted from the Disponil- 

containing sample (Table 6.7). The apparent excess of oil extracted from this sample may 

result from the amount of DPN going into hexane layer the same as oil, because DPN is 

sorbitan monooleate, which can dissolve in organic solvent. On the other hand, the value 

o f oil in SDS-containing sample was still not much improved because the oil is poorly 

dispersed as was noticed in some sample described above (Table 6.5, Sample 3). 

According to Table 6.7, the ratio o f 3: 2: 1 seems to give better values and less error than 

that of 2: 2: 1.

 ̂Mr. L. Marteaux works on emulsion development in Dow Coming, Seneffe, Belgium.
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F.XTR

NORM

UROI

(A). Sample 1 (Normal process medium)

A F T E R  S O L V E N T  EX T R A C T IO N  

OIL + SOYA

C,.il,4 : MHOU : BROTH 
( 1 : 1 : 1 ) ( 2 : 1 : 1 )

C,.Hm : b r o t h  
( 3 : 1 )

(B). Sample 2 (Oil + Soybean flour)

Figure 6.3. The condition of the emulsion phase after hexane extraction when methanol 

was added (Sample 1 and 2 of Table 6.6).
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Table 6.6. The comparison of oil content extracted with pure hexane or hexane plus 

methanol.

Additives (g/L) Oil content

Sample* Soybean flour Dextrin Hex: Met: Sample (g/L)

1 30 10 3:0: 1 22.8 ± 2.7

1: 1: 1 18.0 ±1.8

2 :1 :1 19.7 + 1.5

2 30 - 3:0: 1 34.7 ±3.8

1: 1: 1 20.8 ± 0.4

2: 1: 1 20.7 ± 0.4

3 - 10 3:0: 1 3.8 ±0.3

1: 1: 1 5.0 ±1.4

2: 1: 1 4.3 ± 0.6

4 - - 3:0: 1 6.7 ± 0.6

1: 1: 1 10.2 ±3.3

2: 1: 1 7.9 ± 2.0

“ All samples contained 23 g/L oil and 1.2 g/L KH2PO4. OthCT additives was made as indicated. Sample 

1 is eqivalent to the normal process medium.

The ratio of 3: 2: 1 has been carried out again in the surfactant-containing oil- 

based medium. This included the one containing 1% antifoam. It appeared that this ratio 

was reproducible in most types of medium studied with an error less than 5%, unless the 

medium contained antifoam (Table 6.8). Therefore, another experiment has been 

established to investigate the maximal amount of antifoam in the medium that will not 

interfere with the extraction. Both pure hexane and hexane plus methanol has been 

studied. According to Table 6.9, antifoam more than 0.05% reduced the values of oil 

extracted by pure hexane. This interference was higher in 0.1% antifoam than the others. 

In the higher concentration, the measured values of oil was reduced approximately 20%. 

On the other hand, antifoam equal or less than 0.1% did not affect the extraction carried 

out by hexane plus methanol. However, when it was increased to 0.5% and 1%, it
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reduced the value of oil measured more than 50%, indicating that antifoam affects the 

results more when methanol is included in the extraction. In conclusion, the concentration 

of antifoam in the medium should be less than 0.1% to avoid the interference in the 

extraction.

Table 6.7. The oil content in surfactant-containing sample extracted at various ratio of 

hexane to methanol. All samples contained 23 g/L oil and 1.2 g/L KH2PO4. Other 

additives was made as indicated. Sangle 1 is equivalent to the normal process medium.

Sample Additives (g/L) Hex; Met: Oil content

soybean flour dextrin surfactant Sample (g/L)

1 30 10 - 3:0: 1 19.9 ±0.5

2: 2: 1 20.2 ± 0.5

3:2: 1 20.2 ± 0.4

2 - - 1% DPN 3: 0: 1 4.7 ± 0.4

2: 2: 1 31.4 + 0.2

3:2: 1 30.7 ±0.1

3 - - 0.1 % SDS 3:0: 1 3.0 ±0.3

2:2: 1 4.6 ± 0.8

3 :2 :1 5.1 ±0.6

Table 6.8. The amount of oil extracted from normal process medium to which detergents 

were added. The oil was extracted with hexane, methanol and sample in the ratio 3:2: 1.

Sample Surfactant Oil content (g/L)

1 - 23.1 ±0.3

2 1% DPN 30.2 ±0.1

3 0.1% SDS 22.5 ± 0.2

4 1% antifoam 7.9 ± 0.4
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Figure 6.4. The condition  o f  th e  em ulsion phase w hen the ra tio  o f  m ethanol w as 

increased.

Table 6.9. The effect o f  various concen tration  o f  antifoam  o n  hexane extraction.

Sample Solvent Oil content (g/L)

Normal medium (NM) H exane

H exane and m ethanol

23.6 ± 0.9

21.7 ±0.1

NM + 0,05% AF H exane

H exane and m ethanol

24.7 ± 0 .8

22 .7  ±  0.2

NM + 0.1% AF H exane

H exane and m ethanol

15.2 ± 4 .1  

22.6 ± 0 .2

NM + 0.5% AF H exane

H exane and m ethanol

18.8 ± 4 .1

9.8 ± 0 .4

NM + 1% AF H exane

H exane and m ethanol

17.9 ± 3 .2  

6.6 ± 0 .6
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6,2. Biomass analysis

In general, dry weight is used as a measurement of biomass. However, the 

complex production medium contains solid components, which prevent a simple analysis 

of the dry cell weight. In addition, the growth medium is very viscous which makes it 

impossible to establish a correlation between changes in viscosity and changes in biomass. 

An alternative method relates growth to the DNA content of the culture. This assessment 

has shown a good proportionality to cell growth in many organisms, including 

Saccharopolyspora erythraea (Reeve and Baumberg, 1998), and this method was used in 

this study.

The DNA was estimated by two methods, the Kirby mix procedure (Section 

6.2.1) and the Dische diphenylamine assay (Section 6.2.2). The latter was found to be the 

more reliable.

6.2.1. Kirby mix procedure

In this study, the total DNA was extracted by modifying the method of Hopwood 

et al. (1997) and measured by using 7% agarose gel electrophoresis. The original method 

o f Hopwood et al. (1997) is shown in Table 6.10. At the end o f the process the DNA 

solution was frozen at -20 °C before assessing by electrophoresis on a 0.7% agarose gel.

Table 6.10. Kirby mix procedure for the isolation of genomic DNA (Hopwood et al., 

1997)

1. 25 ml of mycelium culture was harvested and washed with 5 ml of 10 % glycerol.

2. Re-suspend mycelium in 3 ml TE25S buffer, add 100 pi lysozyme solution, incubate 

10 min at 37 °C. Lysozyme concentration is 2 mg/ml.

3. Add 4 ml 2xKirby mix and agitate for 1 min on a vortex mixer. Use gentler agitation 

for longer to obtain DNA fragmaits >40 kb.

4. Add 8 ml phenol/chloroform/isoamyl alcohol and agitate for 15 sec as above.

5. Centrifuge 10 min, >1500 g (e.g. 3500 rpm in SS-34 rotor).
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Table 6.10 (cont.)
6. Transfer upper (aqueous) phase to a fresh tube containing 3 ml 

phenol/chloroform/isoamyl alcohol and 600 pi 3 M unbuffered sodium acetate,

agitate as in step 2 and centrifuge as m step 4.

7. Add 0.6 volume isopropanol, mix, spool DNA onto sealed Pasteur pipette, wash 

DNA in 5 ml 70% ethanol.

8. Optional: Re-dissolve pellet in 5 ml TE and add 50 pi RNase, incubate 30 min at 

37°C. Extract with phenol/chloroform/isoamyl alcohol as in step 5, precipitate, 

spool and wash as in step 6. RNase concentration is 40 pg/ml.

9. Air dry pellet and re-dissolve in 0.5-1 ml TE at 55°C.

The separated samples comprised a single band of DNA but between stage 3 and 

5 in the extraction procedure, a white layer interface appeared. The electrophoresis 

showed that this also contained DNA which was normally lost during the extraction 

process (Figure 6.5).

1 2 3 4 5 6 7 8

'-L . I ^

Figure 6.5. Gel electrophoresis of three phases.
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Figure 6.5. (cont.)
Lane 1 : DNA pellet from aqueous phase after isopropanol precipitation. Pellet is 
resuspended in 1 ml TE.
Lane 2: DNA pellet from aqueous phase after isopropanol precipitation. Pellet is 
resuspended in 1 ml TE.
Lane 3: Control (Extract from medium only)
Lane 4: White layer at phenol interface from second extraction.
Lane 5: Isopropanol residue from aqueous phase 
Lane 6: Isopropanol residue from aqueous phase 
Lane 7: Isopropanol residue from white layer.
Lane 8: X Bst standard DNA

The interface was not observed if smaller samples of fermentation broth between 

25 and 100 pi were used. There were then two clear phases with the thin white layer 

between stage 3 and 5. When the DNA of these were assessed by agarose gel 

electrophoresis, one band of degraded chromosomal DNA was appeared (Figure 6.6). 

However, there was much variation of DNA concentration from 100 pi and 25-pl culture 

compared with 50-pl one when assayed with UVP programme, as can be seen from Table 

6 . 11.

1 2 3 4  5 6 7 8  9 10 11

Figure 6.6. The chromatograph of extracted chromosomal DNA from different culture 
volume
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Figure 6.6 (cont.)
Lane 1 (left) : DNA pellet extracted from 100 pi culture (#6). Pellet was rfôuspended in 
150 p i TE buffer
Lane 2 : standard DNA (A. BstE II) 8 pi
Lane 3 : DNA  pellet extracted from 100 pi culture (#5).
Lane 4 : DNA pellet extracted frcwoi 100 pi culture (#4).
Lane 5 : DNA pellet extracted from 50 p i culture (#6).
Lane 6 : DNA pellet extracted from 50 p i culture (#5).
Lane 7 : standard DNA
Lane 8 : DNA pellet extracted from 50 p i culture (#4).
Lane 9 : DNA pellet extracted from 25 pi culture (#6).
Lane 10 : DNA pellet extracted from 25 p i culture (#5).
Lane 11 : DNA pellet extracted from 25 p i culture (#4).

Table 6.11. The amount of extracted DNA at various culture volumes

Culture volume (pi) DNA content (mg/ml)

25 0.82 ± 0.07

50 1.26 ±0.004

100 0.74 ± 0.08

The different DNA concentration in the different volumes of cell culture indicates 

that the efficiency of extraction is dependent on the amount of bacteria. Therefore, this 

method should be replaced with a more reliable assay. This assay was based on the 

Dische diphenylamine method for acid hydrolyzed DNA and will be explained in the next 

section.

