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ABSTRACT

The aim of this project is to identify the crucial factors in fermentation culture, which 
should enhance the understanding of the relationship between the organism and the 
engineering environment, and reduce process variability through an effective control. 
An investigation of feeding strategies for oil in a fermentation process, in order to 
bring about improvements in the flux to antibiotic production, is also included.

Saccharopolyspora erythraea strain NRRL 2338 and CA 340 were used throughout 
this study, where strain CA 340 has performed the major part. Different ingredients 
for oil based and non-oil based media in baffled flask experiments were used to 
identify the most suitable medium for enhancing growth, enzyme activity, and 
antibiotic production, where the presence of trace elements was also taken into 
account. This study further investigated the effect of using dextrin and sucrose as the 
source of carbohydrate. An influence of nitrate on culture growth and the presence of 
ammonium ion in fermentation medium, were also studied.

In addition, the 20 L pilot scale fermentation was used to investigate an effect of the 
scale upon an improvement in the biomass and the product formation. Three identical 
batch fermentation were done, for identifying growth, product and residual oil 
profiles. To extend growth and maintain antibiotic titres at the achievable level, 
residual oil utilisation rate was calculated and used as an initial feeding rate for fed- 
batch fermentation studies, which four different constant feeding rates (low, low-to- 
high, medium, and high), were applied. Furthermore, seven off-line analysis were 
done throughout this study. They were the measurements of biomass concentration 
(w/v), lipase activity, amylase activity, ammonium ion concentration, nitrate ion 
concentration, residual oil concentration, and antibiotic concentration. An on-line gas 
analysis has also been used to observe a respiratory stage of the culture.

In summary, the results from the fermentation revealed that the environment, built up 
from rapeseed oil, dextrin and soybean flour, gave the high biomass (w/v) and product 
titres. The fermentation quickly consumes nitrate added either at the start of the 
fermentation or during the growth phase, but the overall nitrogen balance suggests that 
it is later released as ammonia along with any other nitrogen not required for growth, 
including that present in the soybean flour. Increased levels of rapeseed oil suppress 
the production of ammonia as do other carbon sources such as sucrose or dextrin. 
This suggests that the standard medium used for these fermentations is carbon limited.

These conditions were further studied at the pilot scale. A switch in the rapeseed oil 
feed from a low to a high rate during a batch fed fermentation increases product titres 
and specific productivity. Furthermore, with this feeding condition the amount of 
rapeseed oil remained at the low level throughout the fermentation. This study 
confirms that the ability to identify the factors which affect the cell behaviour under a 
particular engineering environment are essential for the enhancement of bioprocesses.

C. PHONPRAPAI, 2002



ACKNOWLEDGEMENTS

First of all, I have to thank my father and mother, and my aunt, for making this 

possible and for their own unique contributions, love, patience, understanding, and the 

endless support.

I would like to express sincere gratitude to my supervisors. Dr Eli Keshavarz-Moore 

and Professor Michael K. Turner, for their advice and criticism to this project, 

especially guiding me “out” of the maze.

I would like to thank to Dr Andrew P. Ison for his supervision and to Dr Noushin 

Miijalili, Dr Katherine Large, and Dr Vassilios Zormpaidis for their help in getting me 

started. I would also like to thank to Dr Frank Baganz for 20 L fermenter training and 

some comments on this project. And many thanks to the technical staffs (Billy Doyle, 

Ian Buchanan, Clive Orsbom and Stuart Pope) of the Department of Biochemical 

Engineering for all their advice and expertise, including the supporting staffs of the 

Department of Biochemical Engineering and the School of Process Engineering.

I would love to thank the Hurford family (Warren, Barbara, Joanne, and Paul), 

grandma (Molly), and all jfriends in Portsmouth for their love and kindness. They have 

given me a memorable time.

I would also like to thank all my friends, both in the United Kingdom and Thailand for 

the friendship they have provided, thank you very much indeed.

Last but not least, many thanks to Miss Salinee Srivardhana for her invaluable and 

remarkable support.

Finally, the financial support of the Royal Thai Government throughout my study, is 

gratefully acknowledged.

C. PHONPRAPAI, 2002



CONTENTS

ABSTRACT....................................................................................... 4

ACKNOWLEDGEMENT...............................................................  5

CONTENTS......................................................................................  6

LIST OF TABLES................................................................................. 16

LIST OF FIGURES............................................................................... 19

NOMENCLATURE.........................................................................  26

1. INTRODUCTION........................................................................  28
1.1 Actinomycetes.......................................................................................................  28

1.1.1 Growth and characterisation of actinomycetes................................................ 28

1.1.2 Nocardioform actinomycetes...........................................................................  29

1.1.3 Saccharopolyspora erythraea.........................................................................  30

1.1.3.1 Characterisation and genetics................................................................. 30

1.1.3.2 Cultivation, morphology and product formation...................................  32

1.2 Secondary metabolites........................................................................................... 33

1.2.1 Macrolide antibiotics....................................................................................... 35

1.2.1.1 Erythromycin..........................................................................................  36

1.2.1.1.1 Structure, characteristic, and function of erythromycin  36

1.2.1.1.2 Biosynthesis of erythromycin.....................................................  38

1.3 Lipases...................................................................................................................  41

1.3.1 Characteristic of Lipases.................................................................................  41

1.3.2 Formation and function of lipases upon the fermentation..............................  43

1.4 Lipids.....................................................................................................................  44

1.4.1 Fatty acids........................................................................................................  44

1.4.1.1 Catabolism of fatty acids........................................................................  45

1.4.2 Application of oils in fermentation (antibiotic production) processes  47

1.5 Fermentation process............................................................................................. 48

1.5.1 Mode of operation..........................................................................................  49

C. PHONPRAPAI. 2002 6



CONTENTS

SECTION 1. (cont.)

1.5.1.1 Batch and continuous fermentation.................................................... 49

1.5.1.2 Fed-batch fermentation......................................................................  50

1.5.2 Various mode of operation for antibiotic production................................  50

1.6 Nitrogen in microbial process.......................................................................... 51

1.6.1 Nitrogen assimilation............................................................................... 52

1.6.1.1 Ammonium ion assimilation in Streptomycetes............................  55

1.6.1.2 Nitrogen assimilation and antibiotic production...............................  57

1.6.2 Control of antibiotic biosynthesis in actinomycetes...................................  57

1.6.3 Nitrogen metabolites as antibiotic precursors............................................ 59

1.6.4 Nitrogen metabolites regulation.................................................................. 59

1.6.4.1 Ammonium ion interference in antibiotic biosynthesis.....................  60

1.6.4.2 Effect of other nitrogen sources........................................................ 63

1.6.4.3 Antibiotic production in relation to growth rate...............................  64

1.6.5 Effect of nitrogen metabolites on Saccharopolyspora erythraea................  65

2. THE EXPERIMENTAL PROGRAMMES AND THESIS 
69LAYOUT.........................................................................................

2.1 Studies of Saccharopolyspora erythraea strain NRRL 2338...........................  69

2.2 Studies of Saccharopolyspora erythraea strain CA 340.................................  69

2.2.1 Growth in batch fermentations.................................................................... 70

Growth in fed-batch fermentations........................................................................ 70

2.3 Influence of C/N balance on strain CA 340 fermentations.............................  70

2.4 Layout of the thesis..........................................................................................  70

3. MATERIALS AND METHODS.................................................  72

3.1 Organisms..........................................................................................................  72

3.2 Chemicals and media........................................................................................ 72

3.2.1 Chemical characterisation of commercial soybean products..................  73

C. PHONPRAPAI, 2002 7



CONTENTS

SECTION 3. (cont.)

3.3 Stirred tank fermenter........................................................................................ 75

3.3.1 Fermenter configuration.............................................................................. 75

3.3.1.1 2 L Fermenter.....................................................................................  75

3.3.1.2 20 L Fermenter...................................................................................  75

3.3.2 Sterilisation procedure.................................................................................  77

3.3.3 Operating condition.....................................................................................  77

3.3.3.1 2 L fermenter......................................................................................  77

3.3.3.2 20 L fermenter.................................................................................... 77

3.4 Oxygen transfer measurement........................................................................... 79

3.5 Control of dissolved oxygen tension using agitation speed.............................  81

3.6 Growth and maintenance of Saccharopolyspora erythraea.............................  82

3.6.1 Spore preparation and storage..................................................................... 82

3.6.2 Sterility control of spore stock.................................................................... 83

3.7 VQrm&aidiXion. o f Saccharopolyspora erythraea................................................. 84

3.7.1 Fermentation of 5. NRRL 2338..................................................  84

3.7.1.1 Inoculum (culture) development.......................................................  84

3.7.1.2 Non-oil based fermentation................................................................ 85

3.7.1.3 Sterility control of fermentation culture............................................  86

3.7.1.4 Oil based fermentation....................................................................... 86

3.7.2 Fermentation of S. erythraea CA 340......................................................... 87

3.7.2.1 Inoculum (culture) development........................................................ 87

3.7.2.2 Non-oil based fermentation................................................................ 88

3.7.2.3 Oil based fermentation....................................................................... 88

3.8 20 L scale fermentation of S. erythraea CA 340............................................... 90

3.8.1 Conventional batch fermentation................................................................ 90

3.8.2 Fed-batch fermentation................................................................................ 91

3.8.2.1 The relationship between oil flow rates and % output of the

peristaltic pump..................................................................................  91

C. PHONPRAPAI, 2002



CONTENTS

SECTION 3. (cont.)

3.8.2.2 Oil feeding schemes in fed-batch fermentation.................................  92

3.8.2.2.1 Type A feeding scheme......................................................... 92

3.8.2.2.2 Type B feeding scheme......................................................... 92

3.8.2.2.3 Type C feeding scheme......................................................... 92

3.8.2.2.4 Type D feeding scheme......................................................... 92

3.9 Physical, biological, and chemical parameter measurements of S. erythraea

fermentation broth.............................................................................................  93

3.9.1 Physical parameter measurements.............................................................. 93

3.9.1.1 Rheological measurement................................................................  93

3.9.1.2 Dissolved oxygen concentration measurement................................  95

3.9.1.3 Gas analysis....................................................................................... 95

3.9.2 Biological parameter measurements............................................................ 97

3.9.2.1 Dry cell weight measurement............................................................ 97

3.9.2.2 DNA content measurement..............................................................  97

3.9.2.2.1 DNA extraction by perchloric acid and diphenylamine

method.................................................................................. 98

3.9.2.2.2 The relationship between DNA concentration and biomass 

concentration......................................................................... 100

3.9.2.2.3 The relationship between viscosity and biomass 

concentration......................................................................... 101

3.9.2.3 Amylase assay................................................................................... 102

3.9.2.4 Lipase assay...................................................................................... 103

3.9.3 Chemical parameter measurements................................................................  105

3.9.3.1 Lipid analysis........................................................................................  105

3.9.3.1.1 Vanillin reagent method......................................................... 105

3.9.3.1.2 Hexane extraction method..................................................... 107

3.9.3.2 Fatty acid measurement.........................................................................  107

3.9.3.2.1 Estérification of fatty acid...................................................... 107

3.9.3.2.2 Gas chromatography.............................................................. 108

3.9.3.2.3 Sensitivity test of a fatty acid methyl ester (FAME).............  108

C. PHONPRAPAI. 2002 9



CONTENTS

SECTION 3. (cont.)

3.9.3.3 Erythromycin measurement...................................................................  109

3.9.3.3.1 Determination of erythromycin titres by chromatographic 

method......................................................................................  109

3.9.3.3.2 Determination of erythromycin titres by colorimetric

method......................................................................................  112

3.9.3.4 Determination of ammonium ion concentration...................................  113

3.9.3.5 Determination of nitrate ion concentration...........................................  115

4. MEASUREMENT OF OXYGEN TRANSFER RATES  117

4.1 Probe response time.............................................................................................. 117

4.2 The influence of the physical parameters of the fermenter on k^a

(calculated by using 19.25 seconds of probe response time)..............................  118

4.2.1 The volumetric mass transfer coefficient.......................................................  118

4.2.2 The influence of the air flow rate on oxygen transfer................................  118

4.2.3 The influence of the stirrer speed on oxygen transfer................................  119

4.3 The influence of the physical parameters of the fermenter on k^a

(calculated by using 16.25 seconds of probe response time)............................... 120

4.3.1 The volumetric mass transfer coefficient.......................................................  120

4.3.2 The influence of the air flow rate on oxygen transfer................................  121

4.3.3 The influence of the stirrer speed on oxygen transfer................................  122

4.4 Control of dissolved oxygen level by agitation speed.......................................... 123

4.5 Summary............................................................................................................... 126

5. FERMENTATION OF Saccharopolyspora erythraea

STRAIN NRRL 2338....................................................................  127

5.1 Growth and product formation of S. erythraea NRRL 2338 in media

supplied with non-lipid and lipid ingredients.......................................................  127

5.1.1 Non-lipid supplemented medium..................................................................  127

5.1.1.1 Effect of carbon sources on growth and pH of the culture................... 129

C. PHONPRAPAI. 2002 10



CONTENTS

SECTION 5. (cont.)

5.1.2 Lipid supplemented medium.........................................................................  130

5.1.2.1 Effect of carbon sources on growth and pH of the culture...................  132

5.1.2.2 Effect of carbon sources on lipase production and lipid utilisation... 135

5.1.2.3 Effect of carbon sources on erythromycin production.........................  137

5.2 Sununary.............................................................................................................  138

6. FERMENTATION OF Saccharopolyspora erythraea

STRAIN CA 340 IN 2 L BAFFLED FLASK........................  139

6.1 Growth and product formation of S. erythraea strain CA 340 in lipid and 

non-lipid supplement media.................................................................................  140

6.1.1 Growth and product formation of the strain CA 340 in lipid supplement 

media without the presence of trace elements................................................ 141

6.1.1.1 Effect of carbon sources on culture growth.......................................... 141

6.1.1.2 Effect of carbon sources on pH and ammonium production.............  142

6.1.1.3 Effect of carbon sources on lipase production and lipid utilisation... 145

6.1.1.4 Effect of carbon sources on amylase production...............................  148

6.1.1.5 Effect of carbon sources on erythromycin production.........................  150

6.1.2 Growth and product formation of the strain CA 340 in lipid and non-lipid 

supplement media with the presence of trace elements.................................  151

6.1.2.1 Effect of carbon sources on the culture growth....................................  151

6.1.2.2 Effect of carbon sources on pH and ammonium production................  153

6.1.2.3 Effect of carbon sources on lipase production and lipid utilisation... 157

6.1.2.4 Effect of carbon sources on amylase production................................... 158

6.1.2.5 Effect of carbon sources on erythromycin production.........................  159

6.2 Growth and product formation of the strain CA 340 in lipid and non-lipid 

supplement media supplied with dextrin and nitrate without the presence of

trace elements.......................................................................................................  161

6.2.1 Effect of carbon sources on the culture growth.............................................  162

6.2.2 Effect of carbon sources on pH and ammonium production.........................  164

C. PHONPRAPAI. 2002 11



CONTENTS

SECTION 6. (cont.)

6.2.3 Effect of carbon sources on nitrate utilisation............................................. 166

6.2.3.1 Investigation on the effect of medium components on nitrate  168

6.2.4 Effect of carbon sources on erythromycin production...............................  169

7. FERMENTATION OF Saccharopolyspora erythraea

STRAIN CA 340 IN 20 L FERMENTER................................. 170

7.1 Conventional batch fermentation of S. erythraea strain CA 340.....................  170

7.1.1 Growth and product formation of S. erythraea strain CA 340 in lipid 

supplement medium....................................................................................  170

7.1.1.1 Biomass concentration of the cultures............................................... 171

7.1.1.2 Lipase activity of the cultures.............................................................. 172

7.1.1.3 Rapeseed oil concentration of the cultures.......................................... 173

7.1.1.4 Erythromycin production of the cultures............................................. 176

7.1.1.5 Dissolved oxygen tension of the fermentation...................................  178

7.1.1.6 On-line gas analysis of the fermentation............................................. 181

7.1.1.7 Calculation of rapeseed oil uptake rate.............................................  183

7.1.2 Growth and product formation of S. erythraea strain CA 340 in lipid 

supplement medium supplied with nitrate.................................................. 185

7.1.2.1 Biomass concentration of the cultures...............................................  185

7.1.2.2 Lipase activity of the cultures.............................................................. 187

7.1.2.3 Rapeseed oil concentration of the cultures.......................................... 188

7.1.2.4 Ammonium production of the cultures................................................ 191

7.1.2.5 Nitrate ion utilisation of the cultures...................................................  192

7.1.2.6 Erythromycin production of the cultures............................................. 195

7.1.2.7 Dissolved oxygen tension of the fermentation...................................  197

7.1.2.8 On-line gas analysis of the fermentation............................................. 199

7.2 Fed-batch fermentation of S. erythraea strain CA 340....................................  202

7.2.1 Biomass concentration of the cultures......................................................... 203

7.2.2 Lipase activity of the cultures...................................................................... 204

C. PHONPRAPAI, 2002 12



CONTENTS

SECTION 7. (cont.)

7.2.3 Rapeseed cil concentration of the cultures.................................................. 205

7.2.4 Ammonium production of the cultures.......................................................  210

7.2.5 Erythromycin production of the cultures.................................................... 211

7.2.6 Dissolved oxygen tension of the fermentation...........................................  215

7.2.7 On-line gas analysis of the fermentation..................................................... 216

7.2.8 Fatty acids analysis of the fermentation broth............................................  219

7.2.8.1 Sensitivity test of the gas chromatography operating condition  219

7.2.8.2 Fatty acid concentration in fed-batch fermentations..........................  222

8. FERMENTATION OF Saccharopolyspora erythraea 

STRAIN CA 340 IN THE PRESENCE OF VARIOUS 

CARBON SOURCE......................................................................  225
8.1 Growth and product formation of the strain CA 340 in non-lipid supplement 

media supplied with dextrin or sucrose at different concentration without the 

presence of the trace elements.......................................................................... 225

8.1.1 Effect of carbon sources on the culture growth.......................................... 226

8.1.2 Effect of carbon sources on pH and ammonium production.....................  228

8.1.3 Effect of carbon sources on erythromycin production...............................  231

8.2 Nitrogen balance...................................................................................................  233

8.2.1 Nitrogen contents in fermentation ingredients, cell composition and 

erythromycin................................................................................................  233

8.2.1.1 Soybean flour..................................................................................... 233

8.2.1.2 Cell biomass...................................................................................... 233

8.2.1.3 Erythromycin...................................................................................... 234

8.2.2 Calculation of nitrogen balance in the 2 L baffled flask fermentations  234

8.2.2.1 Total Nitrogen Input ( from the first sampling period).....................  234

8.2.2.2 Total Nitrogen Output (from the last sampling period)...................  235

C. PHONPRAPAI. 2002 13



CONTENTS

9. DISCUSSION.................................................................................  241

9.1 Conditions for antibiotic production................................................................. 241

9.2 Carbon limited condition.................................................................................. 241

9.3 Ammonium ion production............................................................................... 242

9.3.1 Non-oil based cultures................................................................................. 243

9.3.2 Catabolism of amino acids.......................................................................... 243

9.3.2.1 Oxidative deamination....................................................................... 244

9.3.2.2 Transamination.................................................................................. 244

9.3.2.3 Deamination by ^-elimination.........................................................  244

9.3.3 Influence of the amono acids catabolism products on the erythromycin 

production.................................................................................................. 247

9.4 The effect of nitrate.......................................................................................... 249

9.4.1 The assimilation of the nitrate ions............................................................  250

9.5 The effect of phosphate..................................................................................... 252

9.6 Oil based cultures.............................................................................................. 253

9.7 Lipase production and oil utilisation................................................................. 255

10. CONCLUSION.............................................................................  259

10.1 Measurement of oxygen transfer..................................................................... 259

10.2 Fermentation of 5".   259

10.2.1 Saccharopolyspora erythraea NRRL 2338............................................  259

10.2.2 Saccharopolyspora erythraea CA. 3AO..................................................  260

11. SUGGESTION FOR THE FUTURE WORK......................  264

11.1 Quantitative aspects......................................................................................... 264

11.2 Qualitative aspects.......................................................................................... 264

12. REFERENCES.............................................................................  265

C. PHONPRAPAI, 2002 14



CONTENTS

APPENDICES......................................................................................  282

Appendix 1. Controlling parameters................................................................... 282

Appendix 2. Calculation of the viscosity............................................................ 288

Appendix 3. Fermentation productivity............................................................. 292

C. PHONPRAPAI. 2002 15



LIST OF TABLES

SECTION 1.

Table 1.1 Generic assignment of nocardioforms actinomycetes by
morphology...................................................................................... 29

Table 1.2 The grey (type A) and red (type B) S. erythreus strains.................. 32

SECTION 3.

Table 3.1 The essential amino acid content of defatted soybean flour
products............................................................................................. 73

Table 3.2 Metal ion and phosphorus contents of soybean flour.......................  74
Table 3.3 Other chemical parameters of soybean flour.....................................  74
Table 3.4 The dimensions of 20 L fermenter....................................................  76
Table 3.5 Superficial gas velocity and gassed power per unit volume for

different air flow rates and stirrer speeds respectively.................  80
Table 3.6 Components and concentration of sporulation medium.................... 82
Table 3.7 Inoculum development media and their ingredients in non-oil

based fermentation studies (for strain NRRL 2338)....................  84
Table 3.8 Inoculum development media in oil based fermentation studies

(for strain NRRL 2338)..................................................................... 85
Table 3.9 The components of trace elements stock solutions........................... 85
Table 3.10 Inoculum development media in non-oil based and oil based

fermentation studies. This inoculum development series are used
in the baffled flask fermentation (for strain CA 340).......................  87

Table 3.11 Inoculum development media in oil based fermentation studies.
This inoculum development series are used in the 20 L
fermentation (for strain CA 340)...................................................... 88

Table 3.12 Biological, physical, and chemical parameter measurements in S.
erythraea fermentation...................................................................... 93

Table 3.13 Preparation of oil standards for total lipid assay...............................  106

SECTION 4.

Table 4.1

Table 4.2

Volumetric mass transfer coefficient (k^a), min% calculated from
19.25 seconds probe response time................................................... 118
Volumetric mass transfer coefficient (k^a), min'% calculated from
16.25 seconds probe response time.................................................. 120

0 . PHONPRAPAI. 2002 16



LIST OF TABLES

SECTION 5.

Table 5.1 The components of the production media with non-lipid carbon
source...............................................................................................  128

Table 5.2 The components of vitamin stock solution........................................  128
Table 5.3 The components of the fermentation media with lipid supplements. 131
Table 5.4 The amount of carbon atom in the fermentation media.................... 131
Table 5.5 The fatty acid composition of rapeseed oil........................................  132

SECTION 6.

Table 6.1 The components of the production media with lipid supplement.
Trace elements are not added into the ingredients...........................  140

Table 6.2 The components of the fermentation media with lipid supplements. 140
Table 6.3 The components of the fermentation media with no lipid

supplements...................................................................................... 141
Table 6.4 Specific growth rate and the maximum biomass concentration of

the cultures grown in oil-based media without trace elements  142
Table 6.5 Specific growth rate and the maximum biomass concentration of

the cultures grown in oil and non-oil based media with trace
elements  ................................................................................. 152

Table 6.6 The components of the production media supplied with nitrate.
Trace elements are not added into the ingredients...........................  161

Table 6.7 Specific growth rate and the maximum biomass concentration of
the cultures grown in oil and non-oil based media supplied with
nitrate.................................................................................................  163

Table 6.8 The effect of medium components as the estimation of nitrate  168

SECTION 7.

Table 7.1 The components of the production media supplied with or without
nitrate.................................................................................................  171

Table 7.2 Specific growth rate and the maximum biomass concentration of
the three-identical batch cultures grown in oil-based medium in
20 L fermenter..................................................................................  171

Table 7.3 Specific growth rate and the maximum biomass concentration of
the batch cultures grown in oil-based media supplied with nitrate
in 20 L fermenter.............................................................................. 186

Table 7.4 The components of the production medium supplied in fed-batch
fermentations.....................................................................................  202

Table 7.5 Specific growth rate and the maximum biomass concentration of
the four fed-batch cultures grown in oil-based media in 20 L
fermenter........................................................................................ 203

Table 7.6 The types and the amount of the fatty acid present in the rapeseed
oil......................................................................................................  221

C. PHONPRAPAI, 2002 17



LIST OF TABLES

SECTION 8.

Table 8.1 The components of the production media supplied with different
carbon source and concentration. Trace elements are not added
into the ingredients............................................................................ 226

Table 8.2 Specific growth rate and the maximum biomass concentration of
the cultures grown in non-oil based media supplied with the
various types of carbohydrate............................................................ 227

Table 8.3 The erythromycin production at 144 hours of the cultures grown in
non-oil based media supplied with the various types of
carbohydrate...................................................................................... 232

Table 8.4 Nitrogen balance of the cultures grown in the production media
with lipid supplement without trace elements addition....................  237

Table 8.5 Nitrogen balance of the cultures grown in the fermentation media
with lipid supplements with trace elements addition.......................  237

Table 8.6 Nitrogen balance of the cultures grown in the non-lipid
supplement media with trace elements addition..............................  237

Table 8.7 Nitrogen balance of the cultures grown in the oil and non-oil based
production media supplied with nitrate without trace elements
addition.............................................................................................. 237

Table 8.8 Nitrogen balance of the cultures grown in the non-oil based
production media supplied with different carbon source without
trace elements addition.....................................................................  238

Table 8.9 Nitrogen balance of the cultures grown in the oil based production
media by conventional batch method with and without nitrate
supplement.......................................................................................  238

Table 8.10 Nitrogen balance of the cultures grown in the oil based production
media by fed-batch method............................................................... 238

Table 8.11 Rearrangement of the different nitrogen values obtained fi*om the
Table 8.4 - 8.10, following the types of the fermentation medium... 239

SECTION 9.

Table 9.1 The erythromycin production at the end of the fermentation of the
cultures grown in oil and non-oil based media.................................

Table 9.2 The average of the maximum values of the lipase activity and its 
volumetric and specific productivity, and of the rapeseed oil 
consumption rate and the oil rate per unit of lipase..........................

254

257

C. PHONPRAPAI. 2002 18



LIST OF FIGURES

SECTION 1.

Figure 1.1 Chemical structure of the principle erythromycin antibiotics.
Cladinose, desosamine, and erythronolide B are indicated as
subportions of the general structural formula................................  37

Figure 1.2 The sequence of intermediates in erythromycin biosynthesis
pathway........................................................................................... 39

Figure 1.3 Reaction of lipase enzyme...............................................................  41
Figure 1.4 Routes of formation of propionyl-CoA and methylmalonyl-CoA

reported in antibiotic-producing actinomycetes.............................  68

SECTION 3.

Figure 3.1 The relationship between % output (of the peristaltic pump) and
the actual flow rate of rapeseed oil (at 95% confidence)...............  91

Figure 3.2 The relationship between DNA content and absorbance 600 run
(at 95 % confidence).................................................................... 99

Figure 3.3 The relationship between DNA content and biomass
concentration (at 95 % confidence)................................................ 100

Figure 3.4 The relationship between viscosity (Wells-Brookfield viscometer)
and biomass concentration (at 95 % confidence)............................  101

Figure 3.5 The relationship between viscosity (Rheomat viscometer) and
biomass concentration (at 95 % confidence).................................  102

Figure 3.6 The relationship between rapeseed oil content and absorbance
536 nm (at 95 % confidence).......................................................... 106

Figure 3.7 The relationship between erythromycin A content and peak area
(at 95 % confidence)....................................................................... I l l

Figure 3.8 The relationship between erythromycin content and absorbance
592 nm (at 95 % confidence).......................................................... 113

Figure 3.9 The relationship between ammonium content and absorbance 625
nm (at 95 % confidence)................................................................. 115

Figure 3.10 The relationship between nitrate content and absorbance 410 nm
(at 95 % confidence)....................................................................... 116

SECTION 4.

Figure 4.1 The relationship between log V, and log k^a at different level of
the fixed stirrer speed (19.25 seconds probe response time)  119

Figure 4.2 The relationship between log Pg/V and log k^a at different level
of the fixed air flow rate (19.25 seconds probe response time)  120

Figure 4.3 The relationship between log Vg and log k^a at different level of
the fixed stirrer speed (16.25 seconds probe response time)  121

C. PHONPRAPAI, 2002 19



LIST OF FIGURES

SECTION 4. (cont.)

Figure 4.4 The relationship between log Pg/V and log k^a at different level
of the fixed air flow rate (16.25 seconds probe response time)  122

Figure 4.5 The dissolved oxygen level and stirrer speed profiles of baker
yeast fermentation...............................................................................  124

Figure 4.6 The dissolved oxygen level and stirrer speed profiles of baker
yeast fermentation...............................................................................  125

SECTION 5.

Figure 5.1 Growth of S. erythraea strain NRRL 2338 in non-lipid
supplemented medium with different carbon sources......................... 129

Figure 5.2 pH profiles of the culture medium with different carbon sources.. 129
Figure 5.3 Growth of S. erythraea strain NRRL 2338 in lipid supplemented

medium with different carbohydrate ingredients................................ 133
Figure 5.4 pH value of culture medium in lipid supplemented medium with

different carbohydrate ingredients......................................................  133
Figure 5.5 Lipase activity of S. erythraea strain NRRL 2338 in lipid

supplemented medium with different carbohydrate ingredients.... 136
Figure 5.6 Rapeseed oil concentration in lipid supplemented medium with

different carbohydrate ingredients......................................................  136
Figure 5.7 Erythromycin concentration of S. erythraea strain NRRL 2338 in

lipid supplemented medium with different carbohydrate 
ingredients........................................................................................... 137

SECTION 6.

Figure 6.1 Biomass concentration profiles of the batch fermentation in lipid
supplemented media without trace element addition.......................... 142

Figure 6.2 pH profiles of the batch fermentation in lipid supplemented
media without trace element addition................................................. 144

Figure 6.3 Ammonium ion concentration profiles of the batch fermentation
in lipid supplemented media without trace element addition  144

Figure 6.4 Lipase activity profiles of the batch fermentation in lipid
supplemented media without trace element addition.......................... 145

Figure 6.5 Rapeseed oil concentration profiles of the batch fermentation in
lipid supplemented media without trace element addition.................  147

Figure 6.6 Rapeseed oil consumption rate of the batch fermentation in lipid
supplemented media without trace element addition.......................... 147

Figure 6.7 The rate of consumed rapeseed oil per unit of lipase of the batch
fermentation in lipid supplemented media without trace element
addition................................................................................................  148

Figure 6.8 Amylase activity profiles of the batch fermentation in lipid
supplemented media without trace element addition.......................... 149

C. PHONPRAPAI, 2002 20



LIST OF FIGURES

SECTION 6. (cont.)

Figure 6.9 Erythromycin concentration profiles of the batch fermentation in
lipid supplemented media without trace element addition.............  150

Figure 6.10 Biomass concentration profiles of the batch fermentation in lipid
and non-lipid supplemented media with trace elements addition... 152

Figure 6.11 pH profiles of the batch fermentation in lipid and non-lipid
supplemented media with trace elements addition.........................  155

Figure 6.12 Ammonium ion concentration profiles of the batch fermentation
in lipid and non-lipid supplemented media with trace elements
addition........................................................................................... 155

Figure 6.13 Ammonium ion concentration profiles of the batch fermentation
in lipid supplemented media with trace elements addition  156

Figure 6.14 Lipase activity profiles of the batch fermentation in lipid
supplemented media with trace elements addition.........................  158

Figure 6.15 Amylase activity profiles of the batch fermentation in lipid and
non-lipid supplemented media with trace elements addition  159

Figure 6.16 Erythromycin concentration profiles of the batch fermentation in
lipid and non-lipid supplemented media with trace elements
addition........................................................................................... 160

Figure 6.17 Biomass concentration of the batch fermentation in lipid and
non-lipid supplemented media supplied with dextrin and nitrate
without trace elements addition.................................................  163

Figure 6.18 pH of the batch fermentation in lipid and non-lipid supplemented
media supplied with dextrin and nitrate without trace elements
addition........................................................................................... 165

Figure 6.19 Ammonium ion concentration of the batch fermentation in lipid
and non-lipid supplemented media supplied with dextrin and
nitrate without trace elements addition........................................  165

Figure 6.20 Ammonium ion concentration of the batch fermentation in lipid
supplemented media supplied with dextrin and nitrate without
trace elements addition................................................................... 166

Figure 6.21 Nitrate ion concentration of the batch fermentation in lipid and
non-lipid supplemented media supplied with dextrin and nitrate
without trace elements addition.....................................................  167

Figure 6.22 Erythromycin concentration of the batch fermentation in lipid
and non-lipid supplemented media supplied with dextrin and 
nitrate without trace elements addition.........................................  169

C. PHONPRAPAI, 2002 21



LIST OF FIGURES

SECTION 7.

Figure 7.1 Biomass concentration profiles of the three identical batch
fermentations..................................................................................  172

Figure 7.2 Lipase activity profiles of the three identical batch fermentations. 173
Figure 7.3 Rapeseed oil concentration profiles of the three identical batch

fermentations..................................................................................  174
Figure 7.4 Rapeseed oil consumption rate profiles of the three identical batch

fermentations......................................................................... 174
Figure 7.4a Rapeseed oil consumption rate profiles of the two identical batch

fermentations..................................................................................  175
Figure 7.5 The rate of consumed rapeseed oil per unit of lipase of the three

identical batch fermentations.......................................................... 175
Figure 7.6 Erythromycin concentration profiles of the three identical batch

fermentations..................................................................................  176
Figure 7.7 Biomass concentration, erythromycin concentration, and rapeseed

oil concentration from batch fermentation:CPBA-340-01 177
Figure 7.8 Biomass concentration, erythromycin concentration, and rapeseed

oil concentration from batch fermentation: CPBA-340-05............  177
Figure 7.9 Biomass concentration, erythromycin concentration, and rapeseed

oil concentration from batch fermentation: CPBA-340-06............  178
Figure 7.10 Dissolved oxygen tension, agitation rate, and air flow rate from

batch fermentation : CPBA-340-01................................................. 179
Figure 7.11 Dissolved oxygen tension, agitation rate, and air flow rate from

batch fermentation : CPBA-340-05................................................. 180
Figure 7.12 Dissolved oxygen tension, agitation rate, and air flow rate from

batch fermentation : CPBA-340-06................................................. 180
Figure 7.13 Oxygen uptake rate, carbon dioxide evolution rate, and respiratory

quotient from batch fermentation: CPBA-340-01............................  182
Figure 7.14 Oxygen uptake rate, carbon dioxide evolution rate, and respiratory

quotient from batch fermentation: CPBA-340-05............................  182
Figure 7.15 Oxygen uptake rate, carbon dioxide evolution rate, and respiratory

quotient from batch fermentation: CPBA-340-06............................  183
Figure 7.16 The relationship between rapeseed oil content and time.................. 184
Figure 7.17 Biomass concentration profiles of the batch fermentation with

nitrate addition.................................................................................  187
Figure 7.18 Lipase activity profiles of the batch fermentation with nitrate

addition............................................................................................  188
Figure 7.19 Rapeseed oil concentration profiles of the batch fermentation with

nitrate addition.................................................................................  189
Figure 7.20 Rapeseed oil consumption rate profiles of the batch fermentation

with nitrate addition......................................................................... 190

C. PHONPRAPAI, 2002 22



LIST OF FIGURES

SECTION 7. (cont.)

Figure 7.21 The rate of consumed rapeseed oil per unit of lipase profiles of the
batch fermentation with nitrate addition...................................  190

Figure 7.22 Ammonium ion concentration profiles of the batch fermentation
with nitrate addition......................................................................... 192

Figure 7.23 Nitrate ion concentration profiles of the batch fermentation with
nitrate addition................................................................................. 193

Figure 7.24 Ammonium ion and nitrate ion concentration profiles of the
batch fermentation with nitrate addition: CPBN-340-01...............  194

Figure 7.25 Ammonium ion and nitrate ion concentration profiles of the
batch fermentation with nitrate addition: CPBN-340-03...............  194

Figure 7.26 Erythromycin concentration profiles of the batch fermentation
with nitrate addition......................................................................... 195

Figure 7.27 Biomass concentration, erythromycin concentration, and rapeseed
oil concentration from batch fermentation : CPBN-340-01...........  196

Figure 7.28 Biomass concentration, erythromycin concentration, and rapeseed
oil concentration from batch fermentation : CPBN-340-03...........  196

Figure 7.29 Dissolved oxygen tension, agitation rate, and air flow rate from the
batch fermentation with nitrate addition: CPBN-340-01.........  198

Figure 7.30 Dissolved oxygen tension, agitation rate, and air flow rate from the
batch fermentation with nitrate addition: CPBN-340-03.........  198

Figure 7.31 Oxygen uptake rate, carbon dioxide evolution rate, and respiratory
quotient from the batch fermentation with nitrate addition:
CPBN-340-01.................................................................................... 200

Figure 7.32 Oxygen uptake rate, carbon dioxide evolution rate, and respiratory
quotient from the batch fermentation with nitrate addition:
CPBN-340-03.................................................................................. 201

Figure 7.33 Biomass concentration profiles of the four fed-batch
fermentations.................................................................................. 204

Figure 7.34 Lipase activity profiles of the four fed-batch fermentations  205
Figure 7.35 Rapeseed oil concentration profiles of the four fed-batch

fermentations.................................................................................. 206
Figure 7.36 Accumulated rapeseed oil consumption profiles of the four fed-

batch fermentations......................................................................... 208
Figure 7.37 Rapeseed oil consumption rate profiles of the four fed-batch

fermentations.................................................................................. 209
Figure 7.38 The rate of consumed rapeseed oil per unit of lipase of the four

fed-batch fermentations.................................................................. 210
Figure 7.39 Ammonium ion concentration profiles of the four fed-batch

fermentations.................................................................................. 211
Figure 7.40 Erythromycin concentration profiles of the four fed-batch

fermentations.................................................................................. 212

C. PHONPRAPAI, 2002 23



LIST OF FIGURES

SECTION 7. (cont.)

Figure 7.41 Biomass concentration, erythromycin concentration, and
accumulated consumed rapeseed oil from fed-batch fermentation:
CPFB-340-01.................................................................................. 213

Figure 7.42 Biomass concentration, erythromycin concentration, and
accumulated consumed rapeseed oil from fed-batch fermentation:
CPFB-340-02..................................................................................  213

Figure 7.43 Biomass concentration, erythromycin concentration, and
accumulated consumed rapeseed oil from fed-batch fermentation:
CPFB-340-04.................................................................................. 214

Figure 7.44 Biomass concentration, erythromycin concentration, and
accumulated consumed rapeseed oil from fed-batch fermentation:
CPFB-340-05.................................................................................. 214

Figure 7.45 Dissolved oxygen tension, agitation rate, and air flow rate from
fed-batch fermentation: CPFB-340-05...........................................  216

Figure 7.46 Oxygen uptake rate, carbon evolution rate, and respiratory quotient
from fed-batch fermentation: CPFB-340-01....................................  217

Figure 7.47 Oxygen uptake rate, carbon evolution rate, and respiratory quotient
from fed-batch fermentation: CPFB-340-02....................................  218

Figure 7.48 Oxygen uptake rate, carbon evolution rate, and respiratory quotient
from fed-batch fermentation: CPFB-340-04....................................  218

Figure 7.49 Oxygen uptake rate, carbon evolution rate, and respiratory quotient
from fed-batch fermentation: CPFB-340-05....................................  219

Figure 7.50 The types and concentrations of the fatty acid in relation to the
rapeseed oil concentration upon the 0.5 |LtL split-flow injection.... 220

Figure 7.51 The types and concentrations of the fatty acid in relation to the
rapeseed oil concentration upon the 0.5 fiL splitless injection  220

Figure 7.52 The types and concentrations of the fatty acid in relation to the
rapeseed oil concentration upon the 1.0 |lL splitless injection  221

Figure 7.53 Palmitic acid concentration profiles in the four fed-batch
fermentations..................................................................................... 223

Figure 7.54 Stearic acid concentration profiles in the four fed-batch
fermentations..................................................................................... 223

Figure 7.55 Oleic acid concentration profiles in the four fed-batch
fermentations.................................................................................. 224

Figure 7.56 Linolenic acid concentration profiles in the four fed-batch
fermentations.................................................................................. 224

C. PHONPRAPAI. 2002 24



LIST OF FIGURES

SECTION 8.

Figure 8.1 Biomass concentration profiles of the batch fermentation in non
lipid supplemented media supplied with dextrin and sucrose
without trace elements addition.....................................................  227

Figure 8.2 pH profiles of the batch fermentation in non-lipid supplemented
media supplied with dextrin and sucrose without trace elements
addition...........................................................................................  229

Figure 8.3 Ammonium ion concentration profiles of the batch fermentation
in non-lipid supplemented media supplied with dextrin and
sucrose without trace elements addition......................................... 230

Figure 8.4 Erythromycin concentration profiles of the batch fermentation in
non-lipid supplemented media supplied with dextrin and sucrose 
without trace elements addition...................................................... 231

SECTION 9.

Figure 9.1 The major reactions of the glycolytic pathway and points of entry
of a number of carbohydrates.......................................................... 246

Figure 9.2 The citric acid cycle........................................................................  247

C. PHONPRAPAI, 2002 25



NOMENCLATURE Symbols

NOMENCLATURE

Symbols with dimensions and units for all groups applied in this thesis. These 
symbols may be used without definition.

Roman Symbols Definition Dimensions Units
a mass transfer area V m:

CDC carbondioxide concentration (%
COj

1 -

CER carbondioxide evolution rate L^NT" mmoLL^h '
C* saturation concentration of dissolved 

oxygen
L'"N mol m^

C*o saturation concentration of dissolved 
oxygen in water

L"N mol m^

C l dissolved oxygen concentration L*"N mol m^
DOT dissolved oxygen tension (% air 

saturation)
1 -

D. impeller diameter L m
Dv vessel diameter L m
E. exhausting air - -
I. incoming air - -

K consistency index for power-law 
fluids

L MT" " Pa s"

K liquid-phase mass-transfer 
coefficient

LT' m s'̂

N rotational speed rjp-l
S-:

n flow behaviour index for power-law 
fluids

- -

OUR oxygen uptake rate L^NT^ mmol.L'*h'*
P. power consumption with sparging L^MT^ W
Q volumetric flow rate (air) L 3 t - i m ŝ^

RQ respiratory quotient 1 -

V fermentation volume L' m'
V» working volume of liquid phase L' m'
V„ molar volume of gas (22.4 L/mol) L"N'* L mol’*
V. superficial gas velocity LT* m s'*
xc oxygen concentration (% Oj) 1 -

Greek Symbols Definition Dimensions Units
a exponent in Equation 3.1 - -

P exponent in Equation 3.1 - -
Y shear rate T* s'*
T shear stress L'*MT^ Pa
P density L"M kgm'^
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NOMENCLATURE Abbreviations

Standard abbreviations for semi-systematic or trivial name. These abbreviations 
may be used without definition.

Abbreviation Name
ADP adenosine diphosphate
ATP adenosine triphosphate
CCC counter current chromatography
CER carbondioxide evolution rate
CoA or CoASH coenzyme A
DNA deoxyribonucleic acid
DOT dissolved oxygen tension
dTDP ribosylthymine 5'-phosphate containing deoxyribose
EDTA ethylenediaminetetraacetate
FAD and FADH^ flavin-adenine dinucleotide and its oxidised and reduced forms
FAME fatty acid methyl ester
GC gas chromatography
CMP, GDP and 
GTP

guanosine 5'-phosphate, 5'-diphosphate and 5'-triphosphate

H+ hydrogen ion
HPLC high-performance liquid chromatography
kg, g, mg, |ig kilograms, grams, milligrams, micrograms
L, mL, |lL litres, millilitres, microlitres
M, mM molar, millimolar
m' cubic metres
min minutes
mm, nm millimetres, nanometres
NAD, NAD+ and nicotinamide-adenine dinucleotide and its oxidised and reduced
NADH forms
NADP, NADP+ nicotinamide-adenine dinucleotide phosphate and its oxidised
and NADPH and reduced forms
CD optical density
OUR oxygen uptake rate
Pa pascal
PCA perchloric acid
P. inorganic phosphate
PID proportional, integral, and derivative (type of control)
PP. inorganic pyrophosphate
PTFE polytetrafluoroethene
RO reverse osmosis
rpm revolutions per minute
rps revolutions per second
RQ respiratory quotient
RSO rapeseed oil
s or sec seconds
SD standard deviation
TCA tricarboxylic acid
U unit of enzyme
uv ultraviolet
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1. INTRODUCTION

1.1 Actinomycetes

The term “actinomycetes” encompasses a wide range of bacteria. Most of them are 

Gram-positive and aerobic bacteria but some genera are anaerobic which require very 

specialised growth media and incubation conditions. Many actinomycetes can grow on 

the common bacteriological media used in the laboratory, such as nutrient agar, 

trypticase soil agar, and even brain-heart infusion agar (Holt et a l, 1994). 