6.2.2. Dische diphenylamine assay
In this study, cellular protein and nucleic acid was first precipitated with 0.4 M 

perchloric acid (PCA) at 4 °C before being hydrolysed with 1 M PCA at 70 °C for 30 

minutes, as mention in Section 3.2.3.3. The reaction o f nucleic acid and diphenylamine in 

chromogenic reagent leads to blue colour solution, which can be read at 600 nm 

wavelength.

This method had been compared with the dry cell weight and turbidity assay at 

the wavelength 600 nm by collecting the culture of S. erythraea CA 340 growing in 

nutrient broth from the beginning to 72 hr. The DNA profile of this organism was similar
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to  the d ry  cell w eight profile, as can be seen fi-om Figure 6.7  A. T he %  erro r o f  the  D N A  

profile w as less than  10%  while that o f  the  dry cell w eight w as less than  5% . E ven  th ough  

there  w as som e difference betw een the  curve fi"om spec trophotom etric  asssay and the 

D N A  profile at the beginning o f  the  incubation  tim e (F igure 6.7 B ), this m ethod  is still 

chosen  for m easuring th e  biom ass o f  S. erythraea in this study. In  addition, the difference 

betw een  the turbidity  and D N A  concen tration  at 0 h r can  be negligible because it w as the 

beginning. The D N A  con ten t was approxim ately  3 %  o f  dry  cell w eight in th is study.

00
20

0.5

Tim e (hr)

(A).

Tim e (hr)

Figure 6.7. T he com parison  o f  D N A  con ten t against dry  cell w eight (A ) and absorbance 

(B) during 72-hr incubation time. ■  D N A  concentration , ▲ D ry  cell w eight, #  O D  600.
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6.3. The measurement o f the distribution and size o f residual oil 

droplets in oil-based fermentation

In order to investigate the oil droplet size in the complex medium, two methods 

have been carried out. The first was studied by using Mastersizer which uses laser 

diffraction to measure the sizes of oil droplets, as e?q)lained in Section 3.2.5. The second 

was studied by using Sudan Black B to stain the oil.

6.3.1. Particle size analysis

Owing to the complex nature of the oil-based medium, the effect of other 

components on the particle size analysis of oil droplet has been identified. Each 

component, for example, oil or soybean flour, was mixed with RO water containing 

0.12% KH2PO4 and shaken at 200 rpm, at 28 for 49 hr to ensure that all components 

were well distributed. The distribution of particle size was calculated on a percentage 

volume basis. The oil-based medium has also been studied to observe the range of its 

distribution.

According to Figure 6.8, the particle size distribution of pure oil droplet and 

soybean flour was not much different. Furthermore, it appeared that the particle size 

distribution of the oil-based medium was in the same range as that of soybean flour (30 

pm to 110 pm). This may show that oil and soybean flour was mixed homogeneously. 

When this medium was centrifuged at 13,000 rpm for 10 minutes to reduce the solid 

component as much as possible and the supernatant was investigated, the particle size 

distribution of this supernatant appeared to be in the same range as that of dextrin (0.3 p 

m to 10 pm). This suggested that the other conqx)nents in the oil-based medium 

interfered with the measurement of oil droplet size distribution by Mastersizer.

As an alternative the droplets were stained with Sudan Black B to allow direct 

visual measurements of their size.
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Particle size distribution of oil-based medium and its 
components shaking for 49 hr at 200 rpm, 28 C

0.01 i  100
Particle size (pm)

10000

- Dextrin
♦ Soya flour
■ Oil
* NM
■ NM

(A).

Particle size distribution of NM supernatant 
compared with NM components

X 100
Particle size (pm)

100000.01

- Dextrin
♦ Soya flour 
•O il
• NM (spn) 
■ NM (spn)

(B).

Figure 6.8. The particle size d istribu tion  o f  oil-based m edium  either in w hole b ro th  

(A ) o r supernatant (B ). N M  is norm al oil-based m edium .
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6.3.2. Oil droplet visualization by using Sudan Black B (SbB)

In this study, Sudan black B was used to stain rapeseed oil in the medium to be 

able to measure its droplet size under microscope. According to Osborne (2000), Sudan 

black B (SbB) was chosen to use in his study for oil-based medium because it is selective 

for neutral lipids, such as the triglycerides, which are the main component of RSO. Only 

the RSO and the soybean oil from the soymeal should absorb the dye, while the other 

significant lipid component in the broth, the cell membrane, which is largely composed of 

charged lipids should remain unstained.

The effect o f this dye on the growth and oil consumption o f S. erythraea CA340 

was investigated in 500-ml shake flask. The concentration used was 1 to 3 %. According 

to Table 6.12, the measured DNA concentration of the 2-hr culture containing SbB was 

higher than that of SbB-free control. Furthermore, the values of DNA in 2-hr culture and 

48-hr culture were similar in SbB-containing flask. This suggests that SbB significantly 

interferes with the DNA assay.

Table 6,12. The effect of SbB in DNA measurement

Sample Time (hr) DNA content (pg/ml culture)

0 %  SbB 2 33.8 ± 6.02

1% SbB 103 .7+ 14 .68

2%  SbB 120.7 ± 12.22

3%  SbB 112.3 ±21 .33

0% SbB 48 68.2 ± 12.56

1% SbB 103.5 ± 14.53

2%  SbB 128.3 ±  11.86

3%  SbB 100.8 ± 16.63

As to the effect of this dye on oil consumption, there was no effect before the 48- 

hr incubation time (Table 6.13), but in the 96-hr and 144-hr cultures the measured 

amount o f oil was 2- and 3-times more than that of the control, respectively.

The dye also affects the lipase activity particularly late in the fermentation (144-
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hr), when levels are twice those of the controls (Table 6.13). This may indicate that SbB 

impedes oil consumption while acting as oil analogue for lipase enzyme. On the other 

hand, when the 0.3% SbB in 70% ethanol was used to stain the medium, none of oil 

droplet can be seen under the microscope (data not shown). Therefore, neither mixing 

SbB in the medium nor staining the medium outside can be used to visualize oil droplet 

size and there was no oil droplet measurement in this study.

Table 6.13. The effect o f SbB in hexane extraction and lipase assays

Sample Time (hr) Oil concentration

(g/L)

Lipase activity 

(Units/ml)

0% SbB 

1% SbB 

2% SbB 

3% SbB

2 21.9 ± 0 .0 7  

20.2 ± 0.2 

21.2 ± 0 .1 5  

21.1 ± 0 .31

Not detected

0% SbB 

1% SbB 

2% SbB 

3% SbB

48 18.4 ± 0 .2

19.6 ±  0.09

19.7 ± 0.25 

19.9 ± 0.4

0.04 ± 0.004 

Not detected

0% SbB 

1% SbB 

2% SbB 

3% SbB

96 7.2 ± 0 .1 4  

14.8 ± 0 .1 6

14.4 ±  0.08

14.5 ± 0 .2

0.21 ± 0 .0 1 4  

0.29 ± 0 .0 1 3  ' 

0.30 ±  0.005 

0.30 ±  0.004

0% SbB 

1% SbB 

2% SbB 

3% SbB

144 2.5 ± 0.05 

8.4 ± 0 .1 4  

7.3 ± 0 .1  

8.1 ± 0 .1 5

0.26 ± 0 .0 1 6  

0.58 ± 0.004 

0.60 ± 0.009 

0.62 ± 0.003
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7. The application of different acids in the pH control 
of Saccharopolyspora erythraea CA 340 fermentation

In this Study, the pH of the S. erythraea fermentation was controlled with either 

sulphuric or phosphoric acid to investigate whether the difference affected oil uptake or 

erythromycin production. The experiments, two with each acid, were designed to run for 

seven days, but one of the pair with sulphuric acid (STS) ran for a shorter period due to 

process failure at 168 hr. The characteristics o f each fermentation are summarized in 

Table 7.1. The concentration of both acids used in this study was 1 M.

Table 7.1. The fermentation characteristics in each batch

Batches Acid Duration (hr) Comments

STS Sulphuric 144 Light foaming, process failure at 168 hr.

STB Sulphuric 168 Light foaming, pH control inadequate due to 

leak in acid addition system.

S T P 1 &

STP2

Phosphoric 168 Heavy foeuning at the beginning of 

fermentation (first 24 hr)

This study was carried out in the Adaptive 2-L fermenter with 1.3-L working 

volume. The solvents used in residual oil analysis were hexane and methanol together, 

as mentioned in Section 3.2.2. The DNA contents were used as the measure of biomass. 

Besides the erythromycin titre and the residual oil level, the ammonium ion 

concentration was also measured.

7.7. The effect o f different acids on growth
Due to the particulate nature of the conq>lex media and the hyphal network of S. 

erythraea, traditional methods of biomass quantitation, such as dry cell weight and 

optical density, cannot be used. Nor can total protein measurements be used due to the 

presence of protein in the soybean flour contained in the complex media. For these 

reasons, the growth of the culture was estimated from their DNA content. The on-line

S. Tantipaibulvut 100



Chapter 7; The application o f different acids in the pH control of S. erythraea fermentation

dissolved oxygen tension and exit gas analysis (oxygen uptake rate and carbon dioxide 

evolution rate) were also reported.

7.1.1. DNA contents
In all fermentations the DNA concentration, after 24 hr, gradually increased to 

about 650 pg DNA/ml culture at 144 hr (Figure 7.1). The rate of the increase in DNA 

concentration fi-om 48 hr until the end of the process was 4.6 to 5.2 pg DNA m f' hr'  ̂ in 

both sulphuric and phosphoric acid-added batches. The apparent lag in the growth of 

STPl may be a sampling error caused by the viscosity of the culture medium.

8 0 0  -

S T S
S T B

7 0 0  -

6 0 0  -

3 0 0  -

200 -
1 0 0  -

80  1 0 0  1 2 0  1 4 0  1 6 0  1 80-20 0 20 4 0 6 0

T im e  (h r )

Figure 7.1. The influence of different acid on growth, 
added; A and 0 are phosphoric acid added.

and •  are sulphuric acid

7.1.2. Dissolved oxygen tension (DOT)
During the first 40 hr of all the fermentations the air-flow was manually 

controlled to avoid foaming at the beginning of the process. The rate of flow was 

progressively increased from 0.4 L min'  ̂ at 0 hr to 1.3 L min'  ̂ at 48 hr. The trough in the 

DOT during the first 40 hr, which are shown in Figure 7.2, may result fi-om this manual 

control.

The % DOT began to fall fi-om saturation at 35 hr in all the fermentations. In 

sulphuric acid-added cultures, it reached 55% at 60 hr, after which the DOT was
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controlled by adjusting the stirrer speed to hold it at this level until the end of the process 

(Figure 7.2 A and B). However, there was a sharp drop of DOT from 55% to 40% at 90 

hr in STS and to 20% at 105 hr in STB, before increasing to 55% again afterward and 

continuing at this level until the end of the process. This brief fall in DOT seems to be 

real because it is also observed in sulphuric controlled fermentations which contain 

surfactant (see Chapter 8). After 145 hr, the % DOT fluctuated considerably through to 

the end o f the process.

In contrast, the % DOT in phosphoric acid-added cultures reached 55% at 75 hr 

at which level it remained steady until late in the fermentation (Figure 7.2 C and D). 

After 145 hr, the % DOT gradually increased above 55% through to the end of the 

process.

7.1.3. Exit gas analysis

A. Oxygen uptake rate (OUR)

In all the fermentations, the OUR profiles were nearly the same. OUR increased 

from the beginning with the rate of the increase, between 30 and 60 hr, being about 0.27 

mmol L'  ̂ hr‘̂  as calculated from the slopes in Figure 7.3. This excluded STP2, whose 

rate of increase was 0.46 mmol hr"̂ . However, after 75 hr all o f them increased at the 

same rate (0.45 mmol L'  ̂ hr" )̂ and reached the maximum OUR (18-25 mmol L"̂  hr" )̂ 

around 90-105 hr. Then, the OUR declined at the rate of 0.2-0.35 mmol L"̂  hr"̂  to a final 

level at 140 hr of 10 mmol L‘̂  hr"\ at which it remained until the end of the process. In 

the cultures controlled with sulphuric acid, the OUR reached the maximum at the same 

time as the DOT dropped from 55% (Figure 7.2).

In STB OUR reached its peak when DOT gradually decreased from 55%. After 

which it dropped to the minimum while the OUR increased to a spike at 105 hr. The 

sharp fluctuations o f OUR in these batches were due to the blockage o f the exit gas filter 

with the water which condensed from the fermenter air.

B. Carbon dioxide evolution rate (CER)

The CER profiles were also similar in all the fermentations. The CER gradually 

increased from the start with the rate of the increase, between 30 and 60 hr, usually
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being about 0.2 mmol L"̂  hr'^ as calculated from the slopes in Figure 7.3, although in 

STP2 the rate of increase was greater, being 0.4 mmol L'  ̂hr'^. After 75 hr the rate o f the 

increase in CER was about 0.3 mmol L'  ̂ hr'^, while that o f STP2 was 0.2 mmol L'  ̂hr'^. 

However, all o f them reached the maximum (12-15 mmol L'  ̂ hr'^) around 90-110 hr. 

Then, they gradually declined with the rate of 0.1-0.2 mmol hr"̂  failing to about 6 

mmol L'* hr'^ after 140 hr. The fluctuations of CER in the sulphuric acid-added batches 

were due to the blockage o f exit gas filter with the condensate, as was mentioned before.

C. Respiratory quotient (RQ)

In phosphoric acid-added cultures, the RQ profiles were noisy for the first 10 hr 

(Figure 7.4). This may be due to higher foaming compared with that o f the sulphuric 

acid-controlled fermentation. In the following period up to 60 hr the RQ in all the 

fermentations rose to a value between 0.9 and 1.2 (Figure 7.4). There were higher spikes 

but these may result from the manual increase of air flow rate during that time, as was 

mentioned before.

After 60 hr, RQ values of both phosphoric and sulphuric acid-added batches 

gradually decreased and reached 0.6 at 80 hr, at which level it remained until the end of 

the process. STPl was an exception; in this batch RQ decreased to 0.7 at 75 hr and then 

finally to 0.6 at 115 hr.

7.2. The effect o f different acid against oil uptake  ̂lipase activity, 
ammonium concentration and erythromycin production

7.2.1. Lipase activity
As can be seen from Figure 7.5A, the lipase activity o f sulphuric and phosphoric 

acid-added batches was nearly the same for the first 80 hr. The rate of the increase in 

lipase activity o f these cultures for the first 96 hr was also similar, except that of STB 

which was lower. This may result from the inadequate of pH control in STB (see Table 

7.1).
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Figure 7.2. The dissolved oxygen tension (DOT) of S. erythraea culture with 
the addition of different acid in pH control. (A) and (B) are sulphuric acid- 
added; (C) and (D) are phosphoric acid-added.
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Figure 7.3. The oxygen uptake rate (OUR) and carbon dioxide evolution rate 
(CER) of S. erythraea culture with the addition of different acid in pH control. 
(A) and (B) are sulphuric acid-added. (C) and (D) are phosphoric acid-added.
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Figure 7.4. The respiratory quotient (RQ) of S. erythraea culture with the addition 
of different acid in pH control. (A) and (B) are sulphuric acid-added. (C) and (D) 
are phosphoric acid-added.
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Table 7.2. The rate of the increase in lipase activity of S. erythraea with the application 

of different acids in pH control

The rate of the change in lipase activity (units m f' hr )

Batches 48-96 hr 96-144 hr 48-144 hr

STS 0.014 0.019 0.017

STB 0.006 0.010 0.008

S T P l 0.010 -0.002 -

STP2 0.013 0.003 0.010

Between 96 and 144 hr the rate of the increase in lipase activity o f sulphuric 

acid-added batches was higher than that before 96 hr (Table 7.2). However, after 144 hr 

the lipase activity o f STB decreased from the maximum (0.92 units/ml) to 0.5 units ml*̂  

although there is no data at 168 hr from STS to confirm this fall (see Table 7.1).

On the other hand, the rate of the increase in lipase activity o f phosphoric acid- 

added batches after 96 hr was less than that before 96 hr in STP2, and was negative in 

STPl as the lipase activity o f 0.7 units ml'^ at 96 hr to a level of 0.58 units ml'^ at 160 hr 

(Table 7.2, Figure 7.5 A).

When the specific lipase activity was considered, it appeared that only that of 

STS steadily increased until the end o f the process. The specific lipase activity of STB 

seemed to be stable at 1.4 units/mg DNA after 48 hr even though there was a trough 

between 72 and 120 hr. Then, it decreased to 0.6 units/mg DNA at the end of the 

process. On the other hand, the specific lipase activity of the phosphoric acid-added 

batches fell after 96 hr. It decreased to 0.8 units/mg DNA in STPl and to 1.5 units/mg 

DNA in STP2. The higher specific lipase activity between 40 and 100 hr in STPl may 

result from the lower DNA content already referred to in Section 7.1.1.

7.2.2. Oil uptake
According to Figure 7.6A, the residual oil profiles of phosphoric acid-added 

cultures were lower than those of sulphuric acid-added ones with the earlier onset of 

consumption (24-hr lag compared with 48 hr in sulphuric acid-added cultures). 

Furthermore, their final oil concentration was also lower. It was 2.6-3.6 g L"̂  compared
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with 5-8 g L'  ̂ in sulphuric acid-added cultures. However, the overall rate of oil 

reduction in these cultures was not much different, as can be seen from Table 7.3.

Table 7.3. The rate of oil reduction in S. erythraea cultures with the application of 

various acids.

The rate of oil reduction (g h r ^

Batches 48-96 h r 96-144 h r 48-144 h r

STS 0.16 0.16 0.17

STB 0.22 0.12 0.18

S T P l 0.16 0.14 0.16

STP2 0.15 0.17 0.17

When the amount of consumed oil was related to growth, the uptake of oil, 

before 80 hr, was higher in the phosphoric acid-added batches than it was in those with 

sulphuric acid-added. On the other hand, after 96 hr, their specific consumed oil was 

stable at 0.03 g oil/mg DNA while that of sulphuric acid-added cultures was stable 

around 0.02-0.03 g oil/mg DNA (Figure 7.6B).

7.2.3. Ammonium concentration
The ammonium ion concentration in all the fermentation was 1.45 -  1.75 mM at 

the beginning of the process (Figure 7.7). Then, it sharply dropped to 0.06 -  0.1 mM at 

24 hr in phosphoric acid-added cultures and to 0.15-0.25 mM in sulphuric acid-added 

ones. Between 24 and 120 hr, the ammonium concentration of phosphoric acid-added 

cultures was lower than that o f sulphuric acid-added.

After 150 hr the ammonium level o f STPl increased sharply to 3.3 mM, and 

there was a smaller increase to about 0.9 mM in STB. Although cell lysis might release 

high levels of ammonium ion late in the fermentation, similar increases were also seen in 

other fermentations (Section 8.2.3) vdiere lysis was unlikely.
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Figure 7.7. The effect of different acid on ammonium level in S. erythraea culture, 
and •  are sulphuric acid added; A and 0 are phosphoric acid added.

7.2.4. Erythromycin production
According to Figure 7.8A, when assayed by the Large Plate method (LP) the 

erythromycin concentration of sulphuric acid-added cultures was similar to that of 

phosphoric acid-added ones. However, the erythromycin concentration of STB 

decreased at the end of the process while that of phosphoric acid-added still increased. 

When this was confirmed by HPLC, it appeared that the erythromycin profiles of 

sulphuric acid-added cultures were also similar to those of phosphoric acid-added, even 

though the rate of the increase were rather higher (Table 7.4; unfortunately, the samples 

of STPl before 90 hr were accidentally discarded before HPLC measurement).

There was no difference of erythromycin concentration between two assays in 

STS and STP2 during the process. On the other hand, there was high difference of 

erythromycin concentration between two assays, after 80 hr, in STB and STPl (Figure 

7.8 E). This difference may result from the high total amount of NaOH added in STB 

and STPl (56 ml and 128 ml, respectively; compared with 31 ml in STS and 15 ml in 

STP2). Perhaps this was due to the extra acid produced in STB and STPl limited the
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synthesis of erythromycin A (assayed by HPLC) relative to Total erythromycin activity 

(assayed by LP).

When the erythromycin concentration was considered in relation to growth, it 

seemed that the specific erythromycin production of sulphuric acid-added batches were 

higher than that of STP2 after 90 hr (LP method) (Figure 7.8C). Although in STPl, the 

specific erythromycin production during 40-120 hr was rather higher than the other 

batches, this may result from an assay error in measuring the DNA concentration during 

that time. However, when this relation was considered by using HPLC, the erythromycin 

production of sulphuric acid-added cultures seemed to be higher than that of phosphoric 

acid-added, especially after 96 hr (Figure 7.8D).

Table 7.4. The rate of erythromycin production in surfectant-free control

Batches

Rate of erythromycin production (pg ml"* h r  ̂ )

LP HPLC

48-96 h r 96-144 h r 48-96 h r 96-144 h r

STS 11.5 18.4 12.0 17.4

STB 12.5 20.9 8.5 16.4

STPl 14.2 20.1 - 13.6

STF2 9.8 11.6 9.9 11.9

7.5. The relationship between lipase activity  ̂oil uptake, 
ammonium concentration and erythromycin production

1. Residual oil concentration and lipase activity
According to Figure 7.9, there was steady decrease of oil at the same time as the 

increase in lipase activity (Figure 7.9). In addition, the oil level was at its lowest when 

the lipase activity was highest.
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2. Lipase activity and ammonium concentration
As can be seen from Figure 7.10, in all the fermentations the lipase activity 

continually increased after 24 hr, the time the ammonium concentration dropped sharply 

to the minimum. In addition, the ammonium concentration was always less than 0.6 mM 

while the lipase activity increased. Whenever the lipase activity dropped, the ammonium 

concentration increased to be higher than 0.6 mM.