Actinomycetes is attracting considerable interest from biotechnologists, geneticists, 

and ecologists, because some genera such as streptomyces account for approximately 

93% of reported secondary metabolite producer (Bushell, 1982). In consequence, 

most of the information available on cultivation of actinomycetes have been derived 

from streptomyces studies.

1.1.1 Growth and characterisation of actinomycetes

There are two types of the mycelium in actinomycetes, substrate mycelium and aerial 

mycelium. The compounds presented in the substrate mycelium are used as nutrients 

during the development of aerial mycelium. The growth of aerial mycelium is 

accompanied by lysis of a corresponding mass of substrate hyphae (Mendez et al, 

1985). In liquid culture the hyphal morphology may range from pellets of up to 0.5 

cm in diameter to fragments of 2-3 jim hyphae in length. The two types of liquid 

culture morphology, pellet-formed and fragmented hyphae, have been found 

unsuitable for many types of product formation. Thus, the baffled flask or agitated 

fermenter with appropriate shaker and impeller speed, respectively, to maintain an 

appropriate mycelial morphology are preferable (Shomura et al, 1979). In the growth 

of actinomycetes, oxygen requirement was found low while the specific oxygen 

uptake rate was comparatively high. This can be seen in the following equation 

(Equation 1.1) it shows the biomass formation of Streptomyces cattleya, which a 

comparatively high molar oxygen requirement per unit biomass has been formed 

(Bushell and Friday, 1983; Atkinson and Mavituna, 1991).
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0.19 C^H, A  + 0.17 NH3 + 0.094 Ô  CH. sGossNo.n + 0.077 CO  ̂+ 0.6 H^O (1.1)

As the growth increases, the viscosity increases, thus, the design of fermenter for 

actinomycetes culture requires the sufficient pumping power from impeller to circulate 

broth through the region of high shear rate and avoid the occurrence of stagnant zone, 

receiving little oxygen at a critical distance from the turbulent zone (Stanbury and 

Whitaker, 1995).

1.1.2 Nocardioform actinomycetes

The term “nocardioform” signifies actinomycetes that form a fugacious mycelium 

breaking up into rod-shape or coccoid elements. The morphology features of 

nocardioform actinomycetes can be divided into two types: (1) aerial mycelium and 

(2) no aerial mycelium. The most interesting actinomycetes are nocardioform with 

aerial mycelium. The morphological features of this type are shown in the Table 1.1 

(Holt a/. , 1994).

Table 1.1 Generic assignment of nocardioforms actinomycetes by morphology.

Morphological features Possible generic assignment
Substrate mycelium without any special 
features, sterile aerial hyphae.

Nocardia, Rhodococcus, Saccharopoly- 
spora and etc.

Substrate mycelium breaking up into non- 
motile elements; aerial hyphae without 
any special features.

Nocardia, Rhodococcus, Amycolata and 
etc.

Both substrate and aerial mycelium 
breaking up into elements of various 
shapes.

Nocardia, Rhodococcus, Amycolatopsis, 
and etc.

Both substrate and aerial mycelium 
bearing single or short chains of conidia.

Saccharopolyspora, Faenia and Nocardia

Aerial hyphae bearing single spores that 
are densely packed along the hyphae.

Saccharomonospora

Aerial hyphae bearing short chains of 
conidia.

Actinomadura, Nocardioides, Nocardia, 
Microtetraspora.

Aerial mycelium with long chains of 
conidia or arthrospores.

Saccharopolyspora, Nocardia, and etc.

Both substrate and aerial hyphae divide 
into segments that may divide again into 
smaller elements; hyphae often present a 
zig-zag appearance.

Saccharopolyspora, Nocardia, and etc.

Growth by budding. Pseudonocardia
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1.1.3 Saccharopolyspora erythraea

Saccharopolyspora erythraea is put in the group of nocardioform actinomycetes in 

subgroup 2  (pseudocardia and related genera) in genus Saccharopolyspora. 

Morphologically and physiologically diverse actinomycetes that form extensively 

branched vegetative and aerial hyphae. Smooth, spiny, or hairy spores are produced 

singly, in pairs, or in chains of variable length on aerial hyphae. Saccharopolyspora 

erythraea was transferred from Streptomyces erythraeus. Labeda (1987) reported that 

the transfer causes from the chemotaxonomic analysis of cells of Streptomyces 

erythraeus NRRL 2338, the type strain of the species, which revealed that it is not a 

representative of the genus Streptomyces because the cell walls contain meso- 

diaminopimelic acid, arabinose, and galactose. Thus, the new species 

Saccharopolyspora erythraea is described, and strain NRRL 2338 (equivalent to 

ATCC 11635 and ISP 5517) is designated as the strain type or wild type strain.

1.1.3.1 Characterisation and genetics

The specific character of S. erythraea are less thermotolerant than the other species 

and growing between 20 and 42°C. It is characterised by orange to red colonies with 

mainly pink to brownish-grey aerial mycelium bearing short spore chains in imperfect 

spirals. This strain can utilise arabinose, melibiose, and raffrnose and there are not 

any reports for lactose, melezitose or a-methyl-D-glucoside utilisation. The spore 

surface is spiny. This strain can be isolated from soil. The type strain, NRRL 2338, is 

widely used in research and development, where most of them produce erythromycin 

A and B. On the other hand, industry prefers to use such a mutant strains for 

erythromycin production to reach the highest yield. Mutation is an important method 

in improving strain to produce high yield of erythromycin on an industrial scale.

The acquisition of knowledge about the genetics of S. erythraea is progressing in two 

directions : ( 1 ) location of the structural and regulatory gene for antibiotic production 

in relation to other genetic markers and (2 ) development of vector that will be useful 

for cloning the erythromycin production genes.
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As information in these two areas is acquired, it will facilitate efforts to clone 

structural genes of erythromycin biosynthesis for the study of their properties both in 

vivo and in vitro (Seno and Hutchinson, 1986).

Generally, the strains that produce erythromycin A can be placed in two groups 

according to their growth, sporulation, and pigment production on different types of 

media as shown in Table 1.2. Strains of type A produced grey spores abundantly and 

a brown pigment when grown on a medium containing cornstarch and com steep 

liquor and buffered with CaCOj while, strain NRRL 2338 and other strain type B 

produced a moderate amount of pinkish spores and the “Russet Vinaceous (reddish- 

brown)” pigment (Bunch and McGuire, 1953 and Seno and Hutchinson, 1986) when 

grown on the R2T protoplast regeneration medium. These variants were of the B type 

mostly and produced 2  to 1 0  fold less erythromycin but did not have altered resistance 

to antibiotic. The reverted the parental phenotype (type A) at a frequency of about 1 

in 10̂  but the resulting erythromycin production increased only 2-3 fold.

Now the development of suitable gene cloning vectors is the focus of the studies of the 

genetics of antibiotic production in S. erythraea. The successful application of 

recombinant DNA technology to yield improvement or the production of hybrid 

antibiotics required the development of methods to maintain a cloned gene in single or 

multiple copies in the host organism with minimal deleterious effect on the antibiotic- 

producing physiology.

The mutagenic treatments, by using N-methyl-N'-nitro-N-nitroguanidine, ethyl 

methanosulfate and ultraviolet light, of spores rather than mycelia provide stable 

progenies. These spores should be grown to express fully acquired phenotypes and to 

eliminate segregating clones. Then the cells grown from mutagenised spores are again 

spomlated for storage and for further mutational treatment.
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Table 1.2 The grey (type A) and red (type B) S. erythreus strains. 
(Bunch and McGuire, 1953)

Type A TypeB
M5 NRRL 2338

CA119 Red variants of type A
CA 340
ER598
ER620

The need for strain improvement arises from various requirement. These include : 

increases in total potential and the titre of a desired component ; change in the ability 

to assimilate carbon sources and nitrogen sources, growth rate ; enhancement of 

tolerance to higher concentration of carbon and nitrogen sources ; increase in 

sporulation ability etc. (Omura and Tanaka, 1986).

1.1.3.2 Cultivation, morphology and product formation

As previously mentioned, hyphal morphology of actinomycetes in liquid culture had 

some effects to growth and product formation. There is no exception for the genera 

Saccharopolyspora. Lilly et al (1992) reported that the physical environment in 

fermenters could have an effect on antibiotic production, for instance rheological 

property. The cultures of S. erythraea displayed non-Newtonian rheological property 

which correlated mainly with changes in morphology during the fermentation. 

However, its rheological behaviour during the initial growth phase was found fitted 

with the power law. Moreover, the consistency index was also found risen with 

biomass concentration.

Techniques used for measuring the morphology of filamentous cultures. Image 

analysis, revealed that the culture consisted of short hyphae with a few branches. The 

mean main hyphal length of the culture remained in the range of 15-25 |im throughout 

the fermentation and no sign of fragmentation has occurred. (Adams and Thomas, 

1988; Packer and Thomas, 1990),
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Heydarian et al. (1996) indicated that the limitation for growth and antibiotic 

production of S. erythraea CA340 at dissolved oxygen tension (DOT) level were 

different. The growth was found inhibited when the culture was grown at DOT of 

1 0 % air saturation whereas the specific erythromycin production was virtually 

identical to that of a culture where the DOT did not drop below 65%. Furthermore, 

during the observation of growth limitation at 10% DOT, it revealed that 750 rpm 

stirrer speed of a 7 L fermenter could cause the mechanical damage to the mycelia in 

comparison with that of 500 rpm. In contrast with Heydarian et a l some reports 

revealed that erythromycin could be produced in both oxygen-limited and oxygen 

sufficient cultures (Clark et al, 1995).

1.2 Secondary Metabolites

Although some evidences revealed antibiotics were used as early as 2,500 years ago in 

China but the realisation of microbial products which could cure infectious disease 

started about 100s years ago. One of the first modem scientific demonstrations was 

the observation of Louis Pasteur in 1877 that the growth of a pure anthrax culture 

could be inhibited by the other microorganisms. In 1928, Alexander Fleming found a 

culture of a green Pénicillium sp. which could inhibit the bacterial growth on an agar 

plate (Bassett et al, 1980; Waksman, 1975). However, it was not until 1940 that a 

systematic investigation of antibacterial substances was made along with a 

reinvestigation of the properties of penicillin. And 5 years later, in 1945, the term 

“antibiotics” was first used by Waksman (1945).

Antibiotics are chemical substances produced by microorganisms and other living 

organisms which can inhibit growth of bacteria and other microorganisms. The 

inhibitory effect can be both in vitro and in vivo (Borders, 1991). The extremely 

valuable antibiotics will have low mammalian toxicity in treating infectious disease. 

Now there are over 10,000 antibiotics produced by microorganisms, with a 300-800 

molecular weight range, but it is only 2 0 0  antibiotics to become commercial products 

for both human and veterinary use (Devoe et al, 1990; Higton and Roberts, 1988).
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Antibiotic producers comprises of almost every types of microorganism (actinomyces, 

bacteria, fungi and algae), some marine organisms, such as sponges and soft corals, 

are also found to produce antibiotics (Faulkner, 1988). Actinomycetes are the most 

antibiotic producer, especially the genus Streptomyces^ accounting for 95% of the 

total of antibiotics known (Okami and Hotta, 1988).

The mechanism of action of antibiotics with regards to growth inhibition of bacteria, 

fungi or other organisms can be divided into 3 categories (1) inhibition of bacterial 

cell wall biosynthesis, (2) inhibition of protein (RNA or DNA) synthesis, and (3) 

damaging of membranes. Antibiotics which are very effective against bacteria are 

relatively non-toxic to humans. In contrast, antibiotics that damage DNA are toxic to 

both types of cells but more toxic to rapidly proliferating cells or tumor cells than to 

most normal cells, performing significant selectivity against the tumor cells (Gale et 

a/., 1990).

Chloramphenicol, the first of the so-called “broad spectrum antibiotics” having a wide 

range of anti-microbial activity, was discovered in 1947. Aureomycin, the first 

member of the commercially important tetracycline antibiotics, was discovered in 

1948 (Borders, 1991). The number of naturally occurring antibiotics increased rapidly 

from about 30 known in 1945 to 10,000 by 1990 (Berdy and Magyar, 1968). Most of 

antibiotic introduced since the 1970s were derived from synthetic modifications of the 

P-lactam antibiotics, such as penicillin, cephalosporin and clavulanic acid. Their 

action is to inhibit cell wall biosynthesis in bacteria. Another group is macrolide 

antibiotic, whose active members are erythromycin and tylosin, produced by 

microorganisms in genera streptomycetes
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1.2.1 Macrolide antibiotics

Macrolide antibiotics are well established antimicrobial agents in both clinical and 

veterinary medicine. These can be used in treating the infection in the respiratory 

tract, skin and soft tissue are included. These kinds of antibiotics was applied to a 

group of lipophilic basic antibiotics possessing a medium sized lactone ring. The 

generalised structure is a highly substituted monocyclic lactone (aglycone) to which is 

attached one or more saccharides glycosidically linked to hydroxyl groups on either 

the aglycone or another saccharide. The aglycone are derived via similar polyketide 

biosynthetic pathways and thus share many structural features in terms of pattern and 

stereochemistry of substituents. Traditional macrolide antibiotics are divided into 

three families according to the size of aglycone which can be 1 2 -, 14-, 16- membered. 

Each group is divided into subgroups on the basis of structural characteristics of the 

aglycone moiety. The common two moieties of structure ; the aglycone and sugars, 

the former are highly branched, often polyunsaturated monocyclic lactose, and the 

latter are amino or deoxysugar attached to the lactone ring (Seno and Hutchinson, 

1986).

Macrolide antibiotics produced today, occupied the second position in the amount ( or 

the third position in the worth) of production among industrially important antibiotic 

classes (Omura and Tanaka, 1986), are all metabolite of streptomyces but the others 

were also found in Micromonospora culture. Industrial titers have now reached a 

level above 20 g/L which is about 100-1000 fold higher than those levels obtained 

with the original wild-type organism. These increasing cause from the success in 

strain development and selection of optimal culture and operational conditions.
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1.2.1.1 Erythromycin

Erythromycin the macrolide antibiotic with molecular weight of 732, is

the only clinically used macrolide antibiotic. It is produced from Saccharopolyspora 

erythraea or formerly Streptomyces erythreus. Erythromycin is the most important 

member of a group of macrolide antibiotics, which consist of erythromycin, 

clarithromycin (new), tylosin (vet med only), tilmicosin (new, vet med only), 

including relatively unimportant at present time: azithromycin (new), troleandomycin, 

andjosamycin (Muller, 1982).

1.2.1.1.1 Structure, characteristic, and function of erythromycin

Erythromycin structures consists of a 14- membered lactone and two sugars, one of 

which contains a basic dimethylamino group (Figure 1.1). Its deoxylactone is called 

erythronolide B, and the two sugars are L-cladinose and D-desosamine, which are 2,6- 

dideoxyhexoses and 3,4,6-trideoxyhexoses, respectively.

Erythromycin (also called erythromycin A) is formed from Saccharopolyspora 

erythraea together with three minor antibiotics. Erythromycin B lacks a hydroxyl 

group at C-12. Erythromycin C has the same aglycone as erythromycin A, but has a 

glycosidic component L-mycarose (without the 0-methyl group at C-3') instead of L- 

cladinose. Erythromycin D possesses the lactone of erythromycin B and the sugars of 

erythromycin C. The last three erythromycins have weaker activity than erythromycin 

A against sensitive gram positive bacteria and are not used clinically (Majer et al,

1977). The erythromycin E which is formed from erythromycin A by oxidation at the 

C-2a methyl group and C-1", and erythromycin F, formed from erythromycin A by 

oxidation at only the C-2a methyl group (Martin et al, 1982), have low antibacterial 

activity. The structure of all erythromycin types are shown in Figure 1.1.
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Erythromycin is a weak basic, crystalline substance which is only shghtly soluble in 

water. In consequent, special water-soluble salts, e.g. erythromycin gluceptate or 

erythromycin lactobionate have been developed. It looses biological activity at pH 

value below 5, in clinically use, special acid-resistant dose forms, for example, 

erythromycin etbyl-succinate in tablets, or suspension; erythromycin delayed-release 

capsules, erythromycin estolate have also been developed (Muller, 1982). 

Erythromycin can be inactivated by beating a pH 2 solution at 37°C for three hours. 

The physical properties of erythromycin, as previously mentioned, are readily to form 

salts with acids such as erythromycin lactate, erythromycin stearate and erythromycin 

ethyl succinate etc. Erythromycin can dissolve well in many kinds of organic solvent 

such as isoamyl acetate, acetone, diethyl ether, ethanol, and etc (Weiss et al., 1957), 

this principle is widely known for erythromycin extraction. pK, is 8 . 8  for

erythromycin A and 8.5 for erythromycin C. Its stability is between pH 6 - 8  (above 

and below which it loses activity within 24 hours). Crystals of erythromycin have 

melting point between 136-140°C.

Since the molecule of antibiotic does not lend itself readily to organic synthetic 

studies, detailed theories of structure-activity relationships have not been developed 

for erythromycin. However, the free hydroxyl group of the desosamine moiety is able 

to be esterified with propionic acid yielding propionyl erythromycin which is an active 

antibiotic (Griffith et al., 1958).

Erythronolide B Desosamine

N(Me),
HO,

HO

OH

Ri R: Ra R4

Erythromycin A OH Me CHj H
Erythromycin B H Me CHj H
Erythromycin C OH H CHj H
Erythromycin D H H CHj H
Erythromycin E OH Me CHj 0

Erythromycin F OH Me CH2OH H
Erythronolide B H CHj _*

* C-3 and C-5 sugars replaced by OH

Cladinose (Rj = Me,
R, = H)

Figure 1.1 Chemical structure of the principle erythromycin antibiotics. Cladinose, 
desosamine, and erythronolide B are indicated as subportions of the 
general structural formula (Seno and Hutchinson, 1986).
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Erythromycin is a medium-spectrum antibiotic which is active against many Gram- 

positive bacteria (Powell et al, 1953). Gram-positive bacteria are more sensitive to 

erythromycin A than gram-negative bacteria because they accumulate approximately 

100-fold higher intracellular levels of the antibiotics (Mao and Putterman, 1968; 

Muller, 1982). The samples of Gram-positive and Gram-negative bacteria, 

respectively, are a S. aureus which causes pneumonia and produce enterotoxin that 

associated with food home disease, and a Legionella pneumophilla which causes 

legionellosis that may lead to respiratory failure. The erythromycins are bacteriostatic 

agents which biological activity depends on two things, intracellular accumulation and 

ribosome binding. The latter causes an inhibition of protein synthesis which may 

occur primarily by stimulation of the dissociation of peptidyl-tRNA from ribosomes, 

probably during translocation (Oleinick, 1975).

The intact lactone and the two sugars are required for significant biological activity 

(Wihelm et al, 1969). Derivatives lacking one or both sugar groups have greatly 

reduced activity. Functional groups which are important for complex formation 

between sensitive ribosomes and the antibiotics include the 1 1 - and 1 2 -hydroxyl and 

9-keto groups on the lactone, the 2-hydroxyl and 3-dimethylamino groups on 

desosamine, and the 3-methoxy group on cladinose (Mao and Putterman, 1969). The 

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

and the main reason for self-resistance, whereas an inducible resistance is present in 

many other macrolide-producing streptomycetes (Graham and Weisblum, 1979).

1.2.1.1.2 Biosynthesis of erythromycin

A series of studies have proved that the lactone ring of erythromycin is derived from 

seven propionate units. It also shows that the terminal C3  unit originates from 

propionate, where the actual precursor for the other six C3  units is methylmalonic acid. 

It was therefore postulated that in analogy to the biosynthesis of fatty acids (Staunton 

and Wilkinson, 1997), erythromycin biosynthesis proceeds by condensation of 

propionyl-CoA as the starter molecule, with six molecules of 2-methylmalonyl CoA 

as the chain extending unit. The erythromycin biosynthesis pathway is shown in 

Figure 1.2.
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Some studies indicated that erythromycin A is made from three primary metabolites: 

propionate, 2-methyImalonate, and glucose (Kaneda et a/., 1962; Friedman et ah, 

1964). These substances provided almost all of the carbon, hydrogen, and oxygen 

atoms of erythromycin with coenzymes like S-adenosyl-L-methionine (Grisebach et 

al.y 1961; Majer et al., 1961) and molecular oxygen providing a few other carbons and 

oxygen.

The biochemical sources of the nitrogen atom in desosamine and the hydrogen atom 

that are introduced by reduction of biosynthetic intermediates are unknown. 

Moreover, there is not much known about how the bacteria assemble these precursors 

in making the lactone and carbohydrate portions of erythromycin, largely because few 

of the enzymes of erythromycin biosynthesis are available for study (Seno and 

Hutchinson, 1986).

Ix propionyl-CoA + 6 x 2-MethyImalonyI-CoA + COj
6  CO,r

6 -Deoxyerythronolide B

< - [0]
▼

Erythronolide B

<— dTDP-L-Mycarose ^  
▼

3-O-MycarosylerythronoIide B

D-glucose

i
dTDP-4-OXO-6-

Deoxy-D-Glucose

dTDP-D-Desosamine 4̂-

Erythromycin B <
t

< - lO] [CHJ

Erythromycin D- -► Erythromycin C
t
[O] [CHJ -)•

-► Erythromycin A -<■

[0]-> [H,0]

Erythromycin E

Figure 1.2 The sequence of intermediates in erythromycin biosynthesis pathway 
(Michal, 1999; Michal has not mentioned about erythromycin F.)
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Since the biosynthesis of fatty acids and the erythromycins uses similar precursors, 

most investigators believe that the lactone ring of erythromycin is constructed by 

processes analogous to the well-known mechanism of fatty acid formation in 

eubacteria and yeast.(Volpe and Vagelos, 1973; Lynen, 1980). The atoms of the 

precursor propionate and 6 -deoxyerythronolide B (Martin and Rosenbrook, 1967), 

which is believe to be the immediate product of lactone assembly, rule out some 

possibilities for the mechanism of its formation (Cane et a/., 1983). But no 

information exists about the actual biochemical steps or the involvement of distinct 

intermediates between propionate and 6 -deoxyerythronolide B. Nevertheless, the 

known isotropic labelling patterns between the atoms of the precursor; propionic acid, 

glucose, and ^-adenosyl-L-methionine and the three portions of erythromycin D: 6 - 

deoxy-erythronolide B, desosamine, and mycarose have revealed the conversion of 

glucose to the two sugars, desosamine and mycarose, which provide the carbohydrate 

portion of erythromycin A.

The studies using blocked mutants (Queener et aL, 1978) have confirmed the 

intermediate steps of 6 -deoxyerythronolide B, erythronolide B, 3a-L- 

mycarosylerythronolide B, erythromycin C and erythromycin D on providing a strong 

support to the sequence of the erythromycin A biosynthesis steps. But it still has some 

uncertainty about the role of erythromycin B. It might not be an obligatory 

intermediate as previously known, because the study of Spagnoli and Toscano (1983) 

has revealed the capability of L-cladinose and desosamine addition to erythronolide A 

in S. erythreus. This might be another alternative step in erythromycin biosynthesis 

pathway. In addition, the intermediates in later steps, erythromycin E and F, are 

believed to be formal catabolites of erythromycin A biosynthesis (Martin et al, 1982).
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1.3 Lipases

Lipases catalyse the hudrolysis of glycerol esters and they play an important role in 

the hydrolysis of the ester bonds in triglycerides. Triglycerides of long chain fatty 

acids, which are insoluble in water, are the natural substrates of lipases. Figure 1.3 

shows the reaction involving the lipase enzyme.

Triacylglycerol

i
Diacylglycerol + (1) Free fatty acid

i
Monoacylglycerol + (2) Free fatty acids

i
Glycerol + (3) Free fatty acids 

Figure 1.3 Reaction of lipase enzyme

1.3.1 Characteristics of lipases

Lipases are isolated from a wide variety of sources including animals, plants, and 

microorganisms (Denseulle et a l, 1972; Antonian, 1988). It ranges from yeasts to 

fungi, including bacteria, such as Pseudomonas aeruginosa (Khor et al, 1986) and 

streptomycetes, such as Streptomyces lactis, Streptomyces clavuligerus, and 

Saccharopolyspora erythraea (Large et al, 1998; Miijalili et al, 1999).

In general, microbial lipases are divided into two groups: non-specific and specific 

lipases. The non-specific group do not distinguish between the three position of 

glycerol esters (Sztajer and Zboingka, 1988) resulting in a total hydrolysis of 

triglycerides to fatty acids and glycerol. Examples of this group were isolated from 

Staphylococcus aureus and Humicola lanuginosa (Liu et a/., 1973).
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The specific lipases group hydrolyses ester in the 1 and 2 positions of glycerides and 

gives firee fatty acids and a mixture of mono and diglycerides. The 2-monoglycerides 

and the 1,2- or 2,3- diglycerides are unstable and therefore the enzymatic hydrolysis is 

followed by acyl group migrations. This leads to 1-monoglycerides and 1,3- 

diglycerides. Thus, the extension of the incubation time may result in a total splitting 

of triglycerides.

However, the third group of lipases with fatty acid specificity was later added into the 

specific lipases group. In this group, lipase hydrolyses more quickly when certain 

fatty acids are involved (each lipase has its own favoured substrate) (Jensen et aL,

1978). For example, the lipase firom Geotrichum candidum exhibits a high specificity 

to oleic acid and linoleic acid independently of their positions in triglyceride. And a 

lipase firom Achromobacter lipolyticum also acts very selectively in preferentially 

releasing of linoleic acid during the fats hydrolysis.

The majority of microorganisms secrete extracellular lipases but in some 

microorganisms the lipases are intracellular surface associated, or cell-bound (Large 

et a l, 1999; Gobetti et a l, 1996; Misset et a l, 1994; Bormann et a l, 1993; Jacobsen 

et a l, 1989). Extracellular lipases (Novotny and Doletalova, 1993; Rapp and 

Backhaus, 1992) are secreted through the external membrane of the cell into the 

culture medium, but even the membrane-bound enzymes are in constant contact with 

the surrounding media. Thus, the chemical environment surrounding the cell, such as 

pH, metal ion concentration, oxygen, surfactants, can obviously affect lipase 

production and activity. Microbial lipases can be identified and separated on the basis 

of their physio-chemical properties. Optimal pH and thermal stability are the most 

important factors for maintaining the optimum activity of enzymes (Cutchins et al, 

1952).
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1.3.2 Formation and function of lipases upon the fermentation

Lipase formation is generally suppressed by the presence of mono and disaccharides 

or glycerol within the fermentation media (Macrae, 1983). SDS and copper ions are 

effective inhibitors of lipase activity, but other trace elements, such as iron, 

magnesium and calcium also inhibit these enzymes (Maliszeka and Mastalera, 1992).

Growth conditions can influence the properties of enzyme (Taipa et al, 1992). Lipase 

activity was higher in submerged medium than in solid medium, but the lipase 

production was more stable on the former. Temperature, pH, nitrogen source, 

dissolved oxygen tension, and lipids sources also influence the level of lipase 

production, especially, when the production of lipase is closely related to growth 

(RiveraMunoz et al, 1991). In addition, lipase activity is increased as the complexity 

of the nitrogen source decreased. For examples, in Aspergillus niger and Pénicillium 

citrinum studies, the addition of carbohydrate, such as starch and sucrose, together 

with a certain nitrogen and phosphorus sources has also increased lipase activity 

(Pokomy a/., 1994; Sztajer and Maliszewska, 1989).

In fermentation medium, the main character of lipases is their ability to act at the 

oil-water interface where their natural substrates, the triglycerides which are highly 

insoluble in water and form an emulsion in aqueous media, are located. The rate of 

hydrolysis of oil by a non-oil soluble lipase is a direct function of the surface area of 

the oil-water interface. Good mixing, in the bioreactor, therefore should be the most 

important factor to achieve the highest lipase reaction. However, extracellular lipase 

is found sensitive to the shear environment, which could lead to dénaturation of 

protein, when applied shear rate has been increased (Lee and Choo, 1988). In 

accordance with the good mixing, which can also improve oxygen transfer to the cell 

culture, the results from aeration studies reveal that the dissolved oxygen tension 

within a fermentation, is critical to lipase production and its activity (Jacobsen et al, 

1989).
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1.4 Lipids

The lipids are substances, which are insoluble in water. Lipids can be extracted from 

cells by organic solvents of low polarity like ether, chloroform, alcohols or 

hydrocarbons. Lipids may be described as oils or fat. The former being liquid, while 

the latter are solid or semi-solid at ambient temperature. In addition, there is a wide 

range of lipid molecules, which vary from the relatively simple, such as fatty acids, to 

complex ones, such as glycerophospholipids.

1.4.1 Fatty acids

The lipid structure is characterised by the presence of fatty acid moieties. The 

physical and chemical characteristics of individual fats and oils are determined mainly 

by their fatty acid composition. The fatty acids in biological systems are all straight- 

chain compounds, usually containing an even number of carbon atoms, typically 

ranging from fourteen to twenty four. Their main structural characteristics are chain 

length with a presence of double bonds (unsaturation) and of substituent groups. They 

are rarely found free in nature but occur in esterified forms as the major components 

of the various lipids which mostly with glycerol. The predominant fatty acids in 

higher plants and animals are these with sixteen or eighteen carbon units: palmitic 

(16:0), oleic (18:1), linoleic (18:2) and stearic (18:0) acid. Fatty acid with less than 

fourteen or more than twenty carbon atom are less common. In addition, most fatty 

acids have an even number of carbon atoms because they are usually biosynthesised 

by the condensation of two carbon units. More than half of the fatty acid residues of 

plant and animal lipids are unsaturated, and often polyunsaturated. The Ĉ g 

polyunsaturated fatty acids, such as oleic, linoleic and linolenic acids, are important as 

major components of most plant lipids including commercially important vegetable 

oils. They are essential because they cannot be synthesised by animal tissues, and are 

biosynthetic precursors in the synthesis of larger fatty acid polymers (Stryer, 1995; 

Vance and Vance, 1991).
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1.4.1.1 Catabolism of fatty acids

The ability to utilise fatty acids, oils and fats is found widely amongst bacteria, yeasts 

and moulds. The ester link between the glycerol backbone and fatty acid is 

hydrolysed by an intracellular or extracellular lipase enzyme (Section 1.3). The 

glycerol is then brought to the Embden-Myerhoff pathway and is converted to a 

glycolytic intermediate later in the oxidation cycle, while fatty acids, which are 

extremely toxic to the cell, are processed through oxidation cycle. However, fatty 

acids are not transferred directly to the oxidation cycle, but must be transformed into 

the thiol esters linked with the complex nucleotide coenzyme A (Light, 1969). The 

passage through the cytoplasmic membrane is less clear. Possibly, acyl-CoA 

synthetase is loosely associated with the inner side of the cytoplasmic membrane and 

immediately activates entering fatty acids to avoid the unwanted detergent effect 

(Fuchs, 1999). Generally, the process is catalysed by a family of at least three acyl- 

CoA synthetase that differ according to their chain length specificity. In addition, the 

pyrophosphatase reaction (Reaction 1.3) renders the reversible reaction (Reaction 1.2) 

irreversible; two high-energy phosphate equivalents are required. Medium-chain (C7- 

Cji) fatty acids, which are more toxic, may diffuse and then become activated (Fuchs, 

1999). These steps are shown in the following reactions (Boyer, 1983):

R-fCHJa-COOH + CoA-SH + ATP Acyl-CoA-synthetase  ̂ R_(CH2 )3 -CO-SCoA + AMP + PP;

Fatty Acyl CoA (1 .2)

PP, + HjO 2 P, (1.3)

There are four reactions (Reaction 1.4-1.7) take place during the degradation of 

CoA-activated fatty acids. The mechanism used for breaking down the molecule of 

fatty acyl CoA known as P-oxidation because the carbon P to the activated carbon is 

prepared to be oxidised. The mechanisms are as follows (Fuchs, 1999; Stryer, 1995):

(1) Formation of a rm»j-double bond by acyl-CoA-dehydrogenase. 

R-(CH7)3-CO-SCoA+FAD  ̂rch^CH=CH-CO-SCoA+FADH; (1 .4 )
Fatty Acyl CoA Enoyl-CoA

C. PHONPRAPAI, 2002 45



INTRODUCTION Lipids

(2) Hydration of the double bond by enoyl-CoA-hydratase.

RCH2CH=CH-CO-SCoA + H2O Enoyl-CoA-hydrat^e_^  RCH2CH(OH)-CH2CO-SCoA (1 .5 )

Enoyl CoA L-hydroxyacyl CoA

(3) Dehydrogenation of the p-hydroxyl group (formed in the previous step) by 3-L- 
hydroxyl-acyl-CoA-dehydrogenase to form P-ketoacyl-CoA.

RCH2CH(OH)-CH2CO-SCoA + NAD^ + ^-L-hydroxyacyl-CoA-dehydrogenase ^ (1 .6 )
L-hydroxyacyl CoA RCH2CO-CH2CO-SC0 A + NADH +

fi-ketoacyl CoA

(4) a-C  and P~C cleavage in a thiolysis reaction with coenzyme A catalysed by P~ 
ketoacyl-CoA-thiolase (thiolase) to form acetyl-CoA and a new acyl-CoA containing 
two less carbon atom than the fatty acyl CoA present in the first step of the cycle.

RCH2CO-CH2CO-SC0 A + CoASH P-ketoacyl-CoA-thiolase ^ cHjCO-SCoA + RCH2-CO-SC0 A * 
P-ketoacyl CoA Acetyl CoA Fatty Acyl CoA

(1 .7 )

* This intermediate obtains 2 carbons less than the substrate in step (1), and will go 
back to serve as a substrate in step ( 1 ) and continue the subsequent rounds until 2 
molecules of acetyl CoA produced at the last round. Acetyl CoA generated from 
each round will serves as an initial substrate in TCA cycle (Stryer, 1995a).

For example, the degradation of palmitoyl CoA (Cjg-acyl CoA) requires seven 

reaction cycles. In the seventh cycle, the C^-ketoacyl CoA is thiolysed to two 

molecules of acetyl CoA. Hence, the stoichiometry of oxidation of palmitoyl CoA is

Palmitoyl CoA + 7 FAD + 7 NAD+ + 7 CoA + 7 H2O -------------------- > (1 .8 )
8 acetyl CoA + 7 FADH2 + 7 NADH + 7 Ĥ

The net reaction of the citric acid cycle is (Stryer, 1995a)

Acetyl CoA + 3 NAD+ + FAD + GDP + P, + 2 H2O -------------------- >  (1 .9 )
2 CO2 + 3 NADH + FADH2 + GTP + 2H+ + CoA

Most fatty acids have even number of carbon atoms which can be utilised completely 

to acetyl CoA while odd number fatty acid which normally found in some plants and 

microorganisms gives propionyl CoA at the last cycle which is converted to succinyl 

CoA, via the form of methylmalonyl CoA for entry into the citric acid cycle. 

Furthermore, unsaturated fatty acid from biological origin contains only cis- double 

bonds which often begin between C9 and CIO.
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After the oxidation cycle the double bond ends in being between C3 and C4 which 

enzyme isomerase then converts the cis-2> into a trans-2 which the enoyl-CoA- 

hydratase, of the second reaction, can continue the process on the pathway (Numa,

1984).

1.4.2 Application of oils in fermentation (antibiotic production) 

processes

Oils were first introduced into antibiotic fermentation as organic antifoaming agent 

(Solomons, 1969; Vardar-Sukan, 1988). They were used in various batches at 

laboratory scale whereas carbohydrate was the usual carbon to be used. Nevertheless, 

the choice of carbon substrate for a given antibiotic fermentation is a highly complex 

affair, requiring both technical and economic inputs. For instance, for a single Pfizer 

antibiotic process, 1 0  distinct carbon sources in which carbohydrates and oils are also 

included, have been used for commercial antibiotic production, dependent on location 

of product facility and prevailing economics. Many of these production have been 

evaluated at a pilot scale (Stowell, 1987).

These (technical and economic) inputs have recently changed the role of carbohydrate 

at the production scale, where process economics become a major determining factor, 

and carbohydrates now face serious competition from oils and fats as the major carbon 

source (Stowell and Bateson, 1983). Oils and fats now provide a readily available, 

consistent and cost effective form of energy for industrial fermentations. Many recent 

evidences (Tan and Ho, 1991; Park et al, 1994; Choi et al, 1996; Lee and Ho, 1996; 

Paul et al, 1997; Miijalili et a l, 1999; Zormpaidis, 2000) reveal that oils could 

enhance the titre of antibiotic production. Furthermore, even the research done 50 

years ago (Ishida and Isono, 1952), also reported an increase in penicillin production 

when soybean oil or castor oil were added to the cultures during the growth phase. 

Likewise, Pan et al (1959) reported an increase in penicillin production by 

Pénicillium chrysogemim when the fatty oils were added to a com steep-CaCOj 

medium,
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In macrolide antibiotic production, oils were also found to be a competitive carbon 

source against starch and glucose. Compared to several vegetable oils, starch and 

glucose, rapeseed oil was reported as the most suitable carbon source for tylosin 

production in Streptomyces fradiae (Choi et a/., 1996), At 60 g/L initial rapeseed oil 

concentration, the tylosin concentration reached the maximum of 7.0 g/L, which was 

1.6 - and 7-fold that reached using starch and glucose, respectively, at the same initial 

concentration. In addition, with respect to fermentation condition, this study also 

indicates that to reach an achievable level of product, the use of an appropriate 

agitation rate is very important. A similar effect was found in erythromycin 

production by Saccharopolyspora erythraea (Miijalili et aL, 1999). At 7 L scale 

fermenter, erythromycin production increased from 60 mg/L, when no oil was present, 

to 1089 mg/L with 30 g/L initial rapeseed oil concentration.

However, it still has some limitation for using oils in fermentation process, such as an 

increase in viscosity could reduce oxygen transfer to the culture. In addition, the 

remained residual oil at the end of fermentation could cause an adverse effect to the 

recovery process, for instance, a decrease in permeate flux has been observed when 

0.3% (v/v) of rapeseed oil was fed into a microfiltration device (Davies et al, 2000).

1.5 Fermentation process

Fermentation is the crucial step in bioprocess. It is the step during which the required 

product is synthesised from simple precursors. The fermenter has an important role in 

maintaining and controlling the biocatalyst environment at optimum conditions so as 

to reach the highest yield and productivity of the desired product. In general, these 

conditions also include fluid flow and mixing which are closely related to the mass 

transfer (Doran, 1996). Mass transfer is recognised as an important factor in 

fermentation process, especially oxygen transfer, because oxygen is essential for the 

activity of microorganisms. In any particular stirred tank fermenter, stirrer speed and 

aeration rate perform a crucial role in delivering oxygen to the cell. Agitation speed is 

found to have more influence on oxygen transfer rather than aeration rate (Van’t Riet,

1979).
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1.5.1 Modes of operation

The mode of operation is dictated by the type of product being produced. The 

operation may be carried out as batch, continuous, or fed-batch operation. Fed-batch 

operation has been selected and operated in many parts of this study.

1.5.1.1 Batch and continuous fermentation

Batch culture is a closed culture system which contains a limited initial amount of 

nutrient. Generally, during the total time course of batch fermentation, four phases of 

culture growth are always seen. In the early period, after inoculation, there is little or 

no growth and this is called the.lag phase. In commercial processes, the length of lag 

phase is kept as short as possible. The next period is the log or exponential phase in 

which the growth rate of the cells gradually increases. The growth consumes the 

nutrients, and after a certain time the growth rate of the culture decreases until growth 

stops. This is caused by the depletion of some essential nutrients in the medium or by 

the accumulation of toxic compounds. When cells come into the stationary phase, 

some organisms use their own food storage to prolong their live. Secondary 

metabolite are often produced in this period. However, the production of a secondary 

metabolite could be inhibited by a certain level of nutrient or by itself. Hence, to 

obtain the maximum level of production, alternative modes of operation have been 

used.

Continuous and fed-batch modes are alternative methods of fermentation to enhance 

and increase growth and product formation. Most of the continuous modes attempt to 

prolong the exponential growth phase of the batch culture. This mode is preferred 

where production is growth related, but it can also be used for products which are not 

growth associated.
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In the continuous mode medium is continuously fed to the culture at a suitable rate, so 

that a steady state is achieved. This occurs when the formation of new biomass by the 

culture is balanced by the loss of cell from the vessel (Stanbury and Whitaker, 1995). 

The continuous mode, the volume of culture broth in vessel is kept constant from the 

beginning, and the culture will reset itself for the new balance when the feed rates are 

changed.

1.5.1.2 Fed-batch fermentation

It has been found that fed-batch (or semi-batch) fermentation technique is increasingly 

used in biotechnology processes, where animal cells, plant cells and microbial cells 

have been used as factory for producing the desired product. Most microbial cell 

systems are operated in fed-batch mode as it is believed to deliver a high yield product 

and to prevent inhibition of the processes. The benefits of operating in fed-batch 

mode are mainly divided into five categories. They are (1) Reduction of substrate and 

feedback inhibition and/or end product repression, (2) Achievement of high cell and 

product concentration, (3) Reduction of glucose effect, (4) Depression of catabolite 

repression, and (5) Replacement of water loss by evaporation and reduction of broth 

viscosity (Yamane and Shimizu, 1984).

1.5.2 Various mode of operation for antibiotic production

Most of the antibiotic production are operated in stirred tank with batch or fed-batch 

mode (McDermott, et a l, 1993), while chemostat culture have been used for studying 

a wide range of microbial process. Steady state of chemostat cultures provides an 

advantage to maintain constant environmental parameters, whereas batch cultures 

have to expose to a constantly changing environments. However, although the 

advantage of chemostat culture has been found, but most of the work on the regulation 

of production of the secondary metabolite especially antibiotics has been carried out in 

batch culture. A relatively few publications have described chemostat studies on 

secondary metabolite (Gray and Bhuwapathanapun, 1986). This is probably due to the 

problems associated with the viscous mycelial fermentation.
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However, this problem is also found in batch and fed-batch fermentations for 

antibiotic production (Pirt and Rigbelato, 1967).

1.6 Nitrogen in microbial process

Nitrogen, in its molecular form is a major atmospheric component. It is an ahnost 

inert compound which reacts only by a great expenditure of energy. Given the 

inertness of molecular nitrogen, its relative abundance within the constituents of living 

things needs an explanation (Leigh, 1971).

Ammonia, for instance, becoming more and more scarce in the milieu, must have 

exerted a pressure on the organisms to obtain it from some other sources, e.g., by 

synthesis from some abundant compound (Ochiai, 1978). Ammonia, itself, is an 

important precursor of the molecules of life. The physical and chemical properties 

analysis of ammonia shows that it is a polar compound and strong base. Therefore, it 

may react as a good nucleophilic reagent, besides being a highly hydrophilic 

compound. This nucleophilic reactivity is generally transferred to the nitrogen 

derivatives, especially to amines. Due to the good nucleophilicity of amines and other 

chemical properties of nitrogenated compounds, they are capable of participating in a 

wide spectrum of reactions and adopt a great richness of presentations with a diversity 

of properties and functions. In this form, nitrogen and its derivatives build up an 

entire chemistry that is the groundwork of nitrogen metabolism (Mora and Lara, 

1988).

Furthermore, nitrogen, being less electronegative than oxygen, which is also a good 

nucleophile, has the properties of easily forming hydrogen bonds of great stability. 

These hydrogen bonds are the basis of the secondary structure of proteins and are 

fundamental for the complementary bonding between the purines and pyrimidines that 

form the DNA double strand. Moreover, its low electronegativity confers on nitrogen 

the property of easily delocalising its charge to possible electrodeficent points in a 

molecule of which it takes part. This property is shown fully in the enzymatic 

oxidoreduction reactions where the released energy is widely used for vital functions 

of the cell (Dugas and Penney, 1981).
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All the mentioned physical and chemical properties endow nitrogen with a large 

number of functions essential for cellular activity which fully satisfy the rules of 

efficiency and fitness. In this form, the diversity of nitrogen compounds and their 

relative abundance within the cell are fully justified. In the wheel of the biosphere 

nitrogen circulates rapidly by means of a series of reactions which together form the 

nitrogen cycle. This cycle is a cornerstone for the survival of the ecosystem. To 

survive, living creatures have only two sources of nitrogen available in the terrestial 

ecosystem: atmospheric nitrogen and nitrate salts, which are unevenly distributed to 

the soil. The flux of nitrogen between the reservoirs and the cells depends on its 

handling by living beings; there is hardly any other element so strongly bound to the 

activities of life as nitrogen (Mora and Lara, 1988). Consequently, it is essential to 

know the functions of nitrogen in living beings and the strategies that have evolved to 

perform them. In the next sections, the biological strategies that have evolved in 

microorganisms, and particularly in actinomycetes, to manage the using of nitrogen 

available have been described.

1.6.1 Nitrogen assimilation

The possible nitrogen sources range from molecular nitrogen and inorganic 

compounds (such as nitrate) to amino acids (such as tryptophan, histidine, proline, 

arginine, ornithine, and serine). Enzymatically catalysed transformations of these 

different compounds yield ammonia. The key substances mediating the assimilation 

of ammonia into the different nitrogenous cellular compounds are glutamate and its 

amide, glutamine (Tyler, 1978; Magasanik, 1982). Some of the amino acids capable 

of serving as sources of nitrogen, such as proline, histidine, and arginine, can be 

directly metabolised to glutamate (Privai and Magasanik, 1971; Friedrich and 

Magasanik, 1978).
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Glutamate serves as the amino donor in transamination reactions with appropriate keto 

acids, catalysed by several aminotransferases, leading to the biosynthesis of the 

different amino acids (Deshpande and Kane, 1980). Glutamine, which is the amino 

acid donor in the biosynthesis of purines, histidine, and tryptophan, is itself the 

product of y-glutamyl transfer to ammonia catalysed by the enzyme glutamine 

synthetase (GS) (Meister, 1956).

In view of the key role of glutamate and glutamine in nitrogen metabolism, much 

attention has been devoted to their biosyntheses, and its associated enzymology, and 

to the physiological and genetic factors controlling the rates of these reactions. 

However in what follows, the role of glutamate and glutamine has focused on the 

assimilation of ammonia and ammonium ions.

Ammonium ions are assimilated by reductive amination of 2-ketoglutarate with the 

formation of glutamate catalysed by a glutamate dehydrogenase (GDH) in the 

presence of a reduced coenzyme (NADPH). GDH is widely known as the key enzyme 

responsible for the assimilation of ammonia into cellular nitrogenous components 

(Halpem and Umbarger, 1960). GDH catalyzes the Reaction 1.10.

2-ketoglutarate + N H / + NADPH <----- ► glutamate + NADP^ (1.10)

A second reaction, where ammonium ions are assimilated, is the amido synthesis of 

glutamine by glutamine synthetase (GS) in the presence of glutamate and ATP. The 

Reaction 1.11 is catalysed by GS.

glutamate+ N H / +ATP ■■ glutamine + H^ + ADP + Pj (1.11)

These two enzymes are usually present in all microorganisms and, although the 

enzymes present some differences in the genes, polypeptides, oligomers, and post- 

translational modification, each one of these enzymes catalyses the same type of 

action (Meister, 1980).
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In addition, another reaction, reported as an alternative route to glutamate 

biosynthesis, cannot be ignored, although it was not found directly related to 

ammonium ions assimilation. This reaction was very similar to the one catalysed by 

GDH. It is catalysed by aminotransferase oxidoreductase (GOGAT, glutamate 

synthase) in that glutamine and not ammonium ions served as amino donor as shown 

in the Reaction 1.12 (Meers et al, 1970).

2-ketoglutarate + glutamine + NADPH —> 2 glutamate + NADP"  ̂ (1.12)

Comparison of the net sum of the combined reactions of GS and GOGAT to that of 

GDH reveals a very interesting and highly significant point. In both systems, one 

molecule of 2 -ketoglutarate is converted to glutamate, with one molecule of 

ammonium ion being assimilated in the process and one molecule of NADPH being 

oxidised. However, in GS-GOGAT reaction cycle, as shown below (Reaction 1.13) 

there is an additional expenditure of one energy-rich phosphate bond of ATP 

necessary to form the amide bond of glutamine.

2-ketoglutarate + N H / + NADPH + ATP —> glutamate + NADP^ + H  ̂+ ADP + Pj

(1.13)

Due to the concomitant hydrolysis of ATP, the combined reactions of glutamate 

synthase-glutamine synthetase have a favourable equilibrium allowing the utilisation 

of ammonia present in the medium in the micromolar concentration range. The more 

economical glutamate dehydrogenase reaction has an unfavourable equilibrium and is 

therefore physiologically significant only with ammonia concentrations in the medium 

in the millimolar range (Magasanik, 1982; Brenchley and Magasanik, 1974; and 

Brenchley et al, 1973). Mutants lacking the glutamate synthase (GOGAT) activity 

cannot grow in minimal media with concentrations of ammonia below 0.1 mM, but 

grow well at higher ammonia concentrations. Mutants lacking the glutamate 

dehydrogenase (GDH) activity are not impaired in their ability to grow in ammonia- 

minimal media. And the mutants lacking both GOGAT and GDH are glutamate 

auxotrophs (Berberich, 1972; Berberich, 1973).
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In bacterial cultures, when ammonia concentration is limiting, the function of 

glutamine, which serves as the amino donor for the biosynthesis of glutamate by 

GOGAT, becomes very important even if GDH is present in great amounts. In 

ammonia-starved cultures, the bulk of nitrogen flux is handled by GS, with close to 

90% of the assimilated nitrogen passing through glutamate via the GOGAT reaction 

(Wohlhueter e/a/., 1973).

1.6.1.1 Ammonium ion assimilation in Streptomycetes

As mentioned above, ammonium assimilation in bacteria is known to be mediated 

mainly by two mechanisms: ( 1 ) the reductive amination of 2 -ketoglutarate to yield 

glutamate, catalysed by glutamate dehydrogenase (GDH), and (2) formation of 

glutamine from glutamate and ammonium, catalysed by glutamine synthetase (GS), 

followed by the transfer of the amide group to 2 -ketoglutarate, catalysed by glutamate 

synthase (GOGAT), which results in the net synthesis of one glutamate molecule. 

Some bacteria seem to possess only the second mechanism. The participation of other 

amino acid dehydrogenases, like alanine dehydrogenase (ADH), in ammonium 

assimilation is less well documented, but because of their high for ammonium, 

they might be significant only when the environmental concentration of this ion is 

high (Brana and Demain, 1988).

Several reports have indicated the presence of the above enzymes in different species 

of streptomycetes, but only a few cases is there evidence of the pathways that are 

actually functional. This is of interest from the point of view of nitrogen repression of 

antibiotic synthesis, since the interference by ammonium or other nitrogen sources 

may be related to the enzymes or the immediate products of nitrogen assimilation. In 

S. clavuligerus, significant levels of GS, GOGAT, and ADH were detected in crude 

extracts of this organism growing in different media (Brana et al, 1986; Aharanowitz, 

1979; Aharonowitz and Friedrich, 1980). GS activity varied markedly depending on 

the nitrogen source, although repressed levels were always found in the presence of 

ammonium.
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GOGAT activities were rather constant, independent of the nitrogen source, whereas 

ADH was induced when high ammonium or alanine concentrations were present in the 

culture medium. GDH and alanine-2-keto-glutarate aminotransferase were not found 

under any growth conditions. After mutagenesis, the data indicated that the GS- 

GOGAT pathway was the only means of ammonium assimilation in S. clavuligerus, 

ruling out a direct role of ADH in this process. There are scattered reports on the 

presence of the enzymes of ammonium assimilation in streptomycetes. Given the high 

number of known strains and their relative diversity, it is quite likely (as with bacteria 

in general) that some of them will have both GS-GOGAT and GDH pathways, while 

others use only the first one.

As it plays the central role in nitrogen control, the specific characteristics of GS firom 

streptomycetes are described here. GS activities are depressed by ammonium ions in 

many Steptomyces sp., although a slight increase in activity with very high ammonium 

concentration was observed in S. clavuligerus (Brana et al, 1986). Various amino 

acids also produced some increases in activity in several Streptomyces sp. growing 

with ammonium. However, the complexity of the control mechanisms that affect GS 

in other bacteria signals caution in interpreting these results. A series of mechanisms 

including repression-derepression, reversible inactivation, availability of divalent 

cations, and feedback inhibition can all influence GS activity (Shapiro and Stadtman, 

1970). In addition, the enzyme from streptomycetes seems to respond to the presence 

of divalent cations and pH changes in a way different from that of GS from enteric 

bacteria, in which it serves as an indicator of nitrogen regulation. As a consequence, 

the actual amount of GS cannot be measured in streptomycetes following the usual 

procedures (Bender et al, 1977), but if the reported activities reflect the real levels of 

enzyme in the cells, the effect of ammonium would be mainly a repressive one.
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1.6.1.2 Nitrogen assimilation and antibiotic production

In the absence of detailed studies on nitrogen metabolite repression in actinomycetes, 

there have been repeated attempts to relate nitrogen control of primary metabolism 

and antibiotic production. Circumstantial evidence of a correlation between 

ammonium interference of antibiotic synthesis and GS activity (Wax et al, 1982) in 

different micro-organisms has led to speculation about a possible regulatory network 

affecting nitrogen utilisation and secondary metabolism (Brana and Demain, 1988). 

In S. clavuligerus, it was clearly seen that cephalosporin synthesis and the activity of 

p-lactam synthetases did not correlate with the levels of enzymes of ammonium ions 

assimilation (Brana et al, 1986a). Although the elimination of GS and GOGAT 

activity prevented utilisation of ammonium as nitrogen source, ammonium ions still 

repressed p-lactam synthetases and antibiotic production in these mutants, whichever 

of the three enzymes involved in the process was blocked. Similar conclusions that 

GS control differs from control of antibiotic formation were reached in the case of 

tylosin production by S. fradiae (Omura and Tanaka, 1985). Brana and Demain 

(1988) concluded that the data obtained concerning the enzymes of ammonium 

assimilation and their immediate products indicated that the signal eliciting 

ammonium repression of cephalosporin biosynthesis is not transmitted through the 

pathways by which ammonium is assimilated in S. clavuligerus. The mechanisms of 

regulation might be more complex, and positive as well as negative signals may be 

involved.

1.6.2 Control of antibiotic biosynthesis in actinomycetes

Antibiotics, and secondary metabolite, in general are made under condition that are 

sub-optimal for cell growth (Martin and Demain, 1980; Brana and Demain, 1988). 

Conditions under which the supply of an essential nutrient (carbon, nitrogen, 

phosphorus, or sulphur) becomes growth limiting often switch microbial metabolism 

to antibiotic production. However, the type of limitation that brings on production of 

a particular antibiotics may be different even within a single microorganism. Since 

the overall titre of product is the result of the biomass obtained and the specific rate of
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production throughout the fermentation, it is necessary to find the compromise 

between conditions favouring cell growth and those favouring antibiotic production. 

Very often, the solution is a biphasic fermentation where a phase of rapid cell 

proliferation without production is followed by a period with little of no growth and a 

high antibiotic biosynthetic rate. Thus, manipulation of the nutritional conditions may 

allow separation of growth and production phases, often designated as trophophase 

and idiophase, respectively (Bu’Lock, et al, 1975).

The biosynthesis of any antibiotic molecule can be arbitrarily divided into two 

sequential processes: ( 1 ) synthesis of primary metabolites which are the building 

blocks of the antibiotic and (2 ) specific reactions that are unique to secondary 

metabolism and ultimately result in the synthesis of a compound or a family of related 

compounds with antibiotic activity. The first part of this sequence implies some kind 

of competition between primary and secondary metabolism (Drew and Demain, 1977), 

since the metabolites may be used either for growth and maintenance of the producer 

or for the synthesis of a compound whose biological meaning is quite uncertain in 

most cases. As a consequence, overproduction of the antibiotic is not to be expected 

unless we find a way to imbalance microbial metabolism and overcome the tight 

regulation of primary metabolism that avoids waste of energy and molecules 

necessary for growth. For example, a direct supply of precursors firom the culture 

medium or deregulation of primary metabolism enzymes are strategies that have been 

used in this aspect, and examples concerning nitrogen metabolism are given below.

It is important to state here that with respect to control of primary metabolism, we 

usually have to rely on information obtained in unicellular bacteria such as E. coli, 

which may not apply exactly to actinomycetes, since very little is known about 

primary metabolism in the filamentous bacteria. The regulation of the second part of 

the biosynthesis sequence, i.e., the specific route of antibiotic synthesis, poses 

additional problems. There is a tremendous variety of pathways and only in a few 

instances have the relevant enzymes been characterised. However, studies on the 

biosynthesis of several antibiotics have stressed the importance of regulation at this 

level (Behai, 1986).
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Among the essential nutrients, several reviews have dealt with control by carbon 

source (Demain et al, 1979), phosphorus sources (Martin, 1977), and trace elements 

(Weinberg, 1982). Although the regulatory effects exerted by nitrogen sources have 

been the most recent to be recognised (Aharonowitz, 1980; Grafe, 1982).

1.6.3 Nitrogen metabolites as antibiotic precursors

Many antibiotic molecules have structures that contain nitrogen atoms derived from 

nitrogenous primary metabolites. The relationship with primary metabolism is very 

obvious in cases such as peptides antibiotics (Katz and Demain, 1977) or p-lactams 

(Demain et al, 1982). Even antibiotics like the macrolide tylosin, that do not have 

nitrogen in their aglycone, are directly linked with nitrogen metabolism by amino 

acids used as carbon precursors of the macrolide ring (Omura and Tanaka, 1985).

A more refined strategy to alter regulation of antibiotic synthesis at the precursor 

supply level is to deregulate primary metabolism pathways so that the intracellular 

concentration of a nitrogenous precursor is increased. Assuming that precursors are 

limiting for antibiotic synthesis, this is a rational and straightforward procedure of 

strain improvement that is applicable to many antibiotic fermentation. An example of 

this strategy is the increase in cephamycin C production obtained in S. clavuligerus 

through manipulation of lysine metabolism (Aharonowitz et al, 1985).

1.6.4 Nitrogen metabolites regulation

Apart from the specific effects of compounds that act as precursors of the antibiotic 

molecule, more general effects of nitrogen sources are often detected. The most 

common observation is a decrease in the levels of antibiotic produced in the presence 

of an excess of nitrogen source, especially ammonium salts (Omura and Tanaka,

1984). Complex nitrogen sources that allow a slow feeding of nitrogen are often 

found superior for antibiotic fermentations (Aharonowitz, 1980), while in chemically 

defined media, a strong or partial nitrogen limitation may be a prerequisite for the
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onset of the production phase. There are many types of nitrogen metabolite regulation 

in antibiotic fermentation as shown below.

1.6.4.1 Ammonium ion interference in antibiotic biosynthesis

Ammonium salts are the principle nitrogen sources which have been reported to 

interfere with antibiotic production. The importance of this effect indicates that it is 

not limited to any particular type of antibiotic or microorganism. Although a possible 

indirect effect of pH has not always been ruled out, the repression of enzymes 

involved in antibiotic biosynthesis seems to be quite a common effect of ammonium 

ions.

In cephalosporins biosynthesis by S. clavuligerus, ammonium ions cause a 

concentration dependent reduction of production. This interference was observed 

when ammonium was used as the only nitrogen source or in combination with amino 

acids, like asparagine, that supported good production (Aharonowitz and Demain, 

1979; Brana et al, 1985). In order to distinguish between possible repressive or 

inhibitory effects of ammonium, the ability of the cells to produce cephalosporins in 

resting cell systems was assessed.

In this technique, washed cells previously grown in fermentation medium are 

incubated in buffer with the addition of a protein synthesis inhibitor. Therefore, the 

initial rate of antibiotic production in this system is a reflection of the antibiotic 

biosynthesis machinery existent in the cells at the moment of harvest. Resting cell 

productivity in S. clavuligerus was observed to decrease if the cells had been 

previously grown in the presence of ammonium salts, suggesting that antibiotic 

synthesis was repressed by ammonium ions. On the other hand, addition of 

ammonium salts to the resting cell systems did not immediately decrease their initial 

productivity, indicating a lack of direct inhibition by ammonium ions. Similar studies 

with erythromycin producer S. erythreus have also indicated a repressive, but not an 

inhibitory, effect of ammonium ions on antibiotic production (Flore and Sanchez,

1985). Clavulanic acid synthesis by resting cells of S. clavuligerus was also decreased 

by ammonium ions (Romero et al, 1984).
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However, in this case, since protein synthesis was not inhibited as part of the 

experimental design, it is not clear whether repression, inhibition, or both was 

involved. The production of tylosin by Streptomyces fradiae is another example of an 

ammonium-sensitive process that has been studied in detail (Omura and Tanaka,

1985). Decreased production was observed when ammonium salts were added to the 

medium, especially at early times in the fermentation. Tylosin does not contain 

nitrogen in its aglycone, but labelling studies indicated that the lower fatty acids used 

as precursors originated from several amino acids whose metabolism was decreased 

by ammonium ions (Masuma et al, 1983; Omura et al, 1984). At least two primary 

metabolism enzymes, valine dehydrogenase (Omura et al, 1983) and threonine 

deaminase (Omura and Tanaka, 1985), were repressed by ammonium ions in parallel 

with the decline of protylonolide titres. Omura and Tanaka (1985) also found that 

ammonium ions interfered with the incorporation of succinate into protylonolide, 

indicating that the control is not restricted to the metabolism of nitrogen-containing 

compounds.

Vinning et a l (1985) studied the production of chloramphenical by Streptomyces 

venezuelae and showed that the mechanism by which ammonium ions depress the 

production of chloramphenical is less clear. Ammonium ions did not seem to repress 

arylamine synthetase, the initial enzyme in the pathway of chloramphenical 

biosynthesis, and the onset of production was not necessarily linked to ammonium 

depletion in the cultures (Shapiro and Vining, 1984). Supplementation with 

ammonium ions of cultures already engaged in antibiotic production caused an abrupt 

interruption in the biosynthesis of chloramphenical. However, resumption of 

production occurred in the presence of ammonium ions, independent of the amount 

added, suggesting that neither repression nor inhibition of chloramphenical pathway 

enzymes was the cause of the interruption. A metabolic reorganisation in response to 

the sudden availability of ammonium ions that would affect precursor pools was 

proposed as an explanation of this effect (Shapiro and Vining, 1985).
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The example from nourseothricin production by S. noursei showed that ammonium 

ions concentration was among the effectors regulating the alternation between two 

metabolic states. At high ammonium concentrations, catabolism of amino acids and 

repression of anabolic NADP-dependent glutamate dehydrogenase occurred along 

with low nourseothricin production.

A predominance of anabolism with high glutamate dehydrogenase activity and 

antibiotic synthesis characterised the alternative metabolic state occurring in the 

presence of low ammonium concentrations. A number of other factors were also 

implicated in the inter-conversion between both types of metabolism (Grafe et al, 

1981). Addition of o-aminobenzoic acid increased the NADH/NAD ratio in the 

mycelium (Grafe et al, 1978), repressed formation of cytochrome a (Grafe et al, 

1980), decreased amino acid transport and catabolism, and switched the cell into the 

metabolic state characterised by high antibiotic production. A complex model of 

regulation was proposed (Grafe et al, 1981) in which ammonium ions would interfere 

with nourseothricin synthesis at the levels of expression of secondary metabolism 

and/or the formation of antibiotic precursors.

The sensitivity of different antibiotic biosynthetic processes to ammonium 

concentration depends on the antibiotic, the producing microorganism, and the 

experimental conditions. Cephamycin C production in batch cultures of S. 

clavuligerus took place during growth with ammonium as nitrogen sources and 

stopped when ammonium was depleted (Brana et al, 1985; Lubbe et al, 1985). But in 

S. cattleya, another cephamycin C producer, the synthesis of this antibiotic began only 

after ammonium consumption had ceased (Bushell and Fryday, 1983). Nanaomycin 

synthesis by S. rosa subsp. notoensis was hindered by high ammonium concentrations, 

but the maintenance of a relatively low level of ammonium ion (10 mM) was 

necessary for optimal production (Tanaka et al, 1984). But in the case of 

streptomycin production by S. griseus, ammonium was thought to allow an 

accumulation of glutamate during growth, with the subsequent abundance of amino 

donors for antibiotic biosynthesis during the production phase (Inoue et al, 1983).

C. PHONPRAPAI. 2002 62



INTRODUCTION Nitrogen in Microbial Process

However, the possible interactions between the ammonium supply and the rest of the 

nutrients employed should be taken into account. Growth-limiting conditions may be 

obtained with a suitable carbon source in the presence of ammonium, overcoming 

totally or partially the interference of the nitrogen source (Chatteijee et al, 1983). The 

concentrations of phosphate or other salts may also modulate the response of antibiotic 

production to ammonium levels (Kuratsu et al, 1983; Young et al, 1985).

1.6.4.2 Effect of other nitrogen sources

Nitrogen sources have been found very often to affect antibiotic production by 

mechanisms that do not appear to be related to their utilisation as precursor 

metabolites. In many cases, an excess of nitrogen causes a decrease in the levels of 

product formed. Obviously, if nitrogen-limiting conditions trigger the onset of 

production, those conditions will not be reached in the presence of high nitrogen 

levels. As the nitrogen source concentration is increased, an optimal level is reached 

beyond which a severe depression of antibiotic yields is observed (Sanchez-Ecquivel,

1988). This was found in the case of nourseothricin production by S. noursei with 

several amino acids (Grafe, 1982). This means once antibiotic synthesis has started, 

an additional supplement of nitrogen may also depress production (Smith et al, 1962; 

Martin and McDaniel, 1974).

However, nitrogen compounds that are rapidly utilised may interfere with antibiotic 

synthesis by a growth rate-related mechanism. The pioneering work of Dulaney 

(1948) showed that the slowly utilised amino acid proline was found the best for 

streptomycin production by S. griseus. The usefulness of soybean meal as the 

principal nitrogen source in commercial actinomycete fermentations may be due to the 

avoidance of nitrogen repression of antibiotic synthesis because of its slow breakdown 

into repressive amino acids and ammonium. Rapid utilisation of nitrogen sources can 

generate high concentrations of ammonium with subsequent ammonium interference. 

For example, alanine and other amino acids were rapidly deaminated by S. noursei, 

promoting accumulation of ammonium and depression of nourseothricin production 

(Grafe et al, 1978). The accumulation of organic acids as a consequence of amino
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acid metabolism is known to occur in S. venezuelae and the other streptomycetes 

(Ahmed, er a/., 1984).

This offers another possibility for a regulatory effect in relation to carbon catabolism 

or simply because of resulting changes in the pH of the medium. The mechanism by 

which diverse nitrogen sources affect antibiotic production has been investigated in 

very few cases. One of the best studies was reported by Katz et al. (1984) and 

Williams and Katz (1977) reveal that in relation to the biosynthesis of actinomycin in 

S. parvullus, a number of amino acids were found to support actinomycin production 

with different efficiencies. Every amino acid had its optimum level, above which 

antibiotic synthesis decreased. A chemically defined medium was designed in which 

preferential utilisation of glutamate and histidine as carbon and nitrogen source 

occurred, while a more conventional carbon source, finctose, was slowly metabolised. 

The onset of antibiotic production was delayed until the exhaustion of the amino acids 

firom the medium. It was not clear whether the repression was due to the amino acids 

or to metabolites derived firom them, although a combination of ammonium and a - 

ketoacids was not repressive. Nevertheless, repression by amino acids also affected an 

inducible P-galactosidase (Foster and Katz, 1981), suggesting the possibility that 

nitrogen sources may also have regulatory effects in relation to carbon catabolism.

1.6.4.3 Antibiotic production in relation to growth rate

The common observation that antibiotic synthesis is promoted by growth under 

suboptimal conditions and reduced when the microorganism is growing at high rates 

suggests a possible regulatory Unkage with growth rate. Nitrogen sources may then 

have an effect on production dependent on the rate of growth they can support. Thus, 

compounds that are assimilated slowly may favour expression of secondary 

metabolism genes or generate a nutritional imbalance that leads to accumulation of 

precursor metabolites. Whether a growth-associated production or a biphasic 

fermentation occurs might be a function of the rate of utilisation of different nutrients. 

Amino acid transport capacity is known to be modulated by growth rate in S. 

hydrogenans, being maximal at high growth rates (LangHeinrich and Ring, 1976; 

Alim and Ring, 1976).
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Consequently, the regulatory effects of external amino acids at different levels might 

be related to the growth rate of the cultures. In the case of cephamycin C production 

in continuous cultures of S. cattleya, antibiotic synthesis was maximal at low growth 

rates under nitrogen, carbon, or phosphate limitation (Lilley et al, 1981). The nature 

of nitrogen source also influenced antibiotic titres, being higher with nitrate than with 

ammonium when they were compared as limiting nutrients. Therefore, although a low 

growth rate was compatible with optimal cephamycin synthesis, other regulatory 

phenomena related to the nitrogen source were also operating.

Chloramphenicol production by S. venezuelae and its relation to growth rate has been 

extensively studied. It was found that slowly utilised nitrogen sources gave the 

highest antibiotic titres, production occurring in a growth-associated mode. 

Conversely, little chloramphenicol synthesis took place during rapid growth with other 

sources of nitrogen, resulting in poorer antibiotic titres (Chatteijee et al, 1983; 

Westlake et al, 1968; Sharpio and Vining, 1983). Further experiments using 

nitrogen-limited chemostat cultures showed that production was independent of the 

dilution rate when a fixed concentration of nitrogen source was used in the input 

medium (Shapio and Vining, 1985). However, changing the input concentration 

markedly affected production, indicating a nitrogen effect not related to growth rate.

In summary, alterations in biosynthetic enzyme levels due to the adjustment of 

metabolism at different growth rates, as well as changes in the flow of precursor 

metabolites in response to nutrient availability, were concluded to mediate the 

regulatory effects observed (Vining et al, 1985).

1.6.5 Effect of nitrogen metabolites on Saccharopolyspora erythraea

The nitrogen regulation of erythromycin biosynthesis in S. erythraea, formerly 

Streptomyces erythreus (Labeda, 1987), has also been studied. Many studies were 

focused intensely on the effect of nitrogen source on erythromycin production rather 

than on the growth of this organism in particular. The relationship between growth 

and the production of erythromycin can be reversed by the nature and the 

concentration of the medium ingredients (Trilli et al, 1987; McDermott et al, 1993).
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Cultures of this microorganism, when grown with glycine as nitrogen source, produce 

more antibiotic than cells grown in the presence of ammonium ions (Smith et al, 

1962). Erythromycin formation decreased with increasing ammonium concentrations 

present in the medium (Flores and Sanchez, 1985). Total inhibition of synthesis was 

obtained with 100 mM ammonium chloride but medium pH and culture growth were 

not significantly affected. A similar effect was obtained with ammonium nitrate or 

ammonium sulphate indicating that ammonium ions probably repressed the formation 

of antibiotic. Ammonium repression of erythromycin biosynthesis is also supported 

by the fact that chloramphenicol decreased antibiotic production in a similar fashion, 

when it was added to the culture after erythromycin production had started. This 

phenomenon of nitrogen repression has been reported to affect many catabolic 

enzymes, including histidase and urease, where enzyme concentration is dependent on 

the ammonium ion concentration in the medium (Tyler, 1978).

In relation to specific growth rate and specific product formation, the rate of product 

formation was found to increase with increasing growth rate, indicating that antibiotic 

production firom S. erythraeus was growth-linked (Trilli et a/., 1987). Higher initial 

concentrations of ammonium sulphate reduced the final erythromycin production yield 

to the benefit of a biomass accretion, as the cell pellets were abundant at the onset of 

the erythromycin production. On the other hand, high concentrations of ammonium 

nitrate favoured erythromycin yield, which was doubled. The ammonium assimilatory 

pathways could be involved in the regulation of erythromycin production (Potvin and 

Peringer, 1994a), but it suggests a different role for nitrate as a nitrogen source.

Generally, ammonium ions are assimilated via the glutamate dehydrogenase (GDH) to 

form glutamate (high concentration) or through glutamine synthetase (GS) to form 

glutamine (low concentration) (Shapio, 1989) Under non-limiting nutritional 

conditions erythromycin production was growth associated with ammonium sulphate 

as the nitrogen source, but was growth-dissociated with ammonium nitrate. It was 

suggested that the residual nitrate level might be the key regulatory element. A 

sufficient residual amount of nitrate is necessary to induce glutamine synthetase (GS); 

otherwise, nitrate could then become a complementary nitrogen source.
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A nitrate-induced glutamine synthetase pathway was postulated which was active 

according to the nature and initial concentration of the ammonium salt (Potvin and 

Peringer, 1994b).

Ammonium assimilation in S. erythraea was mediated by the glutamine synthetase 

(GS) / glutamate synthase (GOGAT) pathway depending on the concentration of 

ammonium in the culture medium. Glutamine synthetase (GS) formation was 

repressed by high ammonium concentrations, and this led to a rapid loss of its activity 

after ammonium addition. On the other hand, the glutamine synthetase (GS) activity 

was found high upon the use of glutamic acid as the nitrogen source, while there was 

no erythromycin production. Glutamate synthase (GOGAT) was form independently 

of the nitrogen sources used, but glutamate dehydrogenase (GDH) was presented 

when ammonium was added as a nitrogen source, and it was NADPH-dependent. It 

was suggested that there was no correlation between the levels of nitrogen assimilating 

enzymes and erythromycin biosynthesis in this microorganism (Flores and Sanchez,

1989).

The macrolide antibiotic erythromycin produced by S. erythraea consists of the 

lactone ring which requires one propionate and six methylmalonate molecules as 

precursors for its biosynthesis (Roberts, et al, 1993). These compound could have 

multiple metabolic origins in actinomycetes; catabolism of odd-numbered fatty acids, 

reduction of acrylate, rearrangement of succinyl-coenzyme A (CoA) and catabolism of 

methionine, threonine or valine. The latter two processes are likely to be the primary 

routes to 2-methylmalonyl-CoA and propionyl-CoA under typical growth conditions 

(Tang era/., 1994).

The previous evidence obtained by Hsieh and Kolatukudy (1994) indicates that the 

main way to form propionyl-CoA is through the decarboxylation of methylmalonyl- 

CoA reaction catalysed by methylmalonyl-CoA decarboxylase. On the other hand, 

methylmalonyl-CoA could be obtained by isomerization of succinyl-CoA via 

methylmalonyl-CoA mutase activity or by corboxylation of propionyl-CoA using 

propionyl-CoA carboxylase. Both activities have been detected in S. erythraea 

(Hanaiti and Kolattukudy, 1984; Hanaiti and Kolattukudy, 1982), but the 
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erythromycin production in this microorganism did not require propionyl-CoA 

carboxylase activity (Donadio et al, 1996). Thus, succinyl-CoA becomes an 

important intermediary and regulation of erythromycin precursor synthesis which 

should affect methylmalonyl and propionyl-CoA pools.

Bermudez et a/.(1998) have determined the activity profiles of methylmalonyl-CoA 

mutase, methylmalonyl-CoA decarboxylase and NADP^-isocitrate dehydrogenase 

(located in TCA cycle) in Saccharopolyspora erythraea CA340, where their pathway 

and locations are shown in Figure 1.4. They found that methylmalonyl-CoA mutase 

and isocitrate dehydrogenase activities were associated with growth, while maximal 

activity of methylmalonyl-CoA decarboxylase was observed during the stationary 

phase. Isocitrate dehydrogenase synthesis was stimulated by glucose and repressed by 

ammonium ions. Glucose decreased the synthesis of methyhnalonyl-CoA mutase, 

whereas methylmalonyl-CoA decarboxylse production was not affected by carbon or 

nitrogen sources. This suggests that the negative effect of glucose or ammonium ions 

on erythromycin production could be due, in part, to lower pools of succinyl-CoA and 

methylmalonyl-CoA.

Isocitrate dehydrogenase I TCA Cycle |

Methionine 

Threonine

V a lm e  — ^  Propionyl-CoA

Odd-number fatty acid
Carboxylase

Acrylate

Decarboxylase i
Succinyl-CoA 

Mutase 

R-Methylmalonyl-CoA 

^  Epimerase 

S-Methylmalonyl-CoA

^  Erythromycin -4-

Figure 1.4 Routes of formation of propionyl-CoA and methylmalonyl-CoA reported 
in antibiotic-producing actinomycetes (Bermudez et al, 1998).
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2. THE EXPERIMENTAL PROGRAMMES AND 

THESIS LAYOUT

The aim of this project was to identify the crucial factors through which the 

environment in the fermenter affects the growth of an organism. In particular it aims 

to identify how the mode of feeding could improve the flux of antibiotic production. 

Consequently, experiments were designed to test the aims mentioned above with the 

simple question ''What are the best ingredients for the erythromycin fermentation ?” 

Three major experimental programmes were then created as follows:

2.1 Studies of Saccharopolyspora erythraea strain NRRL 2338

This strain was grown in non-oil and oil based fermentation media to compare its 

growth with the results obtained by former UCL researchers. It was cultivated in 2 L 

baffled flasks to enable the comparison of different carbon sources. The effect of the 

carbon source on growth, pH, lipase production, lipid utilisation, and erythromycin 

production are reported.

2.2 Studies of Saccharopolyspora erythraea strain CA 340

CA 340 was the principal strain used in these studies. It was used to test whether the 

effects of oil on the strain NRRL 2338 were strain dependent. It was also grown in 

non-oil and oil based media in both baffled flask and a 20 L pilot scale fermenter to 

enable the comparison of different carbon sources and their modes of addition. The 

effect of carbon source on growth, pH, lipase production, lipid utilisation, and 

erythromycin production are also reported.
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2.2.1 Growth in batch fermentations

Since ammonia is known to reduce erythromycin production, this experiment was 

designed to investigate the effect of rapeseed oil on growth and the production of 

erythromycin under conditions of the nitrogen limitation. The effect of nitrate 

addition on growth and product formation was also observed.

2.2.2 Growth in fed-batch fermentations

Various modes of oil addition were introduced to the condition used in Section 2.2.1 

to enhance growth and product formation under condition of nitrogen limitation.

2.3 Influence of C/N balance on the strain CA 340 fermentations

This series of experiments revealed that the condition of the basic medium applied to 

the previous studies was in fact carbon limited, and not nitrogen limited. As a 

consequence, the non-oil based media supplied with the extra carbon sources were 

used in this studies to investigate the effect of the carbon sources on growth, pH, 

ammonium ions and erythromycin production. In addition, the nitrogen balance of the 

fermentations was studied.

2.4 Layout of the thesis

The materials and methods used throughout this study are described in Section 3. The 

materials used can be divided into two categories: chemicals and equipment. They are 

used for routine work and specific assays. The methods are mainly from two sources : 

(1) Standard Operation Procedure or SOP collected by the Biochemical Engineering 

department, and (2) Manufacturer Handbook. In addition, it should be noted that the 

use of these methods depends on the types of the measuring parameters such as 

physical, biological, and chemical parameters.
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The results are divided into 5 sections, Section 4 - 8 .  Section 4 introduces the results 

and the conditions for operating the 2 L fermenter with regard to the control of 

dissolved oxygen tension. Section 5 describes the growth of Saccharopolyspora 

erythraea strain NRRL 2338 in media to which lipid and non-lipid addition were 

made to compare the effects of different carbon sources. Section 6  describes a similar 

investigation as done in the Section 5 but using Saccharopolyspora erythraea strain 

CA 340 instead. In addition, Section 6  also describes an investigation of the effect of 

trace elements and nitrate ions on the culture growth and the product formation.

It should be noted that, the studies of S. erythraea strain NRRL 2338 and CA 340, as 

described in Section 5 and 6 , were carried out in 2 L baffled flasks. Section 7 shows 

the batch and fed-batch fermentations of S. erythraea strain CA 340 in a pilot scale 

fermenter. Four fed-batch fermentations were operated using four different feeding 

schemes based on the results of residual oil utilisation obtained from the batch 

fermentation. The growth, pH, lipase production, lipid utilisation and erythromycin 

production were also investigated. The last result section. Section 8 , reveals the 

cultivation of the strain CA 340 in 2 L baffled flasks without oil. These experiments 

investigated the effect of the additional carbon sources on growth and product 

formation with a view to understanding the nitrogen balance.

The discussions of the results shown in Section 4 - 8  are shown in Section 9. The 

conclusion and the suggestion for the future work are reported in Section 10 and 11, 

respectively.
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3. MATERIALS AND METHODS

3.1 Organisms

The organisms used in this study were the wild type strain of Saccharopolyspora 

erythraea NRRL 2338, which was kindly provided by Dr J.Cortes (Department of 

Biochemistry, the University of Cambridge, Old Addenbrookside, 80 Tennis Court 

Road, Cambridge CB2 IGA) and Saccharopolyspora erythraea CA340 supplied by 

J.P. Petzel (Fermentation Microbiology R&D, 4* Floor F3-3 Bldg., Abbott 

Laboratories, 1401 Sheridan Road, North Chicago, Illonois 60064-4000, USA).

3.2 Chemicals and media

All chemicals used were GPR grade except the solvents for liquid chromatography 

which were HPLC grade. These chemicals were obtained from either BDH (BDH 

Laboratory Supplies, Poole, England), Sigma (Sigma Chemical Company, St Louis, 

MO, USA), Fisons (Fisons Scientific Apparatus Ltd., Loughborough, Leicestershire, 

England) or Aldrich (Aldrich Chemical Ltd., Gillingham, Dorset, England). Media 

components were obtained from Oxoid (Oxoid Ltd., Basingstoke, Hampshire, 

England) or Difco (Difco, East Molesey, Surrey, England). Rapeseed oil used in most 

experiments was provided by Dr A.P. Ison, who obtained this oil from SmithKline 

Beecham. Its composition was analysed and shown in Table 5.5. Another batch of 

rapeseed oil, used in the experiments shown in Chapter 6  and 8 , was kindly supplied 

by Dr D. Williams from SmithKline Beecham (Pharmaceuticals, Worthing, West 

Sussex BNl 8 QH. Note that the company is now part of GlaxoSmithKline). Both 

rapeseed oils are expected to come from the same origin. All media were sterilised by 

autoclaving at 121°C for 20 minutes.

Erythromycin used in colorimetric method was obtained from Sigma, while 

erythromycin A used in HPLC analysis was obtained from the Abbott (Abbott 

Laboratories, 1401 Sheridan Road, North Chicago, Illonois 60064-4000, USA).
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3.2.1 Chemical characterisation of commercial soybean 

products (Garcia et al, 1998)

The consumption of soybean has increased for both economic and nutritional reasons. 

The crop is an important and cheap source of protein, minerals, phosphorus, and 

vitamins, which is widely used in biotechnology, often in the form of soybean flour. 

Its unique characteristics provide one focus for this study. The soybean flour used in 

this study is non-roasted defatted type which contains 52% protein and 1% fat.

Soybean flour is prepared, either before or after removing the fat, by grinding the 

flakes finely enough to pass through a US 100-325 mesh. Afterwards, the defatted 

flour was submitted to a controlled moist heat treatment to provide products with 

different nitrogen solubility indices (white, cooked or toasted) (Soy Protein Council, 

1987; Lusas and Riaz, 1995, Garcia et al, 1997). The Kjedahl procedure reveals that 

soybean flour contains 46.5^ ±  G.9^% of protein (Garcia et al, 1997) (^Mean of five 

determinations is expressed “as is” basis, ^SD: standard deviation) whose amino acid 

composition is shown in Table 3.1.

Table 3.1 The essential amino acid content of defatted soybean flour 
products (mg amino acid per g protein) (Gavins et al, 1972).

Amino acid Defatted soybean 
flour / grits

Histidine 26
Isoleucine 46
Leusine 78
Lysine 64
Total sulphur amino acid 

(methionine + cystine)
26

Total aromatic amino acid 
(phenylalanine + tyrosine)

8 8

Threonine 39
Tryptophan 14
Valine 46
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Phosphorus and metal ions were also determined in soybean flour. Since the 

phosphorus contents of soybean flour, textured soybean, and soybean protein isolate 

were very similar and much higher than that of whole soybeans, it is clear that the 

process to which soybean is submitted to obtain soybean flour concentrates this 

element, and also that the processes to make textured soybean and to isolate soybean 

protein from soybean flour do not affect this content. These contents are shown in 

Table 3.2.

Table 3.2 Metal ion and phosphorus contents (mg/lOOg) of soybean flour^ (Garcia et 
al, 1998).

Contents Mean SD^
Phosphorus 736 17.9
Calcium^ 345 28.2
Copper^ 1.76 0 . 1 0

Iron^ 4.26^ 0.28
Potassium^ 2358 104
Zincc 5.03 0 . 2 2

^A\\ values, except those indicated, are mean of five determinations.
^SD: standard deviation.
Results are expressed as dry basis.
^Mean of four determinations.

Total solids, ash, pH, acidity, and fat were evaluated for soybean flour and the results 

obtained are presented below. With respect to the fat content, soybean flour has less 

than 1% fat. These parameters are also shown in Table 3.3.

Table 3.3 Other chemical parameters of soybean flour^ (Garcia et al, 1998).

Parameters Mean SD^
Total solids 93.26^^ 0.16
Ash 6.81 0 . 1 2

pH 6.79 0 . 0 2

Acidity - -

Fat 0.84 0.05

^Results (mean of five determinations) are expressed as % “as is” basis.
^SD: standard deviation.
^Total solid content given as an indirect measurement form the determination of 
moisture content in the samples (AOAC, 1990, method 925.10.).
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3.3 Stirred tank fermenter

2 L (Adaptive Biosystems Ltd, Luton, U.K.) and 20 L (New Brunswick Scientific Co., 

Inc., PO Box 4005, 44 Talmadge Road, Edison, New Jersey, USA 08818-4005 ; 

formerly Inceltech Ltd., Toulouse, France) stirred tank fermenters were used as 

production-scale fermenters. The 2 L fermenter was also used for parameter control 

and oxygen transfer measurement studies.

3.3.1 Fermenter configuration

3.3.1.1 2 L Fermenter

The vessel is made of borosilicate glass with a top plate fabricated of 316L stainless 

steel. All top plate inserts are designed such that there are no sections of a screw 

thread protruding into the vessel. The top plate is fixed to the glass vessel by a quick 

release stainless steel clamping ring, and is sealed with a chemically resistant silicone 

rubber ‘O’ ring between the plate and the glassware. The total volume is 2 L with 0.7 

L and 1.5 L as a minimum and a maximum working volumes, respectively.

The vessel top plate has a range of different ports for pOj probe, pH probe, foam 

probe, four welded addition ports for acid, alkali, antifoam and feeding plus a centre 

opening for the agitator drive carrying two Rushton turbine impellers. In addition, the 

fermenter contained the following ancillaries : a hoop cooling finger, an air sparging 

tube, a welded harvest/sampling tube with a sample hood and bottle, an inoculum port, 

an air/gas exhaust port and a temperature probe.

3.3.1.2 20 L Fermenter

The vessel is made of borosilicate glass with a top plate fabricated of 316L stainless 

steel, which is sealed in place with a chemically resistant rubber gasket. The total 

volume is 20 L with 14 L working volume.
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The vessel top plate has a range of different ports for pOj probe, pH probe, foam 

probe, welded addition ports for acid, alkali, antifoam and feeding plus a centre 

opening for the agitator driving system which carries three Rushton turbine impeller. 

In addition, the fermenter contained the following ancillaries : an air sparging silicone 

tube with an inlet filter attached to the fermenter through a needle piercing a rubber 

septum, an external sampling silicone tube with a sample hood and a glass bottle with 

a needle, an inoculum side-armed flask attached with a silicone tube and a needle, 

blank acid and alkali bottles with tube and needles, and a side-armed measuring 

cylinder filled with antifoam attached through a silicone tube and a needle. The 

dimensions of this fermenter are shown in Table 3.4.

Table 3.4 The dimensions of 20 L fermenter.