3. Residual oil and ammonium concentration
The ammonium concentration sharply dropped to the minimum (0.06-0.25 mM) 

when the oil level began to decrease at 24 hr (Figure 7.11). In all the fermentations, the 

ammonium concentration was less than 0.6 mM when the oil level continually 

decreased. Otherwise, the ammonium concentration was higher. According to these 

results (Section 7.3.2 and 7.3.3), the increase in the lipase activity and the consumption 

of oil reduced the ammonium level.

4. Lipase activity and erythromycin production
In all the fermentations, the profiles of the lipase activity were similar to those of 

erythromycin concentration (Figure 7.12). This may indicate that the production of 

erythromycin followed the hydrolysis o f oil by lipase. In sulphuric acid-added batches, 

the lipase profile was parallel with that of erythromycin (Figure 7.12). However, in 

phosphoric acid-added cultures, the erythromycin production was still increasing while 

the lipase activity decreased. These results suggest that there is no direct linkage 

between lipase activity and erythromycin production.

7.4. The relationship between growth and erythromycin 
production

According to Figure 7.13, the profile of DNA concentration and erythromycin 

production was quite similar in every batch of fermentation even though in STP2 the 

DNA profile was steeper than the erythromycin profile. This suggests that the 

erythromycin production is related to the growth of the organism.
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7.5. Product yield
The product yield is the ratio o f erythromycin produced compared with the 

volume of oil consumed (mg erythromycin /g oil consumed). According to Figure 7.14, 

the erythromycin yield of sulphuric acid-added cultures were similar to that of 

phosphoric acid-added ones even though that o f STP2 was lower between 80 and 150 hr 

(LP method). This may be due to the higher consumed oil o f this culture during that 

time. Furthermore, the extreme points in STB during the first 80 hr may result from the 

error in oil measurement during that time which caused the amount o f oil higher than the 

real added one (23 g L'^). On the other hand, the erythromycin yield, assayed by HPLC, 

of sulphuric acid-added cultures was higher than that of phosphoric acid-added after 40 

hr (Figure 7.14 B).

Table 7.5. The yield of erythromycin in surfactant-free control

Batches

Yield (mg eiythromycin/g oil) 

LP HPLC

STS 89 88

STB 90 55

S T P l 108 -

STP 2 84 62

When the whole yield of erythromycin, assayed by LP, was evaluated by plotting 

the erythromycin concentration against consumed oil and calculating the slope, the 

yields o f sulphuric and phosphoric acid-added batches were not very different (Table 

7.5). The average yield is 93 mg/g with a range from +16% to -10%. On the other hand, 

when the yield was assayed by HPLC the average was lower at 68 mg/g (for the reason 

explained in Section 7.2.4) but the range was also wider (+29% to -19%).
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8. The effect of various surfactants on oil uptake of 
Saccharopolyspora erythraea culture in 2-L fermenter

In this chapter, two types of surfactants were used. One was the anionic 

surfactant, sodium dodecyl sulphate (SDS), and the other was the non-ionic surfactant, 

Disponil SMOlOO (DPN), the same as was used previously. The concentrations of SDS 

used in this study were 0.025% and 0.075% (weight per volume of culture). Therefore, 

their fermentations were called SDS 0.025 and SDS 0.075, respectively. In addition, the 

concentrations of DPN used here were 1.58 g and 3.33 g per 29.9 g of rapeseed oil, so 

the batches containing them were called DPN 1.58* and DPN 3.33^, respectively. One 

batch was carried out for each concentration of SDS and two batches for each 

concentration of DPN. In addition, the first batches of 3.33 g and 1.58 g DPN-containing 

cultures [DPN 3.33 (1) and DPN 1.58 (1)] were run for 105 hr only, because the pH 

control was too sensitive after 96 hr when the culture was more viscous. This led to a lot 

of acid and base being added to the fermenter.

These experiments were done in the Adaptive 2-L fermenter with 1.3 L working 

volume and 168 hours incubation time. Acid used in the pH control was sulphuric acid. 

Assay methods used in these experiments were the same as that used in Chapter 7.

8.1. The effect o f surfactants on growth

8.1.1. DNA contents

According to Figure 8.1 A, the DNA concentration profiles of DPN-containing 

cultures were almost the same as these of the controls, as were these with a low 

concentration of SDS. The rate of the increase in DNA was also similar (Table 8.1). 

However, at high concentration of SDS (0.075%) growth appears to be slightly inhibited 

(Figure 8.1 B). This can also be seen from the slightly lower rate of the increase in DNA 

of this culture (Table 8.1).

 ̂This concentration equals to 0.1% DPN in Chapter 5.
^This concentration equals to 0.26% DPN in Chapter 4 and 5.
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Figure 8.1. The effect of surfactant on growth of S. erythraea cultures.
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In conclusion, there is no evidence that DPN at the concentration studied had any 

effect on the growth of the organism but SDS at 0.075% may slightly inhibit growth.

Table 8.1. The rate of the increase in DNA of surfectant-containing cultures compared 

with that o f the controls. The rate was calculated between 48 and 168 hr.

Batches The rate of the increase in DNA (pg DNA ml'* h r )

STS 4.8

STB 5.1

DPN 3.33 (1) 5.2

DPN 3.33 (2) 4.8

DPN 1.58 (1) 4.9

DPN 1.58 (2) 4.6

SDS 0.025 5.1

SDS 0.075 4.3

8.1.2. Dissolved oxygen tension (DOT)
As described in Chapter 7, the DOT was controlled manually for the first 50 hr 

by varying the air flow rate and later, after 60-70 hr, by adjusting the stirrer speed to 

maintain the level at 55% until the end of the process. This produces a similar DOT 

profile in all fermentations up to about 70 hr.

However, there is a sharp drop in DOT at about 88-96 hr in most DPN- 

containing cultures and at 104 hr in SDS 0.025 (Figure 8.2 D, E, and F, G), compared 

with at 90-105 hr in the controls (Figure 8.2 A and B). This excludes DPN 1.58 (1), 

which had improper manual air-flow control, and the fermentation containing a high 

concentration of SDS (Figure 8.2 C and H). The DPN-containing batches returned to 

55% DOT more quickly, while that of SDS 0.025 returned more slowly, compared with 

that of the controls.

In addition, there is some evidence that this occurs at the peak of oxygen uptake 

(Figure 8.3 A, B, and D, F) but it is not a consistent correlation in DPN 3.33 (1) and 

SDS 0.025 (Figure 8.3 E and G). After 150 hr the DOT of DPN-containing cultures
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increased above 55% through to the end of the process (Figure 8.2 D and F). On the 

other hand, that of the SDS-containing cultures fluctuated considerably after 120 hr 

(Figure 8.2 G and H), which was earlier than occurred in the controls (145 hr).

8.1.3. Exit gas analysis

A. Oxygen uptake rate (OUR)
In 3.33 g DPN-containing batches, OUR rose to its maximum earlier and then

fell more quickly than it did in the controls (Figure 8.3 E and F). In DPN 3.33 (1) it 

reached the maximum at 60 hr while in DPN 3.33 (2) it reached the peak at 80 hr before 

increasing to be a spike at 93 hr, compared with 90-105 hr in the controls. In DPN 1.58 

(2), the OUR profile was similar to that of the controls even though it fell more quickly 

(Figure 8.3 D). However, that of DPN 1.58 (1) was different because of the improper 

manual air-flow control (Figure 8,3 C). After 150 hr OUR of DPN 3.33 (2) and DPN 

1.58 (2) was stable at around 8 mmol L'  ̂hr'  ̂until the end of the process, compared with 

10 mmol L'  ̂ hr‘̂  in the controls. The trough that appeared around 90 and 135 hr in the 

OUR of DPN 1.58 (2) was due to the blockage of exit gas filter during that time.

In SDS-containing batches, the OUR profile of SDS 0.025 was nearly the same 

as that of the controls (Figure 8.3G). On the other hand, the OUR of SDS 0.075 reached 

the maximum at 83 hr which was earlier than that of the controls, but the maximum was 

lower (15 mmol hr"\ compared with 22 mmol L'  ̂hr'^ in the controls). After this time, 

it fell to 7 mmol L'  ̂ hr'^ after 110 hr. This was earlier and lower than in the controls 

(Figure 8.3H).

In conclusion, the addition of DPN at the concentration studied seemed to 

increase the rate of oxidation in this culture. On the other hand, SDS at 0.075% inhibited 

the oxidation rate of this organism.

B. Carbon dioxide evolution rate (CER)
According to Figure 8.3 E and F, the CER of DPN 3.33 reached the maximum

earlier than that of the controls (60-75 hr compared with 90-110 hr, respectively) (Figure

8.3 A, B, and E, F). Then, it fell and leveled at 4-5 mmol L’* hr"̂  after 90 hr in DPN 3.33

S. Tantipaibidvut 125



Chapter 8: The effect o f various surfactants on oil uptake o f  S. erythraea culture in 2-L fermenter

(1) and after 150 hr in DPN 3.33 (2). On the other hand, the CER of DPN 1.58 (2) was 

similar to that of the controls, while there was no increase o f CER between 20 and 45 hr 

in DPN 1.58 (1), as e^glained above (Figure 8.3 C and D).

In SDS-containing cultures, the CER profile of SDS 0.025 was similar to that of 

the controls (Figure 8.3G). On the other hand, the CER profile of SDS 0.075 was lower 

than that of the controls after 50 hr even though it reached its maximum 

(8 mmol L"̂  hr’ )̂ earlier (83 hr, compared with 90-110 hr in the controls) (Figure 8.3H). 

Furthermore, it leveled at 4 mmol hr'^ after 120 hr, which was earlier than that of the 

controls (140 hr). The trough(s) that appeared in the CER of surfactant-containing 

cultures resulted fi*om the blockage of exit gas filter during that time.

In conclusion, the addition of DPN at 3.33 g per 29.9-g oil in this study seemed 

to increase the rate of CER. In contrast, the addition of SDS at 0.075% inhibited the 

CER of this organism.

C. Respiratory quotient (RQ)

According to Figure 8.4 C to F, the RQ of DPN-containing cultures was similar 

to that of the controls. That is, there were 2 peaks of RQ before 60 hr and the values of 

these peaks was 0.9-1.05. There were also spikes on these peaks which resulted fi'om the 

manual increase of air flow rate during that time. However, RQ in DPN 3.33 (2) and 

DPN 1.58 (2) reached 0.65 instead of 0.6 and it reached this level at 90 hr compared 

with 80 hr in the controls (Figure 8.4 D and F). On the other haînd, RQ of DPN 3.33 (1) 

and DPN 1.58 (1) reached 0.6 at 80 hr (Figure 8.4 C and E).