Categories Units Fermenter
Vessel ID LH 20L 01 / 02
Total Volume L 2 0

Working Volume L 14
Vessel Height mm 510
Vessel Diameter mm 230
Shaft Height mm 490
Shaft Diameter mm 12.7
Number of Impellers 3
Impeller Diameter mm 68.7
Tip Dimensions Length (mm) 16

Width (mm) 14.4
Height (mm) 2

Sparger Height mm 508
Sparger Diameter (mm) 9.5

Hole Diameter (mm) 2 2

Number of Holes 6

Baffle Dimensions Height (mm) 355
Width (mm) 2 2

Thickness (mm) 1 . 8

Impeller Positions (from bottom) 
( 1 ) mm 75
(2 ) mm 155
(3) mm 245
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3.3.2 Sterilisation procedure

The vessel content and ancillaries of 2 L fermenter were sterilised in an autoclave, 

which produced steam at 1.2 bar, for 20 minutes. In 20 L fermenter, its ancillaries 

were sterilised separately in the autoclave, whereas the vessel contents, which 

dissolved oxygen and pH probes were inserted, was performed in situ by passing 

steam through the coil to build up an internal pressure to 1 . 0  bar, for 2 0  minutes.

3.3.3 Operating condition

3.3.3.1 2 L fermenter

The temperature was monitored by resistance probe and adjusted with a heating 

element inserted into the tube-liked with a welded end which pocket protrudes into the 

vessel. pH and dissolved oxygen tension were measured with sterilisable Ingold 

probes (Mettler Toledo Ltd., Leicester, U.K.) inserted into the 12 mm ports on top of 

the vessel. pH was regulated by the addition of 2 M sodium hydroxide or 2 M 

sulphuric acid via built-in peristaltic pumps. Antifoam was controlled manually with 

a built-in peristaltic pump. Air flow rate was also controlled manually by an 

adjustable rotameter. Control of temperature, dissolved oxygen tension, pH, and 

stirrer speed was by BioView Fermenter Control software (Adaptive Biosystem Ltd, 

Luton, U.K.). The composition of exhaust gas was analysed with a mass spectrometer 

(VG Gas Analysis, Cheshire, U.K.).

3.3.3.2 20 L fermenter

The temperature was monitored by resistance probe and adjusted either by controlling 

the flow of cooling water through the coil with a solenoid valve, or by heating the 

vessel with a internal probe. pH and dissolved oxygen tension were measured by 

sterilisable Ingold probes (Life Science Laboratories, UK) inserted into the 19 mm

C. PHONPRAPAI, 2002 77



MATERIALS AND METHODS Bioreactors

ports on top of the vessel, pH was regulated with 2 M sodium hydroxide or 2 M 

sulphuric acid added with built-in peristaltic pumps.

The mixing was achieved with three turbine impellers rotating at 750-1000 rpm and 

air flow rate of 0.5-1.0 wm. The temperature was controlled at 28°C.

Control of temperature, dissolved oxygen tension, pH, stirrer speed and air flow rate 

was by BioView Fermenter Control software, in parallel with TCS controlling unit 

(Turnbull Control systems Ltd, Worthing, U.K.). The composition of exhaust gas was 

analysed by a mass spectrometer.

In both batch and fed-batch fermentations, antifoam was added with a manually 

operated pump. In the fed-batch fermentations, the feed was pumped into the 

fermenter with a peristaltic pump.
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3.4 Oxygen transfer measurement

In a typical fermenter, whether at laboratory or commercial scale, the rate of oxygen 

transfer from air bubble to liquid medium is dependent on agitation speed and aeration 

rate. It is known that an increase in stirrer speed can improve the volumetric mass 

transfer coefficient, k^a, except at very low flow rate, while an increase in aeration rate 

exerts only a minor influence on k^a (Doran, 1996). The relationship between k^a, 

stirrer speed and air flow rate is shown in Equation 3.1.

k^a = K(P/V)a(VJp (3.1)

Gassed power per unit volume (P/V) and gas superficial velocity (VJ are the major 

factors which affect k^a. The influence of agitation speed and aeration rate on k^a is 

represented by the exponents, a  and (3 respectively.

a  can be obtained from the relationship between k^a and gassed power per unit 

volume (Pg/V) at constant aeration rate. P can be obtained from the relationship 

between k^a and superficial gas velocity (VJ at constant agitation speed (Van’t Riet, 

1979).

The exponent values, a  and p, were measured experimentally. An air flow rate was 

set at 0.6, 1.0, 1.5, and 2.0 L/min, whereas agitation speed was set at 250, 500, 750, 

and 1000 rpm. Thus, 16 conditions, which consisted of 16 pairs of different air flow 

rates and agitation speeds were established. V, and Pg/V were obtained from the 

Equation 3.2 and 3.3. Their values, at any air flow rates and agitation speeds, are 

shown in Table 3.5.

V, = 4 Q /4 D / (3.2)

PgA/ =  P ,p N 'D i'/V  (3.3)
where
Q = the volume flow rate of air (mVsec) N = the impeller speed (rps)
Dy = diameter of the vessel (0.12 m) D; = the impeller diameter (0.04 m)
Pq = impeller power number (10) (Rushton et a l, 1950) 
p = density of water (1000 kg/m^) V = working volume (0.0013 m )̂
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Table 3.5 Superficial gas velocity (VJ and gassed power per unit volume (Pg/V) for 
different air flow rates (Q) and stirrer speeds (N), respectively.

Q (L/min) V ,(m .s') N (rpm) P /V  (W/m^)
0 . 6 0.000884 250 56.9
1 . 0 0.00148 500 455.4
1.5 0 . 0 0 2 2 1 750 1538.0
2 . 0 0.00294 1 0 0 0 3649.0

k^a was calculated by using an oxygen transfer programme, developed by UCL. This 

programme required the followings:

( 1 ) probe response time, to calculate k^a value, two different probe response times 

have been used. It was the time length when probe reached 63 % DOT after a step up 

change from 0 %, or the time when probe reached 37% after a step down change from 

100 %. The % DOT was measured by using a polarographic oxygen electrode. Ingold 

type (Mettler-Toledo Ltd., Leicester, UK).

In the step up change, the vessel was first flushed with oxygen free nitrogen until the 

probes read 0 %, and then the air was flushed and started the time, until % DOT 

reached 63 %, the time was then stopped. This time length is recognised as the prohe 

response time (from step up change). On the contrary, in the step down change, the 

vessel was first flushed with air until the probes read 1 0 0  %, and then the oxygen free 

nitrogen was flushed and started the time, until % DOT dropped to 37 %, the time was 

then stopped. This time length is also recognised as the probe response time (from 

step down change).

Before making any measurements, the probe should be calibrated by two point 

calibration (0 % and 100 % DOT). The calibration was done by flushing the vessel 

with oxygen free nitrogen and the air, respectively, which the % DOT were recorded 

and recognised as the actual 0 % and 100 %. The detail about dissolved oxygen 

tension (% DOT) can also be found in the section 3.9.1.2.
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(2) The fraction of the unsaturated oxygen (Yp) (i.e. 1 - % oxygen saturation) which 

was calculated from the Equation 3.4.

Yp = C*-Cl /C* (3.4)

where C* and are denoted as dissolved oxygen concentration at saturated condition, 

100%, and dissolved oxygen concentration at any concentration.

(3) The time in which dissolved oxygen concentration reached the desired levels. In 

each experiment, the time has been recorded for every 20% increase in dissolved 

oxygen, ranging from 10 % to 90 %. The experiments were performed in the 2 L 

fermenter containing 1.3 L of water, controlled at 28°C. The measurement were 

carried out in triplicate.

3.5 Control of dissolved oxygen tension using agitation speed

Typically, the control system of any fermenters has used the PID (Proportional, Integral, and 
Derivative Control) type. Proper adjustment of the PID controllers (see Appendix 1.) usually 

provides excellent regulation of the measured process variables. Poorly tuned controllers can 

destabilise a process and cause continuous fluctuation in the culture condition. The level of 

dissolved oxygen in the fermentation medium is very important for organism to maintain its 

activities. In this study the oxygen tension (% DOT) in the fermenter was controlled by 

varying the stirrer speed. It would yield the results in an increase of the speed. When the 
oxygen tension drops below the set point. The stirrer speed increases.

Bakers yeast which has a high growth rate, was used to investigate the control of oxygen 

tension in the 2 L fermenter. 5 g/L of bakers yeast was grown in YPD medium (1% (w/v) 

yeast extract, 2 % (w/v) peptone, and 2 % (w/v) glucose) at a constant temperature and stirrer 

speed, and the DOT was monitored. The DOT was allowed to fall to 50% after which the 

PID controller was switched on. %DOT and the stirrer speed were then recorded (Figure 4.5 

and 4.6), showing that a satisfactory control of %DOT was possible.
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3.6 Growth and maintenance of Saccharopolyspora erythraea

In all experiments, S. erythraea was grown at 28°C. Liquid cultures were grown in 

baffled Erlenmeyer flasks which were agitated at 200 rpm on an orbital shaker to 

aerate and bear up the cultures (Adolf Kuhne AG, Switzerland). Agar plates were 

incubated in an upright stationary incubator (WTB Binder, Germany). The 

maintenance cell culture was divided into 2  categories, spore preparation and sterility 

control as shown in the next section.

3.6.1 Spore preparation and storage

Saccharopolyspora erythraea was grown on agar plates and incubated for 3 weeks. 

Spore suspensions were prepared by scouring the agar surface with a loop using a 20% 

(v/v) glycerol solution containing 0.1% (v/v) Tween 80. The collected solution was 

transferred into 1 mL eppendorf tubes and stored in a -70 °C freezer. The medium 

composition, which was used to grow and to enhance spore formation is shown in 

Table 3.6.

Table 3.6 Components and concentration of sporulation medium*.

Components Concentration (g/L)
Agar (Technical No.l) 2 0

EDTA 0.036
Glucose 2

Soy Peptone 5
Sucrose 1

Yeast Extract 2.5

*Before autoclaving the pH was adjusted to 7.0 using sodium hydroxide 
at appropriate concentration.
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3.6.2 Sterility control of spore stock

Spore suspension was streaked aseptically on solid medium and incubated for 3 weeks 

approximately before the spores were collected by the method described in Section 

3.6.1. During this time, plates were checked regularly, at least once a day, for the sign 

of a contamination. Colonies of S. erythraea were visible after 2-3 days, whereas the 

contaminants normally grew much faster, only if there was no sign of contamination, 

was the spore suspension stored ready to use.
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3.7 Fermentation of Saccharopolyspora erythraea

3.7.1 Fermentation of S, erythraea NRRL 2338

S. erythraea NRRL 2338 was grown in both baffled flasks and in a 2 L scale 

fermenter (Adaptive Biosystem Ltd., Luton, U.K.). In baffled flasks, it was used to 

investigate the effect of oil based and non-oil based media, on growth and product 

formation.

3.7.1.1 Inoculum (culture) development

The inoculum development stages have located prior to the transferring of culture to 

the fermentation (production) medium. In S. erythraea NRRL 2338 studies, the 

composition of the media respects to these stages are different. It depends upon the 

types of the fermentation, which are non-oil based or oil based fermentations. The 

inoculum development is functioned in a series of three consecutive stages, which the 

details are shown in Table 3.7, 3.8 and 3.9.

Table 3.7 Inoculum development media and their ingredients in non-oil based
fermentation studies. The concentrations shown in this table are in g/L 
except for Trace elements which are shown in mL/L (i.e. mL of stock 
solution).

Components Stage (0) Stage (1)
(Nutrient broth)

Stage (2)
(Basic medium)

1.0 mL of spore 
suspension

Nutrient broth 
(Oxoid standard)

13

( N H J 2 S O 4 2

Casamino acid 5
K 2 H P O 4 3.6

M g S 0 4 .7 H 2 0 0 . 6

NaH2 P0 4 2.17
Sodium succinate 5
Trace elements (1) 1
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Table 3.8 Inoculum development media in oil based fermentation studies. The 
concentrations shown in this table are in g/L.

Components Stage (0) Stage (1)
(Nutrient broth)

Stage (2)
(Nutrient broth)

1.0 mL of spore 
suspension

Nutrient broth 
(Oxoid standard)

13
13

Table 3.9 The components of trace elements stock solutions. The concentrations 
shown in this table are in mg/L.

Components Trace Element 1 Trace Element 2
MgS04.7H20 250 -
FeClj.ôHjO - 2 0 0

FeS04.7H20 25 -
C0 CI2 .6 H2 O 1 . 0 1 -
CaCl2 .2 H2 0 13.80 1 0

CUCI2 0.53 -
ZnCl2 10.40 40

MnCl2.4H20 9.75 1 0

Na2 Mo0 4 .2 H2 0 0.35 -
Na2 B4 0 ? - 1 0

(NH4)6M02024.4H20 - 1 0

3.7.1.2 Non-oil based fermentation

To investigate growth and product formation of S. erythraea NRRL 2338 in non-lipid 

media, the medium compositions concerning the inoculum development are shown in 

Table 3.7 and 3.9.

1 mL of spore suspension was inoculated into 50 mL of nutrient broth (first stage seed 

medium) and incubated for 48 hours. Then, the culture broth was transferred to 450 

mL basic medium (second stage seed medium). After incubation for 48 hours, 50 mL 

of the second stage culture was then transferred aseptically to 450 mL of fermentation 

media (Table 4.1) and the culture was grown for 170-180 hours. 15 mL of broth 

samples were collected and analysed at appropriate time intervals. The first and 

second stage seed media were sterilised at 121°C for 20 minutes.
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3.7.1.3 Sterility control of fermentation culture

To confirm the sterility of culture, at appropriate time intervals, a sample (10 jilL) was 

diluted with 10 |liL of RO water (reverse osmosis) on a glass slide, covered with the 

cover slide, and checked under a microscope. One loop full of sample was streaked on 

the sporulation medium (Table 2.6) and then incubated for several days. During this 

period plates were checked everyday for growth of microorganisms. Colonies of S. 

erythraea NRRL 2338 were visible after 3-4 days, whereas any contaminants grew 

faster. If there was no sign of contamination the culture could be classed as sterile.

3.7.1.4 Oil based fermentation

To investigate growth, product formation and lipase production of S. erythraea NRRL 

2338 in oil supplemented media, the medium compositions concerning the inoculum 

development are shown in Table 3.8.

1 mL of spore suspension was inoculated into 50 mL of nutrient broth (first stage seed 

medium) and incubated for 48 hours. Then, the culture broth was transferred to 450 

mL nutrient broth (second stage seed medium). After incubation for further 48 hours, 

50 mL of the second stage culture was transferred aseptically to 450 mL of 

fermentation media (Table 5.2). The culture was grown for 170-180 hours. 15 mL of 

broth samples were collected and analysed at appropriate time intervals. The method, 

to confirm the culture sterility is shown in Section 3.7.1.3. The first and second stage 

seed media were sterilised at 121°C for 20 minutes.
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3.7.2 Fermentation of S. erythraea CA 340

S. erythraea strain CA 340 was usually cultivated in oil based media although some 

experiments did use media without oil. The latter experiments were carried out in 

baffled flasks. In baffled flasks, it was used to investigate the effect of oil and non-oil 

supplemented media, which contained various ingredients, on growth and product 

formation, whereas 20 L fermenter was used to study an influence of oil feeding on 

growth and product formation.

3.7.2.1 Inoculum (culture) development

The culture was developed through several inoculum stages before its transfer to the 

fermentation (production) medium. In S. erythraea strain CA 340 the number of 

inoculum stages, and the media used depended on the scale of the fermentation. For 

baffled flasks two stages were used, and for the 20 L fermenter, three stages, the 

details are shown in Tables 3.10 and 3.11.

Table 3.10 Inoculum development media in non-oil based and oil based fermentation 
studies. The concentrations shown in this table are in g/L. This inoculum 
development series are used in the baffled flask fermentation.

Components Stage (0) Stage (1)
(Nutrient broth)

1.0 mL of spore 
suspension

Nutrient broth 
(Oxoid standard)

13
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Table 3.11 Inoculum development media in oil based fermentation studies. The 
concentrations shown in this table are in g/L. This inoculum 
development series are used in the 20 L fermentation.

Components Stage (0) Stage (1)
(Nutrient broth)

Stage (2)
(Complex medium)

1.0 mL of spore 
suspension

Nutrient broth 
(Oxoid standard)

13

Rapeseed Oil 23
KH2 PO4 1 . 2

Soybean flour 30
Dextrin 1 0

3.7.2.2 Non-oil based fermentation

To investigate growth and product formation of S. erythraea CA 340 in non-lipid 

media, the medium compositions concerning the inoculum development are shown in 

Table 3.10.

1 mL of spore suspension was inoculated into 50 mL of nutrient broth (first stage seed 

medium) and incubated for 48 hours. Then, the culture was transferred aseptically to 

450 mL of fermentation medium (see Table 6.1). The culture was grown for 170-180 

hours. 20 mL of broth samples were collected and analysed at appropriate time 

intervals. The method, to confirm the culture sterility is shown in Section 3.7.1.3. The 

first stage seed media were sterilised at 121°C for 20 minutes.

3.7.2.3 Oil based fermentation

The experiments on oil based fermentation were carried out in baffled flasks and in a 

20 L fermenter. The latter can be found described separately in the Section 3.8. To 

investigate growth and product formation of S. erythraea CA 340 in lipid 

supplemented media, the medium compositions concerning the inoculum development 

are shown in Table 3.10.
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1 mL of spore suspension was inoculated into 50 mL of nutrient broth (first stage seed 

medium) and incubated for 48 hours. Then, the culture was transferred aseptically to 

450 mL of fermentation medium (see Table 6.2). The culture was grown for 170-180 

hours. 20 mL of broth samples were collected and analysed at appropriate time 

intervals. The method, to confirm the culture sterility is shown in Section 3.7.1.3. The 

first stage seed media were sterilised at 121°C for 2 0  minutes.
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3.8 20 L scale fermentation of S. erythraea CA 340

To investigate the effect of residual oil on growth, lipase production, and product 

formation of S. erythraea CA340, batch and fed-batch fermentations were carried out 

in 20 L scale fermenter.

3.8.1 Conventional batch fermentation

In the experiments, several identical batch fermentations were carried out with 

different fermentation medium (see Table 7.1). To investigate growth and product 

formation of S. erythraea CA 340 in lipid supplemented media, the medium 

compositions concerning the inoculum development are shown in Table 3.11.

1 mL spore suspension was inoculated into 50 mL of the nutrient broth (first stage 

seed medium) and incubated at 28®C, 200 rpm in a rotary incubator shaker for 48 

hours. The contents were then transferred to a 2 L baffled flasks containing 450 mL of 

the second stage seed medium. The medium compositions are shown in Table 3.11. 

Three similar 2 L flasks were prepared as the inoculum for the bioreactor.

After an incubation for 48 hours, the contents of the three flasks were pooled together 

and added to the bioreactor containing the fermentation medium (see Table 7.1). This 

was approximately 10% (v/v) of the final fermentation volume. The culture was 

grown in 20 L scale fermenter containing 14-15 L of culture. 100 mL of broth 

samples were collected and analysed at appropriate times. The method which was 

used to confirm the culture sterility, is shown in Section 3.7.1.3.

The first and second stage seed media were sterilised at 121°C for 20 minutes after 

their pH were adjusted to 7.0. The production medium was sterilised in situ and then 

adjusted to pH 7.0 before an inoculation.
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3.8.2 Fed-batch fermentation

To examine the most suitable scheme for using rapeseed oil effectively and to give a 

high product output, four different types of substrate feeding were investigated. The 

medium compositions concerning the inoculum development are shown in Table 3.11. 

The operation procedure has already presented in Section 3.8.1. In addition, the 

composition of production medium used in the fed-batch fermentation is shown in 

Table 7.4, but the concentration of the oil feeding was varied. This is shown in 

Section 3.8.2.2.1 - 3.8.2.2.4.

3.8.2.1 The relationship between oil flow rate and % output of 

the peristaltic pump

A Watson Marlow peristaltic pump, model 101 U/R, (Watson Marlow, Poole, U.K.) 

was used as a feeding equipment. It was calibrated with 0.8 mm, id., silicone tube by 

varying the % output of the pump from 0-100%. The rapeseed oil was used as a 

calibration fluid. Then, the actual amount of oil added to the fermenter in a given 

period, could be calculated from the relationship between the actual flow rates of the 

oil and % output of the pump. This relationship is shown in Figure 3.1.

-r  0.30-

S  0.25 -

a: 0 .2 0 -

m 0.15-

b  0.10-

0: 0 .0 0 -

60 70 80 90 1000 10 20 30 40 50
% Output (of Peristaltic pump)

Figure 3.1 The relationship between % output of the peristaltic pump (X) and the 
actual flow rate of rapeseed oil (Y) at 95 % confidence. The linear 
equation for this relationship is Y = (3.35 x 10' )̂ X + (-2.35 x 10' )̂ 
and r = 0.99.
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3.S.2.2 Oil feeding schemes in fed-batch fermentation

The rate of oil uptake was obtained from the experiments described in Section 3.8.1. 

This was used to set an initial oil feedrate in the fed-batch fermentations. This is 

described in full later in this thesis.

3.8.2.2.1 Type A feeding scheme

Rapeseed oil was initially added at approximately 5 g/L with other ingredients shown 

in Table 7.4. Then, after 48 hours rapeseed oil was fed continuously at 2.2 g/h until 

the end of fermentation.

3.5.2.2.2 Type B feeding scheme

Rapeseed oil was not added initially with other ingredients, shown in Table 7.4, but it 

was fed at 1.4 g/h from the start of the fermentation and then at 2.2 g/h from 48 hours, 

at 4.0 g/h from 120 hours, and finally at 8.0 g/h from 135 hours. The final rate was 

kept constant until the end of fermentation.

3.5.2.2.3 Type C feeding scheme

Rapeseed oil was not added initially with other ingredients, shown in Table 7.4, but it 

was fed at 1.4 g/h from the start of the fermentation and then at 4.0 g/h from 48 hours. 

The oil feeding rate was kept at this rate until the end of fermentation.

3.5.2.2.4 Type D feeding scheme

Rapeseed oil was not added initially with other ingredients, shown in Table 7.4, but it 

was fed at 1.4 g/h from the start of the fermentation and then at 8.0 g/h from 48 hours. 

The oil feeding rate was kept at this rate until the end of fermentation.
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3.9 Physical, biological, and chemical parameter measurements of 

5. erythraea fermentation broth

Many biological, physical and chemical parameters were measured in this study. 

They varied from dry cell weight (w/v), and other cell products, to medium 

components. These parameters are shown in Table 3.12. Fermentation samples which 

contained residual oil were often difficult to analyse. The detail of the measurements 

was described in the following sections.

Table 3.12 Biological, physical, and chemical parameter measurements in 
S. erythraea fermentation.

Parameters (units)
Physical Biological Chemical

Viscosity (mPa.s) Dry cell weight (mg/mL) Lipid concentration (g/L) 
(rapeseed oil)

% DOT DNA content (|ig) Fatty acid concentration
(g/L)

Oxygen uptake rate, 
OUR (mmol/L.hr)

Amylase activity (U/mL) Erythromycin 
concentration (mg/L)

Carbon dioxide evolution 
rate, CER (mmol/L.hr)

Lipase activity (U/mL) Ammonium ion 
concentration (mM)

Respiratory quotient 
RQ

Nitrate ion 
concentration (mM)

3.9.1 Physical parameter measurements

3.9.1.1 Rheological measurement

The rheological method was used to measure cell growth when insoluble components 

in the fermentation medium interfered with the simple methods, such as dry cell 

weight measurement. The biomass concentration can often be inferred from the 

viscosity of the fermentation broth. Two machines were used to measure the 

viscosity.
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Viscosity was measured by using a Wells-Brookfield Cone/Plate Digital viscometer 

(Brookfield Engineering Laboratories, Inc., U.S.A.). This machine measures the 

Torque as an inserted cone rotated in a flat-bottomed well. The cone is connected to 

the spring spindle through a calibrated beryllium copper spring. The well is filled 

with a small sample (about 1 mL) of the sample fluid and the spindle is driven at a 

fixed angular velocity. The degree to which the spring is wound, which is measured 

by a rotational transducer, is proportional to the viscosity of the fluid. The reading 

was converted to by multiplying a factor, provided by the manufacturer. This factor is 

specific to the type of cone, the speed of rotation and the sample volume.

In fed-batch fermentation, viscosity was measured by Contraves Rheomat 115 

rotational viscometer with a plug in 7/7 module operating system. It was fitted with a 

concentric cylinder (MS-DIN/145) measuring unit with quick release coupling. 

Measurements should be done at room temperature and immediately after a 

fermentation broth was withdrawn from the fermenter. Because, Metz et al (1979) 

reported that viscosity for mycelial suspensions was only slightly dependent on 

temperature that it was not necessary to maintain a constant temperature during the 

rheological measurement. The cylinder was filled with 94 mL of broth, the cylinder 

bob put in place and rotated for 10 seconds at the lowest speed (stepl, shear rate is 

6.65 sec '). Torque was then recorded as the speed was increased to step 15 (shear rate 

is 1008 sec '). Torque should then be recorded as the speed was reduced back down to 

step 1. Readings should be allowed to settle before moving onto the next step. Speed 

was translated into shear stress using table supplied by Contraves Rheomat. In most 

cases of Non-Newtonian liquids, the power law model, shown in Equation 3.5, should 

be considered to determine the rheological behaviour of the fermentation broth 

samples.

T̂ K.y'̂  (3.5)

where
T = shear stress (Pa) y = shear rate (sec ')
K = consistency index (Pa.s") n = flow behaviour index (-)

Values of n and K were found from the slope and y-axis intercept, respectively, of a 

log-log plot of the shear stress versus shear rate.

C. PHONPRAPAI, 2002 94



MATERIALS AND METHODS Physical Parameter Measurements

In addition, viscosity taken from the Contraves was calculated from the shear stress 

and shear rate at 76.8 sec ' (shear rate) to make it comparable to the previous studies, 

which was measured by Wells-Brookfield Cone/Plate Digital viscometer (fixed shear 

rate at 76.8 sec '). Both viscometers were operated at room temperature. Further detail 

in comparing the viscosity between two viscometers is shown in the Appendix 2.

3.9.1.2 Dissolved oxygen concentration measurement

The dissolved oxygen tension (DOT) probe provided the calculation of the dissolved 

oxygen tension (% air saturation). The probe was calibrated outside the fermenter 

before the fermentation. The probe was flooded with nitrogen for calibration to 0 % 

and with air or left at the room atmosphere for calibration to 100%. The dissolved 

oxygen concentration at probe position and at any stage in the fermentation. Cl, could 

be calculated from the Equation 3.6.

= (3.6)

where
Cj = saturation dissolved oxygen concentration in water, at calibration 

conditions (mole.m'^)
DOT= dissolved oxygen tension reading from amplifier (% air saturation)

3.9.1.3 Gas analysis

A VG MM 8-80 mass spectrometer (VG Gas Analysis, Cheshire, U.K.) was used for 

monitoring the composition of the inlet and outlet gases, which mainly consisted of 

oxygen, carbon dioxide and nitrogen. Oxygen uptake rate (OUR), carbon evolution 

rate (CER) and respiratory quotient (RQ) were calculated and recorded by the real 

time data acquisition system (RT-DAS) software. The series of equations, which were 

used to calculate OUR, CER, and RQ, are shown in Equation 3.7 - 3.11 (Buckland, 

1990). Bioreactor operating conditions were also recorded by this system.
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The mass spectrometer determined the mole fraction of oxygen, nitrogen and carbon 

dioxide of every connected streams orderly every three minutes. The oxygen 

concentrations were normalised against the nitrogen in the air stream. This corrects 

for the effect of the water vapour which the outlet gas contains and which alters the 

partial pressure of the other components of the gas phase (Pollard, 1995).

Carbon dioxide concentration (GDC) (% CO2 )

Ia{%N^)
CDC = Ea{%CO^) X

Ea{%N^)
-laiVoCO^) (3.7)

Oxygen concentration (XC) (% O2 )

XC = Ia{%OX- Eaî /oOX X Ia(%N^)
Ea{%N^)j

(3.8)

Respiratory quotient (RQ) 

CDC
RQ =

XC
(3.9)

Carbon dioxide evolution rate (CER) (mmol/L.hr) 

FCER = xCDC X 60 X1000 (3.10)

Oxygen uptake rate (OUR) (mmol/L.hr) 

F
OUR = xX C X 60x1000 (3.11)

where
F  = air flow rate (L/min)
Vq = working volume liquid phase (L) 
Vfn = molar volume of gas (22.4 L/mol)

la = incoming air 
Ea = exhaust air
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3.9.2 Biological parameter measurements

3.9.2.1 Dry cell weight measurement

Dry cell weight measurement was normally used to determine the biomass 

concentration (w/v) in non-lipid supplemented medium. 5 mL of broth samples were 

filtered through pre-weighted glass microfilters, GF/F (Whatman International Ltd., 

Maidstone, England) which were washed with an equal volume of RO water and dried 

overnight at 100°C in an oven. The filters were kept in a dessicator for a few hours 

before weighing.

As an alternative, drying and weighing of biomass was done by using a Halogen 

Moisture Analyser (Mettler Toledo, Switzerland). In this way the filter was dried and 

weighed after a 20 minutes. This was found more convenient than the previous 

method, but both gave identical results.

3.9.2.2 DNA content measurement

Once the culture was grown in oil-based medium, it was quite difficult to measure the 

biomass by conventional method such as dry cell weight method. To obtain the 

growth information, two indirect methods, medium viscosity and DNA content, were 

selected and used as alternatives. The DNA extraction method was used to construct a 

relationship between DNA content and biomass (w/v), which would lead to the 

relationship of biomass (w/v) and viscosity (Figure 3.2 - 3.5).

The correlation was constructed by measuring the dry cell weight (w/v) of 

Saccharopolyspora erythraea CA340 grown in the nutrient broth without oil in 

parallel the measurement of DNA using the perchloric acid and diphenylamine 

method.
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3.9.2.2.1 DNA extraction by perchloric acid and diphenylamine 

method

The method used here is a microtechnique for the determination of DNA in cultured 

human cells which is based on the colourimetric diphenylamine assay. It was 

previously reported by Dische (1955) and Leyva and Kelley (1974). The principle of 

this method is using low concentration of perchloric acid (PCA) to precipitate proteins 

and nucleic acids at low temperature. Then the acid insoluble pellet is hydrolysed 

with PCA (10 % w/v) at high temperature. The reaction of diphenylamine in 

chromogenic reagent and nucleic acids leads to the blue colour solution, which can be 

read the absorbance at 600 nm against the blank solution comprises of 1.0 M PCA and 

chromogenic reagent.

Diphenylamine solution was prepared by dissolving 0.84 g of diphenylamine in 56 mL 

glacial acetic acid, then adding 0.84 mL of concentrated sulphuric acid (98 %). The 

solution was stored at room temperature. Acetaldehyde reagent was made up by 

adding 0.5 mL of acetaldehyde in 25 mL of water, the solution was mixed and stored 

at 4°C. Chromogenic reagent was prepared by adding 0.1 mL of acetaldehyde 

solution in 20 ml of diphenylamine solution. This reagent was freshly prepared.

DNA standard solution was prepared by dissolving 2 mg of calf thymus DNA in 10 

mL of 10 mM Tris-HCl, pH 7.4. This stock was diluted to 2, 4, and 8 fold, which 

makes the concentration of 0.2, 0.1, 0.05, and 0.025 |Llg/fXL, respectively. 100 jilL of 

the dilution was then transferred to 1.5 mL Eppendorf tube, the dilution which 

contains 20, 10, 5, and 2.5 |Llg of DNA, respectively, was done in quadruplicate. 

Before adding the diluent with 200 |XL of 0.4 M PCA, 25 |4L of 2 mg/mL bovine 

serum albumin was added and followed by 75 |0,L of extraction buffer, TE buffer, pH 

8.0. Protein carrier was not added to samples from fermentation since sufficient cell 

protein was already presented. Then the solutions were mixed and kept at 4°C for 30 

minutes.

C. PHONPRAPAI, 2002 98



MATERIALS AND METHODS Biological Parameter Measurements

After centrifuged at high speed for 10 minutes, the supernatant was discarded and the 

pellet was resuspended in 250 |LIL of 1.0 M PCA, and incubated in 70°C waterbath for 

precisely 30 minutes, then the samples were added with 500 |LIL of freshly prepared 

chromogenic reagent. The solutions were then mixed and left at 30°C overnight. 

Centrifuged the solutions at 13000 rpm for 10 minutes to separate the pellet and 

transferred the supernatant to tapered cuvette and read the absorbance at 600 nm 

against the blank solution using UVIKON Spectrophotometer, model 922 (Kontron 

Instruments, S.p.A., Milan, Italy).

The blank solution was prepared by adding 250 \xL of 1.0 M PCA and 500 \xl of 

chromogenic reagent into a clean Eppendorf tube following the extraction steps. The 

relationship between DNA contents and the absorbance (600 nm) has been created. 

The relationship is shown in Figure 3.2.

0.4-
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Figure 3,2 The relationship between DNA content (X) and absorbance 600 nm (Y) 
at 95 % confidence. The linear equation for this relationship is 
Y = (0.017) X + (0.030) and r = 0.97.
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3.9.2.2.2 The relationship between DNA concentration and 

biomass concentration

In baffled flask, S. erythraea CA340 was grown at 28°C for 72 hours in 50 mL 

nutrient broth, which culture was then harvested and diluted to 2, 4, and 8 times with 

sterilised nutrient broth. To obtain biomass (w/v) and DNA content, each dilution was 

analysed and quantified by separating the diluent into 2 parts. The first part, 5 mL of 

each was carried out dry cell weight measurement, this step has been done in 

triplicate. The second part, 100 pL of each diluent was carried out DNA extraction, 

which was done in quadruplicate. DNA content was obtained by converting the 

absorbance using the estimated parameter (slope) taken from Figure 3.2.

The correlation of DNA contents and dry cell weight (w/v) was then constructed and 

shown in Figure 3.3. This relationship was used to estimate the concentration of 

biomass appeared in the broth samples, where direct dry cell weight (w/v) 

measurement could not be used.
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Figure 3.3 The relationship between DNA content (X) and biomass concentration 
(Y) at 95 % confidence. The linear equation for this relationship is 
Y = (0.387) X + (-0.106) and r = 0.99.
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3.9.2.2.3 The relationship between viscosity and biomass 

concentration

This correlation was constructed to convert the growth results previously reported as 

viscosity, to be interpreted in the term biomass concentration (w/v). It was 

constructed from the fermentation samples, which their viscosity, obtained from 

viscometers (see Section 3.9.1.1), and biomass concentration (w/v) (see Section 

S.9.2.2.2) were measured. The correlation related to a particular viscometer is shown 

in Figure 3.4 and Figure 3.5.
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Figure 3.4 The relationship between viscosity (Wells-Brookfield viscometer) (X) and 
biomass concentration (Y) at 95 % confidence. The linear equation for 
this relationship is Y = (0.081) X + (1.566) and r = 0.87.
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Figure 3.5 The relationship between viscosity (Rheomat viscometer) (X) and biomass 
concentration (Y) at 95 % confidence. The linear equation for this 
relationship is Y = (0.081) X + (3.845) and r = 0.87.

3.9.2.S Amylase assay

The amylase assay was based on the method of Blanchin-Roland and Masson (1989), 

as modified by French (1993). The activity was measured as the loss of colour in a 

starch / iodine complex.

A solution containing 15 mM sodium phosphate buffer, pH 5.8 and 0.5% soluble 

starch was heated in an oven until it boiled. When the starch was fully dissolved, the 

solution was stirred and filtered whilst hot. 1 mL of starch substrate solution was 

placed in the 50°C water-bath. The reaction was started when 50 |LIL of enzyme 

sample was added into the substrate solution, which then was mixed quickly. The 

enzyme reaction was left in the water-bath throughout the assay.

50 jllL aliquots were removed at various times and pipetted directly into 1 mL of 

iodine stop reagent in a cuvette, and then mixed thoroughly. The iodine stop reagent 

was freshly prepared by adding 0.2 mL of stock solution (2.2% (w/v) iodine / 4.4% 

(w/v) KI) to 100 mL of 2% (w/v) potassium iodide solution. 50 pL aliquots were 

taken every three minutes from 3 to 21 minutes. The solution was then measured the 

absorbance at 620 nm against unreacted iodine solution, used as a blank solution.
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The curve of the absorbance and time has been plotted and the rate of decrease was 

calculated. An enzyme activity was calculated as AOD6 2 0 / min.

It should be noted that Blachin-Roland and Masson (1989) reported that one unit of 

enzyme corresponded to 1 nmol of maltose liberated per min at an operating 

temperature. This was later modified by French (1993) as the enzyme activity was 

calculated fi*om the rate of ODg2 o decrease (min*).

3.9.2.4 Lipase assay

This method follows the standard operating procedure of the ACBE. The principle of 

this assay is based on lipase hydrolysis of emulsified triglycerides, according to the 

Reaction 3.12.

Lipase

Triglyceride + H2 O Diglyceride + free fatty acid (3.12)

The released acids are titrated with sodium hydroxide, in order to maintain an 

optimum pH at 7.2 for the lipase action.

The 0.01 M titrant (0.2 g NaOH in 500 mL water) was stored in a screw capped glass 

bottle at room temperature. This was suitable for using within one month.

Emulsification reagent was prepared by dissolving 17.9 g of sodium chloride and 0.41 

g of potassium dihydrogen orthophosphate in 400 mL of water. The solution was 

mixed by a magnetic stirrer at a moderate speed, and 540 mL of glycerol was then 

added. The stirrer speed was then increased to maximum and 6 g of gum arabic was 

sprinkled slowly into the vortex created by the stirring. The émulsification reagent 

was stored at 4°C in a refrigerator for up to one month. It was shaken before use.
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Substrate reagent was freshly prepared by adding 15 mL of tributyrin and 50 mL of 

emulsifrcation reagent to 235 mL water in a bench top food blender. This was mixed 

at high speed for 20 seconds. This reagent should be kept stirring at a moderate speed 

on a magnetic stirrer at room temperature to avoid the separation of oil and aqueous 

ingredients.

20 mL of substrate emulsion was placed in a thermostatically controlled plastic 

container and allowed to equilibrate to room temperature. 1 mL of the broth sample 

was added to the container and the pH was adjusted to 7.2 using 0.01 M sodium 

hydroxide solution. Each sample was titrated automatically for 10 min (Radiometer 

Copenhagen, Bagsvaerd, Denmark) with 0.01 M sodium hydroxide. The consumption 

of 1 mL of 0.01 M sodium hydroxide is equivalent to the liberation of 10 jLlmoles of 

fatty acid. Then the lipase activity was calculated from the Equation 3.12.

Activity (julmole/min) = volume of NaOH consumed x 10 (3.13)
time period of assay

When the assay has been finished the titration unit was flushed with water. The pH 

probes were rinsed with ethanol followed by water and stored in pH 7.0 buffer 

solution.

In addition, it should be noted that tributyrin which was used as a substrate in lipase 

assay could give the result that may under- or overestimate the actual activity of 

lipase. Because the specificity of lipase-tributyrin and lipase-rapeseed oil can be 

different. However, to use rapeseed oil as a substrate was done with no success, this 

was caused by the poor distribution of rapeseed oil itself in emulsifying agents 

supplied.
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3.9.3 Chemical parameter measurements

3.9.3.1 Lipid analysis

3.9.3.1.1 Vanillin reagent method

This method follows the standard operating procedure of the ACBE. It is based on the 

Boehringer test combination where the reaction of lipid with sulphuric acid and 

vanillin forms a pink-coloured complex.

The vanillin reagent was prepared by dissolving 1.98 g of vanillin in 40 mL of 

absolute ethanol in a 100 mL glass volumetric flask. The solution was made up to 100 

mL using water. This solution was then transferred to 1 L volumetric flask and made 

up to 1 L with concentrated orthophosphoric acid (85 %). The solution was kept in a 

light-proof container for up to 3 months. And if the colour of the reagent was found to 

be dark or red/brown, new reagent should be prepared.

50 pL of each sample or of a standard was added to 2 mL of concentrated sulphuric

acid (98 %) in 10 mL glass test tubes. The reaction mixture was incubated in a water

bath at 100°C for 10 minutes. Then 100 pL of each reaction mixture was transferred 

to a fresh 10 mL glass test tube. 2.5 mL of vanillin reagent was added and left at room 

temperature for 30 minutes. The solutions were mixed every 10 minutes during this 

period. After 30 minutes the sample was transferred to a 2 mL cuvette. The 

absorbance of the sample was read at 536 nm using a spectrophotometer (Beckman 

Instruments Ltd., U.S.A.). All assays were carried out in triplicate.

The standard solutions were separately made up by dissolving a various amount of 

rapeseed oil (250 -2000 mg) in 50 mL of absolute ethanol as shown in Table 3.13. 50 

pL of each concentration which contains 0.25, 0.5, 1.0, and 2.0 mg of rapeseed oil, 

was taken and assayed in triplicate. A standard curve was then created for each 

analysis from which the lipid concentration was calculated. It is shown in Figure 3.6.
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The reagent for this assay should be handled with particular care because of the 

corrosive nature of the concentrated sulphuric acid. Gloves should be worn at all 

times.

Table 3.13 Preparation of oil standards for total lipid assay.

The Amount of 
Rapeseed Oil 

(mg in 50 mL EtOH)

Concentration of 
Rapeseed Oil 

(mg/mL)

The Amount of 
Rapeseed Oil in the 

assay tubes (mg)
250 5 0.25
500 10 0.5
1000 20 1.0
2000 40 2.0
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Figure 3.6 The relationship between rapeseed oil content (X) and absorbance 
536 nm (Y) at 95 % confidence. The linear equation for this 
relationship is Y = (0.720) X + (0.071) and r = 0.99.
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3.9.3.1.2 Hexane extraction method

Since the experimental scale has been changed from baffled flask to 20 L fermenter, a 

simple and accurate gravimetric assay was used instead of the colorimetric method 

(Section 3.9.3.1.1).

This method has been modified from Junker et al. (1998). Residual oil in 

fermentation samples was analysed using hexane extraction. 15mL of hexane was 

added to 5 mL culture broth, the solution was then mixed in vortex mixer for 3 

minutes and centrifuged at 3500 rpm for 30 minutes. 1 mL of the upper layer (solvent 

phase) was dispersed into a pre-weighed foil cup. It was evaporated and weighed by 

Halogen Analyser (Mettler Toledo, Switzerland). Every samples were measured in 

duplicate.

3.9.3.2 Fatty acid measurement

Gas chromatography has been used to estimate fatty acid components in the 

fermentation broth. In the past, it required a few consecutive steps, solvent extraction, 

purification, and derivatization, which were time consuming. But Lepage and Roy 

(1984) had developed the direct transestérification method, which could bypass 

extraction and purification steps. It finally consisted of a one-step reaction.

This convenient method has been used in this study to esterify all of the fatty acids 

which are present in the fermentation broth, whether in the rapeseed oil, or as free 

fatty acids themselves.

3.9.3.2.1 Estérification of fatty acid

0.5 mL or 0.5 g of a whole broth sample was added into 40 mL glass vial with solid 

cap with PTFE liner (Supelco, Pennsylvania, U.S.A.). 2.5 mL of benzene with

internal standard, tridecanoic acid (C l3:0), 2.5 mL of methanol, and 0.5 mL acetyl 

chloride (added slowly) were added to the broth sample. The solution then was mixed 

and left at 100°C oven for an hour.
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The vial was then cooled down and 2.5 mL 6%(w/v) potassium carbonate was added 

to stop the reaction and neutralise the mixture. The solution was then shaken 

vigorously with 2.5 mL of hexane and centrifuged at 3500 rpm for 30 minutes. When 

the solution had separated, the upper layer of solvent was collected and filtered 

through 0.2 |lm, 13 mm syringe filter (Whatman Ind Ltd, Maidstone, U.K.). The 

filtered sample was kept in a small vial before being analysed by gas chromatography.

3.9.3.2.2 Gas chromatography

The quantity of fatty acid methyl esters (FAME) was determined by using gas 

chromatography, GC, (Perkin-Blmer, U.S.A.). FAME samples were introduced onto 

the Stabilwax-DA column (Thames Chromatography, Berks, U.K.), 30 m x 0.53 mm, 

id.; film thickness, 0.25 pm, fitted in the GC chamber oven through an automatic 

injector. The injector operated in either split or splitless mode, with rates up to 1:10. 