Similarly, the RQ of SDS 0.025 also declined and reached 0.6 at the same time 

as that of the controls without any decrease afterwards (Figure 8.4 G). The spikes on the 

RQ peak of SDS-containing cultures were due to the same reason as was mentioned 

above, and the noise after 80 hr on RQ profile of most surfactant-containing cultures 

resulted fi'om the blockage of exit gas filter during that time.

However, the RQ of SDS 0.075 decreased and reached 0.6 earlier than in the 

controls and DPN-containing cultures (62 hr compared with 75 hr in the controls and 80- 

90 hr in DPN-containing cultures). Furthermore, RQ in this batch was lower than 0.6 

after 135 hr (Figure 8.4 H).
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Figure 8.2. The effect of surfactant on dissolved oxygen tension (DOT) of
S. erythraea cultures.
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8,2. The effect o f surfactant against oil uptake, lipase activity  ̂
ammonium concentration and erythromycin production

8.2.1. Lipase activity
As can be seen from Figure 8.5 A and C, the lipase activity profiles of surfactant- 

containing cultures were similar to that of the controls even though the rates of the 

increase after 96 hr were lower (Table 8.2).

Table 8.2. The rate o f the increase in lipase activity o f DPN-containing cultures 

compared with that of the controls. Lipase activity measured as described in Section

3.2.1.

Batches The rate of the increase in lipase activity (units ml'̂  hr )

48-96 hr 96-144 hr 48-144 hr

STS 0.014 0.019 0.017

STB 0.005 0.01 0.008

DPN 3.33 (1) 0.008 - -

DPN 3.33 (2) 0.014 0.007 0.01

DPN 1.58 (1) 0.011 - -

DPN 1.58 (2) 0.014 0.008 0.013

When the hpase activity was related to growth (the specific lipase activity), in 

DPN-containing cultures it gradually increased after 48 hr and seemed to be stable after 

100 hr, except that of DPN 3.33 (1) which was stable after 48 hr (Figure 8.5 B). Their 

specific lipase activity (DPN 3.33 (1), DPN 3.33 (2) and DPN 1.58 (2)) was stable 

around 1.1, 2.0, and 2.4 units/mg DNA, respectively. Furthermore, that of SDS 0.025 

was fluctuated around 1.8 units/mg DNA after 80 hr. This was similar to that of STB, 

which was stable around 1.4 unit/mg DNA after 100 hr (Figure 8.5 D). However, the 

specific lipase activity o f STS and DPN 1.58 (1) continued to increase until the end of 

the process (Figure 8.5 B).
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Figure 8.5. The effect of surfactant on lipase activity of S. erythraea cultures. (A) and
(B) are DPN-containing culture compared with the controls; (C) and (D) are SDS- 
containing cultures compared with the controls; while (E) and (F) are the comparison 
between DPN- and SDS-containing cultures; (A), (C), and (E) are volumetric lipase 
activity; (B), (D), and (F) are specific lipase activity.
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8.2.2. Oil uptake
According to Figure 8.6 A, the oil level o f DPN-containing batches began to fall 

at an earlier time than in the controls (after 24 hr, compared with 48 hr in the controls), 

and their residual oil profiles were also lower. It was about 2 g L'  ̂ below STS and about 

5 g below STB. Their minimum oil level was also slightly lower than that of the 

controls (4-5 g L'  ̂ at 144 hr compared with 5-8 g in the controls). However, the rate 

of oil reduction in these cultures was not much different from that o f the controls (Table 

8.3).

In SDS-containing batches, the oil level began to fell at a later time than that of 

the controls and DPN-containing cultures (72 hr compared with 48 hr in the controls and 

24 hr in DPN-containing cultures) (Figure 8.6 C and E). Furthermore, their residual oil 

level was also higher after 70 hr until the end of the process, especially that of SDS 

0.075. However, the rate of the oil reduction in this culture (considered between 70 and 

120 hr) was higher than that of the controls and DPN-containing cultures, even though 

the final oil level was much higher at 14.5 g L"̂  (Table 8.3, Figure 8.6 C and B). On the 

other hand, the rate of oil reduction in SDS 0.025 and the final oil concentration after 70 

hr was similar to that of the controls (Table 8.3, Figure 8.6 C).

Table 8.3. The rate of oil reduction in surfactant-containing cultures

Batches The rate of oil reduction (g h r )

48-96 hr 96-144 h r 48-144 h r

STS 0.16 0.16 0.17

STB 0.22 0.12 0.18

DPN 3.33 (1) 0.14 - -

DPN 3.33 (2) 0.17 0.13 0.15

DPN 1.58 (1) 0.18 - -

DPN 1.58 (2) 0.17 0.13 0.15

SDS 0.025 0.21̂ ^̂ 0.1̂ "̂ 0.16

SDS 0.075 0.32 "̂) - -

In SDS the rate was considered between 70-120 hr and 120-167 hr respectively.

S. Tantipaibidvut 132



Chapter 8: The effect of various surfactants on oil uptake o f S. erythraea cultures in 2-L fermenter.

28-1
2 6 -
2 4 -
2 2 -
2 0 -
1 8 -
1 6 -

'o 1 4 -
17 -3

*2 1 0 -
w 8 -

o i
6 -
4 -
2 -
0 -

-2

(A).

28 1 
26 
24 
22 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0

(C).

g STS
STB

V DPN 3.33 (1)
DPN 3 33 (2)
DPN 1,58 (1)

o DPN 1.58 (2)

20 40  60  80  100 120 140 160 180

Time (hr)

STS
STB
SDS 0.025
SDS 0.075

-2 0  0  20 4 0  6 0  8 0  100 120 140 160 ISO

T im e  (h r )

0 .2 0 -

0 .1 8 -

< 0 .1 6 - 0

§ 0 .1 4 -

0 .1 2 -

0 .1 0 -
'S 0 .0 8 - 0

1 0 .0 6 - à

i
0 .0 4 - V

0 .0 2 -
« E

1 0 .0 0 -

-0 .0 2 -

(B).

0.20
0 18 

0.16 

0.14 

0.12 
0.10 
0.08 

0 .06  

0.04 

0.02 
0.00 
-0.02

(D).

STS
a STB
V DPN 3.33(1)

DPN 3.33 (2)
0 DPN 1.58(1)
O DPN 1.58(2)

-20 0 20 40 60 80 100 120 140 160 180

T im e (hr)

STS
STB
SDS 0.025 
SDS 0.075

Û
■

g a#

-2 0  0  2 0  40  60  8 0  100 120 140 160 180

T im e  (h r )

2 8 -
2 6 -
2 4 -

2 2 -
2 0 -

7^
1 8 -

00 1 6 -

'5 1 4 -
1 2 -

3
72 1 0 -
u 8 -

Oi
6 -
4 -
2 -
0 -

V DPN 3.33(1)
A DPN 3.33 (2)
o DPN 1.58(1)
0 DPN 1.58(2)

SDS 0.025
•* SDS 0.075

-2 0  0  20  40  60 80  100 120 140 160 180

T im e  (h r )

0.20

<
Q 00 c 00zr 0 .10
°  0.08 
a
I  0 .06  

#  0.04

a "Ô 0.00 
^  -0.02

0 .1 8 - ★ V DPN 3.33(1)
A DPN 3.33 (2)

0 .1 6 - 0 0  DPN 1.58(1)

0 1 4 - 0  DPN 1.58 (2)
0 .14 •  SDS 0.025
0 .1 2 - * SDS 0.075

♦
A

0

*
-2 0  0 2 0  40  6 0  80 100 120 140 160 1!

T im e  (h r )

(E). (F).

Figure 8.6. The effect of surfactant on oil uptake of S. erythraea cultures. (A) and (B) 

are DPN-containing cultures, (C) and (D) are SDS-containing cultures compared with 

the controls. (E) and (F) are the comparison between DPN- and SDS-containing 

cultures.
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According to these results, DPN increased the rate of oil consumption, while 

SDS at a high concentration decreased the rate.

When the oil consumption was related to growth (the specific oil consumption) 

both DPN- and SDS-containing batches were similar to the controls. (Figure 8.6 B and 

D). This shows that the growth rate of DPN-containing cultures was slightly higher than 

that of the controls even though this may not be able to be observed in Figure 8.1 A. 

Furthermore, this also confirmed that the growth in SDS 0.075 was lower than that of 

the controls.

8.2.3. Ammonium concentration
According to Figure 8.7 A, the ammonium levels of DPN-containing cultures 

were lower than that of the controls from 24 hr until the end o f the process (0.13-0.2 mM 

con^ared with 0.3-0.5 mM in the controls). On the other hand, that of SDS 0.025 was 

not much different from that of the controls from 24 hr through to the end of the process 

(0.2-0.4 mM compared with 0.3-0.5 mM in the controls) (Figure 8.7 B).

In contrast, SDS 0.075 showed a very different profile o f ammonium output. The 

levels were similar to that of the controls until 110 hr. At this point the ammonium 

output rose rapidly as growth slowed (Figure 8.1 B), but fell to a low level at the end of 

the process. This change in ammonium level o f SDS 0.075 is associated with a 

significantly lower RQ value from 110 hr until the end of the process. The RQ profile, 

the residual oil level and ammonium concentration all suggest a different metabolic 

process in this batch, which is not apparent in the growth profile.

8.2.4. Erythromycin production
The erythromycin concentration of surfactant-containing cultures (both DPN and 

SDS) was similar to that of the controls for the first 80 hr, either assayed by LP or HPLC 

method (Figure 8.8 A, B, and E, F). Furthermore, there was no difference in the 

erythromycin concentration of these cultures during this time whichever assay was used 

(Figure 8.8 M and N).
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Figure 8.7. The ammonium level in surfactant-containing cultures.
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On the other hand, after 100 hr the erythromycin A (HPLC assay) production of 

these surfactant-containing cultures was similar to that of the controls but their total 

erythromycin (LP assay) was lower than that of the controls. In these cases the total 

erythromycin concentration was always greater than that of erythromycin A, but in some 

instances (DPN 1.58 (2) and SDS 0.075 in Figure 8.8 M and N) the measured 

erythromycin A was greater than the total. This discrepancy may arise because the 

detergents affect the LP assay in some way, perhaps by interfering with the uptake of 

erythromycins by the assay orgetmsm Arthrobacter citreus (NRRL B-1258).

When the production of erythromycin was conq)ared with growth (the specific 

erythromycin concentration), the DPN-containing cultures were similar to the controls, 

whether assayed by LP or HPLC method (Figure 8.8 C and D). On the other hand, the 

SDS-containing cultures were lower after 100 hr when assayed by LP, but it was similar 

when assayed by HPLC (Figure 8.8 G and H). Overall there may be an inhibition in total 

erythromycin production but not o f erythromycin A.

Table 8.4. The rate of erythromycin production in surfactant-added culture

Rate of erythromycin production (pg h r )̂

Batches Large plate method HPLC method

48-96 h r 96-144 h r 48-96 h r 96-144 h r

STS 11.5 18.4 12 17.4

STB 12.5 20.9 8.5 16.4

DPN 1.58 (1) 12.8 - 9.4 -

DPN 1.58 (2) 7.8 11.6 8 12.6

DPN 3.33 (1) 15.8 - 8.6 -

DPN 3.33 (2) 14.2 7 9.9 10.9

SDS 0.025 9.7 11 7.8 9.7

SDS 0.075 8 7.1 7.9 11
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Figure 8.8. The effect of surfactant on erythromycin production of S. erythraea 

cultures. (A) to (D) are DPN-containing cultures and (E) to (H) are SDS-containing 

cultures, compared with the controls.

S. Tantipaibulvut 137



Chapter 8: The effect o f various surfactants on oil uptake of S. erythraea cultures in 2-L fermenter.

1800

1600

1400

1200
1000
800

600

400

200
0

-200

V  D PN  3.33 (1) 
D PN  3.33 (2) 

O  D PN  1 5 8 ( 1 )
O D PN  1.38 (2)
•  SD S 0.025
*  SD S 0.075

$ $

0

★

-20 0 20 40 60 80 100 120 140 160 180

Time (hr)

(I). Volumetric erythromycin (LP)

V D PN  3 .3 3 (1 )
Û D PN  3 .3 3 (2 )
o D PN  1 .5 8 (1 )
0 D PN  1 .5 8 (2 )

SD S 0.025

* SD S 0.075

o
o

o
%

I

♦
-20 0 20 40 60 80 100 120 140 160 180

Tim e (hr)

(K). Specific erythromycin (LP)

800

700

600

500

400

300

200
100

0
-100
-200

■ STS

a STB

V D P N  3 .3 3 (1 )
D P N  3 33 (2)
D P N  1.58 (1)

0 D P N  1.58 (2)

A

-20 0 20 AO 60 80 100 120 140 160 180

Tim e (hr)

(M). DPN-containing cultures

1800

1600

1400

1200
1000
800

600

400

200
0

-200

V D PN  3 .3 3 (1 )
A DPN 3 .33 (2)

0 DPN 1 .5 8 (1 )
0 D PN  1 .5 8 (2 )
• SDS 0.025

* SDS 0.075

0.O

« $ É

-20 0 20 40 60 80 100 120 140 160 180

Time (hr)

(J). Volumetric erythromycin (HPLC)
<
z
Q 3.0 

2.5a
S 2.0
2
■5b 10 
C 0!l 

0.0u

V D PN  3 .33 ( I )
D P N  3 .33 (2)

O D P N  1 .58 (1)
o D P N  1 .58 (2 )
• SD S 0 .025

* SD S 0 .075

O
V

^  -20 0 20 40 60 80 100 120 140 160 180 
^  T i m e  ( h r )

(L). Specific erythromycin (HPLC)

800

700

600
u

500
ffi 400
Cb
d 300

• i 200
100

j 0

1^ -100

-200

. STS
B STB

S D S  0 .025

•0 S D S  0 .075
o

☆
☆

-20 0 20 40 60 80 100 120 140 160 180

Tim e (hr)

(N). SDS-containing cultures

Figure 8.8. The effect of surfactant on erythromycin production of S. erythraea cultures 

(continued). (I) to (L) are the comparison between DPN- and SDS-containing cultures. 

(M) and (N) are the difference between two assays.
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8.3. The relationship between lipase activity  ̂ oil uptake, 
ammonium concentration and erythromycin production in 
surfactant-added cultures

1. Residual oil concentration and lipase activity
In general, there was a good relationship between lipase activity and residual oil 

concentration in surfactant-added cultures except in SDS 0.025 (Figure 8.9). In this 

batch the oil level did not fall at the same time as the lipase activity increased, but was 

delayed by 48 hours (Figure 8.9 G). Unfortunately, there is no lipase data for SDS 0.075 

to confirm this delay, or to help understand the cause of the poor oil uptake in this 

fermenter.

2. Lipase activity and ammonium concentration

In all surfactant-containing cultures, there was an increase o f lipase activity after 

24 hr, the time when the ammonium concentration dropped sharply to the minimum. 

Furthermore, the lipase activity continually increased after 24 hr throughout the process 

while the ammonium concentration was stable around 0.2-0.45 mM (Figure 8.10).

3. Residual oil level and ammonium concentration
In DPN-containing cultures, the oil level began to fall after 24 hr and continually 

decreased until the end of the process, while the ammonium concentration was around 

0.2 mM throughout (Figure 8.11 C to F). On the other hand, in SDS-containing cultures, 

before 72 hr, the ammonium concentration was 0.2 mM even though the oil level was 

not reduced, such as in SDS 0.025 (Figure 8.11 G). From 72 hr the oil level continually 

fell while the ammonium concentration was less than 0.5 mM. Whenever the oil level 

was stable, the ammonium concentration was higher than 0.5 mM, such as in SDS 0.075 

(Figure 8.11 H). This was similar to that found in the controls.

4. Lipase activity and erythromycin production
In general, there was a good relationship between lipase activity and 

erythromycin production (Figure 8.12). Both of them increased in the same time, even 

though both profiles were not entirely similar in some surfactant-containing cultures,
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such as that o f DPN 1.58 (2) and DPN 3.33 (2) (Figure 8.12 D and F). This suggests that 

there is no direct linkage between lipase activity and erythromycin production, as found 

in Section 7.3.4.

8.4. The relationship between growth and erythromycin 
production

In all surfactant-containing cultures, DNA profile and erythromycin profile was 

similar, which is the same as in the controls (Figure 8.13). This may suggest that the 

production of erythromycin is related to growth, as mentioned in Section 7.4.

8.5. Product yield
According to Figure 8.14 A and B, the yield of erythromycin firom oil in the 

DPN-containing cultures was lower than that of the controls, whether assayed by LP or 

HPLC. On the other hand, the yield of SDS-containing cultures was similar to that of the 

controls, especially that of SDS 0.075. In the latter, between 60 and 90 hr, the yield of 

SDS 0.075 was very high reflecting the lower oil consumption. In addition, after 100 hr 

the yield of SDS 0.075 was higher than that of the controls while that o f SDS 0.025 was 

rather lower, whether assayed by LP or HPLC (Figure 8.14 C and D).

When the whole yield of erythromycin was considered (LP assay), it appeared 

that the difference in the yield of the controls and surfactant-containing cultures was 

small (Table 8.5).
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Table 8.5. The erythromycin yield of surfactant-containing cultures compared with that 

of the controls

Batches Yield (mg erythromycin/ g oil) 

LP HPLC

STS 89 87

STB 90 55

DPN 1.58 (1) 76 52

DPN 1.58 (2) 68 77

DPN 3.33 (1) 81 60

DPN 3.33 (2) 77 71

SDS 0.025 86 57

SDS 0.075 87 75
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Figure 8.9. The relationship between lipase activity and residual oil concentration in
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Figure 8.14. The effect of surfactants on erythromycin yield. (A) and (B) are DPN- 
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9. Discussion

Many papers report on the use of oil in antibiotic production and indicate that it 

can increase the antibiotic titres when compared with the other carbon sources such as 

carbohydrate (Lee et al.  ̂ 1997; Choi et al., 1998; and Jones & Porter, 1998). However, 

these oils are not totally consumed and this study investigates how oil consunq)tion can 

be increased in the production o f erythromycin by Saccharopolyspora erythraea CA340 

grown on rapeseed oil. Two methods have been carried out. The first was the application 

of different acid in the pH control. The acids used were sulphuric and phosphoric acids. 

The second was the addition of surfactant into the medium. Two types of surfactant were 

studied. One was the anionic surfactant, SDS, and the other was the non-ionic surfactant, 

Disponil SMO 100 (DPN).

Effect o f acid
According to Park et al. (1994), there was no difference in the oil consumption 

of Streptomyces sp p6621 cultures whose pH was adjusted with phosphoric or sulphuric 

acid. The soybean oil concentration was zero at 5 days in both cultures. Furthermore, the 

intracellular nucleic acid concentration showed similar trend. However, the 

concentrations and the initial production rate of cephamycin C were higher in the 

cultures using phosphoric acid rather than sulphuric acid. The niaximum cephamycin C 

concentrations (day 8) were 1.99 and 1.80 g/L, respectively. The amount of each acid 

used was almost the same, 70-100 ml.

In this study, the amount of each acid used to control the pH during the culture 

time was also similar, it was around 15 ml. This excluded STPl, which was 53 ml, and 

STB, which cannot be detected owing to acid tubing leakage. The DNA concentration of 

these cultures was also similar. On the other hand, the oil uptake in the phosphoric acid- 

containing cultures was better than the sulphuric acid-containing ones. The onset of 

consumption was earlier and the final oil level was lower, even though the overall rate of 

oil reduction was not much different (Section 7.2.2). One other effect confirmed these 

phenomena. This was the lower ammonium level in phosphoric acid-containing cultures 

which suggests a faster rate of carbon consumption (Section 7.2.3). However, the
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erythromycin concentration was slightly lower in phosphoric acid-containing cultures, 

especially the yield of erythromycin A (Section 7.2.4 and 7.5). According to Perlman 

and Wagman (1951), the addition of 1 g/L K2 HPO4 .3 H2 O at day 0 slightly increased the 

rate of soybean oil metabolism, but significantly reduced the streptomycin production. 

The difference of oil level between the added and the non-added was less than 1 g/L. 

Furthermore, Zhou et al. (1992) also reported that there was the reduction of 

cephalosporin C production after the addition o f 0.25 g/L inorganic phosphate into the 

culture medium at 68.5 hr. The suppression o f the biosynthesis o f  chlortetracycline C by 

phosphate in Streptomyces aureofaciens BMK was also reported (Hostalek, 1964). This 

suggested that the production of erythromycin may not directly relate to the rate of 

utilisation of the energy source, since the higher consumption of oil in phosphoric acid- 

containing cultures did not result in the higher production o f erythromycin.

In this study, there was little difference in the whole yield of total erythromycin 

between the culture using phosphoric and sulphuric acid, but there was more difference 

in the whole yield of erythromycin A (Table 7.5). Madry and Pape (1982) found that 

bioconversion of protylonolide to tylosin (16-membered macrolide) was very sensitive 

to phosphate. Three enzymes of the second part of the biosynthesis of tylosin (dTDP-D- 

glucose 4,6-dehydratase, dTDP-mycarose-forming enzyme system, and SAM: macrocin 

0-methyltransferase) were repressed by phosphate. This effect may be similar to what 

happened in the biosynthesis o f erythromycin A in this study. In contrast, Lewandowska 

and Paszewski (1988) reported that sulphate and methionine serve as sulphur sources for 

cysteine and cephalosporin C synthesis in Cephalosporium acremonium. The organism 

can utilize sulphate for S-amino acid synthesis when there was no methionine. 