The temperature in the oven has been set as followed. Initial temperature was 100°C 

and was held for 5 minutes, program rate was set at 8°C/min, and final temperature 

was 250°C and held for 5 minutes. Flame ionisation detector has been used, its 

temperature was set at 240°C. Helium (BOC, Guilford, Surrey, UK) has been used as 

carrier gas, while hydrogen was used as fuel in the detector, it was mixed up with the 

air before ignition. Both gases were also purchased from BOC.

3.9.3.2.3 Sensitivity test of a fatty acid methyl ester (FAME)

Several oil concentration solutions were prepared by making up a series of two-fold 

dilution from 13.5 g/L oil solution (2.7 g rapeseed oil dissolved in 200 mL of hexane). 

After proceeding with the estérification steps (Section 3.9.3.2.1), these concentrations 

were introduced into the chromatography column to determine the quantity of fatty 

acids. To investigate an effect of injecting condition on the degree of fatty acids 

obtained, these samples were tested with different sample sizes upon the split and 

split-less modes.
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3.9.3.3 Erythromycin measurement

Several methods have been used for measuring erythromycin titres which can be 

divided into two groups. The first group which provides both quantitative and 

qualitative results, includes all the chromatographic methods, such as HPLC and 

counter current chromatography (CCC). These methods can separate and estimate all 

types of erythromycin, including its degraded forms from their type-specific retention 

times.

The other group which is widely used and convenient, consists of bioassay and other 

colorimetric methods. These methods do not give the information about the types of 

erythromycin in the sample, their performance is confined to estimate of the whole 

class of erythromycins. However, the colorimetric method has been found sensitive as 

HPLC, and less time consuming over the preparation steps. At the beginning, this 

project used HPLC to analyse erythromycin titres, but due to the mechanical problems 

with the equipment, the colorimetric method has been applied instead.

3.9.3.3.1 Determination of erythromycin titres by

chromatographic method

To determine erythromycin concentration, high performance liquid chromatography 

(HPLC) has been used. However, due to impurities and low concentrations of 

erythromycin, the fermentation samples could not be analysed by HPLC without prior 

concentration and purification. This process consists of three stages, separation, 

clarification and extraction.

In the separation, 20 mL of the fermentation broth was centrifuged using a bench top 

centrifuge, Beckman Microfuge (Beckman Instruments Ltd., USA) at 4000 rpm for 20 

minutes. Supernatant was collected and transferred to 2.2 mL Eppendorf tube and 

centrifuged again in a Beckman Microfuge at 13000 rpm for 10 minutes.
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The supernatant was collected and filtered through a 0.2 pm syringe filter (Alltech 

Associates, Inc., Camforth, Lancashire, England). Filtrate was then collected in a 13 

mL tube and stored at -20°C or used immediately.

Solid phase extraction was used to purify and concentrate the erythromycins. This 

extraction procedure has been reported by Heydarian et al (1998). It consists of the 

following steps :

(1) 5 mL of 0.5% diethylamine in methanol was added to a solid phase extraction 

cartridge which contains CIS Octadecyl sorbent column (Phenomenex, Queens 

Avenue, Hurdsfield Ind. Est., Macclesfield, Cheshire, England), to equilibrate a 

column.

(2) The column was rinsed by adding 5 mL of 10 mM potassium dihydrogen 

orthophosphate buffer, pH 7.0, in each cartridge under vacuum. The cartridge should 

not be left dry, at this step.

(3) The known volume of sample was loaded under the vacuum.

(4) The cartridge was washed with 5 mL of 10 mM potassium dihydrogen 

orthophosphate buffer, pH 7.0, to remove an interfering compounds.

(5) 1 mL of methanol was added to each cartridge to elute the erythromycin. The 

eluant from the cartridge was collected and filtered through a 0.2 pm syringe filter. 

The filtrate was then collected in a HPLC vial and stored in a -20°C freezer or 

analysed immediately.

All HPLC assay were performed using a System Gold Chromatographic system 

(Beckman Instruments Inc., California, U.S.A.). The system consisted of a pump 

(model 126), autosampler (Beckman 507e), and ultraviolet detector (model 166). 

Control and data logging facilities were provided by System Gold software and mn on 

an IBM compatible computer.
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Organic mobile phase was filtered through a 0.2 pm PTFE filter paper (Whatman Ind. 

Ltd, Maidstone, U.K.) and aqueous elements were filtered through a Whatman No.l 

filter paper. All mobile phase solutions were degassed with helium (BOC, Guilford, 

Surrey, UK) before using. All the samples were filtered through a disposable 0.2 pm 

PTFE syringe filter (Whatman Ind Ltd, Maidstone, U.K.) before injecting to the 

HPLC.

The reverse phase analytical column used was PLRP-S 8 pm 1000 A° pore size 

(Polymer Laboratories Ltd., U.K.). The columns were maintained, cleaned and 

equilibrated according to the manufacturers’ instruction. The column temperature was 

controlled at 70°C with a block column heater. The injection volume was 20 pL. 

Acetonitrile and 10 mM potassium dihydrogen orthophosphate, pH 7.0, were mixed at 

1.0 mL/min in a 45:55 volume ratio and used as the mobile phase.

An erythromycin A standard was used to obtain the retention times and peak areas at 

215 nm. The amount of erythromycin standard was prepared in the range of 0.0-0.25 

mg, it was dissolved in the methanol and introduced into the column. The standard 

curve is shown in Figure 3.7.
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Figure 3.7 The relationship between erythromycin A content (X) and peak area 
(Y) at 95 % confidence. The linear equation for this relationship is 
Y = (425.3) X + (-0.520) and r = 0.99.
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3,9.3.3.2 Determination of erythromycin titres by colorimetric 

method

This method has been described previously by Gallagher and Danielson (1995). The 

principle of this method is the reaction of the macrolide ring in antibiotics such as 

erythromycin with ferric ion (Fe^ )̂ in the presence of the mixture of acetic acid and 

sulphuric acid. This mixture has formed a coloured compound, which having an 

absorption band at 592 nm at room temperature.

Ferric ion solution was prepared by dissolving 0.08 g of ferric chloride in 2 mL of 

concentrated sulphuric acid (98 %) and 2 mL of RO water. The final volume was 

made up to 100 mL with glacial acetic acid (100 %). This solution should be kept in 

light-protected bottle, and should be prepared fi*eshly before use.

Clarified fermentation broth was used as a diluent to account for the interference of 

broth components. Stock of 0.5 g/L erythromycin solution were prepared by 

dissolving 0.01 g of erythromycin in 20 mL of clarified broth. The solution was 

transferred to microcentrifuge tubes with the volume of 400, 200, 100, 40, and 20 pL 

containing 200, 100, 50, 20, and 10 pg of erythromycin, respectively. Each volume 

was done in quadruplicate.

The solution was evaporated and dried under vacuum using a Refrigerated SpeedVac 

Concentrator (Model SC 100) and a Refrigerated Vapour Trap (Savant Instrument, 

Inc., NY, U.S.A.) set at a “Low” heat for 4 hours.

Each tube was added with 0.75 mL of glacial acetic acid (100 %) to resuspend the 

dried matter. The solution was then incubated at 45°C in the waterbath for 45 

minutes. Blank sample was prepared by adding glacial acetic acid to a clean 

Eppendorf tube. 0.75 mL of ferric ion solution was added, the reaction mixture was 

mixed and incubated at 50°C for another 15 minutes. The mixture was cooled in an 

ice bath and centrifuged at 13000 for 15 minutes.
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The developed colour was measured at 592 nm by UVICON Spectrophotometer, 

model 922 (KONTRON Instruments S.p.A., Milan, Italy). The standard curve was 

then constructed from the amount of erythromycin and the absorbance at 592 nm. It is 

shown in Figure 3.8.

The broth samples (300 pL) were also treated in the same way. An erythromycin 

content of the broth sample was obtained by converting its absorbance to the content 

using estimated parameter (slope) taken from the standard curve.
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Figure 3.8 The relationship between erythromycin content (X) and absorbance 592 
nm (Y) at 95 % confidence. The linear equation for this relationship is 
Y = (0.037) X + (-0.008) and r = 0.99.

3.9.3A Determination of ammonium ion concentration

The principle of this assay is the reaction between ammonium ion in fermentation 

broth and phenol with the presence of sodium hypochlorite, which develops a blue 

colour complex. This colour can be detected by spectrophotometer at 625 nm. The 

fermentation broth should be filtered through a 0.2 pm syringe filter before an assay. 

A solution of 0.066 g/L ammonium sulphate was used as a standard stock solution.
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The phenol reagent was prepared by dissolving 15.5 and 0.06 g of phenol and sodium 

nitroprusside in 500 mL of RO water. The sodium hypochlorite solution was prepared 

by dissolving 5.2 g of sodium hydroxide in 500 mL of RO water which then added 

with 5.38 mL of sodium hypochlorite solution. Both reagents should be kept in the 

refrigerator.

Four standard solutions were prepared by mixing 50,100, 150 and 200 pL of the stock 

solution with 1.95, 1.90, 1.85, and 1.8 mL of RO water, respectively. Fermentation 

samples were diluted with RO water for the appropriate concentration, and then the 

final volume was made up to 2 mL. All standard and sample solution were assayed in 

triplicate.

All tubes including blank tube, which was added with 2 mL water, were incubated at 

37°C in the waterbath for 1.5 min. The solutions were mixed with 1 mL of phenol 

reagent, and incubated at 37°C for 4 minutes. They were then mixed with 2 mL of 

sodium hypochlorite and incubated at 37°C for another 30min. The optical density at 

625 nm was measured against the blank solution using UVICON Spectrophotometer, 

model 922 (KONTRON Instruments S.p.A., Milan, Italy).

The absorbance obtained from the standard solutions were used to create a standard 

curve, shown in Figure 3.9, which its estimated parameter (slope) has been used to 

calculate the amount of ammonium ion in the samples.
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Figure 3.9 The relationship between ammonium content (X) and absorbance 625 nm 
(Y) at 95 % confidence. The linear equation for this relationship is 
Y = (0.219) X + (0.006) and r = 0.99.

3.9.3.S Determination of nitrate ion concentration

In general, there are many methods used to measure the concentration of nitrate ion in 

fermentation broth, but only two methods have been used in Streptomyces studies at 

UCL.

They are an enzymatic method and a colorimetric method. The enzymatic method is 

based on the principle that nitrate is reduced by nicotinamide adenine dinucleotide 

phosphate (NADPH) to nitrite on the presence of nitrate reductase enzyme. The 

principle of colourimetric method is based on the reaction of salicylic acid and nitrate 

ion in the sample (Cataldo, 1975). The reaction later gave the yellowish colour, which 

could be detected by spectrophotometer at 410 nm, when it was added with 2 M of 

sodium hydroxide solution. The colourimetric method was selected and used in this 

study, because of its high sensitivity and cost effective.

5% salicylic acid solution was prepared by dissolved 2.5 g of salicylic acid into 

concentrated sulphuric acid (98 %). This solution could be kept up to a week. 2 M 

sodium hydroxide was prepared by dissolved 80 g of sodium hydroxide in a litre of 

water. 10 mM sodium nitrate solution was prepared by dissolved 0.0085 g of sodium 

nitrate in 10 mL of water.
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The broth samples were filtered through a 0.2 pm syringe filter before carrying out the 

assay. A solution of 10 mM sodium nitrate was used as a standard stock solution. Six 

standard solutions were prepared by proceeding the stock solution a series of two fold 

dilution, 10, 5, 2.5, 1.25, 0,625, and 0.3125 mM of standard nitrate solution. 

Fermentation samples were diluted with RO water for the appropriate concentration. 

Each samples were prepared in quadruplicate.

30 pL of standard solutions (containing 20, 10, 5, 2.5, 1.25, and 0.625 |ig of nitrate) 

and samples were transferred to 1.5 mL Eppendorf tubes to which were added with 70 

|LIL of 5% salicylic acid solution. The tubes were then mixed and left at the room 

temperature for 20 minutes before adding 1.9 mL of 2 M sodium hydroxide. The 

tubes were then cooled down, before the mixtures were transferred to a 2 mL cuvette. 

An absorbance was read at 410 nm against the blank solution using UVICON 

Spectrophotometer, Model 922 (KONTRON Instruments S.p.A., Milan, Italy). The 

values obtained 6om the standard solutions, have been used to create a standard curve, 

shown in Figure 3.10. Its slope was used to calculate the nitrate ion concentration in 

the fermentation samples.
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Figure 3.10 The relationship between nitrate content (X) and absorbance 410 nm 
(Y) at 95 % confidence. The linear equation for this relationship is 
Y = (0.105) X + (0.016) and r = 0.99.
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4. MEASUREMENT OF OXYGEN TRANSFER 

RATES

The objective of this experiment is to investigate the parameters which have an 

essential role in oxygen transfer in a 2 L fermenter, and to demonstrate the method 

used to obtain the oxygen transfer coefficient. The oxygen transfer coefficient or k^a 

is widely used as an effective mass (oxygen) transfer indicator. This coefficient can 

be estimated when probe response time, the fraction of the unsaturated oxygen, and 

the time taken for the dissolved oxygen concentration to reach the desired levels are 

keyed into the program for the k^a calculation.

In fact, this experiment was part of the 2 L fermentation control system calibration, it 

is a normal procedure for any new fermenters. It was done before carrying out the 

strain NRRL 2338 batch fermentation. However, many mechanical problems were 

introduced to this fermenter, also at this time the information about the strain CA 340 

studies was being increased by UCL researchers. As a result, the S. erythraea 

fermentations have been changed to 2 L baffled flask scale and 20 L pilot scale 

fermenter to investigate the effect of carbon and nitrogen compounds on growth and 

product formation of the strain CA 340 instead.

4.1 Probe response time

Probe response time is identified as the period of time taken for the probe to read 63 % 

DOT after a step up change from 0 %, or 37 % after a step down from 100 %. The 

probe used in this study revealed a response time of 19.25 and 16.25 seconds, 

respectively, for the 63 % change in DOT, depending upon the stepping direction. 

These times were determined in an experiment described in Section 3.4. In addition, 

these response times also indicate that this probe was likely to perform faster with the 

downwards change of % DOT. However, before making any measurements, the probe 

was calibrated by two point calibration (0 % and 100 % DOT) which the % DOT were 

recorded and recognised as the actual 0 % and 100 %.
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4.2 The influence of the physical parameters of the fermenter on 

k â (calculated by using 19.25 seconds of probe response time)

4.2.1 The volumetric mass transfer coefflcient

Following a series of the experiments described in Section 3.4, k^a was calculated and 

shown in Table 4.1.

Table 4.1 Volumetric mass transfer coefficient, k^a (min'*) calculated by using 
19.25 seconds probe response time.

Stirrer Speed (N; rpm)
Air Flow Rate 

(Q; L/min)
250 500 750 1000

0.6 0.129 0.586 2.354 3.387
1.0 0.169 0.660 2.999 4.607
1.5 0.226 0.660 3.269 6.036
2.0 0.279 0.767 3.143 6.816

4.2.2 The influence of the air flow rate on oxygen transfer

Figure 4.1 displays the relationship between log and log k^a when the stirrer 

speeds are kept constant, p value^ is then estimated from the correlation. They are 

0.65, 0.18, 0.25 and 0.50 in relation to the fixed stirrer speeds of 250, 500, 750 and 

1000 rpm, respectively. The average p value is 0.40 ± 0.11.

Note: is gas superficial velocity obtained firom V, = 4Q / 4Dŷ  where Q = the
volume flow rate of air (mVsec) and = diameter of the vessel (0.12 m) 
(see Section 3.4 for further detail).

^P value is the parameter represents the influence of aeration rate on k^a.
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Figure 4.1 The relationship between log and log k^a at different level of the fixed 
stirrer speed as followed; 250 rpm; -0 - , 500 rpm; -A-, 750 rpm; and 
-V-, 1000 rpm.

4.2.3 The influence of the stirrer speed on oxygen transfer

Figure 4.2 displays the relationship between log Pg/V^ and log k^a when the air flow 

rates are kept constant, a  value^ is then estimated fi-om the correlation. They are 

0.84, 0.82, 0.81 and 0.77 in relation to the fixed air flow rates of 0.6, 1.0, 1.5 and 2.0 

L/min, respectively. The average a  value is 0.81 ±0.01.

Note: ^Pg/V is Gassed power per unit volume obtained fi-om P/V  = P^pN^D/ / V 
where N = the impeller speed (rps), Dj = the impeller diameter (0.04 m),
Pq = impeller power number (10), p = density of water (1000 kg/m^), and 
V = working volume (0.0013 m )̂ (see Section 3.4 for further detail), 

value is the parameter represents the influence of agitation rate on k^a.
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Figure 4.2 The relationship between log PgA^ and log k^a at different level of the 
fixed air flow rate as followed: 0.6 L/min; -0 - ,  1.0 L/min;
-A-, 1.5 L/min; and -V-, 2 . 0  L/min,.

4.3 The influence of the physical parameters of the fermenter on 

k^a (calculated by using 16.25 seconds of probe response time)

4.3.1 The volumetric mass transfer coefflcient

Following a series of the experiments described in Section 3.4, k^a was calculated and 

shown in Table 4.2.

Table 4.2 Volumetric mass transfer coefficient, k^a (min**) calculated by using 16.25 
seconds probe response time.

Stirrer Speed (N; rpm)
Air Flow Rate 

(Q; L/min)
250 500 750 1 0 0 0

0 . 6 0.127 0.557 2.066 3.228
1 . 0 0.166 0.623 2.591 3.737
1.5 0 . 2 2 1 0.623 2.911 4.653
2 . 0 0.270 0.720 2.742 4.930
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4.3.2 The influence of the air flow rate on oxygen transfer

Figure 4.3 displays the relationship between log and log k^a when the stirrer 

speeds are kept constant. P value^ is then estimated from the correlation. They are 

0.63, 0.18, 0.26 and 0.37 in relation to the fixed stirrer speeds of 250, 500, 750 and 

1000 rpm, respectively. The average P value is 0.36 ±0.10.

0.8

0.6

0.4
0.2

0.0

-0.2

-0.4
-0.6

-0.8

- 1.0

- 1.2

-1.4
-26 -2.5-29 -28 -27-3.2 -3.1 -3.0

log Vs

Figure 4.3 The relationship between log V, and log k^a at different level of the fixed 
stirrer speed as followed; 250 rpm; -0 - , 500 rpm; -A-, 750 rpm; and 
-V-, 1 0 0 0  rpm.

Note: is gas superficial velocity obtained from = 4Q / where Q = the
volume flow rate of air (mVsec) and Dy = diameter of the vessel (0 . 1 2  m), 
(see Section 3.4 for further detail).

^P value is the parameter represents the influence of aeration rate on k^a.
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4.3.3 The influence of the stirrer speed on oxygen transfer

Figure 4.4 displays the relationship between log Pg/V^ and log k^a when the air flow 

rates are kept constant, a  value^ is then estimated from the correlation. They are 

0.80, 0.72, 0.76 and 0.71 in relation to the fixed air flow rates of 0.6, 1.0, 1.5 and 2.0 

L/min, respectively. The average a  value is 0.75 ± 0.02,
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Figure 4.4 The relationship between log Pg/V and log k^a at different level of the 
fixed air flow rate as followed; 0.6 L/min; -0 - ,  1.0 L/min;
-A-, 1.5 L/min; and -V-, 2.0 L/min,.

Note: ^Pg/V is Gassed power per unit volume obtained from F /V  -  P̂ pN^Dj  ̂/ V 
where N = the impeller speed (rps), Dj = the impeller diameter (0.04 m),
Pq = impeller power number ( 1 0 ), p = density of water ( 1 0 0 0  kg/m^), and 
V = working volume (0.0013 m )̂ (see Section 3.4 for further detail), 

value is the parameter represents the influence of agitation rate on k^a.
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4.4 Control of dissolved oxygen level by agitation speed

Although there are many important controlling parameters concerning in maintaining 

the environment in the bioreactor, the oxygen level is always recognised as a crucial 

one for the activity of aerobic microorganisms. Thus, to demonstrate an efficient way 

to control dissolved oxygen level in the cell culture, a typical batch fermentation has 

been established following the method shown in Section 3.5.

The dissolved oxygen tension and stirrer speed profiles are shown in Figure 4.5. The 

controlling unit was switched on shortly before the start of yeast fermentation used as 

a batch demonstration. In addition, before the fermentation starts, the controlling 

parameters (Proportional, Integral, and Derivative (PED)) of the oxygen control unit 

have been adjusted. % DOT set point was initially set at 50% on “Control by Speed” 

mode, while the stirrer speed was set at 400 rpm. It can be seen that when % DOT 

drops below the set point, the controller starts to take control, resulted in a large 

fluctuation of stirrer speed. The decrease in % DOT is caused from a large 

consumption of oxygen by the actively growing yeast. The speed continuously 

increases for 40 minutes as the controller tries to maintain % DOT at the set point.

To confirm the controlling parameters were properly set, new set points have been set. 

They were 30, 40, 45, 50 and 60 % DOT. Figure 4.5 still displays the good control 

performed by the controller to bring the oxygen level to the new set points. This 

suggests that the PID parameters are properly adjusted.
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Figure 4.5 The dissolved oxygen level (A) and stirrer speed (B) profiles of baker 
yeast fermentation. —  Current value and —  Set point value 
Note : Figures on the chart show the actual set point values.

Another experiment has been set to verify the quick and smooth response of the PID 

controller. This experiment is slightly different from the previous one, when it allows 

the DOT level to drop below the set point before turning the controller on.

Figure 4.6 reveals that the late dissolved oxygen control can bring % DOT to the set 

level more quickly than that found in Figure 4.4, without the fluctuation of the stirrer 

speed. After the experiment carried on with the new set points, the capability to bring 

% DOT to the new set points is found to be the same as the previous one.
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This experiment shows that although the previously set parameters are adequate to 

control the oxygen level, the late “ON” control may provide a better result.
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Figure 4.6 The dissolved oxygen level (A) and stirrer speed (B) profiles of baker 
yeast fermentation. —  Current value and -— Set point value 
Note : Figures on the chart show the actual set point values.
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4.5 Summary

Following the Equation 3.1, the performance of a bioreactor on oxygen transfer is 

dependent on gassed power per unit volume (Pg/V) and gas superficial velocity (VJ 

(see Section 3.4 for further detail) which are closely related to stirrer speed and air 

flow rate, respectively. Their influence are represented by the exponents, a  and P, 

respectively.

This k^a studies reveals that changing in stirrer speed has more influence on the 

oxygen transfer rather than the changing in air flow rate. This can be seen from the a  

values obtained from the experiments, 0.81 ±  0.01 and 0.75 ±  0.02. It is higher than 

the p values obtained from the relevant experiments, 0.40 ±0.11 and 0.36 ±  0.10. 

Furthermore, the profiles shown in Figure 4.1 - 4.4 also indicate the strong 

relationship between stirrer speed and k^a, while gas flow rate is less important. 

Because an increase in k^a is obviously affected by the change of stirrer speed rather 

than that of air flow rate.

The difference in the probe response times, 19.25 and 16.25 seconds, does not show 

much effect on the change of oxygen transfer rate. However, it has seen causing a 

slightly shift to a  and p values. These response time also indicates that probe might 

response a bit faster to the downwards change of % DOT.

The figures shown in Section 4.4 suggest that the proper adjustment of controlling 

parameters could serve the high demand on oxygen from the active culture grown in 

the bioreactor. In addition, to make the control be more efficient a proper proportional 

control method should be considered.
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5. FERMENTATION OF Saccharopolyspora erythraea 

STRAIN NRRL 2338

This section covers the overall studies of Saccharopolyspora erythraea strain NRRL 

2338. This strain was grown in media to which lipid and non-lipid additions were 

made to compare the effect of different carbon sources. The effect of these carbon 

sources on growth, pH, lipase production, lipid utilisation and erythromycin 

production are reported here.

5.1 Growth and product formation of S. erythraea NRRL 2338 in 

media supplied with non-lipid and lipid ingredients

Many previous studies have revealed that streptomycetes, widely recognised as 

antibiotic producers, can use lipids as a carbon source for growth and product 

formation. The lipids are also reported to antibiotic production. Thus, to investigate 

the effect of carbon sources on growth and product formation, and to observe the 

organism’s behaviour upon a variety of carbon sources supplied, the strain NRRL 

2338 was then grown in non-lipid and lipid supplemented media and carried on 

measuring its relevant parameters.

5.1.1 Non-lipid supplemented medium

Following the inoculum development stages (see Table 3.7, Section 3.7.1.1), the strain 

NRRL 2338 was grown in four different media in which sodium succinate, glucose, 

sucrose with sodium succinate and dextrin were used as carbon sources. The medium 

ingredients and the cultivating condition are shown in Table 5.1 and Section 3.7.1.2, 

respectively.
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Table 5.1 The components of the production media with non-lipid carbon source.
The concentration shown in this table are in g/L except trace elements 
and vitamins which are shown in mL/L (i.e. mL of stock solution).

Components Medium (1) Medium (2) Medium (3) Medium(4)^
(NHJ2 SO4 2 - - 5.7
Bactopeptone - 4 - -
Casamino acid 1.5 - - -

Dextrin - - - 55.7
K2 HPO4 1 0 . 8 - - 3.6
FeSO .̂VH^O - - - 0 . 0 1

Glucose - 30 - -

Glycine - 2 - 5.4
MgSO .̂VH^O 1 0.5 1 . 2 0 . 6

KH2 PO4 - 0.7 2.7 -
KNO3 - - 1 0 -

NaH2 P0 4 6.5 - - 2 . 2

Sodium succinate 1 0 - 2.4 -

Sucrose - - 69 -
Trace elements (1)^ 5 - 1 0 -

Trace elements (2)^ - - - 2

Vitamins ^ - - - 1

Yeast Extract - 6 - -

Adjusted pH - 6.4 6.4 -

^Medium (4) : Modified Streptomyces Minimal Media 5 (MSMM5). This defined 
medium is alleged to trigger erythromycin production by nitrogen limitation. 
(Heydarian, 1998)
^The ingredients of the Trace elements (1) and (2), and Vitamins are shown in Table 
3.9 and 5.2, respectively.

Table 5.2 The components of vitamin stock solution. The concentration shown in 
this table are given in mg /100 mL.

Components Vitamins
Riboflavin 1 0 0

Nicotinamide 1 0 0

PABA 1 0

Pyridoxine HCl 50
Thiamine 50

Biotin 2 0
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5.1.1.1 Effect of carbon sources on growth and pH of the culture

Figure 5.1 and 5.2 display the effect of carbon sources on cell growth and pH of the 

culture media, respectively.
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Figure 5.1 Growth^ of S. erythraea strain NRRL 2338 in non-lipid supplemented 
medium with different carbon sources :
-■ - : Sodium succinate (Medium 1 ), -O- : Glucose (Medium 2 )
-X - : Sodium succinate and sucrose (Medium 3)
-D- : Dextrin (Medium 4)
^It should be noted that the biomass concentrations were obtained from 
normal dry cell weight (w/v) method.
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Figure 5.2 pH profiles of the culture medium with different carbon sources: 
-M- : Sodium succinate (Medium 1), -O- : Glucose (Medium 2) 
-X - : Sodium succinate and sucrose (Medium 3)
-D- : Dextrin (Medium 4)
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Too many variations in the media to make much of this, but in view of what follows 

the carbon limitation is important, as is the source of nitrogen. It can be seen that 

(Figure 5.1) the biomass of Medium 3 cultures give the highest growth of 7 g/L at 96 

hours before turning into the stationary phase. In relation to the growth, pH of this 

culture is found approximately constant from the start until 72 hours when it makes a 

constant drop to the end. In addition to the Medium 3 cultures. Figure 5.2 further 

suggests that the utilisation of sucrose might occur after the depletion of succinate, 

because the pH drop, as found after 72 hours, is usually caused from sugar 

metabolism. This means the increasing in biomass during 24-96 hours is mainly due 

to succinate metabolism, while sucrose has only a role in stabilising pH of the culture 

medium. It should be noted that S. erythraea strain NRRL 2338 is found to utilise 

sucrose, while E. coli and S. coelicolor have not been found this activity. Moreover, 

the sucrose utilisation is also found in strain CA 340 (see Chapter 6). This should be 

an interesting case for further investigation.

On the contrary. Medium 1 cultures do not show much improve on the cell growth, 

this might cause from an increase in pH of the culture medium, which might be due to 

the lysis of the cell.

Glucose (Medium 2) and dextrin (Medium 4) have also yielded an increasing in 

biomass, the highest concentration are found to be 5.5 and 7.5 g/L at 120 and 144 

hours, respectively. pH profile of Medium 2 also illustrates the relation between sugar 

utilisation, seen from pH drop, and growth. pH profile of Medium 4 does not show 

any relation to the metabolism of the cell, it is kept approximately constant throughout 

the fermentation. However, the biomass shows a marked increase from 72 hours 

towards the end.

5.1.2 Lipid supplemented medium

Following the inoculum development stages (see Table 3.8, Section 3.7.1.1), the strain 

NRRL 2338 was grown in three different media in which rapeseed oil, dextrin, and 

sucrose were used as carbon sources. The composition of the media and their 

cultivation conditions are shown in Table 5.3 and Section 3.7.1.4, respectively.
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The details of the rapeseed oil use in production media are also shown in Table 5.4 

and 5.5.

Table 5.3 The components of the fermentation media with lipid supplements. The 
concentration shown in this table are given in g/L except trace elements 
which are shown in mL/L (i.e. mL of separately prepared stock solution).

Components Medium (5) Medium (6) Medium (7)
Rapeseed oil 3 3 a 23 23

KH2 PO4 1.2 1.2 1.2
Soybean flour 30 30 30

Dextrin^ - 10 -

Sucrose - - 10
Trace element (1)^ 10 10 10

^Rapeseed oil used in Medium 5 is supplied with an extra amount to equalise, 
approximately, to the total amount of carbon supplied in the other media. The 
calculation is shown in Table 5.4.

^Dextrin used this study has been made from com with approx. 75% water-soluble, 
obtained from Sigma. Its carbon ratio is approximately equivalent to the carbon ratio 
of sucrose.

n ’he ingredients of the Trace elements (1) are shown in Table 3.9.

Table 5.4 The amount of carbon atom in the fermentation media. The carbon 
concentration shown in this table are given in g/L

Components Carbon atom
Medium (5) Medium (6) Medium (7)

Rapeseed oil 33 x 0.77^ = 25.41 23 x0.77^ = 17.71 23 x 0.77^ = 17.71
Dextrin - 10x0.42* = 4 . 2 -
Sucrose - - 10x0.42^ = 4.2

Total Carbon 25.41 21.91 21.91

<̂ The chemical formula and molecular weight of rapeseed oil, Cjg 7 H,oo. 3 2 0 6  

878.72, are estimated from its fatty acids composition which is shown in Table 5.5. 
Thus, the carbon ratio of rapeseed oil is (680.4)/(878.72) or 0.77 

^The carbon ratio of sucrose [CjjHjjOn : MW is 342.30] and dextrin is (144)/(342.3) 
or 0.42
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Table 5.5 The fatty acid composition of rapeseed oil.

Components MW' % (w/w) C H 0

Oleic acid 282.5 61.68 18 34 2

Linoleic acid 280.4 21.28 18 32 2

Stearic acid 284.5 0 . 1 2 18 36 2

Linolenic acid 278.4 1 0 . 1 1 18 30 2

Palmitic acid 256.4 4.77 16 32 2

*The average molecular weight and chemical formula of fatty acid are 274.09 and 
C1 7  5 3 H3 2  3 gOi 9 6 , respectively. The molecular weight and chemical formula of rapeseed 
oil are estimated from the average molecular weight of fatty acid. It is based on the 
principle that the typical oil consists of three fatty acids and a glycerol. Thus, they 
are 858.30 and C5 5  5 9 H9 7 , 4 0 5  gg, respectively.

5.1.2.1 Effect of carbon sources on growth and pH of the culture

The complex nature of the oil based medium and its other non-soluble components 

was found to interfere the determination of biomass concentration by the conventional 

method, such as, dry cell weight (w/v) measurement. Consequently, the viscometer 

has been introduced to measure the change of culture viscosity, reportedly related to 

the cell growth. However, rheology measurement was not the only method used to 

obtain the growth information, because an indirect method based on DNA extraction 

had been later implemented. It allowed the relationship between DNA content, dry 

cell weight (w/v), and viscosity to be created. According to the combination of these 

relationship, the biomass concentrations (w/v) of the cell cultures were obtained by 

converting from the original viscosity values. The profiles of the biomass are shown 

in Figure 5.3. And the pH profiles are also shown in Figure 5.4.
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Figure 5.3 Growth^ of S. erythraea strain NRRL 2338 in lipid supplemented 
medium with different carbohydrate ingredients:

-M- : Rapeseed oil + soybean (Medium 5)
-O - : Rapeseed oil + soybean + dextrin (Medium 6)
-X - : Rapeseed oil + soybean + sucrose (Medium 7)

^It should be noted that the biomass concentrations were converted from 
the viscosity values.
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Figure 5.4 pH value of culture medium in lipid supplemented medium with different 
carbohydrate ingredients:

-H- : Rapeseed oil + soybean (Medium 5)
-O - : Rapeseed oil + soybean + dextrin (Medium 6)
-X - : Rapeseed oil + soybean + sucrose (Medium 7)
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Figure 5.3 reveals that the culture grown in Medium 5 reaches the maximum growth 

of 3.4 g/L at 72 hours, but no further increase has been noticed. However, the cultures 

grown in the medium supplied with additional carbon sources, dextrin and sucrose 

(Medium 6 and 7) are found having the highest growth of 2.3 and 1.8 g/L at 84 hours. 

This is clearly seen that Medium 5 could promote culture growth much higher than the 

other media, although it is not supplied with the extra carbon source.

Generally, the decreasing in pH of the fermentation medium is caused by sugar or 

easily metabolised carbohydrate metabolism resulted in acid production. This can be 

anticipated from the profiles drawn in Figure 5.4, although glucose and sucrose 

concentration are not measured. pH of the Medium 6 decreases during the first 60 

hours before making a gradual increase towards the end, while Medium 7 also shows 

the similar trend but the increase of its pH is not seen. Conversely, Medium 5 has not 

shown any decrease in its pH profile, but instead its pH is seen to increase from the 

beginning, making a rapid increase during 24 and 48 hours, and reaching the 

maximum, 8.0, at 72 hours. pH then remains constant towards the end.

Although the studies of strain NRRL 2338 fermentation did not include the 

ammonium measurement, but the results shown in the other experiments suggest that 

the organisms always choose to utilise the most easily metabolised carbon before 

turning to the other available sources present in their media, for example, rapeseed oil 

or soy protein.

The utilisation of soy protein could release the ammonium resulted in increasing the 

pH. The culture that grown in Medium 5 is seen behaving into this way when the 

culture pH is found increase (Figure 5.4). Culture grown in Medium 6 also behaves in 

the similar way, it is expected to utilise soy protein after the depletion of dextrin, 

which also having the pH increase. But pH of the culture grown in Medium 7 is not 

seen to increase, the sucrose added into the medium might be much enough to support 

growth throughout the fermentation. In addition, it should be note that the carbon that 

cells utilise after the depletion of sugar comes from two sources, soybean flour and 

rapeseed oil. The utilisation of rapeseed oil is shown in Figure 5.8.
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5.1.2.2 Effect of carbon sources on lipase production and lipid

utilisation

In order to examine the effect of the carbon sources on lipase production and lipid 

utilisation of the strain NRRL 2338, lipase activity and residual oil concentration were 

measured. These profiles are shown in Figure 5.5 and 5.6.

Figure 5.5 reveals that in the culture grown in Medium 5, its lipase is rapidly produced 

during 48 - 72 hours when it reaches the maximum activity of 1.3 U/mL at 72 hours, 

before showing a gradual decrease until the end. In Medium 6 and 7, lipase activity is 

found much lower than that found in Medium 5, their maximum activity are 0.5 and 

0.15 U/mL at 144 and 72 hours, respectively.

Lipase enzyme is known as a constitutive enzyme which is membrane-bounded 

protein, thus, an increase in enzyme activity should depend on growth. This is clearly 

supported by the biomass and lipase activity profiles shown in Figure 5.3 and 5.5. 

These figures reveal that the cultures which show a high biomass concentration, 

always give a high lipase activity.

Figure 5.6 reveals the profiles of the rapeseed oil used in the fermentation. The 

profiles reveal that the reciprocal shaker could not provide enough mixing capacity to 

bring the concentration of the rapeseed oil to an expected level, as shown in Table 5.3. 

However, at the end of the fermentation where the homogeneity of the oil is expected 

to be achieved, the residual oil left in Medium 5, 6, and 7 is found to be 12.5, 11, and 

9 g/L, respectively. This suggests that the culture grown in Medium 5 consumes more 

rapeseed oil than the others, because its initial oil concentration is 10 g/L higher. 

According to the biomass profiles shown in Figure 5.3, the high and distinctive growth 

of Medium 5 culture might be caused by the high consumption of the rapeseed oil. In 

addition, according to Figure 5.3, 5.4 and 5.6, it reveals that Medium 7 culture uses 

rapeseed oil for its growth in parallel with sucrose utilisation. However, the behaviour 

of these cultures generally indicates that after the depletion of supplied carbons, cells 

switch to utilise the mixed carbons of soybean flour and the rapeseed oil.
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Figure 5.5 Lipase activity of S, erythraea strain NRRL 2338 in lipid supplemented 
medium with different carbohydrate ingredients:

: Rapeseed oil + soybean (Medium 5)
-O- : Rapeseed oil + soybean + dextrin (Medium 6)
-X - : Rapeseed oil + soybean + sucrose (Medium 7)
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Figure 5.6 Rapeseed oil concentration in lipid supplemented medium with different 
carbohydrate ingredients:

-H- : Rapeseed oil + soybean (Medium 5)
-O- : Rapeseed oil + soybean + dextrin (Medium 6)
-X - : Rapeseed oil + soybean + sucrose (Medium 7)
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5.1.2.3 Effect of carbon sources on erythromycin production

To investigate the influence of carbon sources on erythromycin production of the 

strain NRRL 2338, erythromycin concentration was measured and calculated. These 

profiles are presented in Figure 5.7.

Erythromycin titre was not detected until 75 hours. Figure 5.9 reveals that the culture 

grown in Medium 6 gives the highest titres, 1600 mg/L at 72 hours, which is slightly 

higher than that obtained from the culture grown in Medium 5,1400 mg/L at 72 hours. 

Culture grown in Medium 7 is singled out as the poor erythromycin production 

compared to those found in Medium 5 and 6. Its maximum titres found in Medium 7 

culture, are 700 mg/L at 120 hours.

In addition, it should be noted that the erythromycin titres of the oil based cultures are 

much higher than those found in non-oil based cultures (see Section 5.11) whose 

erythromycin production has not been found.
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Figure 5.7 Erythromycin concentration of S. erythraea strain NRRL 2338 in lipid 
supplemented medium with different carbohydrate ingredients:

-M- : Rapeseed oil + soybean (Medium 5)
-O- : Rapeseed oil + soybean + dextrin (Medium 6)
-X - : Rapeseed oil + soybean + sucrose (Medium 7)

C. PHONPRAPAI. 2002 137



s. erythraea strain NRRL 2338 Summary

5.2 Summary

According to the fermentation of the Saccharopolyspora erythraea strain NRRL 2338 

in non-oil and oil based media, it reveals that the oil based media are more suitable to 

maintain growth and antibiotic production than the non-oil based media. The 

information obtained from this section was also used to design the further experiments 

to investigate effects of the carbon sources on growth and product formation of the 

Saccharopolyspora erythraea strain CA 340.
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6. FERMENTATION OF Saccharopolyspora erythraea 

STRAIN CA 340 IN 2 L BAFFLED FLASK

The research carried out by Heydarian (1998) revealed that the strain CA 340 grown in 

soluble complex media could produce erythromycin titres up to 800 mg/L. In respect 

of the enhancement of erythromycin production by lipid supplement in the strain 

NRRL 2338 (Miijalili et al, 1999), it was anticipated that the erythromycin titres of 

the strain CA 340 should be found increase when it was grown in oil-based medium.

This section covers the studies of the Saccharopolyspora erythraea strain CA 340 in 

baffled flask experiments. This strain was grown in media to which several lipid and 

non-lipid additions were made to compare the effect of different carbon and nitrogen 

sources. The effect of carbon and nitrogen sources on growth, pH, enzyme 

production, lipid uptake, ammonium production and erythromycin production are 

reported here.
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6.1 Growth and product formation of S. erythraea strain CA 340 in 

lipid and non-lipid supplement media

The cultures of S. erythraea strain CA 340 were grown in eight different media for 

which rapeseed oil, dextrin and sucrose were used as the carbon sources, while 

soybean flour and nitrate were used as the main and the additional nitrogen sources, 

respectively. The medium ingredients are shown in Table 6.1, 6.2, and 6.3.

Table 6.1 The components of the production media with lipid supplements. Trace 
elements are not added into these media. The concentration shown in 
this table are in g/L.

Components Medium (8) Medium (9) Medium (10)
Rapeseed oil 33“ 23 23

KH2 PO4 1.2 1.2 1.2
Soybean flour 30 30 30

Dextrin^ - 10 -

Sucrose‘S - - 10

‘̂ The detail of carbon content of rapeseed oil, dextrin, and sucrose is described in 
Table 5.3, 5.4, and 5.5.

Note: Trace elements are not added to Medium 8, 9, and 10, because some of these 
elements can be found in soybean flour compositions (see Section 3.2.1).

Table 6.2 The components of the fermentation media with lipid supplements. The 
concentration shown in this table are given in g/L except trace elements 
which are shown in mL/L (i.e. mL of separately prepared stock solution).

Components Medium (11) Medium (12) Medium (13)
Rapeseed oil 33“ 23 23

KH2 PO4 1.2 1.2 1.2
Soybean flour 30 30 30

Dextrin* - 10 -

Sucrose^ - - 10
Trace element (1) 10 10 10

a, b, detail of carbon content of rapeseed oil, dextrin, and sucrose is described in 
Table 5.3, 5.4, and 5.5.
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Table 6.3 The components of the fermentation media with no lipid supplements. The 
concentration shown in this table are given in g/L except trace elements 
which are shown in mL/L (i.e. mL of separately prepared stock solution).

Components Medium (14) Medium (15)
KH2 PO4 1.2 1.2

Soybean flour 30 30
Dextrin" 10 -

Trace elements (1) 10 10

‘̂ he  detail of carbon content of dextrin is described in Table 5.3 and 5.4.

6.1.1 Growth and product formation of the strain CA 340 in lipid 

supplement media without the presence of trace elements

Following the culture development stages (see Table 3.10, Section 3.7.2.1), the strain 

CA 340 was grown in three different media supplied with oil and trace elements. This 

experiment investigates the effect of various carbon sources on growth and product 

formation. The medium ingredients and the cultivation conditions are shown in Table

6.1 and Section 3.T.2.3, respectively.

6.1.1.1 Effect of carbon sources on culture growth

Figure 6.1 reveals that Medium 9 culture shows the highest biomass concentration of 

10.4 g/L at 72 hours, while Medium 8 and Medium 10 cultures have the maximum 

concentration of 8.9 and 7.9 g/L, at 144 and 48 hours, respectively. Medium 8 and 

Medium 9 cultures also reveal a decrease in their growth during the last 24 hours of 

the fermentation, while the Medium 10 culture reaches the highest concentration at 48 

hours and then growth stops. In addition, the specific growth rates of these cultures 

and their details are shown in Table 6.4. They are calculated from the biomass 

concentration during the log phase.
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Table 6.4 Specific growth rate and the maximum biomass concentration of the 
cultures grown in oil-based media without trace elements.

Batch Name Specific Growth 
Rate (Sp.Gr.Rate) 

(hour^)

Sp. Gr. Rate 
Calculation 

Period 
(hour)

Maximum 
Biomass (mg/mL) 
and Time (hours)

Medium (8) 0.027 24-48 8.9 / 144
Medium (9) 0.023 24-72 10.4 / 72
Medium (10) 0.030 24-48 7.9 / 48

E
E
o
1

120 14424 48 72 96 168 1920
TIME (hours)

Figure 6.1 Biomass concentration" profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9)
-X-: Rapeseed oil + Soybean + Sucrose (Medium 10)

"It should be noted that the biomass concentrations were converted 
from the viscosity values.

6.1.1.2 Effect of carbon sources on pH and anunonium ion 

production

Figure 6.2 reveals that the pH of the cultures, during 0 - 2 4  hours, fits well with the 

low growth seen in the biomass profiles (Figure 6.1) at the same period. There is no 

pH change in any of the cultures within this period. Generally, a pH change indicates 

the activity of the cell in utilising an easily metabolised carbohydrate. Figure 6.2 

reveals that the pH values of all cultures begin to drop after 24 hours. These pH values 

continue to decrease and finally reach the bottom, where Medium 10 culture shows the
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lowest pH of 5.8 at 72 hours comparing to 6.3 and 6.5 of Medium 9 and 8 cultures, 

both at 48 hours, before increasing rapidly towards the end.

This pH drop is expected to be due to an increase of acids in the culture media caused 

by the utilisation of dextrin, sucrose, and some sorts of carbon released from the 

soybean flour during the sterilisation. Furthermore, the rapid rising of the culture pH 

is expected to be caused by the utilisation of soybean flour resulted in releasing of 

ammonium ions. The ammonium ion concentration profiles are shown in Figure 6.3.

Figure 6.3 reveals that the release of ammonium ions is delayed until after the earlier 

period of carbon utilisation. Following the profiles shown in Figure 6.2 and 6.3, the 

cultures grown in Medium 8, which has no carbohydrate supplement, are seen to reach 

the bottom of pH 6.5 at 48 hours. This time, 48 hours, is also the time when 

ammonium ion concentration starts to increase. Likewise, as described earlier in 

Medium 8 culture, the culture grown in Medium 10, containing 10 g/L of sucrose, is 

found to reach the bottom of pH 5.8 at a longer period, 72 hours. And this time, 72 

hours, is also the time when the concentration of ammonium ions starts to increase. In 

addition, as Medium 8 has no other carbohydrate in its ingredients, it is possible that 

the culture switches to soybean flour as an available carbon source early in the 

fermentation. And at the end of the fermentation, the ammonium ion concentration of 

Medium 8, 9, and 10 cultures is 19,11, and 13.5 mM, respectively.

The above generally indicates that the pH falls until the time when the initial 

carbohydrate is exhausted. And this time also signifies the period when the cultures 

switch to soybean flour. According to Figure 6.1 and 6.3, the medium with sucrose is 

likely to give the level of biomass and ammonium ion concentrations similar to that 

with dextrin, but the timing of the cells use of these carbohydrates seems to be far 

different. However, it should be noted that the carbon that the cells obtain after the 

depletion of the initial carbohydrate could come from two sources, soybean flour and 

rapeseed oil. The detail of rapeseed oil utilisation is shown in Section 6.1.1.3.
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Figure 6.2 pH profiles of the batch fermentation with
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9) 
-X-: Rapeseed oil + Soybean + Sucrose (Medium 10)
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Figure 6.3 Ammonium ion concentration profiles of the batch fermentation with
: Rapeseed oil + Soybean (Medium 8)

-O ' : Rapeseed oil + Soybean + Dextrin (Medium 9)
-X-: Rapeseed oil + Soybean + Sucrose (Medium 10)
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6.1.1.3 Effect of carbon sources on lipase production and lipid 

utilisation

In order to examine the effect of the carbon sources on lipase production and lipid 

utilisation in the strain CA 340, lipase activity and residual oil concentration were 

measured. These profiles are shown in Figure 6.4 and 6.5.

Lipase is known to be a membrane-bound protein (Large et a i, 1999) and its activity 

is always found to increase with growth. Figure 6.4 reveals that the activity found in 

cultures grown in Medium 8, 9, and 10 increases rapidly between 48 - 120 hours, and 

reaches the maximum activity of 1.0, 1.3,and 0.7 U/mL, at 120 hours, respectively.
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I ’”
f  0.8 

(0̂
 0.4
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14496 120 168 1920 24 48 72

TIME (hours)

Figure 6.4 Lipase activity profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9) 
-X-: Rapeseed oil + Soybean + Sucrose (Medium 10)

The profiles of the rapeseed oil concentration shown in Figure 6.5, reveal that a 

mixing problem in the baffled flask cultures can be seen at the start the fermentation, 

because the measured initial oil concentration is far from the expected level shown in 

Table 6.1. Nevertheless, as the fermentation continues, this situation gradually 

improves, and the oil is thoroughly dispersed throughout the medium.
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In addition, when compared to the lipase activity shown in Figure 6.4, it reveals that 

concentration of rapeseed oil might be able to measure, once some lipase has been 

produced, or this is probably due to emulsifiers produced from the oil.

At the end of the fermentation, 11.5, 9, and 13.5 g/L of rapeseed oil are found left in 

the Medium 8, 9, and 10, respectively. These final concentrations are then compared 

to the initial concentrations (see Table 6.1) where the result indicates that Medium 8 

culture consumes the largest amount of rapeseed oil resulted in high culture growth, as 

seen in Figure 6.1.

Figure 6.6 further reveals that the capability of enzyme in breaking down the oil 

molecule is found at the highest in Medium 8 and 9 cultures. Their highest oil 

consumption rate is 0.06 g/hr at 110 and 60 hours, respectively. This rate is twice as 

high as that found in Medium 10 culture.

Figure 6.7 further shows that the highest rate of consumed rapeseed oil per unit of 

lipase is 1.7 X 10'  ̂g/U.hr which belongs to Medium 9 culture at 60 hours. This rate is 

found much higher than those of Medium 9 and 10 cultures. However, the rate 

amongst these cultures since 120 hours tends to be the same. According to the profiles 

shown in Figure 6.6 and 6.7, it is suggested that the initial rapeseed oil concentration 

might have an influence on inducing the lipase production. The effect of residual oil 

on the production of lipase is further explained in Section 7.
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Figure 6.5 Rapeseed oil concentration profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9)
-X-: Rapeseed oil + Soybean + Sucrose (Medium 10)
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Figure 6.6 Rapeseed oil consumption rate of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9)
X  : Rapeseed oil + Soybean + Sucrose (Medium 10)
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Figure 6.7 The rate of consumed rapeseed oil per unit of lipase of the batch 
fermentation with

: Rapeseed oil + Soybean (Medium 8)
-O- : Rapeseed oil + Soybean + Dextrin (Medium 9)
X : Rapeseed oil + Soybean + Sucrose (Medium 10)

6.1.1.4 Effect of carbon sources on amylase production

The profiles of amylase activity in Medium 8, 9, and 10 cultures are shown in Figure 

6.8. It is obviously seen that Medium 9 culture is singled out by its distinctively high 

activity of 0.37 U/mL at 96 hours, comparing to those found in Medium 8 and 9 

cultures whose activity are not higher than 0.1 U/mL. These profiles also suggest that 

dextrin (of Medium 9 culture) might have a role in enhancing the enzyme production. 

Nevertheless, the late increase in amylase activity at 96 hours might not provide any 

benefit to growth occurred in an earlier period, but instead it might later provide an 

improvement in soybean starch utilisation. Nevertheless, according to the ammonium 

ion profiles shown in Figure 6.3, it can be seen that the Medium 9 culture still utilises 

soy protein at the same rate as Medium 10 culture does, even though, at that time, it 

obtains high amylase activity.
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Amylase Activity
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Figure 6.8 Amylase activity profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean 4- Dextrin (Medium 9) 
X : Rapeseed oil + Soybean + Sucrose (Medium 10)

6.1.1.5 Effect of carbon sources on erythromycin production

Erythromycin concentration profiles are shown in Figure 6.9. Figure 6.9 reveals that 

the erythromycin is produced continuously throughout the fermentation. Despite of 

being grown in different media, the cultures give a similar maximum titre of 250 mg/L 

at 168 hours. However, during 96 - 168 hours, the erythromycin produced from 

Medium 10 culture is seen lower than that found in Medium 8 and 9 cultures. 

Comparing to Figure 6.1, erythromycin titres are found to increase when the biomass 

increases. These profiles suggest that erythromycin is a growth-associated product.
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Figure 6.9 Erythromycin concentration profiles of the batch fermentation with
: Rapeseed oil + Soybean (Medium 8)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 9)
X  : Rapeseed oil + Soybean + Sucrose (Medium 10)
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6.1.2 Growth and product formation of the strain CA 340 in lipid 

and non-lipid supplement media with the presence of trace 

elements

Following the culture development stages (see Table 3.10, Section 3.7.2.1), the strain 

CA 340 was grown in five different non-oil and oil based media. The medium 

ingredients are shown in Table 6.2 and 6.3. This experiment is set to compare with 

the experiments shown in Section 6.1.1, concerning the effect of the rapeseed oil on 

the growth and product formation. The cultivating conditions for non-oil and oil 

based cultures are shown in Section 3.T.2.2 and 3.1.23, respectively.

6.1.2.1 Effect of carbon sources on the culture growth

The profiles shown in Figure 6.10 indicate that the biomass concentrations obtained 

from the cultures grown in oil based and non-oil based media are significantly 

different. From the beginning, it can be seen that all profiles demonstrate the similar 

type of growth, gradually increase, but after 72 hours. Medium 14 and 15 cultures 

show a sharp increase where their biomass are found to reach the peak of 24.3 and 

18.7 g/L, respectively, at 120 hours, before declining to 18 and 16 g/L at 144 hours 

and staying unchanged at this level towards the end.

Instead of making a rapid increase, the oil based media cultures. Medium 11, 12, and 

13 cultures, continue the slow increase of their biomass and reach the maximum of

8.2, 10.5, and 11.2 g/L at 144, 96, and 144 hours, respectively, before standing at this 

level towards the end at 168 hours. However, the overall profiles reveal that non-oil 

based media are likely to be the best in promoting growth. Furthermore, they also 

suggest that the presence of carbohydrate is likely to be the cause of promoting high 

growth. In addition, the specific growth rates of these cultures and their details are 

shown in Table 6.5. They were calculated from the biomass concentration during the 

log phase. It should be noted that specific growth rates of the cultures grown in the oil 

based media (Medium 11, 12, and 13) are similar to that found in the cultures grown 

in Medium 8, 9 and 10, of which their details are shown in Figure 6.1, Table 6.4 in 

Section 6.1.1.1.
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Table 6.5 Specific growth rate and the maximum biomass concentration of the 
cultures grown in oil and non-oil based media with trace elements.

Batch Name Specific Growth 
Rate (Sp.Gr.Rate) 

(hour*)

Sp. Gr. Rate 
Calculation 

Period 
(hour)

Maximum 
Biomass (mg/mL) 
and Time (hours)

Medium (11) 0.027 24-72 8.2 / 144
Medium (12) 0.186 24-72 10.5 / 96
Medium (13) 0.021 24-72 11.2 / 144
Medium (14)" 0.026'’and 0.039' 24-72“' and 72-96' 24.3 / 120
Medium (15)" 0.033* and 0.029' 24-72* and 72-96' 18.7 / 120

^Non-oil bases medium
^Specific growth rate estimated from the first period (  ̂) of the rapid growth found 
during 24 - 72 hours.

^Specific growth rate estimated from the second period (*)of  the rapid growth found 
during 72 - 96 hours.

Nevertheless, it should be noted that, in Medium 14 and 15 cultures, only the specific 

growth rate obtained from the first period of the rapid growth is used to compare to 

the other cultures.
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Figure 6.10 Biomass concentration" profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 11)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 12)
-X-: Rapeseed oil + Soybean + Sucrose (Medium 13)
-V- : Soybean + Dextrin (Medium 14)
-A-: Soybean (Medium 15)

"It should be noted that the biomass concentrations were 
converted from the DNA concentrations.
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6.1.2.2 Effect of carbon sources on pH and ammonium ion 

production

pH and ammonium ion concentration profiles are displayed in Figure 6.11, 6.12 and 

6.13, respectively. The decrease in pH values is seen from the start of the 

fermentation, the actual profile depending upon the type of carbohydrate in the media. 

A low pH is believed to be due to the acids produced from the carbon source, as has 

already been described in Section 6.1.1.2.

pH of all oil based cultures reaches the bottom of pH 6.4 at around 24 hours, before 

increasing towards the end of the fermentation together with those of non-oil based 

cultures. This effect is not observed in the pH profile of Medium 13 culture; its pH 

reaches a low of pH 6.3 at 72 hours, 48 hours after the other cultures, before 

increasing constantly until the end of the fermentation.

The utilisation of sucrose in Medium 13 which can cause acids production, seems to 

last longer than dextrin or other carbohydrates initially present in the fermentation 

media. This could lead to a delay in the cell in switching to the other available 

carbons such as rapeseed oil or soybean flour, after the exhaustion of sucrose. The 

utilisation of soybean flour may be responsible for the release of the ammonium ions 

and causing pH increase. Figure 6.11, 6.12, and 6.13 also reveal the close connection 

between pH and ammonium ion concentration.

In non-oil based cultures. Figure 6.12 and 6.13 reveals that Medium 15 and 14 cultures 

show the maximum ammonium ion concentration of 80 and 70 mM at 168 hours, 

respectively. The increase of pH and ammonium ion concentration in Medium 15 

happens about 24 hours before the similar increase found in Medium 14. This may be 

related to the fact that no initial carbohydrate was added to the Medium 15, thus the 

culture switches to use soybean flour almost immediately after the start of the 

fermentation.
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Furthermore, an important factor that accelerates the requirement of soybean flour 

utilisation is the fact that there is also no rapeseed oil in this medium, thus, the 

soybean flour is the only source of carbon for cell to use in maintaining growth and 

product formation.

In oil bases cultures. Figure 6.12 and 6.13 further reveals that Medium 11, 12, and 13 

cultures also give the highest ammonium ion concentration at 168 hours, but with only 

20 mM, four times lower than those found in non-oil based cultures. However, these 

figures further reveal that the time when their pH and ammonium ions start to 

increase, comparing between the cultures grown in Medium 11 and 15 (no 

carbohydrate added) and between those grown in Medium 12 and 14 (with dextrin), is 

the same. This also confirms that the carbohydrate could cause the delay on soybean 

flour utilisation whether it is part of non-oil or oil based media.

In addition, the ammonium ion concentration found at the end indicates that soybean 

flour is not the only secondary carbon used when the cultures are grown in oil based 

media, because they also utilised rapeseed oil in parallel with the utilisation of soybean 

flour. This could cause less use of soybean flour resulting in low ammonium ions 

released and small increase in pH of the cultures. It should be noted that although 

rapeseed oil profiles are not shown in this section, because of unsuccessful 

measurement causing from the poor mixing, the final rapeseed oil concentration was 

measured. It was between 10-15 g/L (data not shown).
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Figure 6.11 pH profiles of the batch fermentation with
: Rapeseed oil + Soybean (Medium 11)

-O- : Rapeseed oil -f- Soybean + Dextrin (Medium 12) 
-X : Rapeseed oil 4- Soybean •+• Sucrose (Medium 13) 
-V- : Soybean 4- Dextrin (Medium 14)
-A-: Soybean (Medium 15)
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Figure 6.12 Ammonium ion concentration profiles of the batch fermentation 
with

-M- : Rapeseed oil 4- Soybean (Medium 11)
-O- : Rapeseed oil 4- Soybean 4- Dextrin (Medium 12)
-X : Rapeseed oil 4- Soybean 4- Sucrose (Medium 13)
-V- : Soybean 4- Dextrin (Medium 14)
-A-: Soybean (Medium 15)

0 . PHONPRAPAI, 2002 155



s. erythraea strain CA 340 Non-Lipid Supplemented Fermentation

2E 20-
.1
2
1
C0
“ 10. 
.2 
E
1 5-0 E
1 0-

16824 48 72 96 120 1440
TIME (hours)

Figure 6.13 Ammonium ion concentration profiles of the batch fermentation 
with

; Rapeseed oil + Soybean (Medium 11)
-O- : Rapeseed oil + Soybean + Dextrin (Medium 12)
-X : Rapeseed oil -f- Soybean + Sucrose (Medium 13)

However, to make the picture clear, the ammonium ion concentration of all cultures at 

72 hours is arranged from high to low. This arrangement is to show the swiftness of 

the cultures in switching from the use of initial carbohydrate to soybean flour. The 

degree of swiftness can be seen from the difference in ammonium ions level amongst 

them.

Medium 15" > Medium 11 > Medium 12 > Medium 14" > Medium 13 

28 mM > 7 mM > 5 mM > 4 mM > 3 mM

The annnonium ion concentration of all cultures at 144 hours has been ranked and 

shown below. This reveals that the ammonium ions are continuously produced upon 

the constant use of soybean flour.

Medium 15" > Medium 14" > Medium 11 > Medium 12 > Medium 13

81 mM > 60 mM > 22 mM > 17 mM > 16 mM

" non-oil based medium
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It can be seen that the cultures grown in the medium without an initial carbohydrate 

supplement (Medium 15 and 11 cultures), seem to be the first group to switch to the 

secondary carbon. However, in these two cultures, the one with the oil supplement 

does show the lower ammonium ion concentration. Furthermore, when the cultures 

are grown in the medium supplied with dextrin (Medium 12 and 14) are observed, it is 

found that, at 72 hours, their ammonium ion level are very close, although the one that 

is grown in oil based medium (Medium 12) was slightly higher. However, following 

the Figure 6.12, at 96 hours (24 hours later). Medium 14 culture is seen to have the 

ammonium ion level higher than that found in Medium 12 culture.

Medium 13 culture is found to give the lowest concentration, the reason behind has 

been described earlier in this section. Figure 6.11 and 6.13 further suggest that the 

amount of rapeseed oil and soybean flour consumed by Medium 12 and 13 cultures 

might be approximately the same, because their profiles shown in these figures are not 

in much indifference.

6.1.2.3 Effect of carbon sources on lipase production and lipid

utilisation

The profiles of lipase activity are shown in Figure 6.14. According to Figure 6.14, it 

can be seen that the activity of lipase in all cultures generally increases with time. 

This figure further reveals that Medium 13 culture yields the highest activity of 2.3 

U/mL, while Medium 12 and 11 cultures obtain the maximum of 2.1 and 1.6 U/mL, 

respectively. These maximum activities are found at 144 hours. However, it should 

be noted that the activity of the cultures grown in non-oil based medium, Medium 14 

and 15, could not be measured, due to their high pH.

In addition, when compared to the profiles shown in Figure 6.10, it can be seen that 

the activity of lipase increases as growth increases. This indicates that the production 

of lipase is related to growth. In fact, it is known that the lipase enzyme found in the 

streptomycetes is membrane-bound protein (Large et al., 1999), and its production 

should be associated with growth.
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Figure 6.14 Lipase activity profiles of the batch fermentation with 
: Rapeseed oil 4- Soybean (Medium 11)

-O- : Rapeseed oil + Soybean -t- Dextrin (Medium 12) 
X : Rapeseed oil 4- Soybean 4- Sucrose (Medium 13)

6.1.2.4 Effect of carbon sources on amylase production

Figure 6.15 shows the amylase activity profiles of the cultures grown in non-oil and 

oil based media. The maximum activity can be divided into two groups: (1) the 

highest activity of Medium 12, 15, and 14 cultures is 0.20, 0.17, and 0.15 U/mL at 96, 

120, and 96 hours, respectively, whereas (2) the highest activity of Medium 11 and 13 

cultures is 0.08 and 0.04 U/mL at 144 and 168 hours, respectively. As the activity is 

seen from the beginning, it suggests that amylase enzyme is constitutive enzyme, but 

might need an inducer to increase its activity.

According to Figure 6.10 and 6.15, it can be seen that the activity of amylase enzyme 

is related to growth, but only when the cultures are grown in non-oil based media. 

These cultures are found to produce the amylase during the growth phase. Figure 6.15 

further indicates that the rapeseed oil present in the Medium 12 delays the enzyme 

induction process. Nevertheless, in spite of this. Medium 12 culture still provides the 

highest amylase activity of 0.20 U/mL at 96 hours. But this activity is less than twice 

of that found in Medium 9 culture, as seen in Figure 6.8.
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Additionally, according to the Figure 6.8 and 6.15, it should be noted that the data on 

the amylase production in Medium 11, 12, and 13 are similar to the data shown in 

Medium 8, 9, and 10.

Amylase Activity 
(aOD 620 / min)

0.25

0 .2 0 -

0.15-

0 . 1 0 -

0.05-

0 .0 0 -

72 96 120 144 1680 24 48
TIME (tiours)

Figure 6.15 Amylase activity profiles of the batch fermentation with 
: Rapeseed oil + Soybean (Medium 11)

-O- : Rapeseed oil + Soybean + Dextrin (Medium 12) 
X : Rapeseed oil 4- Soybean 4- Sucrose (Medium 13) 

-V- : Soybean 4- Dextrin (Medium 14)
-A-: Soybean (Medium 15)

6.1.2.5 Effect of carbon sources on erythromycin production

Erythromycin titre profiles are shown in Figure 6.16. Generally, erythromycin titres 

are found continuously increase towards the end of fermentation.

Figure 6.16 reveals that Medium 14 culture gives the highest erythromycin titre, 180 

mg/L at 168 hours. The oil based medium cultures are found to give titres lower than 

those found in non-oil based medium except for the cultures grown in oil based 

medium supplied with sucrose (Medium 13), which produced 150 mg/L at 168 hours. 

The highest titre of Medium 13 culture is higher than that of Medium 15 culture which 

is 140 mg/L at 168 hours. Nevertheless, all maximum titres which range from 120 - 

180 mg/L, are found to be lower than those found in Figure 6.9 which are 

approximately 250 mg/L.
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However, according to the Figure 6.10 and 6.16, erythromycin titres are found to 

increase as biomass increases. The similar type of biomass and product profiles 

suggests that erythromycin is growth-associated product. This suggestion is similar to 

that found in the Section 6.1.1.5.
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Figure 6.16 Erythromycin concentration profiles of the batch fermentation 
with

: Rapeseed oil + Soybean (Medium 11)
-O- : Rapeseed oil + Soybean + Dextrin (Medium 12)
-X : Rapeseed oil + Soybean 4- Sucrose (Medium 13)
-V- : Soybean + Dextrin (Medium 14)
-A-: Soybean (Medium 15)
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6.2 Growth and product formation of the strain CA 340 in lipid 

and non-lipid supplement media supplied with dextrin and 

nitrate without the presence of trace elements

Following the inoculum development stages (see Table 3.10, Section 3.7.2.1), the 

strain CA 340 was grown in two different media with added nitrate. This experiment 

was designed to investigate the influence of nitrate and rapeseed oil on ammonium ion 

production The medium ingredients are shown in Table 6.6. The cultivating 

conditions for non-oil and oil based cultures are shown in Section 3.T.2.2 and 3.1.23, 

respectively. In addition, each culture was run in duplicate, which are inscribed with 

the number (1) and (2) as seen in Figure 6.25 - 6.32.

Table 6.6 The components of the production media supplied with nitrate. Trace
elements are not added into the ingredients. The concentration shown in 
this table are in g/L.

Components Medium (16) Medium (17)
Rapeseed o if 23 -

KH2 PO4 1.2 1.2
Soybean flour 30 30

Dextrin 10 10
NaNOa" 2.4 2.4

‘̂ Rapeseed oil profiles are not shown, only its concentration left at the end is measured. 
It is approximately 6.0 g/L.
t i t ra te  ratio of NaNOs [MW = 85] is (62)/(85) or 0.73, thus initial concentration of 
nitrate is (2.4 X 0.73)/62 = 0.028 mole/L or 28 mM. The “mM” is used for the 
calculation of the nitrogen balance (see Section 8.2).
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6.2.1 Effect of carbon sources on the culture growth

Figure 6.17 reveals the biomass profiles of Medium 16 and 17 cultures. Generally, the 

biomass of Medium 17 cultures is lower than that found in Medium 16 during the first 

48 hours. However, after 48 hours Medium 17 culture appears to have a rapid growth 

making its biomass greater than that of Medium 16 cultures. Then the biomass of the 

both increases towards the end of fermentation.

Figure 6.17 further reveals that the growth profile of Medium 16 culture consists of 

two phases, log phase and stationary phase. The log phase is seen between 0-144 

hours and the stationary phase is seen at 144 hours to the end, 168 hours. While 

Medium 17 culture consists of three phases, early log phase, 0 - 4 8  hours; log phase, 

48 - 72 hours; and late log phase, 72 - 168 hours. The highest biomass concentration 

of Medium 17 cultures, 20 g/L, is found at 168 hours, while that of Medium 16 

culture, 15 g/L, is found at 144 hours. In addition, the specific growth rate of these 

cultures is calculated from the biomass concentration during the log phase. Their 

details are shown in Table 6.7.

There are many reasons to explain the difference in the biomass concentration profiles 

between Medium 17(1) and 17(2) cultures, the possible one is from the occurring of 

wall growth which is normally found in this culture when it was grown in the baffled 

flasks. It was observed that the abundance of the wall growth was higher when the 

cultures were grown in non-oil based media, comparing to that grown in the oil based 

media. However, the wall growth and its relationship to the normal cultures were not 

estimated. Thus, it should be acceptable if this difference is taken as a natural 

variation. As a consequence, the differences amongst all profiles shown in Figure 

6.17, should also be within the range of the natural variation. Thus, the specific 

growth rate of the Medium 17(1) and 17(2) cultures is then estimated and shown in 

Table 6.7.
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According to the specific growth rate shown in Table 6.4, 6.5, and 6.7, comparing 

between that of the Medium 9, 12, and 16 cultures, it is found that nitrate added into 

the oil based medium increases the culture growth significantly. On the other hand, 

the nitrate added into the non-oil based medium does not increase the specific growth 

rate of the cultures, as seen in the Medium 14 and 17 in Table 6.5 and 6.7, 

respectively.

Table 6.7 Specific growth rate and the maximum biomass concentration of the 
cultures grown in oil and non-oil based media supplied with nitrate.

Batch Name Specifîc Growth 
Rate (Sp.Gr.Rate) 

(hour^)

Sp. Gr. Rate 
Calculation 

Period 
(hour)

Maximum 
Biomass (mg/mL) 
and Time (hours)

Medium 16(1) 0.032 3 -50 15.2 / 141
Medium 16(2) 0.030 3 -50 13.9 / 164
Medium 17(1) 0.028 3-73 20.0 / 164
Medium 17(2) 0.025 3-73 16.2 / 164
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Figure 6.17 Biomass concentration" of the batch fermentation with
-M- : Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 
-□ - : Rapeseed oil + Soybean + Dextrin + Nitrate (2) (Medium 16) 
- # -  : Soybean + Dextrin + Nitrate (1) (Medium 17)
-O- : Soybean + Dextrin + Nitrate (2) (Medium 17)

"It should be noted that the biomass concentrations were converted from 
the DNA concentrations.
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6.2.2 Effect of carbon sources on pH and ammonium ion production

The profiles of pH and ammonium ion concentration are reported here and shown in 

the Figure 6.18, 6.19, and 6.20. In general, the change of pH is likely to be influenced 

by the presence of ammonium ions in the culture.

Figure 6.18-6.20 shows that, during the first 48 hours, the pH of both cultures 

increases from the start, although the concentration of the ammonium ion decreases. 

This differs from the pH profiles shown in the previous section 6.1.1.2 (Medium 9) 

and 6.2.2.2 (Medium 12) in which pH is always found to decrease during the early 

period when the dextrin is utilised. The altered effect might be related to the presence 

of nitrate (Figure 6.21) in the fermentation media which was completely consumed 

within 48 hours of the start of the fermentation.

According to Figure 6.18 and 6.20, between 48 - 144 hours, the ammonium ion levels 

of Medium 16 culture are seen moving up and down between 0.5 - 5.5 mM, while its 

pH remains approximately constant at 7.0. This implies that the change in ammonium 

ion level does not have any effect on the culture pH. However, this low ammonium 

ion level, released from soybean flour utilisation, might be caused by the presence of 

the rapeseed oil in the culture media. This effect is similar to that found in the 

previous sections upon the fermentation of the oil based cultures.

On the other hand, pH and ammonium ion profiles of Medium 17 culture, between 48 

and 168 hours, are significantly different from those in Medium 16 culture. The 

ammonium ion level is found to increase continuously and reaches the highest 

concentration of 80 mM at 168 hours which is more than an order of magnitude 

greater than in the fermentation with rapeseed oil. In addition, pH of Medium 17 

culture is also seen to reach the maximum of 8.4 at 168 hours. These profiles indicate 

that after 48 hours, following the depletion of dextrin, the use of ammonium ions does 

not occur. This was also seen in the non-oil based fermentations in the previous 

section. These profiles, from Figure 6.18 and 6.19, further suggest that an increase in 

ammonium ion concentration could cause an increase in the culture pH.
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Figure 6.18 pH of the batch fermentation with
: Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 
: Rapeseed oil + Soybean + Dextrin + Nitrate (2) (Medium 16) 
: Soybean + Dextrin + Nitrate (1) (Medium 17)

-Q- : Soybean + Dextrin + Nitrate (2) (Medium 17)
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Figure 6.19 Ammonium ion concentration of the batch fermentation with 
: Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 
: Rapeseed oil + Soybean + Dextrin + Nitrate (2) (Medium 16) 
: Soybean + Dextrin + Nitrate (1) (Medium 17)

-CD- : Soybean + Dextrin + Nitrate (2) (Medium 17)
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Figure 6.20 Ammonium ion concentration of the batch fermentation with 
: Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 
: Rapeseed oil + Soybean + Dextrin + Nitrate (2) (Medium 16)

6.2.3 Effect of carbon sources on nitrate ion utilisation

Figure 6.21 shows the nitrate ion concentration profiles of Medium 16 and 17 cultures. 

It reveals that in both cultures, nitrate ions are completely consumed during the first 48 

hours.

These profiles indicate that the rapeseed oil has no effect on the nitrate consumption. 

According to the ammonium ion profiles shown in Figure 6.19 and 6.20, it reveals that 

no ammonium ions are produced until all the nitrate is consumed.

Where does the nitrate go ? Gottschalk (1979) and Horton et al. (1992) reported that a 

number of microorganisms are able to perform a nitrate-nitrite respiration in which 

nitrate is reduced to nitrite and nitrite is then reduced to ammonia in the reaction 

catalysed by nitrate reductase and nitrite reductase, respectively, as shown in Reaction 

6.1 and 6.2.

NOs" +NAD(P)H + HT
Nitrate
reductase ^ NO z"+NAD(P)^ + H 2 0  (6.1)

NO:' Nitrite (6.2)
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Nevertheless, the intermediates of the reaction have not been isolated, but it is 

presumed to be NO" and NH2 OH (Horton et a/., 1992).

The resemblance between total nitrogen input and output of the Medium 17(1) culture 

(see Table 8.7, Section 8.2) reveals that all the nitrate is quickly reduced to nitrite and 

then nitrite is later reduced to the ammonia. As mentioned earlier, no ammonium ions 

are produced during the nitrate consumption (0 - 48 hours), this indicates that the 

reduction process might be in the intermediate stage during the nitrate consumption 

period.

In living cells, most of the reduced coenzyme NADH is used in converting nitrate to 

nitrite and then to ammonia. This means the process uses ATP or uses NADH which 

could have made ATP. Therefore, the high specific growth rate found in the cultures 

grown in the nitrate supplemented media (see Section 6.2.1) could be caused by a 

simple stimulation occurred within the cell caused by nitrate. Another reason for the 

rapid drop in nitrate concentration may be the nitrate, itself, is toxic to cells. This 

means cells need to get rid of it very quickly.
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Figure 6.21 Nitrate ion concentration of the batch fermentation with
-H- : Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 

: Rapeseed oil + Soybean + Dextrin + Nitrate (2) (Medium 16) 
: Soybean + Dextrin + Nitrate (1) (Medium 17)

-O- : Soybean + Dextrin + Nitrate (2) (Medium 17)
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6.2.3.1 Investigation on the effect of medium components on 

nitrate

A set of the experiment was created to investigate the effect of medium ingredients on 

the solubility of nitrate. This was necessary to explain the loss of a certain amount of 

the initial nitrate ions added to the fermentation media. An equivalent amount of 

nitrate ions was added to make a concentration of 2.5 g/L or 2.9 mM with various 

other ingredients shake flasks. These preparations were then sterilised as normal. The 

nitrate ion concentration in different mixtures was measured and reported, as seen in 

Table 6.8.

Table 6.8 The effect of medium components as the estimation of nitrate. Nitrate (2.9 
mM) was added to each of the media described, its concentration was then 
measured after sterilisation. As a control the nitrate concentration also 
estimated in an unsterilised sample prepared in RO water.

Medium Components Estimated Nitrate Concentration 
(mM)

Unsterilised :
RO water 2.9

Sterilised :
RO water 
Dextrin 
Soybean 

Rapeseed oil 
Dextrin + Soybean 

Dextrin + Soybean + Rapeseed oil

2.9
3.2
1.9
2.9
2.2
1.9

Table 6.8 reveals that the sterilisation process does not cause any change of the nitrate 

ions concentration in the RO water. Surely it is simple a case of the soybean flour 

interfering with the nitrate assay. As a result, the measured initial concentration of 

nitrate ions in Medium 16 and Medium 17 is lower than expected (see Table 6.6 and 

Figures 6.29) where the concentrations obtained from the colorimetric method were 

18.6 and 21.2 mM.
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The observed rate of uptake of nitrate will be affected by the interference from the 

soybean flour, but it will not affect the observation that the nitrate is completely 

consumed within the first 48 hours of the fermentation.

6.2.4 Effect of carbon sources on erythromycin production

Erythromycin concentration profiles are shown in Figure 6.22. Figure 6.22 reveals 

that the concentration of erythromycin increases throughout the fermentation. 

Medium 17 culture is found to produce a titre of 110 mg/L at 168 hours, while the titre 

found in Medium 16 culture is only 70 mg/L. This indicates that in the presence of 

nitrate the erythromycin production by the strain CA 340 is greater when the culture is 

grown in non-oil based medium. In addition, as the profiles shown in Figure 6.17 and 

6.22 are seen increase with time, this indicates that the erythromycin production is 

associated to growth.
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Figure 6.22 Erythromycin concentration of the batch fermentation with
: Rapeseed oil + Soybean + Dextrin + Nitrate (1) (Medium 16) 
: Soybean + Dextrin + Nitrate (1) (Medium 17)
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7. FERMENTATION OF Saccharopolyspora etythraea 

STRAIN CA 340 IN 20 L FERMENTER

7.1 Conventional batch fermentation of *S*. erythraea strain CA 340

This section covers the studies of Saccharopolyspora erythraea strain CA 340 grown 

in a 20 L fermenter. The medium used in this study is derived from the oil-based 

medium used in Section 6. The aims are to investigate the effect of rapeseed oil on 

growth and product formation under controlled conditions in a fermenter whose outlet 

gas composition is also monitored. In addition, the effect of rapeseed oil and nitrate 

ions on lipase, ammonium ion and erythromycin production are reported here.

7.1.1 Growth and product formation of S, erythraea strain CA 340 in 

lipid supplemented medium

Following the inoculum development stages (see Table 3.11, Section 3.7.2.1), the 

strain CA 340 was grown in the production medium. Medium 23, whose ingredients 

are described in Table 7.1. The operating condition is described in Section 3.8.1. In 

addition, the agitation and aeration rates were initially set at 750 rpm and at 3.0 L/min, 

respectively, to keep the balance between high dissolved oxygen and low foaming. 

Due to the high demand for oxygen, the agitation and aeration rates were then 

gradually increased up to 1000 rpm and 12 L/min, respectively, in an attempt to bring 

% DOT to at least 50 % throughout the fermentation. pH and temperature were also 

controlled automatically at 7.0 and 28°C, respectively. The details are shown in 

Section 3.3.3.2. Furthermore, on-line gas analysis system was logged on from the 

beginning to analyse and supply instantaneous information on cell respiration. The 

details of the on-line gas composition measurement are described in Section 3.9.1.3. 

Three identical batch fermentations were successfully done and reported here. They 

are named as CPBA-340-01, CFBA-340-05, and CPBA-340-06.
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Table 7.1 The components of the production medium supplied with or without 
nitrate. The concentration shown in this table are in g/L.

Components Medium (23) Medium (24)
Rapeseed oil 23 23

KH2 PO4 1 . 2 1 . 2

Soybean flour 30 30
Dextrin 1 0 1 0

NaNOj - 2.4
Polypropylene glycol^ 2 . 0 2 . 0

^Polypropylene glycol is used as an anti foaming agent. There is no mechanical foam 
breaker fitted to this fermenter.

Note: The ingredients of Medium 23 and 24 are similar to those of Medium 12 and 16, 
respectively. But the latters are not added with the antifoaming agent.

Biomass concentration of the cultures

Figure 7.1 shows the biomass concentration profiles of the three batch fermentations. 

These profiles indicate that the growth of the strain CA 340 can be divided into three 

phases : (1) lag phase, (2) log phase and (3) stationary or declining phase. Lag phase 

can be seen between 0 and 24 or 48 hours. Log phase is between 24 and 96 hours. 

And stationary or declining phase can be seen from 72 hours towards the end. The 

specific growth rate is then calculated from the biomass (w/v) profiles during the log 

phase. Its average value is 0.022 ± 0.003^ hr ', the detail is shown in Table 7.2. This 

average rate is similar to those found in Medium 9 and 12 cultures which are 0.023 

and 0.186 hr ' (see Table 6.4, Section 6 .1.1.1 and Table 6.5, Section 6 .1.2.1), 

respectively. The maximum biomass concentration and the detail are shown in Table

7.2.

Table 7.2 Specific growth rate and the maximum biomass concentration of the 
three-identical batch cultures grown in oil-based medium in 20 L 
fermenter.

Batch Name Period of Growth 
Phase (hour)

Specific Growth 
Rate (hr ')

Maximum 
Biomass (mg/mL) 
and Time (hours)

CPBA-340-01 48-86 0.019 18.2 / 91
CPBA-340-05 24-63 0.024 17.1 / 87
CPBA-340-06 25-66 0 . 0 2 2 19.1 / 112

Average 0.022 ± 0.003«
^Standard deviation
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Figure 7.1 Biomass concentration‘s profiles of the three identical batch fermentations: 
CPBA-340-01; -0 - , CPBA-340-05; and -X -, CPBA-340-06.

^It should be noted that the biomass concentrations were converted 
fi*om the viscosity values.

7.1.1.2 Lipase activity of the cultures

Figure 7.2 shows lipase activity profiles of the cultures grown Medium 23. The lipase 

activity profile of CPBA-340-01 is seen to be singled out by its distinctive high 

activity of 7.5 U/mL at 144 hours.

However, after comparing these profiles to that done by another researcher^s under the 

same culture and condition (data not shown) at UCL, it was found that his profile was 

matched well with that of CPBA-340-05 and CPBA-340-06. As a consequence, the 

profiles form CPBA-340-05 and CPBA-340-06 will be used for further discussion. At 

120 hours, the lipase activity of CPBA-340-05 and CPBA-340-06 is found at 1.40 and 

1.50 U/mL, respectively. In addition, according to the profiles shown in Figure 7.1 

and 7.2, lipase activity is found to increase as biomass increases, these indicate that 

the production of lipase is associated to growth.

‘̂ Dr Frank Baganz is currently a lecturer at the Department of Biochemical 
Engineering, University College London. He obtained Research Fellowship from the 
department when this experiment was carried out.
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Figure 7.2 Lipase activity profiles of the three identical batch fermentations : 
CPBA-340-01; -0 - , CPBA-340-05; and -X -, CPBA-340-06.

7.1.1.3 Rapeseed oil concentration of the cultures

Rapeseed oil concentration profiles are shown in Figure 7,3. The profiles can be 

divided into three parts : (1) From 0 to 24 hours, the profiles show no change in the oil 

concentration, this means there is no oil utilisation in this period, (2) Between 24 to 

120 hours, the profiles show a sharp decrease, this indicates the rapid oil utilisation, 

and (3) From 120 hours towards the end, there is no change in the oil concentration, 

the oil level remains constant at 2.0 - 2.5 g/L. In reality the oil might have run out 

and the unchanged concentration found might be polypropylene glycol (PPG), which 

is also measured by the hexane extraction method (see Section 3.9.3.1.2).

In addition, it should be noted that the zigzag profile of CPBA-340-01 found in Figure

7.3 may arise from the heterogeneity of the assayed samples, because these samples 

were not assayed freshly like those of CPBA-340-05 and CPBA-340-06. The effect of 

the zigzag values can be found in CPBA-340-01 profiles presented in Figure 7.4 and 

7.5.
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Figure 7.3 Rapeseed oil concentration profiles of the three identical batch 
fermentations : -M-, CPBA-340-01; -0 - ,  CPBA-340-05; and 
-X -, CPBA-340-06.

Figure 7.6 and 7.6a reveals that the consumption rate of the oil is found increase from 

the beginning to the maximum of 5 - 7 g/hr between 48 - 72 hours, during the log 

phase (see Figure 7.1). The consumption rate then decreased until the end of the 

fermentation.
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Figure 7.4 Rapeseed oil consumption rate profiles of the three identical batch 
fermentations : -H-, CPBA-340-01; -0 - , CPBA-340-05; and 
-X -, CPBA-340-06.
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Figure 7.4a Rapeseed oil consumption rate profiles of the two identical batch 
fermentations : -0 - , CPBA-340-05 and -X -, CPBA-340-06.

Figure 7.5 reveals that the rate of consumed rapeseed oil per unit of lipase is at the 

average maximum of 8,5 x lO'̂  g/U.hr at 30 hours before making a gradual decreases 

to almost zero at 120 hours. Then the rate stays constant until the end. Figure 7.1,

7.2, 7.4, 7.4a, and 7.5 indicate that the utilisation of rapeseed oil depends on growth 

and lipase activity which is also growth dependent.
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Figure 7.5 The rate of consumed rapeseed oil per unit of lipase of the three identical 
batch fermentations : -H-, CPBA-340-01; -0 - , CPBA-340-05; and 
X -, CPBA-340-06.
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7.1.1.4 Erythromycin production of the cultures

Batch Fermentation

Figure 7.6 shows the profiles of erythromycin titres. As previously seen in the Section

7.1.2, the profiles of CPBA-340-06 shown in Figure 7.6 is single out by its high 

erythromycin titres, which shows the maximum of 1400 mg/L at 160 hours while the 

other batches, CPBA-340-01 and CPBA-340-05, show the maximum of 400 and 600 

mg/L at 160 hours, respectively.

However, after comparing these profiles with those done by another researcher (see 

footnote on page 182) under the same culture and condition (data not shown) at UCL, 

it was found that his profile was matched well with that of CPBA-340-01 and CPBA- 

340-05. Consequently, the profiles form CPBA-340-01 and CPBA-340-05 will be 

used for further discussion.
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Figure 7.6 Erythromycin concentration profiles of the three identical batch 
fermentations : -H-, CPBA-340-01; -0 - , CPBA-340-05; and 
-X -, CPBA-340-06.
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The combined profiles of biomass concentration; substrate concentration, rapeseed oil; 

and product, erythromycin concentration are shown in Figure 7.7 to 7.9. These figures 

reveal that the rapeseed oil decreases as biomass and erythromycin increase. In 

addition, these combined graphs reveal that the erythromycin production is likely to be 

non-growth associated. This observation is quite different fi-om that found in any 

other fermentations and may be due to the metabolism of the cells or by the deferred 

erythromycin measuring periods.
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Figure 7.7 Biomass concentration (-H-), erythromycin concentration (-0 -), and 
rapeseed oil concentration (-X -) from batch fermentation : 
CPBA-340-01.
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Figure 7.8 Biomass concentration (-H-), erythromycin concentration (-0 -), and 
rapeseed oil concentration (-X -) firom batch fermentation : 
CPBA-340-05.
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Figure 7.9 Biomass concentration (-#-), erythromycin concentration (-0-), and 
rapeseed oil concentration (-X -) from batch fermentation : 
CPBA-340-06.

7.1.1.5 Dissolved oxygen tension of the fermentation

Figure 7.10, 7.11, and 7.12 show the profiles of % dissolved oxygen tension (% DOT) 

of CPBA-340-01, CPBA-340-05, and CPBA-340-06, respectively. These profiles also 

reveal the changing in agitation and aeration rate to maintain % DOT at the high 

level.

These figures show a 100% of DOT at the beginning, supplied with 3.0 L/min and 

750 rpm of air flow rate and agitation rate, respectively. The air flow rate must be 

kept at the low level during the first 48 hours, because high aeration rate could cause 

overfoaming which interrupts the fermentation. These figures further reveal that after 

the inoculation, DOT level falls rapidly following the high demand for oxygen. To 

compensate for this fall, the air flow rate is then increased to raise the oxygen level. 