Furthermore, it was shown early that the methyl groups attached to the C-3”, 3”-0  and N 

atoms o f the erythromycin sugars are derived from methionine (Corcoran, 1961). 

Furthermore, Pape et al. (1969) found that in the production of tylosin by Streptomyces 

fradiae, the méthylation takes place by transfer of the intact methyl group of methionine. 

The 0-methylation of L-mycarose moiety of erythromycin C is carried out by an S- 

adenosylmethionine (SAM): erythromycin C O-methyltransferase, which specifically 

converts erythromycin C into erythromycin A in the presence of SAM (Martin, 1979; 

Carreras et al., 2002).
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On the other hand, the lipase activity of the cultures using phosphoric acid was 

lower than that using sulphuric acid (Section 7.2.1). This showed that it may be due to 

the feed back inhibition o f fatty acids and glycerol, or there may be more than one type 

of lipase in this organism, where the production of the later (appeared after 96 hr) was 

inhibited by phosphate.

The localization o f the lipase in S. erythraea may be membrane-bound because 

the intact organism can be used in the assay without any disruption o f cell membrane 

and the cell-free culture supernatant contains no activity (Section 5.1). A similar result 

was observed by Zormpaidis (2000), and he also found that sonicated broth samples 

showed a very low enzyme value.

The OUR profiles of these cultures were similar even though their DOT profile 

was not the same (Section 7.1.2). Firstly, the time that % DOT reached 55% in 

phosphoric acid-containing culture was later than that of sulphuric acid-containing ones 

(75 hr and 60 hr, respectively). Secondly, there was a sharp drop in DOT profile after it 

reached 55% in sulphuric acid-containing cultures but not in the phosphoric acid- 

containing ones. Furthermore, the time that DOT dropped from 55% was the same as 

OUR reached the maximum. Thirdly, after 145 hr %DOT in sulphuric acid-containing 

culture fluctuated considerably while in phosphoric acid-containing it increased above 

55% through to the end of the process.

The difference in DOT may result from changes in solubility and mass transfer 

rates. As can be seen in Section 7.2.2, phosphoric acid-containing cultures utilized oil 

better than sulphuric acid-containing cultures but there was no drop o f DOT in these 

batches. The similar phenomenon was also happened in surfactant-containing cultures 

even though with the different mechanism. This will be discussed later.

The DOT in this study was measured with a polarographic electrode. In this 

electrode the cathode, anode, and the electrolyte are separated from the measuring 

medium with a membrane. This membrane is permeable to gas but not to most o f the 

ions, and when the most o f the mass transfer resistance is confined in the membrane, the 

electrode system can measure oxygen tension in various liquids. The reaction processes 

in this electrode are as follow :
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Cathodic reaction : O2 + 2 H2 O + 2e' H2 O2  + 2 OH'

H2 O2  + 2 e —*■ 2 OH

Anodic reaction : Ag + Cl' -► AgCl + e*

Overall reaction : 4 Ag + O2  + 2 H2 O + 4 Cl' 4 AgCl + 4 OH

The reaction tends to produce alkalinity in the medium together with small 

amount of H2 O2  (LeeandTsao, 1979).

According to Munro (1970), su^huric acid and sodium hydroxide are strong acid 

and strong base, respectively; while phosphoric acid is weak acid. Furthermore, the salt 

of a weak acid and a weak base displays buffer action while the salt o f a strong acid and 

a strong base has no buffer action. The solutions o f strong bases, weak acid-salt also 

have buffer capacity. In this process medium there was small amount of KH2 PO4 . 

Deindoerfer and Wilker (1957) reported that phosphate can be used to buffer the 

fermentation media. Therefore, in phosphoric acid-using cultures, the amount of OH 

released from the DOT probe was buffered with phosphate ion from phosphoric acid that 

still stayed in the medium. This made the reaction flow smoothly during the culture 

time. Furthermore, CO2  released from the metabolism may also be buffered by 

phosphate ion. Although the CO2  can still be released as gas and checked by mass 

spectrophotometry, the interference with phosphate affects the reaction in DOT probe.

On the other hand, in sulphuric acid-containing cultures sulphate ion does not 

have buffering capacity. Therefore, the drop in DOT can be seen in the same time as the 

peak increase in OUR. Lengyel and Nyiri (1966) reported a decrease in DOT and a peak 

increase in OUR following the addition of sulphuric acid into the broth for pH 

adjustment (pH dropped from 6.75 to 6.05), causing CO2  release and an apparent 

increase in respiration. In addition, they also reported that when foam developed, the 

DOT of the broth slowly increased; conversely the DOT will be decreased when the 

foam collapsed after the addition of antifoam. However, during the culture time of S. 

erythraea before the drop in DOT and the peak of OUR appeared (50 and 120 hr), there 

was no addition of sulphuric acid. In contrast, there was no addition o f phosphoric acid 

during 90 and 120 hr. Furthermore, there was no addition of antifoam agent after 24 hr. 

The variation o f pH in these batches during the culture time was 7.0 ± 0.2 which should 

not be large enough to affect the decrease in DOT, as found by Lengyel and Nyiri
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(1966). Therefore, this drop should result from the metabolic activity o f this organism 

and this phenomenon may result from the different in buffering capacity o f phosphate 

and sulphate ions. Furthermore, the slower decrease of DOT in phosphoric acid- 

containing batches may also result from the same reason. The increase of DOT in 

phosphoric acid-containing cultures after 145 hr may result from the autolysis of the 

organism. This can also be seen from the increase of ammonium ion (Figure 7.7).

On the other hand, the RQ profiles for both acids were rather similar. It reached 

0.6-0.7 at 75-80 hr in these cultures. This indicated the time the cells shifted to use oil 

completely instead of dextrin was similar, because the RQ in the carbohydrate 

metaboHsm is around 1.0 and that for the oil consumption is around 0.67 as roughly 

calculated by the following equations:

Carbohydrate: (CHzO) + O2   ► CO2  + 2 H2 O (1)

RQ = CER/OUR = CO2 /O2  = 1.0

Oil: 2(CH2) + 3 O2  2 CO2  + 2 H2 O (2)

RQ = 2 CO2/3 O2 = 0.67

Effect o f surfactant
The addition of DPN, either at the concentration of 1.58 g or 3.33 g per 29.9 g 

rapeseed oil increased the oil consumption of S. erythraea^ with the lower residual oil 

profile and earher decrease. Furthermore, the DNA concentration of these cultures was 

also slightly higher than that of the controls. On the other hand, the addition of SDS at 

0.075% inhibit the oil uptake of this organism with sHghtly lower growth rate (Section 

4.1.2 and Section 8.1.1 and 8.2.2).

Three effects were associated with these phenomena. The first was in the change 

in OUR, the second in the reduction of RQ, and the third in changes to the ammonium 

concentration.

OUR. In DPN-containing cultures, especially DPN 3.33, the OUR profile 

reached the maximum earlier than that of the controls with the same maximum value. In 

SDS 0.075 even though OUR reached the maximum before the controls, the value of 

maximum was lower (Figure 8.3). According to Bruheim et al. (1997), the observed 

oxidation rate is an expression of microbial attack on the carbon source rather than a
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general measure of its growth potential. In addition, Mimura et ah (1971) found that 

theré is high oxygen demand in hydrocarbon fermentation.

In contrast, the drop o f DOT in 3.33 g DPN-containing cultures was smaller than 

that of the controls even though the residual oil profile was lower. On the other hand, in 

SDS 0.025 the drop of DOT was greater than that o f the controls even though the 

residual oil profile was similar (Figure 8.2). This may result firom the solubility o f CO2  

in the medium

In the micelle layer, this organism may adhere at the micelle surface and 

hydrolyse oil, whilst releasing carbon dioxide. This released CO2  may be kept in the 

micelles instead of releasing into the bulk medium. This caused the lower amount of 

CO2 reached the DOT probe. Therefore, the smaller drop in DOT profile appeared in 

DPN 3.33. On the other hand, SDS at 0.025%, or 0.87 mM may release CO2 fi’om the 

micelle. This resulted in the larger drop of DOT, compared with in the controls. 

According to Jones (1992), SDS at 1.2 mM can release 50% carboxyflurorescem fi*om 

phosphatidyl choline (lecithin) vesicle.

RQ. Even though the RQ of DPN-containing cultures reduced to 0.6 or 0.65 at 

the same time or later than that of the controls, it reached around 0.7 earlier than that of 

the controls (50-60 hr, compared with 70 hr in the controls) (Figure 8.4). This indicated 

the earlier consumption o f oil, compared with the controls. This may be due to the 

enhancement in the emulsifying property of DPN which enable the cells to consume oil 

at the same time as dextrin, and to consume it completely after dextrin is depleted. DPN 

at 3.33 g per 29.9 g oil and the lecithin in the soybean flour may have a positive 

synergistic effect on the uptake of oil. This lead to better solubilization of oil and made 

the cells can consume oil better and faster.

On the other hand, RQ of SDS 0.075 reduced to 0.6 earlier than that of the 

controls, but it was higher than 0.8 until 60 hr before dropping sharply to 0.6 afterwards. 

In SDS 0.075 the time that oil was reduced was nearly the same time as RQ reached 0.6 

and the time OUR reached the peak was around 10 hr before the oil leveled. This 

suggests that in SDS 0.075 the cells consumed all o f the dextrin before changing to 

consume oil. This may be due to the solubilization o f lecithin micelles by SDS, which 

reduced the solubility of oil in the medium and prevented the organism fi*om consuming

■ S. Tantipaibulvut 153



Chcpter 9: Discussion

the oil, so that it was forced to consume soybean flour instead. According to Jones 

(1992), SDS at 2.5 mM can solubilize 50% of phosphatidyl choline vesicle. SDS at 

0.075% equals to 2.6 mM.

Ammonium concentration. The ammonium level, after 24 hr, of DPN-containing 

cultures was lower than that of the controls, while that of SDS 0.075 was higher than 

that of the controls, especially after 110 hr (Figure 8.7). In addition, in SDS-containing 

cultures, either SDS 0.025 or SDS 0.075, before 72 hr the ammonium level was 0.2 mM 

even though the oil level was not reduced. Whenever the oil level was stable, the 

ammonium concentration was higher than 0.5 mM, such as in SDS 0.075. This suggests 

that when cells used dextrin or oil as the C-source, they did not degrade much of 

soybean flour and this keep the ammonium level low. If they can use oil better, the 

ammonium level will also be lower, as in DPN-containing culture. This was also found 

by Osborne (2000) and Phonprapai (2002).

However, in 2-L shake flask SDS at 0.05-0.1% increased the oil uptake at 96 hr, 

but the oil level at the end of the process was higher than that of the controls (Section 

5.2). In contrast, there was no increase o f oil uptake in DPN-containing cultures when it 

was done in 2-L flask. This may be due to inadequate mixing in the shake flask, but the 

assay for oil is itself also subject to large variation. Furthermore, the increased aeration 

of the culture in the fermenter may be advantageous to oil hydrolysis when DPN was 

included. This can be seen fi*om the higher oxygen consumption in DPN-containing 

culture which indicated as a small increase of OUR when compared with that of the 

control without surfactant.