%DOT level is closely monitored and the air flow rate is further increased to 12 

L/min, at 48 hours.
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However, the requirement of oxygen is still at high, even though the air flow rate is at 

the maximum, therefore, to increase the DOT level, the agitation rate is then adjusted. 

It is manually increased up to 1000 rpm or higher, as seen in CPBA-340-01, CPBA- 

340-05, and CPBN-340-06. The agitation rate has been kept below 1250 rpm because 

the shear force generated at higher speeds could affect to the growth and product 

formation (Heydarian, 1998). Despite the increase in the air flow and agitation rates, 

the oxygen level is still lower than expected. However, according to Figure 7.7 - 7.9, 

this low oxygen level does not adversely affect growth or product formation.

The shortage of rapeseed oil is likely to be the main factor that limits growth. The 

culture growth is in the stationary or declining phase when the rapeseed oil is at its 

lowest level. However, no effect on the erythromycin production has been found.
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Figure 7.10 Dissolved oxygen tension (% DOT) (O ) and agitation rate (— ) 
from batch fermentation : CPBA-340-01.
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Figure 7.11 Dissolved oxygen tension (% DOT) (O), agitation rate (— ),
and air flow rate (-□-) from batch fermentation : CPBA-340-05.
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Figure 7.12 Dissolved oxygen tension (% DOT) (O ) and agitation rate (— ) 
from batch fermentation : CPBA-340-06.
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7.1.1.6 On-line gas analysis of the fermentation

Figure 7.13, 7.14, and 7.15 show the profiles of oxygen uptake rate (OUR), carbon 

dioxide evolution rate (CER), and respiratory quotient (RQ) of CPBA-340-01, CPBA- 

340-05, and CPBA-340-06, respectively. These parameters are fully described in 

Section 3.9.1.3.

These figures, generally, indicate that OUR increases as the growth increases. The 

maximum OUR, approximately 23 mmol/L.hr, is found at around 72 - 96 hours when 

the biomass reaches its maximum. But OUR and CER are later found decrease when 

the cultures are in stationary or declining phases where the level of the residual oil is 

low or almost zero.

From 0 to 48 hours, CER values are seen very close to OUR values, these bring the 

proportion of CER and OUR, (CER/OUR) or widely known as RQ, to approximately 

1.0. In addition, there is no rapeseed oil utilisation found in this period, it suggests that 

the RQ of 1.0 is unique for the strain CA 340 in response to dextrin consumption. This 

similar happening was also reported by a researcher at the UCL (Zormpaidis, 1999).

Then, later between 48 - 72 hours, OUR and CER profiles are seen continuously 

increase, but instead their ratio or RQ is found decrease. The period of this decrease is

in the same time when the rapeseed oil is utilised (see Figure 7.7 - 7.9). This

demonstrates the mixed utilisation between dextrin and rapeseed oil, and to metabolise 

oil the cells need to use more oxygen per carbon atom oxidised. The carbohydrate and 

fatty acid metabolisms are shown in Reaction 7.1 and 7.2, respectively. The latter also 

reveals a decrease in the RQ value.

Carbohydrate: [CHjO] + Oj <-> COj + HjO : RQ = 1.0 (7.1)

Fatty acid : [-CHj-] + 1.5 O2  CO2  + H2 O : RQ = 0.67 (7.2)

where: RQ = fCO-,1 
[(),]'
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From Figure 7.13 - 7.15, dextrin is expected to be utilised completely at around 72 

hours, when the RQ drops to the lowest of 0.6. After 72 hours, RQ remains constant 

at 0.6 towards the end. The RQ of 0.6 is expected to be the value characteristic for the 

strain CA 340 when it utilises the rapeseed oil.
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Figure 7.13 Oxygen uptake rate, OUR (□); carbon dioxide evolution rate, CER (#); 
and respiratory quotient, RQ (— ) from batch fermentation : 
CPBA-340-01.
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Figure 7.14 Oxygen uptake rate, OUR (□); carbon dioxide evolution rate, CER (#); 
and respiratory quotient, RQ (— ) from batch fermentation : 
CPBA-340-05.
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Figure 7.15 Oxygen uptake rate, OUR (□); carbon dioxide evolution rate, CER (#); 
and respiratory quotient, RQ (— ) from batch fermentation : 
CPBA-340-06.

7.1.1.7 Calculation of rapeseed oil uptake rate

The results shown in Section 7.1.1 - 7.1.5 suggest that the capacity of the strain CA 

340 to use rapeseed oil improved when it was grown in the bioreactor, rather than in 

baffled flasks (see Section 6). The oil uptake rate was calculated using the oil 

concentration profiles from CPBA-340-05 and CPBA-340-06, during the period 

between 60 - 120 hours. As previously mentioned, the oil concentrations from CPBA- 

340-01 are not used in the calculation, because their values might not be accurate 

enough as their assays were taken from the frozen samples, while the those of the 

others were analysed freshly. The correlation is shown in Figure 7.20. Its slope 

reveals that the rapeseed oil uptake rate in the 14 L of the fermentation volume is 

approximately 2.2 g/hr or 0.16 g/hr/L of the fermentation volume.
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Figure 7.16 The relationship between rapeseed oil content (Y) and time (X) at 
95 % confidence. The linear equation for this relationship is 
Y = (-2.247) X + (308.7) and r = -0.94.

The rapid growth leads to an early shortage of the rapeseed oil. To maintain the oil at 

the appropriate level throughout the fermentation. The calculated rate of consumption 

was later used as a feeding rate to feed sterilised rapeseed oil to the bioreactor. The 

experiments and results obtained from the fed-batch fermentations are shown later in 

this Section.
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7.1.2 Growth and product formation of S. erythraea strain CA 340 in 

lipid supplemented medium supplied with nitrate

The results shown in Section 6.5 conclude that the cultures grown in non-oil based 

medium supplied with nitrate grow better and produce more erythromycin than those 

grown in oil based medium. However, the results shown in Section 7.1.1 reveal that 

under the controlled environment in the bioreactor, the growth and product formation 

in the absence of nitrate can be improved. Therefore, under similar conditions, the 

fermentation of strain CA 340 in an oil based medium supplied with nitrate might 

further improve the both growth and product formation.

Following the inoculum development stages (see Table 3.11, Section 3.7.2.1), the 

strain CA 340 was grown in the production medium whose ingredients are shown in 

Table 7.1. The operating condition is also shown in Section 3.8.1. This experiment 

consists of two batch fermentations using Medium 24 and Medium 23 as their 

production media, named CPBN-340-01 and CPBN-340-03, respectively. The nitrate 

was added to the former (CPBN-340-01) at the start of the fermentation, but during 

the fermentation of the latter (CPBN-340-03) sodium nitrate solution was added at 70 

hours to make the final concentration to 2.4 g/L. The effect of nitrate on lipase 

production, lipid utilisation, ammonium ions and erythromycin production are 

reported here.

7.1.2.1 Biomass concentration of the cultures

Figure 7.17 displays the biomass concentration profiles of CPBN-340-01 and CPBN- 

340-03. It reveals that CPBN-340-01 consists of three phases: (1) Lag phase, between 

0 - 2 4  hours; (2) Log phase, between 24 - 72 hours; And (3) stationary phase, from 72 

hours onwards. On the contrary, CPBN-340-03 consists of two phases instead:

(1) log phase, from the start to 72 hours and (2) Stationary phase, from 72 hours 

towards the end. In addition, CPBN-340-03 does not show the significant increase of 

the biomass after the nitrate addition.
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The highest biomass concentration of CPBN-340-01 and CPBN-340-03 is 15.7 and 

14.4 g/L, respectively. These values are found at the end of the fermentation which 

are lower than the highest concentration, 17-20 g/L, of those found in the conventional 

batch fermentations (see Section 7.1.1.1).

To investigate the influence of the nitrate addition, the specific growth rate is 

calculated and shown in Table 7.3. It reveals that the specific growth rate of CPBN- 

340-01 is higher than that found in CPBN-340-03 and also higher than those of the 

cultures grown in Medium 23 (see Table 7.2, Section 7.1.1.1). It should be noted that 

the specific growth rate of CPBN-340-03 is calculated from the period before nitrate 

has been added, 70 hours. Taken with the data obtained in shake flasks* this suggests 

that the high specific growth rate of CPBN-340-01 is caused by the presence of the 

nitrate added to the fermentation media. However, it did not increase the final 

biomass concentration, which was lower than observed in the media without nitrate.

Table 7.3 Specific growth rate and the maximum biomass concentration of the batch 
cultures grown in oil-based media supplied with nitrate in 20 L fermenter.

Batch Name Period of Growth 
Phase (hour)

Specific Growth 
Rate (hr *)

Maximum 
Biomass (mg/mL) 
and Time (hours)

CPBN-340-01 24-48 0.029 15.7 / 192
CPBN-340-03 24-72 0.018 14.4 / 182

* For non-nitrate addition: see Medium 9 and 12 cultures in Table 6.4, Section 6.1.1.1 
and Table 6.5, Section 6.1.2.1, respectively.
For nitrate addition: see Medium 16(1) and (2) in Table 6.7, Section 6.2.1.
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Figure 7.17 Biomass concentration profiles of the batch fermentation with nitrate 
addition : CPBN-340-01 and -A-, CPBN-340-03.
' Ît should be noted that the biomass concentrations were converted 

from the DNA concentrations.

7.1.2.2 Lipase activity of the cultures

Figure 7.18 shows lipase activity profiles of CPBN-340-01 and CPBN-340-03. Figure 

7.18 reveals that the enzyme activity of CPBN-340-03 is higher than that found in 

CPBN-340-01, especially after the addition of the nitrate. CPBN-340-01 and CPBN- 

340-03 show their highest activity of 2.7 and 4.8 U/mL, respectively, and their 

activities seem to be constant after 96 hours. These profiles are also seen increase as 

their biomass concentrations (see Figure 7.17) increase. This reveals that the lipase 

production is related to growth.
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Figure 7.18 Lipase activity profiles of the batch fermentation with nitrate addition 
CPBN-340-01 and-A-, CPBN-340-03.

7.1.2.3 Rapeseed oil concentration of the cultures

Figure 7.19 shows the rapeseed oil concentration profiles of CPBN-340-01 and 

CPBN-340-03. The profiles suggest poor mixing in the fermenter, between 0 - 4 8  

hours, when sampling errors cause the low in oil concentration. It seems to be a 

similar problem to that previously found in the baffled flask experiments. 

Nevertheless, the profiles show that the rapeseed oil is rapidly consumed between 48 - 

120 hours after which low levels remain until the end. According to the growth 

profiles shown in the Figure 7.17, the stationary phase of the culture growth begins 

when the residual oil falls below about 5 g/L. This indicates the link between 

insufficient carbon and the phase of no growth.
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Figure 7.19 Rapeseed oil concentration profiles of the batch fermentation with 
nitrate addition : CPBN-340-01 and -A-, CPBN-340-03.

Figure 7.20 reveals that the oil consumption rate of CPBN-340-01 and CPBN-340-03 

is found increase from the beginning to the maximum of 1.8 and 4.0 g/hr at around 

100 hours, respectively. The consumption rate is then decrease towards the end.

Figure 7.21 reveals that the rate of consumed rapeseed oil per unit of lipase of CPBN- 

340-01 and CPBN-340-03 is at the maximum of 0.55 x lO '̂  and 0.85 x 10"̂  g/U.hr at 

around 100 hours, before making a decreases to almost zero at 170 and 120 hours, 

respectively. In accordance with the profiles shown in Figure 7.17, 7.18, 7.19, 7.20 

and 7.21, it indicates that the utilisation of rapeseed oil in CPBN-340-01 and CPBN- 

340-03 depends on growth and lipase activity which is also growth dependent.

According to the Figure 7.19, 7.20, 7.21, and 7.23, the highest rate of the oil 

consumption, the highest rate of the consumed oil per unit of lipase, and the sudden 

drop of the oil concentration (96-144 hours) of the CPBN-340-03 are found right after 

the depletion of nitrate. In addition, during the rapid consumption of nitrate, 72 - 96 

hours, only a small decrease of the residual oil concentration can be observed.
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Figure 7.20 Rapeseed oil consumption rate profiles of the batch fermentation with 
nitrate addition : CPBN-340-01 and -A-, CPBN-340-03.
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Figure 7.21 The rate of consumed rapeseed oil per unit of lipase profiles of the batch 
fermentation with nitrate addition : -H-, CPBN-340-01 and 
-A-, CPBN-340-03.
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7.1.2.4 Ammonium ion production of the cultures

Figure 7.22 shows the ammonium ion profiles of CPBN-340-01 and CPBN-340-03. 

Both profiles can be divided into four parts: (1) Ammonium ions concentration 

decreases from 2.0 to 0.4 mM between 0 - 48  hour, then (2) Increases to the maximum 

around 25 - 30 mM between 96 - 120 hours, before (3) Making a brief decrease to the 

bottom at 132 hours, and then again (4) Increase towards the end of the fermentation, 

where the ammonium ion concentration is found at 36 and 23 mM in CPBN-340-01 

and CPBN-340-03, respectively.

The ammonium profiles found in Figure 7.22 are different from those found in the 

baffled flask experiments (see Section 6), except for the decreasing concentration 

during the first 48 hours. Nevertheless, an increase in the ammonium ion level 

between 48 and 120 hours indicates the mixed utilisation between soybean flour and 

rapeseed oil. The decrease in ammonium ion concentration between 96 - 132 hours 

reveals that the ammonium ions are being consumed. Moreover, it should be noted 

that this period (96 - 132 hours) is that of the highest oil consumption over this period 

(see Figure 7.20). The cells might consume the ammonium ions as the nitrogen 

source for their growth, just as they consume the rapeseed oil as their carbon source. 

Then, after the rapeseed oil shortage at around 120 hours, cells then again switch to 

utilise soybean flour resulting in the renewed increase of ammonium ion 

concentration.
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Figure 7.22 Ammonium ion concentration profiles of the batch fermentation with 
nitrate addition : -H-, CPBN-340-01 and -A-, CPBN-340-03.

7.1.2.5 Nitrate ion utilisation of the cultures

Figure 7.23 shows the nitrate ion concentration profiles of CPBN-340-01 and CPBN- 

340-03. It reveals that, in CPBN-340-01 culture, the initial nitrate ion concentration, 

10.6 mM, is lower than the expected concentration of 28.2 mM. However, this 

problem has been described previously in the Section 6.2.3.1. This figure further 

reveals that the nitrate ions are rapidly consumed and left at 0.8 mM at 48 hours, 

before staying approximately constant at this concentration to the end.

In CPBN-340-03, the solution of nitrate was added into the fermenter at 70 hours, and 

then the concentration found is also 10.6 mM, instead of 28.2 mM as expected. 

However, 24 hours later, at 96 hours, most of these nitrate ions is rapidly consumed 

and left at 1.31 mM, before staying constant at this level towards the end.
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Figure 7.23 Nitrate ion concentration profiles of the batch fermentation with 
nitrate addition : -M-, CPBN-340-01 and -A-, CPBN-340-03.

Figure 7.24 reveals that the consumption of nitrate ions is not related to the change of 

the ammonium ion level, because no increase in the ammonium ions has been found 

when the nitrate ions are being consumed. At least, this figure indicates that the 

consumed nitrate ions are not immediately changed to ammonium ions and discharged 

from the cells. Cells might have another mechanism in dealing with these rapidly 

consumed nitrate ions.

It should be noted that, according to the Figure 6.20 and 7.25, the response of the 

strain CA 340 to the nitrate, in term of ammonium ion production, is the same, when 

compared between the baffled flask culture (Medium 16 culture. Figure 6.20) and the 

pilot scale culture (CPBN-340-03, Figure 7.25).
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Figure 7.24 Ammonium ion (-H-) and nitrate ion (-0 -) concentration profiles of the 
batch fermentation with nitrate addition : CPBN-340-01.
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Figure 7.25 Ammonium ion (-H-) and nitrate ion (-0 -) concentration profiles of the 
batch fermentation with nitrate addition : CPBN-340-03.
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7.1.2.6 Erythromycin production of the cultures

Figure 7.26 shows the erythromycin concentration profiles. It reveals that, generally, 

the titres of CPBN-340-01 are higher than that of CPBN-340-03. Their maximum 

titres of 900 and 500 mg/L, respectively, are seen at the end of the fermentation.

In addition, the titres obtained from CPBN-340-01 shows the similar titres to those 

found Medium 23 cultures (see Section 7.1). This indicates that the addition of nitrate 

from the beginning does not increase the erythromycin titre, but instead the nitrate 

ions added at 70 hours seem to have an adverse effect on the erythromycin production. 

Furthermore, the profiles shown in Figure 7.17 and 7.26 reveal that the production of 

erythromycin titre is associated to growth.
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Figure 7.26 Erythromycin concentration profiles of the batch fermentation with 
nitrate addition : -■-, CPBN-340-01 and -A-, CPBN-340-03.

The combined profiles of biomass concentration; substrate concentration, rapeseed oil; 

and product concentration, erythromycin, are shown in Figure 7.27 to 7.28. These 

figures reveal that rapeseed oil decreases as biomass and erythromycin increase, their 

fast increase are found between 48 and 120 hours, when residual oil is rapidly utilised. 

These combined graphs also indicate that the production of erythromycin in CPBN- 

340-01 and CPBN-340-03 is associated to growth, which is opposite to those found in 

the conventional batch fermentations (see Figure 7.7, 7.8, and 7.9).
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Figure 7.27 Biomass concentration (-H-), erythromycin concentration (-0 -), and 
rapeseed oil concentration (-X -) from batch fermentation : 
CPBN-340-01.
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Figure 7.28 Biomass concentration (-H-), erythromycin concentration (-0-), and 
rapeseed oil concentration (-X -) from batch fermentation : 
CPBN-340-03.
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7.1.2.7 Dissolved oxygen tension of the fermentation

Figure 7.29 and 7.30 show the profiles of dissolved oxygen tension (% DOT) of 

CPBN-340-01 and CPBN-340-03, respectively. These profiles also show the changes 

in the agitation and air flow rates required to maintain the % DOT at a high level.

These figures show a 100% of DOT at the beginning, when the fermentation is 

supplied with 1.0 L/min and 750 rpm of air flow rate and agitation rate, respectively. 

The air flow rate must be kept at the low level during the first 24 - 48 hours, because 

high aeration rate could cause overfoaming which interrupts the fermentation. These 

figures further reveal that after the inoculation, DOT level falls rapidly following the 

high demand for the oxygen needed for growth. The air flow rate is increased to raise 

the oxygen level. %DOT level is closely monitored and the air flow rate is further 

increased up to 10 L/min, at 72 hours.

However, the requirement of oxygen is still high, even though the air flow rate is at 

the maximum, therefore, to increase the level of dissolved oxygen, the agitation rate is 

adjusted. It is manually increased to 800 - 850 rpm, as seen in CPBN-340-01 and 

CPBN-340-03. The agitation rate is kept below 1250 rpm where the shear force could 

affect to the growth and product formation (Heydarian, 1998). Despite increasing the 

air flow rate and agitation rate to their maximum values, the oxygen level is still found 

low. However, this low level did not show any adverse effects on growth or product 

formation as seen in Figure 7.17 and 7.26.

The shortage of rapeseed oil is likely to be one factor which affects growth. The 

culture growth enters the stationary or declining phase when the rapeseed oil is at the 

lowest level. However, erythromycin production is not affected, and the titre 

continues to increase into the stationary phase.

C. PHOPNPRAPAI, 2002 197



s. erythraea strain CA 340 Nitrate Supplemented Fermentation

120-, 5.5700 RPM (Agitation Rate)

5.0110

4.5sS 100
4.0800 RPM

3.5

2.5 £D

2.060

1.0

0.5

0.0
120 144 168 1920 24 48 72 96

TIME (hours)

Figure 7.29 Dissolved oxygen tension (% DOT) (O) and air flow rate (— ) of the 
batch fermentation with nitrate addition : CPBN-340-01.
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Figure 7.30 Dissolved oxygen tension (% DOT) (# ), agitation rate (— ), 
and air flow rate (-Q-) from the batch fermentation with nitrate 
addition : CPBN-340-03.
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7.1.2.8 On-line gas analysis of the fermentation

Figure 7.31 and 7.32 show the profiles of oxygen uptake rate (OUR), carbon dioxide 

evolution rate (CER), and respiratory quotient (RQ) of CPBN-340-01 and CPBN-340- 

03, respectively. These parameters are described in detail in Section 3.9.1.3.

Figure 7.31 indicates that OUR and CER of CPBN-340-01 increase as the growth 

increases. They reach the maximum of 40 and 30 mmol/L.hr at 48 hours, respectively, 

and remain approximately constant until 132 hours, before making a decrease towards 

the end. It should be noted that the decrease of OUR and CER values, at 132 hours, 

occurred when the cultures are in stationary phases and only a low level of residual oil 

remains.

Between 0 - 4 8  hours, the CER is very close to the OUR and this brings their 

proportion, (CER/OUR) or widely known as RQ, to 1.1-1.5. The detail has been 

described previously and shown in the Section 7.1.1.6. RQ value is always specific to 

the type of substrate used in the fermentation. Although the residual oil profile 

(Figure 7.19) is not reliable between 0 - 4 8  hours, the RQ profile indirectly discloses 

information on oil consumption. According to the RQ profile shown in Figure 7.31, it 

suggests that during 0 - 2 4  hours, the culture is carrying on dextrin utilisation only. 

And then between 24 - 48 hours, it shows the mixed utilisation of dextrin and rapeseed 

oil. This mixed utilisation period ends at 48 hours when the RQ value decreases from 

1.1 to 0.78 and remains constant at 0.78 until 132 hours. After 132 hours during the 

stationary phase, RQ increases, while OUR and CER both decrease.

It should be noted that the increase in the RQ, during 0 - 4 8  hours, might be caused by 

the reduction of nitrate to ammonium, when the nitrate which was added into the 

medium, performs as an electron acceptor, as shown in the Reaction 7.3 and 7.4. 

According to these reactions. Reaction 7.4 (carbohydrate metabolism with the 

presence of nitrate) is seen to produce more carbon dioxide than that of the Reaction 

7.3 (carbohydrate metabolism without nitrate) resulting in an increase of the RQ value.
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Figure 7.31 Oxygen uptake rate, OUR (□); carbon dioxide evolution rate, CER (#); 
and respiratory quotient, RQ (— ) from the batch fermentation with 
nitrate addition : CPBN-340-01.

Figure 7.32 indicates that OUR of CPBN-340-03 increases as the growth increases. 

Its first increase starts from 0 hour and reaches the maximum of 40 mmol/L.hr at 48 

hours, before remaining constant until 70 hours when it increases finally reaching 47 

mmol/L.hr at 108 hours. This increase seems to be related to the consumption of 

nitrate ions added at 70 hours. The CER profile of CPBN-340-03 shows the similar 

trend to OUR, its maximum value is 30 mmol/L.hr at 108 hours, after which it falls 

rapidly.

Between 0 - 2 4  hours, the CER is seen very close to the OUR, and their ratio 

(CER/OUR), RQ, is approximately 1.0. Although the residual oil profile (Figure 7.19) 

is not reliable between 0- 48  hours, the RQ profile indirectly provides information on 

oil consumption. According to the RQ profile shown in Figure 7.32, it suggests that 

during 0 - 2 4  hours, the culture is carrying on dextrin utilisation only. And then 

between 24-70 hours, it shows the mixed utilisation of dextrin and rapeseed oil. This 

mixed utilisation period is seen ending at 70 hours when the RQ value decreases from

1 . 0  to 0 . 6  and remains constant at 0 . 6  until 132 hours.
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Between 48 - 70 hours, OUR and CER are approximately constant, but after the nitrate 

solution was added at 70 hours, both rates are seen increase. OUR and CER increase 

from 40 and 25 mmol/L.hr at 70 hours to 47 and 30 mmol/L.hr at 120 hours, 

respectively, before making a marked decrease towards the end. At 120 hours, during 

the stationary phase, RQ is seen to increase, while OUR and CER are decrease. This 

happening might be due to the shortage of the rapeseed oil after 1 2 0  hours, as seen in 

Figure 7.19.

•a 30

a: 20

Nitrate Addition Time 
ofCPBN-34CW)3

48 72 96 120
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Figure 7.32 Oxygen uptake rate, OUR (□); carbon dioxide evolution rate, CER ( • ) ;  
and respiratory quotient, RQ (— ) from the batch fermentation with 
nitrate addition : CPBN-340-03.
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7.2 Fed-batch fermentation of S, erythraea strain CA 340

According to the results described in the Section 7,1, an insufficient supply of the 

rapeseed oil could cause the negative effect on the growth of the strain CA 340, 

although it does not affect product formation. It is believed that if the level of 

rapeseed oil could be maintained at the appropriate level, the growth and the product 

titres would be increased. Consequently, the fed-batch technique has been introduced 

and used throughout this studies. The aims are to investigate the effect of the rapeseed 

oil addition on growth and product formation under the controllable circumstances 

where the outlet gas compositions are also monitored. Additionally, the effect of 

rapeseed oil on lipase production, lipid utilisation, ammonium and erythromycin 

production are reported here.

Following the inoculum development stages (see Table 3.11, Section 3.7.2.1), the 

strain CA 340 was grown in the four different production media. Medium 25, 26, 

27,and 28, which were named CPFB-340-01, CPFB-340-02, CPFB-340-04, and 

CPFB-340-05, respectively. Their ingredients and operating condition are described 

in Table 7.4, and Section 3.8.1, respectively.

Table 7.4 The components of the production medium supplied in fed-batch
fermentations, including their feeding concentration‘s. The concentration 
shown in this table are in g/L, except for the feeding concentrations which 
are expressed as g/hr.

Components Medium (25) Medium (26) Medium (27) Medium (28)
Rapeseed oil 5.0 - - -

KH2 PO4 1 . 2 1 . 2 1 . 2 1 . 2

Soybean flour 30 30 30 30
Dextrin 1 0 1 0 1 0 1 0

Polypropylene
glycol^ 2 . 0 2 . 0 2 . 0 2 . 0

Feeding 2.2 (48 hours) 1.4 ( 0 hour) 1.4 (0 hour) 1.4 (0 hour)
concentration 2.2 (48 hours)

4.0 (120 hours)
8.0 (135 hours)

4.0 (48 hours) 8.0 (48 hours)

#The details of four types feeding scheme are described in Section 3.8.2.2. 
^Polypropylene glycol is used as an antifoaming agent. There is no mechanical foam 
breaker fitted to the shaft of this fermenter.
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7.2.1 Biomass concentration of the cultures

Fed-Batch Fermentation

Figure 7.33 shows the biomass concentration profiles of the four fed-batch 

fermentations. It reveals that the increase in biomass is related to the increase of 

rapeseed oil feeding rates.

The profiles shown in Figure 7.33 consist of three phases: (1) Lag phase, (2) Log 

phase and (3) Declining or stationary phase. The specific growth rate of the cultures is 

shown in Table 7.5, which generally shows that the specific growth rate of the cultures 

grown in Medium 25 - 28 is increase as the feeding rate increased. Their maximum 

biomass concentrations are also shown in Table 7.5.

Table 7.5 Specific growth rate and the maximum biomass concentration of the four 
fed-batch cultures grown in oil-based media in 20 L fermenter.

Fed-batch Name Period of Growth 
Phase (hour)

Specific Growth 
Rate (hr ')

Maximum 
Biomass (mg/mL) 
and Time (hours)

CPFB-340-01^ 24-71 0.028 7.5 / 208
CPFB-340-02 20-86 0.029 12.6 / 110
CPFB-340-04 16-87 0.039 16.3 / 87
CPFB-340-05 14-86 0.042 19.5 / 86

^It should be noted that because of error readings of the viscometer at 120 and 144 
hours, the maximum biomass concentration of CPFB-340-01 is 7.5 g/L at 208 hours.
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Figure 7.33 Biomass concentration profiles of the four fed-batch fermentations : 
CPFB-340-01; -0 - , CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.
^It should be noted that the biomass concentrations were converted 
from the viscosity values.

7.2.2 Lipase activity of the cultures

Figure 7.34 shows the profiles of lipase activity. It reveals that the activity of the 

lipase increases as the biomass (and oil feeding rate) increase. It can be seen that the 

activity of lipase found in CPFB-340-01 and CPFB-340-02 is similar, even though the 

feeding rate of CPFB-340-02 was changed at 120 and 135 hours. This means the 

production of lipase was mainly affected by the growth during the log phase only. 

Both cultures shows the maximum lipase activity of 1.9 and 2.0 U/mL at 113 and 133 

hours, respectively, and then decrease gradually towards the end.

This figure also reveals that the lipase activity found in CPFB-340-04 and 

CPFB-340-05 is distinctively high, their maximum activity are almost three times 

higher than those found in CPFB-340-01 and CPFB-340-02. They reach the highest 

activity of 5.3 and 5.6 U/mL at 120 and 86 hours, respectively, and stay approximately 

constant towards the end. In accordance with Figure 7.33 and 7.34, it suggests that the 

production of lipase is related to growth which is influenced by the amount of oil 

feeding.
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Figure 7.34 Lipase activity profiles of the four fed-batch fermentations :
CPFB-340-01; -0 - , CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.

7.2.3 Rapeseed oil concentration of the cultures

Figure 7.35 shows the profiles of rapeseed oil concentration of the four fed-batch

fermentations. These profiles can be divided into two parts: (1) Before 48 hours and

(2) After 48 hours.

In the period before 48 hours, CPFB-340-01 is the only fed-batch fermentation to 

which the oil was added from the beginning. The oil concentration shows no sign of a 

decrease until 24 hours when the cultures are expected to metabolise both oil and 

carbohydrate. Although the other cultures were fed with the low flow rate, 1.4 g/L, 

from the beginning, to reach the concentration of approximately 5 g/L at 48 hours,

they also show the sign of oil consumption at 24 hours.

After 48 hours. Figure 7.35 shows that the oil supplied to CPFB-340-01, CPFB-340- 

02, and CPFB-340-03 seems to be utilised almost completely, while that supplied to 

CPFB-340-05 is in excess. In the latter, the oil concentration rises to about 12 g/L at 

96 hours, and remains at that level. This indicates that the amount of fed oil is much 

larger than the capacity of lipase to utilise it completely.
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Figure 7.35 Rapeseed oil concentration profiles of the four fed-batch fermentations 
CPFB-340-01; -0 - , CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.

Figure 7.36 shows the profiles of the accumulated amount of the consumed rapeseed 

oil throughout the fermentation. At around 160 hours, the cultures of CPFB-340-01, 

CPFB-340-02, CPFB-340-04, and CPFB-340-05 have consumed 340, 520, 590, and 

910 g of rapeseed oil, respectively. This amount is seen increase as the feeding rates 

are increased. In addition, as the breaking down of oil molecules is the role of lipase 

enzyme, thus the amount of consumed oils should relate to the activity of lipase.

Following the Figure 7.34 and 7.36 observing between 48 - 160 hours (the period of 

112 hours), oils which were fed to CPFB-340-01, CPFB-340-02, CPFB-340-04, and 

CPFB-340-05 cultures are utilised (in the form of fatty acids released) at 0.09^, 0.13^, 

0.15^, and 0.23^ moles/L^, respectively. When compared to the capacity in breaking 

down the oil molecule of lipase within the same period, it shows that the lipase found 

in the four fed-batch cultures has the capacity in (utilising oils and) releasing the fatty 

acids at 8.53^, 8.20^, 18.75^, and 18.6K moles/L^, respectively. This indicates that 

the activity of the lipase in releasing the fatty acids is much higher than the expected 

amount of the fatty acids released
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However, according to the profiles shown in Figure 7.35 (see CPFB-340-04 and 

CPFB-340-05 profiles) and the calculated amount of the fatty acids released from 

these cultures (18.75 and 18.61 moles/L, respectively), the activity of enzyme should 

be limited at a certain level of rapeseed oil supplied. In this study, it seems to be 

4 g/hr of feeding oil that limits the activity of lipase.

: a litre of the fermentation volume.

^these estimated values are the moles of the fatty acids released from the consumed 
residual oil during 48 - 160 hours. The molecular weight of the fatty acid is 280.24 
(see Table 5.5). And the volume of the fermentation medium is 14 L.

For example, in CPFB-340-01; the moles o f the fatty acids produced per a litre o f the 
fermentation medium is (340/280.24) /14  = 0.087 or 0.09 moles/L.

^these values are the moles of fatty acids estimated from the lipase activity during 
48 - 160 hours. According to Section 3.9.2.4 (Lipase assay), the activity of lipase, 
U/mL, is the p.moles of fatty acids released per 1 mL of the fermentation medium 
in one minute, or jlmoles/mL.min.

For example, in CPFB-340-01; the average lipase activity during 48 -160 hours is
1.27 U/mL. This is equivalent to 1.27 fJmoles/mL.min. Therefore, in an hour the
fatty acid released is (1.27x1000x60)/(l x  10^) = 0.076 moles/L.hr. Thus, in 112 
hours, the total amount o f the fatty acids released per a litre o f the fermentation
medium is (0.076 x  112) = 8.53 moles/L.
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Figure 7.36 Accumulated rapeseed oil consumption profiles of the four fed-batch 
fermentations : -B-, CPFB-340-01; -0 - , CPFB-340-02;
-X -, CPFB-340-04; and -A-, CPFB-340-05.

Figure 7.37 and 7.38 reveal the rapeseed oil consumption rate and the rate of 

consumed rapeseed oil per unit of enzyme, respectively. In general, the consumption 

rate of all cultures increases with time. Figure 7.37 reveals that the oil consumption 

rate of CPFB-340-01 culture rises to a maximum of 3.5 g/hr at 60 hours and remains 

constant until the end. While that of CPFB-340-02 culture reaches the first maximum 

of 4.0 g/hr at 72 hours, and then having a gradual decrease for 48 hours before 

increases to another maximum rate of 8.0 g/hr at 170 hours. Both cultures are found 

to have their consumption rates higher than their feeding rate. This could cause a low 

residual oil concentration left in the fermentation medium, as seen in Figure 7.35.

Figure 7.37 further reveals that the maximum oil consumption rate increases as the 

feeding rate increased. According to CPFB-340-04 and CPFB-340-05 whose feeding 

rates are 4.0 and 8.0 g/hr, their maximum oil consumption rates of 6.0 and 10.0 g/hr 

are found at 80 and 96 hours, respectively. The CPFB-340-04 profile shown in Figure 

7.37, reveals that the average oil consumption rate after the maximum rate is 

equivalent to the feeding rate. As a consequence, the rapeseed oil concentration of 

CPFB-340-04 shown in Figure 7.35, decreases to a low level.
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On the contrary, the average oil consumption rate of CPFB-340-05 after 96 hours is

7.0 g/hr which is lower than its feeding rate, 8.0 g/hr. This indicates that the amount 

of the fed oil is higher than the capacity of the cells to utilise it completely resulting in 

a large amount of the residual oil left in the fermentation medium, as shown in Figure 

7.35.
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Figure 7.37 Rapeseed oil consumption rate profiles of the four fed-batch 
fermentations : -H-, CPFB-340-01; -0 - ,  CPFB-340-02;
-X -, CPFB-340-04; and -A-, CPFB-340-05.

Figure 7.38 reveals that the rate of consumed rapeseed oil per unit of lipase decreases 

with time, before staying approximately constant around 1.0 x 10"* g/U.hr towards the 

end, except the rate of CPFB-340-02 which is later found increase. This indicates that 

the activity of the lipase in relation to rapeseed oil consumption is not dependent on 

the feeding routine used.

Additionally, although the rapeseed oil utilisation rate is different amongst the fed- 

batch fermentations, their oil consumption rate per unit of lipase are approximately the 

same. Furthermore, when their rates are compared to those of the conventional batch 

fermentations (see Section 7.1.1.3), it is found to be the same.
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As a consequence, this information indicates that the capability of lipase enzyme in 

breaking down the oil molecule is the same and is not dependent on the mode of the 

fermentation operation such as batch or fed-batch fermentation.
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Figure 7.38 The rate of consumed rapeseed oil per unit of lipase profiles of the four 
fed-batch fermentations ; -B-, CPFB-340-01; -0 - ,  CPFB-340-02;
-X -, CPFB-340-04; and -A-, CPFB-340-05.

7.2.4 Ammonium ion production of the cultures

Figure 7.39 shows the ammonium ion concentration profiles of CPFB-340-01, CPFB- 

340-02, CPFB-340-04, and CPFB-340-05. It reveals that the ammonium ion 

concentration of all profiles decreases from the beginning (1.3 mM) to the 

concentration less than 0.1 mM at 96 hours, before staying approximately constant 

towards the end.

In comparison to the experiments done in baffled flask and the fermenter (see Section 

6.1.2.2 and 7.1.2.4), it suggests that the cultures grown in the environment abundant 

with the rapeseed oil, are likely to utilise the residual oil rather than switching to the 

other available carbon source such as soybean flour. As a result, it indicates that no 

soybean flour utilisation can be found in these fed-batch fermentations, because no 

increase in ammonium ion concentration has been observed.
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Figure 7.39 Ammonium ion concentration profiles of the four fed-batch 
fermentations : -M-, CPFB-340-01; -0-, CPFB-340-02;
-X -, CPFB-340-04; and -A-, CPFB-340-05.

7.2.5 Erythromycin production of the cultures

Figure 7.40 shows the profiles of erythromycin concentration of CPFB-340-01, 

CPFB-340-02, CPFB-340-04, and CPFB-340-05 cultures. It reveals that the 

erythromycin titres of these fed-batch fermentations increase with time, and the 

overall erythromycin profiles are similar. CPFB-340-01 shows the highest 

concentration of 650 mg/L at 200 hours while CPFB-340-02, CPFB-340-04, and 

CPFB-340-05 show the maximum titres of 600, 450, and 812 mg/L at 180, 140, and 

180 hours, respectively.
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Figure 7.40 Erythromycin concentration profiles of the four fed-batch fermentations 
CPFB-340-01; -0 - , CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.

The profiles shown in Figure 7.40 suggest that, in relation to the biomass, CPFB-340- 

02 should be the best culture to support erythromycin production, instead of CPFB- 

340-01 which although it has the highest productivity, does not maintain it throughout 

the fermentation. In addition, the trend of the gradual increase in the erythromycin 

titres (Figure 7.40) also makes CPFB-340-02 culture more dependable.

According to Figure 7.40, although CPFB-340-05 is the best in providing the highest 

erythromycin titres, but when cpmpared to the biomass profiles shown in Figure 7.33, 

it can be seen that the erythromycin production of CPFB-340-05 is not maintained and 

this makes it less interesting than CPFB-340-02. In addition, the large amount of 

remained rapeseed oil could cause a lot of disadvantages for the downstream process 

operation.

The following figures. Figure 7.41 - 7.44, show the combined profiles of biomass 

concentration, erythromycin concentration, and the accumulated consumed residual 

oil. These profiles show the close relationship amongst them, and also explain that the 

erythromycin production is associated to growth, as seen in Figure 7.27 and 7.28. 

These profiles are different from the combined profiles shown in Figure 7.7, 7.8, and 

7.9, which reveal that the erythromycin is not growth-associated product.
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Figure 7.41 Biomass concentration (-H-), erythromycin concentration (-0-), and 
accumulated consumed rapeseed oil (-X -) from fed-batch fermentation 
: CPFB-340-01.
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Figure 7.42 Biomass concentration (-#-), erythromycin concentration (-0-), and 
accumulated consumed rapeseed oil (-X -) from fed-batch fermentation 
: CPFB-340-02.
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Figure 7.43 Biomass concentration (-#-), erythromycin concentration (-0-), and 
accumulated consumed rapeseed oil (-X -) from fed-batch fermentation 
: CPFB-340-04.
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Figure 7.44 Biomass concentration (-H-)» erythromycin concentration (-0-), and 
accumulated consumed rapeseed oil (-X -) from fed-batch fermentation 
: CPFB-340-05.
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7.2.6 Dissolved oxygen tension of the fermentation

Figure 7.45 shows the profile of dissolved oxygen tension (% DOT) of CPFB-340-05. 

The profiles of CPFB-340-01, CPFB-340-02 and CPFB-340-04 are not available, 

because of the equipment failure during the data collecting process. This profile also 

reveals the changing in agitation and aeration rate to maintain % DOT at a desired 

level.

All fed-batch fermentations were operated with the similar procedure. Figure 7.45 has 

been used as a representative for all fed-batch fermentations. This figure shows a 100 

% of DOT from the beginning, supplied with 5.0 L/min and 750 rpm of air flow rate 

and agitation rate, respectively. The air flow rate must be kept at the low level during 

the first 48 hours, because high aeration rate could cause overfoaming which interrupts 

the fermentation. This figure further reveals that after the inoculation, DOT level falls 

rapidly following the high demand in oxygen. The air flow rate is then increased to 

raise the oxygen level. In addition, DOT level is closely monitored and the air flow 

rate is further increased up to 13 L/min at 36 hours.

However, the requirement of oxygen is still high, even though the air flow rate is at 

the maximum, therefore, to increase the level of oxygen, agitation rate is then 

adjusted. It is manually increased from 750 rpm to 1050 rpm. In fact, the agitation 

rate has been kept not to exceed 1250 rpm where the shear force could affect to the 

grov^dh and product formation (Heydarian, 1998). Despite the air flow rate and 

agitation rate have been adjusted to their maximum, the oxygen level is still lower 

than desired. Nevertheless, this low level does not show any adverse effects on the 

product formation, as seen in Figure 7.41 - 7.44. However, the shortage of oxygen 

might have an effect on growth, as the cultures seem to be very active. Thus, when 

the oxygen supply is not enough, the cultures could respond by limiting their growth 

resulting in the decrease of the biomass concentration.
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Figure 7.45 Dissolved oxygen tension (% DOT) (O), agitation rate (— ),
and air flow rate (-0-) from fed-batch fermentation : CPFB-340-05.

7.2.7 On-line gas analysis of the fermentation

Figure 7.46, 7.47, 7.48, and 7.49 show the profiles of oxygen uptake rate (OUR), 

carbon dioxide evolution rate (CER), and respiratory quotient (RQ) of CPFB-340-01, 

CPFB-340-02, CPFB-340-04, and CPFB-340-05, respectively. The details about 

these parameters are described in Section 3.9.1.3.

Generally, all figures except CPFB-340-01 indicate that OUR increases as long as the 

rapeseed oil has been introduced into the fermentation. In CPFB-340-01, OUR 

reaches the peak of around 25 mmol/L/hr at 144 hours before making a slight decrease 

towards the end. In CPFB-340-02 and CPFB-340-05, their OUR are increase from the 

beginning and not exceed 25 mmol/L.hr at the end of the fermentation. The OUR of 

CPFB-340-04 shows its distinctively high, it increases continuously from the start and 

reaches the highest value of 70 mmol/L.hr at the end. CER is very close to the OUR 

from the start before gradually distancing to demonstrate the mixed carbon utilisation 

and rapeseed oil utilisation.
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The proportion of CER and OUR or CER/OUR is known as RQ. Following the 

Figure 7.46-7.49, RQ in all cultures is seen at 1.0 since the beginning. Until 48 hours, 

it starts to decrease and reach 0.4 and 0.6 at 72 hours, as seen in CPFB-340-02, CPFB- 

340-01 and CPFB-340-04, CPFB-340-05, respectively. In accordance with OUR and 

CER profiles, RQ demonstrates the utilisation of dextrin between 0 and 48 hours. 

Then later between 48 and 72 hours, it shows the mixed utilisation between dextrin 

and rapeseed oil. And finally at 72 hours, the RQ reaches 0.6 remains constant 

towards the end, this period reveals the utilisation of the rapeseed oil. In addition, the 

RQ profiles shown in this Section are similar to those found in the conventional batch 

fermentations (see Section 7.1.1.6 and 7.1.2.8). This indicates that the cultures respond 

to their substrates in the similar way, and this response does not depend on the mode 

of the fermentation operation.
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Figure 7.46 Oxygen uptake rate, OUR (□); carbon evolution rate, CER (O); and 
respiratory quotient, RQ (— ) from fed-batch fermentation : 
CPFB-340-01.
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Figure 7.47 Oxygen uptake rate, OUR (□); carbon evolution rate, CER (O); and 
respiratory quotient, RQ (— ) from fed-batch fermentation : 
CPFB-340-02.
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Figure 7.48 Oxygen uptake rate, OUR (□); carbon evolution rate, CER (O); and 
respiratory quotient, RQ (— ) from fed-batch fermentation : 
CPFB-340-04.
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Figure 7.49 Oxygen uptake rate, OUR (□); carbon evolution rate, CER (O); and 
respiratory quotient, RQ (— ) from fed-batch fermentation : 
CPFB-340-05.