The rate of the erythromycin production in 3.33 g DPN-containing cultures, or

0.26% DPN, before 96 hr was higher than that of the controls (Section 4.1.3, Table 8.4). 

However, after 100 hr the rate of the production was lower. On the other hand, the rate 

of erythromycin production in SDS-containing cultures was lower than that of the 

controls, either before or after 96 hr. However, the yield of erythromycin (mg 

erythromycin/ g oil consumed) in these cultures was similar to that of the controls while 

that of DPN-containing cultures was lower. This may be due to the lower oil 

consumption in SDS-containing cultures (Section 8.5).
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As can be seen in Section 4.2 and 8.3.4, the production of erythromycin followed 

the hydrolysis o f oil by lipase. This may be one action by which this surfactant affected 

the rate at which oil is transformed into erythromycin. However, there was no difference 

in the lipase activity o f DPN-containing cultures and the controls (Section 8.2.1). 

Therefore, the increase of oil uptake in this culture may result jfrom the micelles of DPN 

and lecithin in soybean flour that facilitated the transport of fatty acids into the cells and 

allowed the cells to hydrolyze more oil. On the other hand, this can create high 

concentrations of fatty acids and a metabolic rate that far exceeds the maintenance 

requirements of the cell. In such a case, the oxygen uptake rate becomes excessive, and 

much of the oil was wasted and antibiotic production was hampered. Furthermore, the 

broth of DPN-containing cultures was more viscous than that of the controls after 96 hr 

(personal observation). This may lead to the higher concentration o f CO2 in the 

microenvironment of the cultures. According to Nash (1974), high concentration of 

carbon dioxide (11%) markedly impaired the total erythromycin synthesis. Besides that, 

the high concentrations o f some free fatty acids can be inhibitory or toxic to the cell, as 

reviewed in Section 2.4.1.

On the other hand, in SDS-containing cultures, especially SDS 0.075 the 

organism consumed oil less than the controls. This may be due to the disruption of 

lecithin micelles, as mentioned before, or the inhibition of lipase activity by SDS at this 

concentration, as studied in 2-L flask. However, this effect provides a slow release of 

free fatty acids and glycerols to the cell. This leads to the lower amount of free fatty 

acids for erythromycin production, and the lower amount of erythromycin in SDS 0.075, 

compared with the controls. However, there was no difference in the yield (mg 

erythromycin/ g oil consumed) between SDS-containing cultures and the controls 

(Section 8.5).

In the determination of the effect of Disponil on the production of lipase by S. 

erythraea CA340, the effect of this surfactant on the assay itself should be considered 

since the samples of the culture media tested contained the surfactant. Disponil at 

concentrations between 0.1% to 0.75% (0.005% to 0.0375% final concentration) had 

little effect on lipase activity itself when using the culture or the cells at either 48 hr or 

95 hr, but it did significantly reduce the activity from the culture of 143 hr (Table 5.1
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and 5.3). On the other hand, in 2-L flask the lower concentration (<0.5%) of DPN 

increased the lipase production while the higher concentration (>0.5%) inhibited. This 

was different from that found in the fermenter where the lipase activity of the lower 

concentration of DPN-containing cultures and the controls was similar (Section 8.2.1, 

Figure 8.5A). Furthermore, the difference in the result o f lipase activity in Section 4.1.1 

and 8.2.1 may be due to the freshness of sodium hydroxide (NaOH) used in the titration. 

NaOH used in the assay o f lipase activity in Section 8.2.1 was freshly prepared in each 

batch while that in Section 4.1 was re-used NaOH.

Many papers report the effect o f surfectant on lipase production (Table 9.1). The 

changing effects may be due to the property of non-ionic surfactants which rarely induce 

any conformational changes of lipase except when high concentrations are reached 

because of weak electrostatic interactions with protein and the active site of lipase (Xia 

et al., 1996). Therefore, the concentration of DPN in this study may not be high enough 

to affect the lipase production, the same as found in the effect of DPN on the assay itself 

(Table 5.1 and 5.3). This is in contrast to the lipase from Geotrichum candidum whose 

activity is stimulated in the media with the ester containing detergent (Tween), which is 

a substrate analogue and which also inhibited the lipase activity when added to the assay 

mixture (Wouters, 1967).

For the different effect of DPN on lipase activity of growing cells (48 hr and 95 

hr) and cell in stationary phase (143 hr), this may result from the change in cell-surface 

hydrophobicity during the growth. According to Bruheim and Eimhjellen (1998), the 

cells o f Rhodococcus sp. lose their cell-surface hydrophobicity during the transition 

from the exponential growth phase to the stationary growth phase resulting in the change 

of the effect of the surfactant as an inhibitor of alkane oxidation to one of stimulation.

Some papers report the stimulation of growth in hydrocarbon-utilizing 

microorganisms such as Trichosporon fermentans WU-C12 (Chen et aï., 1994), and 

Candida sp. (Nakahara et al., 1983). In this study, Disponil SMO 100 at a concentration 

less than 0.75% also increases the growth of Saccharopolyspora erythraea, and the 

increased lipolytic activity may be due to the stimulation of cell growth. As can be seen 

from Table 5.4, when the inoculum was reduced to 50%, the hpase activity was reduced 

by 28%. Therefore, this surfactant may have an effect on the physiological state of the
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cells and their growth instead of on the protein itself, or its conformation on the cell 

surfece.

Table 9.1. Examples of non-ionic surfactants that affect lipase production

Surfactants Effect and concentration Microorganism Reference

Span 80 

( S o r b i t a n  

monooleate)

Activation at 0.5% 

Induction at 1% 

Induction at 3.85 g/L

Trichosporum 

fermentans WU-C12 

Geotrichum 

candidum Link 

Pseudomonas 

aeruginosa EF2

Chen e/a/., 1994 

Tsujisaka c/£z/., 1973 

Gilbert et a/., 1991

Tween 80 Stimulation at 0.1%-0.4% 

Stimulation at 0.7%

Induction at 3.85 g/L

Geotrichum

candidum

Pénicillium citrinum

Pseudomonas 

aeruginosa EF2

Wouters, 1967; 

Jacobsen et al.  ̂ 1989 

MaHszewska and 

Mastalerz, 1992 

Gilbert et al., 1991

The effect of another surfactant, SDS, has also been investigated in this study. 

SDS is an anionic surfactant which can increase the oil uptake and clavulanic acid 

^xoàuQÛonm Streptomyces clavuligerus (Large, 1999).

SDS at 0.025% to 0.1% (0.00125% to 0.005% final concentration) has little 

effect on the lipase activity of 48-hr culture, but it significantly activated the Hpase 

activity o f 96-hr culture especially at the concentration higher than 0.05% (0.0025% 

final concentration. Section 5.1). In contrast, SDS at 0.05% reduced the Hpase activity of 

separated ceUs from either 48-hr or 96-hr culture (Table 5.1). This was different from 

that found in DPN which had no effect on the Hpase activity o f either 48-hr or 96-hr 

culture, as mentioned above. The effect of the higher concentration o f SDS on the 

enzyme assay may be due to the interaction of SDS with the protein which caused a 

conformational change and resulted in an increased exposure o f hydrophobic moieties.
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and then facilitated the hydrolysis o f  the enzyme lipase. However, when the separated 

cell was used instead of whole broth, SDS may affect the membrane-bound lipase 

directly instead of the lipase-oil complex in the broth and cause the deterioration of 

enzyme.

Borgstrom and Donner (1976) found that pancreatic lipase formed a complex in 

solution with the anionic surfactant, SDS, and this interaction caused a severe reduction 

in lipase activity with a complete inactivation taking place already at an SDS 

concentration of half the critical micelle concentration (cmc). On the other hand, 

Wannerberger and Amebrant (1996) have found that the activities of purified lipase 

from Humicola lanuginosa were not significantly affected by exposure to SDS at 0.1 x 

cmc (cmc = 5.6 mM) when using p-nitrophenyl acetate as substrate. In addition, Lee et 

al. (1999) has studied the interaction between this lipase and SDS at the air-water 

interface by neutron reflectivity and ellipsometry. Their results show that lipase adsorbs 

readily at the interface and SDS at low concentration (0.05 -  0.5 mg/ml) does not 

interact strongly with this protem layer. At a higher SDS concentration (2.0 mg/ml 

-cmc), there is a decrease in the amount of lipase at the surface. Unfortunately, the 

lipase activity was not assayed in this study.

When SDS was added into the medium, it inhibited lipase production at 48 hr, 

activated it at 96 hr, and then reduced it at 144 hr when compared with the control. This 

effect on lipase production seemed to be the same as that in the assay mixture. 

Furthermore, it can increase the cell growth when using wet cell weight as the indicator. 

However, when this was carried out in 2-L fermenter SDS at 0.025% did not affect the 

lipase production within 120 hr but reduced it afterward (Figure 8.5). Furthermore, SDS 

at 0.075% also decreased the growth of S. erythraea in this scale.

This was similar to that effects described by Nascimento and Can^os-Takaki 

(1994). They reported that SDS at the concentration 0.07-0.11% decreased the growth of 

Candida lipolytica when added to the culture medium. The extracellular lipase activity 

was not detected in treated culture supernatant when it was directly tested in YMA- 

Triolein-Rhodamine plates for 24 hr to observe halo formation. However, when this 

supernatant was purified by ammonium sulphate precipitation and dialysis and tested for 

lipase activity again, it appeared that the lipase activity can be recovered. They
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suggested that SDS does not inhibit lipase production but it inhibited the enzyme activity 

when it presented in the mixture of the reaction. According to these studies, the 

interaction of lipase and anionic surfactant is quite specific in nature and depends on the 

choice o f both lipase and surfactant.
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Future work

Although the oil consumption o f DPN-containing cultures was higher than that 

o f the surfactant-free controls, the lipase activity of both was similar. This suggests that 

there may be other factors besides the lipase activity that affect oil consumption. 

However, the effect of DPN on the oil consumption was small and should be confirmed 

in future work, with a view to discovering what effect DPN had which causes it to 

stimulate oil consumption.

1. By studying the effect of DPN on growth of the organism, using the 

improved method to measure biomass in the presence of soybean flour. 

Otherwise, using the soluble media instead. This should be done by

1.1. Variation of the amount of inoculum.

1.2. Variation of oil concentration

1.3. Study the interaction of carbon and nitrogen sources by the addition 

of (an)other component(s), such as the addition o f methionine, or 

other pure amino acids and sugars.

1.4. Increasing the oxygen supply in DPN-containing medium.

2. Using other formulation o f the oil/medium/detergent in this conplex 

medium, such as PIT emulsion. Furthermore, the interaction of lecithins 

(derived from soybean flour) vnth oil should also be studied.
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