7.2.8 Fatty acids analysis of the fermentation broth

Fatty acid measurement was carried out to investigate the existence of the fatty acids 

which might be left in the fermentation broth after the action of microbial lipase on 

the rapeseed oil. The estérification and gas chromatography analysis methods used in 

this measurement are described in Section 3.9.3.2.

7.2.8.1 Sensitivity test of the gas chromatography operating 

condition

The fatty acid methyl esters of the rapeseed oil were prepared following the method 

shown in Section 3.9.3.2.3. Those samples were injected into the column with three 

different conditions: (1) Split injection of approximately 1:2 ratio with the volume of 

0.5 pL, (2) Splitless injection with the volume of 0.5 pL, and (3) Splitless injection 

with the volume of 1.0 |LlL.
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The results shown in Figure 7.50, 7.51, and 7.52 reveal that the condition (3) gives the 

best recovery and separation of the fatty acids comparing to the condition (1) and (2). 

Method (3) could separate and bring more types and lower concentration of the fatty 

acids to be shown on the chromatogram.

o
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Palmitic add 
X Oleic add 
V  Lindeic add

4 6 8 10 12
Rapeseed Oil Concentration (g/L)

14

Figure 7.50 The types and concentrations of the fatty acid in relation to the rapeseed 
oil concentration upon the 0.5 |LIL split-flow injection.
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Figure 7.51 The types and concentrations of the fatty acid in relation to the rapeseed 
oil concentration upon the 0.5 |lL splitless injection.
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Figure 7.52 The types and concentrations of the fatty acid iji relation to the rapeseed 
oil concentration upon the 1.0 |LiL splitless injection.

Figure 7.50, 7.51, and 7.52 reveal that the rapeseed oil used throughout the 

experiments mainly consists of fatty acids. They are palmitic acid, stearic acid, oleic 

acid, linoleic acid, and linolenic acid. To determine the proportion of each fatty acid, 

a certain amount of the rapeseed oil was esterified and injected under the condition 

shown in Figure 7.52. The result is shown in Table 7.6 and reveals that oleic acid is 

the most abundant fatty acid found in the rapeseed oil with the proportion of 61.68 % 

(w/w).

Table 7.6 The types and the amount of the fatty acid present in the rapeseed oil.

Fatty acids % (w/w)
Palmitic acid (16:0) 4.77
Stearic acid (18:0) 0.12
Oleic acid (18:1) 61.68

Linoleic acid (18:2) 21.28
Linolenic acid (18:3) 10.11
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T.2.8.2 Fatty acid concentration in fed-batch fermentations

Whole broth samples from four fed-batch fermentations were esterified and then 

injected into the column under the condition (3) described previously. Figure 7.53, 

7.54, 7.55, and 7.56 show the concentration of each fatty acid present in the fed-batch 

fermentations.

The results reveal that in CPFB-340-01, large amount of all of the fatty acids are 

found from the beginning. This arises from the addition of a large amount of rapeseed 

oil to this fermentation. It further reveals that apart from the palmitic acid, the 

concentration of all of the fatty acids seems to increase towards the end, of which 

linolenic acid seems to be the most abundant. This indicates that although the 

concentration of the rapeseed oil, shown in Figure 7.35, reveals the almost complete 

consumption of the oil, not all of the fatty acids has been consumed. The 

phenomenon described above is also found in CPFB-340-02, CPFB-340-04, and 

CPFB-340-05.

Additionally, in accordance with the data shown in the Table 7.6, the oleic acid seems 

to be the most preference fatty acid, because it is found to be left at the low level 

comparing to the other fatty acids even though it holds the major proportion, 60 % 

(w/w), of all fatty acids present in the rapeseed oil.
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Figure 7.53 Palmitic acid concentration profiles in the four fed-batch fermentations: 
CPFB-340-01; -0 - ,  CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.
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Figure 7.54 Stearic acid concentration profiles in the four fed-batch fermentations: 
CPFB-340-01; -0 - ,  CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05,
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Figure 7.55 Oleic acid concentration profiles in the four fed-batch fermentations: 
CPFB-340-01; -0 - , CPFB-340-02; -X  -, CPFB-340-04; and 

-A-, CPFB-340-05.
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Figure 7.56 Linolenic acid concentration profiles in the four fed-batch fermentations: 
CPFB-340-01; -0 - , CPFB-340-02; -X -, CPFB-340-04; and 

-A-, CPFB-340-05.

C. PHONPRAPAI, 2002 224



s. erythraea strain CA 340 Various Carbon Fermentation

8. FERMENTATION OF Saccharopolyspora erythraea 

STRAIN CA340 IN THE PRESENCE OF 

VARIOUS CARBON SOURCES

After the experiments in baffled flasks and 20 L fermenter were carried out, the results 

shown in Section 6 and 7, reveal that the titres of antibiotic are still at low. Compared 

to the previous pilot scale fermentation studies using soluble medium supplied with 

glucose as a main carbon source (Heydarian, 1998). The results shown in Section 6 

and 7, suggest that erythromycin is a growth-associated product. If this is correct a 

limiting supply of an initial carbohydrate such as dextrin or sucrose, might result in a 

low erythromycin titre. As a consequence, various amounts of dextrin and sucrose 

were added to a non-oil based medium. The growth and product formation of the 

culture grown in these media were observed and is reported here. In addition, the 

nitrogen balance of each batch fermentation was calculated and is reported later in this 

section.

8.1 Growth and product formation of the strain CA 340 in non

lipid supplement media supplied with dextrin or sucrose at 

different concentration without the presence of the trace 

elements

Following the inoculum development stages (see Table 3.10, Section 3.7.2.1), the 

strain CA 340 was grown in five different media to which were added various types 

and concentrations of carbohydrate. This experiment is designed to investigate the 

influence of carbon source on growth, erythromycin, and ammonium ion production 

without interference from the residual oil. The medium ingredients and the cultivating 

condition are shown in Table 8.1 and 3.7.2.2, respectively.
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Table 8.1 The components of the production media supplied with different types and

concentrations of carbon sources. Trace elements are not added into the 
ingredients. The concentration shown in this table are in g/L.

Component
s

Medium
(18)

Medium
(19)

Medium
(20)

Medium
(21)

Medium
(22)

KH2 PO4 1.2 1.2 1.2 1.2 1.2
Soybean

flour
30 30 30 30 30

Dextrin - 10 20 - -

Sucrose - - - 10 20

8.1.1 Effect of carbon sources on the culture growth

Figure 8.1 reveals that the growth of the cultures grown in Medium 18 - 22. In 

general, these profiles consist of two phases: lag phase and log phase. Lag phase is 

seen between 0 - 4 8  hours, while log phase begins at 48 hours towards the end. 

Biomass concentration is increase in every cultures from the start of the log phase at 

48 hours. The influence of different carbons on growth can be ranked from high to 

low. In addition, the biomass concentrations used to create the rank are taken from the 

profiles shown in Figure 8.1 at 144 hours. These concentrations range from 14 to 22 

g/L.

Dextrin, 10 g/L > Soybean > Dextrin, 20 g/L > Sucrose, 10 g/L > Sucrose, 20 g/L 

22 g/L > 20 g/L > 16 g/L > 16 g/L > 14 g/L

From this ranking, the greater influence on growth seems to be the type of carbon 

rather than its concentration. But growth is surprisingly inhibited by the presence of 

sucrose, or by too high a concentration of dextrin. A possible explanation for this 

effect is suggested by an analysis of the pH of the fermentations and by their release of 

ammonia. The low dextrin concentration is seen as the most suitable carbon for 

promoting growth.

In addition, the specific growth rate of these cultures is calculated from the biomass 

concentration during the log phase. The details are shown in Table 8.2.

C. PHONPRAPAI, 2002 226



s. erythraea strain CA 340 Various Carbon Fermentation

Table 8.2 Specific growth rate and the maximum biomass concentration of the 
cultures grown in non-oil based media supplied with the various types 
of carbohydrate.

Batch Name Period of Growth 
Phase (hour)

Specific Growth 
Rate (hr'i)

Maximum 
Biomass (mg/mL) 
and Time (hours)

Medium (18) 47-95 0.044 21 / 167
Medium (19) 47-95 0.036 23 / 167
Medium (20) 47-95 0.036 24 / 167
Medium (21) 47-95 0.031 21 / 167
Medium (22) 47-95 0.028 18 / 167

26-
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0 72 96 120 144 16824 48
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Figure 8.1 Biomass concentration" profiles of the batch fermentation with 
X  : Soybean (Medium 18)

: Soybean + Dextrin (10 g/L) (Medium 19)
: Soybean + Dextrin (20 g/L) (Medium 20)
: Soybean + Sucrose (10 g/L) (Medium 21)

-O- : Soybean + Sucrose (20 g/L) (Medium 22)
"It should be noted that the biomass concentrations were converted 

from the DNA concentrations.
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8.1.2 Effect of carbon sources on pH and ammonium production

Like other microorganisms, the strain CA 340 also consumes an easily metabolised 

carbon source before switching to other available sources, which are more difficult. 

The results shown in this section reveal that the change in pH and ammonium ion 

level is closely related to the metabolism of the initial carbon.

Figure 8.2 and 8.3 show pH and ammonium ion concentration profiles of the cultures 

grown in Medium 18-22 . Figure 8.3 reveals that the initial amount of ammonium 

ions in all cultures is approximately 2.0 mM. This is thought to be released from the 

soybean flour upon the sterilisation, and it is utilised completely within 24 - 48 hours 

from the beginning of the fermentation.

Since soybean flour is the only available source of nitrogen. Figure 8.3 also reveals 

that Medium 18 culture is the first to begin utilising it, resulted in the early release of 

ammonium ions. The ammonium ions released from Medium 18 culture are first 

detected at 72 hours. Figure 8.2 shows that a rise in pH is first detected at 48 hours.

If it is assumed that an increase in pH value is caused by the utilisation of soybean 

flour and the release of ammonia. Figure 8.2 and 8.3 suggest that the first carbon to be 

completely consumed, is 10 g/L dextrin of Medium 19 culture. Therefore the cells 

obtain their carbon from the soybean flour with the release of excess nitrogen. Its pH 

is drop to 6.3 at 48 hours before making a gradual increase towards the end. However, 

its ammonium ion level does not increase until 96 hours.

10 g/L sucrose of Medium 21 culture is the second to be completely consumed, its 

lowest pH is 6.2, which is found at 72 hours. Its ammonium ion level starts to 

increase at 120 hours.
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20 g/L dextrin of Medium 20 culture is the next to be utilised, its culture shows the 

lowest pH of 6.3 at 120 hours, while the ammonium ion level starts to increase at 144 

hours. And finally, 20 g/L sucrose of Medium 22 culture is the last to be consumed, 

its lowest pH is 5.5 found at 96 hours. The ammonium ion level starts to increase at 

168 hours. The range of pH and ammonium ion concentration at the end of the 

fermentation, from high to low, is ranked and shown below :

Soybean > Dextrin, 10 g/L > Sucrose, 10 g/L > Dextrin, 20 g/L > Sucrose, 20 g/L

8.40 > 8.14

84 mM > 69 mM

> 7.95 > 7.58 > 7.51

> 44 mM > 29 mM > 16 mM

9.0

8.5-

8 .0 -

7.5

X  7.0 

6.5

6.0

5.5

5.0
144 1680 24 48 72 96 120

TIME (hours)

Figure 8.2 pH profiles of the batch fermentation with 
X : Soybean (Medium 18)

: Soybean + Dextrin (10 g/L) (Medium 19)
: Soybean + Dextrin (20 g/L) (Medium 20)
: Soybean + Sucrose (10 g/L) (Medium 21) 

-O- : Soybean + Sucrose (20 g/L) (Medium 22)
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Figure 8.3 Ammonium ion concentration profiles of the batch fermentation with 
-X-: Soybean (Medium 18)

: Soybean + Dextrin (10 g/L) (Medium 19)
: Soybean + Dextrin (20 g/L) (Medium 20)
: Soybean + Sucrose (10 g/L) (Medium 21)

-CD- : Soybean + Sucrose (20 g/L) (Medium 22)

This experiment suggests that at a similar concentration dextrin is more suitable for 

growth than sucrose. Furthermore, after the depletion of dextrin and sucrose, soybean 

flour is then utilised and releases ammonium ions at the same time. The concentration 

of the released ammonium ions depends on the length of time after the soybean flour 

is first utilised. According to Figure 8.3, it further suggests that cells only use the 

carbon from the soybean flour for maintaining growth and forming their product and 

the nitrogen it contains is excreted as ammonia.

One reason why the growth of the cells is inhibited by the carbon supplied from 

sucrose or excess dextrin maybe the low pH of the fermentation between 48 and 120 

hours. If the readily metabolised carbon of glucose or fructose were converted to 

organic acid, they would lower the pH and may directly or indirectly limit growth. 

Vigorous growth of CA 340 may thus depend on a supply of carbon and properly 

controlled pH.
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8.1.3 Effect of carbon sources on erythromycin production

Erythromycin concentration profiles of the cultures grown in Medium 18 - 22 are 

shown in Figure 8.4. According to the erythromycin titres produced, the profiles 

shown in this figure can be divided into two groups.

In the first group, the erythromycin is produced up to 160-200 mg/L at 168 hours. 

This group consists of Medium 18, 19 and 20 cultures. Their maximum titres are 190, 

200, and 170 mg/L, respectively. The second group, the erythromycin is produced up 

to 150 mg/L at 168 hours. This group consists of Medium 21 and 22 cultures. Their 

maximum titres of 150 and 100 mg/L are found at 168 hours, respectively. It can be 

seen that dextrin performs an essential role in enhancing erythromycin production, in 

comparison with sucrose. According to the biomass concentration shown in Figure 

8.1 (Section 8.1.1), the erythromycin production at 144 hours of all cultures are shown 

in Table 8.3.
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Figure 8.4 Erythromycin concentration profiles of the batch fermentation with 
X : Soybean (Medium 18)

: Soybean + Dextrin (10 g/L) (Medium 19)
: Soybean + Dextrin (20 g/L) (Medium 20)
: Soybean + Sucrose (10 g/L) (Medium 21)

-O- : Soybean + Sucrose (20 g/L) (Medium 22)
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Table 8.3 The erythromycin production at 144 hours of the cultures grown in non-oil 
based media supplied with the various types of carbohydrate.

Batch Name Biomass
Concentration

(mg/mL)

Erythromycin
Concentration

(mg/L or ILlg/mL)

Erythromycin
Production

(jlg/mg)
Medium (18) 20 180 9.0
Medium (19) 22 200 9.1
Medium (20) 16 170 10.6
Medium (21) 16 130 8.1
Medium (22) 14 100 7.1

The information shown in the Table 8.3 reveals that the erythromycin production of 

the cultures grown in the medium supplied with or without sucrose show a high

erythromycin production of 9 - 11 |4g/mg, especially the production of the Medium 20 

culture which grown in 20 g/L dextrin shows the highest. On the other hand, the 

cultures supplied with sucrose show a low production which is also related to the 

amount of sucrose supplied. Because the erythromycin production decreases when the 

concentration of sucrose increases. This reveals that apart from causing an adverse 

effect on the biomass production, the low pH condition also affects to the 

erythromycin production. In addition, this might be probably due to the production of 

erythromycin is related to growth.

This section is achieved in demonstrating the effect of the initial carbon to the growth 

and the product formation. More information and the analysis of this happening are 

described and discussed in the Section 9.
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8.2 Nitrogen balance

Nitrogen balance is calculated to investigate the movement of the nitrogen compounds 

in the fermentation system. The rapid uptake of nitrate and the release of ammonia are 

characteristic features of the fermentation, and according to the various conditions 

used in the fermentation, the information obtained from the balance may reveal the 

factors which influence growth or the activity of the culture.

8.2.1 Nitrogen contents in fermentation ingredients, cell composition 

and erythromycin

8.2.1.1 Soybean flour

Soybean flour : 30 g/L has been used in all fermentation

Soybean flour consists of 8.0% nitrogen (Rhodes and Fletcher, 1966)

Thus, it consists of

= (30x0.08) g(nitrogen)/L 

= 2.4 g(nitrogen)/L

molecular weight of N=14 = [(2.4/14) mol(nitrogen)/L] x 1000 for (mmol/L)

Nitrogen in Soybean flour = 171 mM

8.2.1.2 Cell biomass

Chemical formula and molecular weight of Streptomyces cattleya (Bushell and 

Fryday, 1983) is used to estimate the nitrogen content in Saccharopolyspora 

erythraea.

Chemical formula : CH1 .6 O0 .5 8 N0 . 1 7

Molecular Weight : 25.26

Thus, nitrogen ratio = 2.38 / 25.26

= 0.094

This factor is used to convert biomass concentration to nitrogen concentration.
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8.2.1.3 Erythromycin

Chemical formula : C3 7 H6 6 O 1 3 N

Molecular Weight : 732

Thus, nitrogen ratio = 1 4 /  732

= 0.019

This factor is used to convert erythromycin concentration to nitrogen concentration.

8.2.2 Calculation of nitrogen balance in the 2 L baffled flask 

fermentations

The fermentation of the culture grown in Medium 17 (1), see Section 6.2, is used as 

an example to demonstrate the balance calculation. It is calculated with two 

assumptions : ( 1 ) that the initial ammonium ion concentration is derived from the 

soybean nitrogen, released during sterilisation, (2 ) and that the nitrogen from the 

soybean flour is assumed to be utilised completely during the fermentation, thus the 

total soybean nitrogen (see Section 8 .2.1.1) is a part of the nitrogen input.

8.2.2.1 Total Nitrogen Input (from the first time course)

Nitrate ion = 28 mM

Soybean nitrogen (Section 8.2.1.1) =171 mM

Biomass from the inoculum 1.66 g/L,

nitrogen = 1.66X0.094

= 0.156 g/L 

= (0.156X1000)/14 

= 11 mM
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Erythromycin from the inoculum 15.84 mg/L,

nitrogen = 15.84 X 0.019

= 0.30 mg/L 

= 0.30 /14 

= 0.02 mM

The total nitrogen input = 28 + 171 + 11 + 0.02

= 210.02 mM

Approximately = 210 mM

S.2.2.2 Total Nitrogen Output (from the last time course)

Ammonium ion = 76 mM

Biomass 20.06 g/L, nitrogen = 20.06 x 0.094

= 1.89 g/L 

= (1.89 X 1000)/ 14 

= 135 mM

Erythromycin 114.52 mg/L, nitrogen = 114.52 X 0.019

= 2.18 mg/L 

= 2.18/14 

= 0.16 mM

The total nitrogen output = 76 + 135 + 0.16

= 211.16 mM

Approximately =211 mM

As the difference between input and output is negligible, it can be concluded that the 

nitrogen content between input and output is approximately the same. This also 

supports the accuracy of the assumption which described previously. In addition, the 

nitrogen balances of the strain CA 340 fermentation described in Section 6-8, are 

shown in Tables 8.4 to 8.10.
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These nitrogen balances, generally, reveal that the utilisation of soybean flour, 

monitored by the release of ammonium ions, is dependent on the presence of rapeseed 

oil in the fermentation medium. As seen in Table 8.4, 8.5, 8.7 (Medium 16), 8.9, and 

8.10 the content of nitrogen output is always lower than that found in the input. This 

happens when cells switch to obtain the mixed carbon from the rapeseed oil and 

soybean flour, after the depletion of the initial carbohydrate. However, if all of the 

soybean flour is not utilised as assumed earlier, thus the total nitrogen output is then 

found to be lower.

According to the balance shown in Table 8.10, it reveals that the increase in the total 

nitrogen output of the fed-batch cultures is related to growth which is dependent on 

the oil feeding rate. Their total nitrogen output are not related to the releasing of 

ammonium ions, because the ammonium ions found in these fermentations is almost 

zero. This is also suggested that the utilisation of soybean flour might occur at very 

low level, and the released ammonium ions might be consumed by the cultures which 

are very active.

According to the low difference between total nitrogen input and output, as seen in 

Table 8.6, 8.7 (Mediuml7), and 8.8, it suggests that without rapeseed oil present in the 

medium, more soybean flour is expected to be utilised compared to that supplied with 

rapeseed oil. In addition, the different values of output and input nitrogen shown in 

Table 8.4 - 8.10, are tabulated and shown in Table 8.11.
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Table 8.4 Nitrogen balance of the cultures grown in the production media with lipid 
supplement without trace elements addition. The unit shown in this table 
is mM. The fermentation details of these fermentations are shown in 
Section 6.1.1.

Nitrogen Medium (8) Medium (9) Medium (10)
Input 185.05 184.10 184.30

Output 77.08 72.27 60.56
Output - Input (-) 107.97 (-) 111.83 (-) 123.74

Table 8.5 Nitrogen balance of the cultures grown in the fermentation media with lipid 
supplements with trace elements addition. The unit shown in this table are 
given in mM. The fermentation details of these fermentations are shown in 
Section 6.1.2.

Nitrogen Medium (11) Medium (12) Medium (13)
Input 180.94 187.85 180.33

Output 73.68 90.54 91.76
Output - Input (-) 107.26 (-) 97.31 (-) 88.57

Table 8.6 Nitrogen balance of the cultures grown in the non-lipid supplement 
media with trace elements addition. The unit shown in this table are 
given in mM. The fermentation details of these fermentations are shown 
in Section 6.1.2.

Nitrogen Medium (14) Medium (15)
Input 185.95 183.66

Output 199.00 193.91
Output - Input (+) 13.05 (+) 10.25

Table 8.7 Nitrogen balance of the cultures grown in the oil and non-oil based
production media supplied with nitrate without trace elements addition. 
The unit shown in this table are in mM. The fermentation details of these 
fermentations are shown in Section 6.2.

Nitrogen Medium 16(1) Medium 16(2) Medium 17(1) Medium 17(2)
Input 210.17 210.76 210.78 210.96

Output 102.64 94.56 211.27 173.12
Output - 

Input
(-) 107.53 (-) 116.20 (+) 0.49“ (-) 37.84“

“The difference in the output of these two media might cause from the occurrence of 
the wall growth resulted in lowering the biomass concentration.
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Table 8.8 Nitrogen balance of the cultures grown in the non-oil based production 
media supplied with different carbon source without trace elements 
addition. The unit shown in this table are in mM. The fermentation details 
of these fermentations are shown in Section 8.1.

Nitrogen Medium
(18)

Medium
(19)

Medium
(20)

Medium
(21)

Medium
(22)

Input 179.05 179.72 180.58 178.91 179.03
Output 225.34 226.02 189.62 186.22 136.65

Output - 
Input

(+) 46.29 (+) 46.30 (+) 9.04 (+) 7.31 (-) 42.68

Table 8.9 Nitrogen balance of the cultures grown in the oil based production
media by conventional batch method with and without nitrate supplement. 
The unit shown in this table are in mM. The fermentation details 
of these fermentations are shown in Section 7.1.1 and 7.1.2.

Nitrogen CPBA-340-
01

CPBA-340-
05

CPBA-340-
06

CPBN-340-
01

CPBN-340-
03

Input 200.96 201.84 202.31 226.23 220.96
Output" 122.32 101.87 128.90 142.84 120.82

Output - 
Input

(-) 78.64 (-) 99.97 (-) 73.41 (-) 83.39 (-) 100.14

^Nitrogen output of CPBA-340-01, CPBA-340-05, and CPBA-340-06 is calculated 
from the period when their biomass reach the highest concentration. Because of the 
lack of ammonium ions information in these fermentations, thus the concentration of 
ammonium ions is not included in their output nitrogen.

Table 8.10 Nitrogen balance of the cultures grown in the oil based production media 
by fed-batch method. The unit shown in this table are in mM. The 
fermentation details of these fermentations are shown in Section 7.2.

Nitrogen CPFB-340-01 CPFB-340-02 CPFB-340-04 CPFB-340-05
Input 197.27 200.02 198.61 200.02

Output" 98.70 85.38 109.59 131.34
Output - 

Input
(-) 98.57 (-) 114.64 (-) 89.02 (-) 68.68

"Nitrogen output in these fermentations is calculated from the period when their 
biomass reach the maximum concentration.
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Table 8.11 Rearrangement of the different nitrogen values obtained from the 
Table 8.4 - 8.10, following the types of the fermentation medium.

Oil Based 
Medium

Nitrogen
Difference

(mM)

Non-oil Based 
Medium

Nitrogen
Difference

(mM)
Medium (8) -108 Medium (14) +13
Medium (9) -112 Medium (15) +10
Medium (10) -124 Medium 17(1) 0
Medium (11) -107 Medium 17(2) -38"
Medium (12) -97 Medium (18) 46
Medium (13) -89 Medium (19) 46

Medium 16(1) -108 Medium (20) 9
Medium 16(2) -116 Medium (21) 7
CPBA-340-01 -79 Medium (22) -43»
CPBA-340-05 -100
CPBA-340-06 -73
CPBN-340-01 -83
CPBN-340-03 -100
CPFB-340-01 -99
CPFB-340-02 -115
CPFB-340-04 -89
CPFB-340-05 -69

"This value should be equivalent to that of the Medium 17(1). As one of the main 
source of the nitrogen output is biomass, the loss of biomass in Medium 17(2) might 
be due to the occurring of the wall growth.

^ h is  minus value might be caused from the high concentration of sucrose present in 
the fermentation medium causing less soybean flour to be utilised resulting in the 
small amount of ammonia released. Another possible reason might be the low 
biomass concentration influenced by the low pH of the culture medium.

According to the Table 8.11, the nitrogen differences are shown in minus value 

indicate an inbalance of the essential nutrients supplied to the cultures. This should be 

the cause of the limitation of biomass and erythromycin concentrations which are 

never found to be higher than 20 g/L and 1000 mg/L, respectively, the titre from 

CPBA-340-06 is not included. Although many reports (see Section 1.6) suggest that 

to boost up the secondary metabolites production, the proportion of carbon or nitrogen 

should be made to balance. This experiments further reveal that although these 

proportion are already balanced, it should be the balance with an appropriate ratio.
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Moreover, unlike the oil based fermentation of the strain NRRL 2338 (Mirjalili et al, 

1999) operated in 7 L fermenter where the erythromycin titres were found to increase 

up to 1000 mg/L comparing to less than 100 mg/L when it was grown in non-oil based 

medium. To reach this high titre, the strain NRRL 2338 utilises only 50 % of the oil 

supply, whereas the strain CA 340 consumes almost 100 %, but the titres are around 

600 - 800 mg/L. This simply reveals the physiological distinction between the strain 

NRRL 2338 and CA 340. The condition which brought some success in one strain 

might not success in another strain.

Additionally, when compared the 20 L oil based fermentation of the strain CA 340 

with the non-oil based fermentation done by Heydarian (1998), who also used the 

strain CA 340 operated in 7 L fermenter, it reveals that the biomass of the strain 

CA 340 grown in non-oil based medium in 7 L fermenter is always less than 12 g/L, 

while its maximum erythromycin titre is around 800-1000 mg/L. This reveals that 

under the controlled condition, the strain CA 340 could produce the erythromycin 

titres up to 1000 mg/L. While the highest biomass concentration found in non-oil 

based culture is twice lower than that found in oil-based culture. It also reveals that 

under the controlled condition the presence of the oil in the strain CA 340 

fermentation can promote only biomass production but not with the erythromycin 

production. It seems the erythromycin production from the strain CA 340 in the pilot 

scale has been limited with some reason.

According to Table 8.11, the culture grown in non-oil based medium seems to 

demonstrate the balance of nitrogen, especially Medium 17(1) culture. One interesting 

point is these cultures show the massive increase in the biomass concentration, 

although they were grown in the baffled flasks. If this is the preference condition 

upon the balance of nutrients, the strain CA 340 is likely to focus on the biomass 

production rather than the erythromycin production.
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9. DISCUSSION

9.1 Conditions for antibiotic production

Generally, during the growth and declining phases of any batch fermentations, the 

specific growth rate is always dependent on the concentration of nutrients in the 

medium. A single substance often exerts a dominant influence on rate of growth. 

This growth-limiting substrate is often the carbon or nitrogen source, although in some 

cases it is oxygen or another oxidant such as nitrate (Doran, 1996).

In general, antibiotics are made under conditions that are sub-optimal for cell growth 

(Martin and Demain, 1980; Brana and Demain, 1988). So that conditions under which 

the supply of an essential nutrient (carbon, nitrogen, phosphorus, or sulphur) becomes 

growth limiting often switch microbial metabolism to antibiotic production. The most 

common observation is a decrease in the levels of antibiotic produced in the presence 

of an excess of nitrogen source, especially ammonium salts (Omura and Tanaka, 

1984). Complex nitrogen sources that allow a slow feeding of nitrogen are often 

found superior for antibiotic fermentations (Aharonowitz, 1980), while in chemically 

defined media, a strong or partial nitrogen limitation may be a prerequisite for the 

onset of the production phase. For example, the pioneering work of Dulaney (1948) 

showed that the slowly utilised amino acid, proline, was found the best for 

streptomycin production by S. griseus.

9.2 Carbon limited condition 

• Soybean flour as the source of carbon

Initially, the basic medium used in this study containing dextrin and soybean flour, 

was thought to be nitrogen limited, a condition which should benefit the production of 

the erythromycin (Flores and Sanchez, 1985). However in the baffled flask 

fermentation, the system seems to be carbon limited after the exhaustion of initial
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carbohydrates. The cultures then switch to utilise soybean flour as an available carbon 

source, causing the release of the ammonium ions to the medium. No sign of the 

ammonium ion utilisation can be seen (see Figure 6.16, Section 6 .1.2.2). This has 

been confirmed by the material (nitrogen) balance of this fermentation which is shown 

in Table 8.5 and 8 .6 , Section 8.2. The effect of this excess will be explained later in 

this section.

• Effect of dextrin and sucrose on the biomass production in non-oil 

based cultures

In non-oil based cultures, the presence of dextrin and sucrose can delay the period of 

soy protein utilisation as judged by their suppression of ammonia production (see 

Figure 8.3, Section 8.1.2). It also reveals that the culture without carbohydrate 

supplements give the highest specific growth rate comparing to those with dextrin and 

sucrose supplement (see Table 8.2 and Figure 8.1, Section 8.1.1). This indicates that 

the culture can directly utilise the carbon from soybean flour in the absence of dextrin 

or sucrose. The soybean carbon is also found to help promoting growth during the 

early phase of the fermentation. However, the final biomass concentration of these 

cultures are approximately the same (see Table 8.2, Section 8.1.1).

According to Section 8.1, when the concentration of dextrin was doubled the specific 

growth rate and the final biomass concentration are about the same. However when 

the sucrose was doubled the specific growth rate and final biomass concentration is 

found to decrease instead (see Table 8.2, Section 8.1.1) an effect which probably 

results from the low pH of the culture medium caused by acids production from 

sucrose.

9.3 Ammonium ion production

This section will discuss the high ammonium ion production in non-oil based cultures, 

and the low erythromycin production in these cultures comparing to those grown in oil 

based media.

C. PHONPRAPAI, 2002 242



DISCUSSION Ammonium Ion Production

9.3.1 Non-oil based cultures

As mentioned previously, in non-oil based media, after the initial carbon is completely 

utilised the culture then switch to soybean flour, which consists of soybean starch and 

soy protein. The essential amino acids present in the soybean flour are described in 

Table 3.1, Section 3.2.1.

• To compare the utilisation of soybean starch and soy protein

To utilise soybean starch the cultures require amylase enzymes, which is also found to 

be produced by S. erythraea (Labeda, 1987). According to the Figure 6.21, Section 

6 .1.2.4, the cultures grown in non-oil based medium supplied with and without dextrin 

can produce amylase at around 0.18 U/mL since 48 hours and staying constantly at 

this level towards the end of the fermentation. This low amylase production was 

probably due to the lack of oxygen transfer in the mycelial pellets (French, 1993).

In non-oil based medium, after the depletion of initial carbon the cells rely only on the 

soybean carbon (soybean starch and soy protein). Utilising the soy protein or amino 

acid seems to be far easier than utilising the soybean starch given the low activity of 

the amylase enzyme.

9.3.2 Catabolism of amino acids (Fuchs, 1999; Horton et ah, 

1993; Ratledge, 1993; and Gottchalk, 1986)

Next to sugars, amino acids are common growth substrates for microrganisms. Under 

many conditions, proteins, oligopeptides, and mixtures of amino acids constitute the 

source of cell carbon, nitrogen, and energy for bacterial growth. How much of the 

individual amino acids are degraded depends on the availability of other energy 

sources and on the C/N ratio. Catabolism of amino acids often begins with 

deamination, the removal of OC-amino group, and followed by degradation of the

remaining carbon chain. The removal of OC-amino group proceeds in three different 

ways.

C. PHONPRAPAI, 2002 243



DISCUSSION Ammonium Ion Production

9.3.2.1 Oxidative deamination

The a-carbon is oxidatively deaminated by different dehydrogenases, which oxidise 

the amino to the imino group; the imino intermediate is hydrolysed to NH3  and the 

a-oxocompound. Amino acid dehydrogenase catalyse the endergonic oxidation 

linked with NAD"̂ , for example of glutamate to 2 -oxoglutarate and ammonia as shown 

in Reaction 9.1 shown below.
Glutamate

L-Glutamate + NAD++ H2O dehydrogenase  ̂ + NADH 4-H +4.2-Oxoglutarate (9.1)

It should be noted that the biosynthetic enzyme functioning in glutamate formation 

from 2-oxoglutarate and NH3  is NADPH-dependent.

9.3.2.2 Transamination

Oxidation via transamination requires two steps. In the first steps, Ot-amino acid 

donates its NHz-group to 2-oxoglutarate or pyruvate (see Reaction 9.2); the 

corresponding 2-oxoacid is formed. And then subsequent oxidative deamination of 

the products glutamate or alanine regenerates the NH2 -acceptor form (see Reaction 

9.1). In summary, the amino acid is oxidised by NAD^ to the corresponding 2- 

oxoacid and NH3  (see Reaction 9.3).

Amino acid + 2-Oxoglutarate ----- > 2-Oxoacid + L-Glutamate (9.2)

Amino acid + NAD^ + H2 O  > NH3  + 2-Oxoacid + NADH + (9.3)

9 3.2.3 Deamination by ^-elimination

This method, electron withdrawing -OH or -SH groups in the p- or J- position relative

to the carboxyl group facilitate elimination of the OC-amino group by lyases. This 

mechanism is used when possible. Dehydratases (-H2 O) act on serine or threonine,

desulfhydrase (-H2 S) acts on cysteine. Amino acid ammonia lyases acting on aspatate.
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h istid in e , and p h en y la la n in e  ca ta lyse  a d irect e lim in a tio n  o f  N H 3 w ith  con com itan t  

form ation  o f  a trans d o u b le  bond.

Apart from the three mechanisms which the organisms used to remove Ot-amino 

group, there are special pathways for the oxidative degradation of amino acids. In 

nature, or in complex environment such as fermentation with a complex medium, 

single amino are rarely encountered. Rather, protein degradation results in a mixture 

of amino acids, dipeptides and oligopeptides, which are consumed concomitantly. 

The degradation of a few representative amino acids and their corresponding 2- 

oxoacids is further described and discussed here.

Glutamate family consists of glutamate, proline, and arginine. Glutamate is the 

centre of the amino acid degradation network; it is oxidatively deaminated to 2 - 

oxoglutarate. The amide group of glutamine (or asparagine) it often hydrolysed by 

glutaminase (asparaginase) to give glutamate(aspartate) and ammonia. The other two 

amino acids, proline and arginine, also end up with glutamate and amino acid. It 

should be noted that arginine with its four nitrogen atoms is a valuable N-source under 

nitrogen limitation. Upon its degradation routes, arginine can be oxidised to glutamate 

(via ornithine) and succinate (via 4-aminobutyrate). Transamination or deamination 

of glutamate, aspartate, and alanine result in formation of 2 -oxoglutarate, oxaloacetate, 

and pyruvate, which are central metabolic intermediates.

Aspartate family comprises of asparagine and threonine. As described previously in 

glutamate family, asparagine is normally hydrolysed by asparaginase to aspartate and 

ammonia. While threonine is dehydrated and hydrolysed to 2-oxobutyrate and 

ammonia. Branched-chain amino acids consist of valine and leucine. After 

deaminating their amino group, they are finally oxidised to acetyl CoA and propionyl 

CoA. Serine family, aromatic amino acids, and histidine, serine and cysteine in

this family are degraded to pyruvate by the deamination by ^-elimination which is 

described previously. Deamination of glycine forms glyoxylate, which can be 

converted to C 3  and C 4  compounds. While histidine, after deaminating its amino 

group, it is broken down to glutamate and formamide.
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The above reveals that the utilisation of soy protein as a carbon source would produce 

a lot of ammonia as well as intermediates for both the glycolytic pathway (Figure 9.1) 

and the citric acid cycle (Figure 9.2).

maltose amylase

GLUCOSE  ̂ Maltose -̂---- Starch

1
Fructose

hexokinase (1)
Glucose-6 -Phosphate 

fructokinase ^  phosphoglucoisomerase {!)
-----------------> Fructose-6 -Phosphate

y  phosphofructokinase (3) 
Fructose-1,6 -Biphosphate

aldolase
(4)

Dihydroxyacetone <------------
Phosphate triose

5̂  ̂ phosphate 
isomerase

(1) A T P ->  ADP 
(3) ATP ADP
(6) NAD+ + Pi NADH + H+
(7) ADP ->  ATP
(9 ) -> H 2 0

(10) A D P A T P

-> Glyceraldehyde 
-3-Phosphate

^  G-3-P dehydrogenase (6) 
1,3-Biphosphoglycerate

Îphosphoglycerate (7) 
kinase

3-Phosphoglycerate

I phosphoglycerate (8) 
mutase 

2-Phosphoglycerate 
^  enolase (9) 

Phosphoenolpyruvate 
pyruvate kinase (10)i

PYRUVATE

Figure 9.1 The major reactions of the glycolytic pathway (Stryer, 1995) and 
points of entry of a number of carbohydrates (Madden, 1996)
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Succinate OC-ketoglutarate

(4) Succinyl-CoA
synthetase

a-Ketoglutarate
dehydrogenase

complex

Succinyi CoA
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Figure 9.2 The citric acid or tricarboxylic acid (TCA) cycle 
(Horton et a l, 1992).

9.3.3 Influence of the amino acids catabolism products on the 

erythromycin production

As the erythromycin titres is found to be lower when the CA 340 cultures were grown 

in the non-oil based medium (see Figure 6.16, Section 6 .1.2.5) comparing to those 

found in oil based medium (see Figure 6.9, Section 6 .1.1.5 and Figure 6.16, Section 

6 .1.2.5), this should be caused by the excessive ammonia and intermediates produced 

during the catabolism of the soy protein.
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A lot of reports indicate the decrease in erythromycin formation in the presence of 

ammonium ions. Smith et al. (1962) reported that when the S. erythraea was grown 

with glycine as nitrogen source, produce more antibiotic than cells grown in the 

presence of ammonium ions. Erythromycin formation decreased with increasing 

ammonium concentrations present in the medium (Flores and Sanchez, 1985). Potvin 

and Peringer (1994a) concluded that the ammonium assimilatory pathways could be 

involved in the regulation of erythromycin production. Tyler (1976) reported that total 

inhibition of synthesis was obtained with 100 mM ammonium chloride but medium 

pH and culture growth were not significantly affected. This phenomenon of nitrogen 

repression has been reported to affect many catabolic enzyme, including histidase 

(forming glutamate from histidine) and urease (producing ammonia from urea), where 

enzyme concentration is dependent on the ammonium ion concentration in the 

medium.

Although the evidences above point at the excessive ammonium ion concentration 

causing the decrease in the erythromycin concentration, but the study of Flores and 

Sanchez (1989) revealed that there was no correlation between the levels of nitrogen 

assimilating enzymes and erythromycin biosynthesis in this microorganism.

The macrolide antibiotic erythromycin produced by S. erythraea consists of the 

lactone ring which requires one propionate and six methylmalonate molecules as 

precursors for its biosynthesis (Roberts, et al, 1993). These compound could have 

multiple metabolic origins in actinomycetes: catabolism of odd-numbered fatty acids, 

reduction of acrylate, rearrangement of succinyl-CoA and catabolism of methionine, 

threonine or valine. The latter two processes are likely to be the primary routes to 2- 

methylmalonyl-CoA and propionyl-CoA under typical growth conditions (Tang et al, 

1994). Furthermore, the studies done by Hanaiti and Kolattukudy, 1984; Hanaiti and 

Kolattukudy, 1982; and Donadio et al, 1996 reveal that succinyl-CoA is an important 

intermediary and regulation of erythromycin precursor synthesis which should affect 

methylmalonyl and propionyl-CoA pools.
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According to Figure 1.4, succinyl-CoA is not the only one to start the erythromycin 

production, propionyl-CoA could also do it. Propionyl-CoA can be obtained from the 

methionine, threonine, and valine during the catabolism of these amino acids. 

However, in the normal situation, the erythromycin production should use the 

succinyl-CoA as a precursor rather than the propionyl-CoA which produced from the 

extra source of carbon, amino acids or fatty acids.

The above demonstrates the possible effects when the strain CA 340 was grown in 

non-oil based media. According to the relevant results shown in Section 6.1.1 and

6 .1 .2 , it can be said that the increase and decrease in biomass and erythromycin 

concentration, could be caused by an imbalance of the citric acid cycle 

intermediates produced from the catabolism of amino acids. The output of 

ammonium ions indicates the extent of this catabolism from the protein in the 

soybean flour.

9.4 The effect of nitrate

The results described in Section 6.2 and 7.1.2, demonstrates that erythromycin 

production is related to growth, therefore, if the growth is boosted up by a certain 

amount of the external nitrogen supply such as nitrate the erythromycin titre should be 

increased. Following the experiments shown in Section 6.2 and 7.1.2, it was found 

that in shake flasks the specific growth rates of the oil-based cultures with nitrate 

addition (0.032 hr are greater (see Table 6.4, 6.7 and 7.2, 7.3) than those without 

nitrate (0.023 hr*̂ ). The similar phenomenon is also found when the culture was 

grown in the pilot scale fermenter with oil based medium supplied with nitrate, 

CPBN-340-01. Its specific growth rate was 0.029 hf^ (Table 7.3, Section 7.1.2) 

compared to 0.022 hr'  ̂when it was grown in the same medium without nitrate (Table

7.2, Section 7.1.1).

It also reveals that the production of erythromycin by nitrate added cultures was also 

related to growth, their titres were found to be lower than those without nitrate. In 

baffled flask experiments, it is very clear that the titres of erythromycin in nitrate
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supplemented culture, 70 mg/L, are lower than that without nitrate supplement, 250 

mg/L, and the similarity is also found in the pilot scale fermentations.

9.4.1 The assimilation of the nitrate ions

In all experiments related to nitrate, it can be seen that nitrate was completely utilised 

during the early hours of the fermentation (see Figure 6.21 and 7.23) or after added 

into the fermentation (see Figure 7.23). It was not immediately converted to the 

ammonium ions, because it is first concerted to the nitrite catalysed by nitrate 

reductase and then to the intermediates and the ammonium ions by nitrite reductase, 

which the latter was later released to the medium. This mention follows the report 

presented by Labeda (1987), it revealed that S. erythraea showed the positive (+ve) 

reaction with the production of nitrate reductase.

In the fermentation with nitrate addition in both baffled flasks and 20 L fermenter 

reveal that the rapid utilisation of nitrate by the activity of nitrate reductase causes an 

increase in specific growth rate (see Section 6.2.1 and Table 7.2 and 7.3) by increasing 

ATP production in the cells resulting from the NADH oxidation reaction which occurs 

in parallel with nitrate reduction. The increase in the specific growth rate upon the 

nitrate consumption is also confirmed by the increase of OUR and CER soon after 

nitrate was added into the fermentation medium (see Figure 7.32). This indicates the 

increase of the cell respiration which requires more oxygen.

Furthermore, according to the detail and Reaction 7.3 and 7.4 shown in Section 

7.1.2.8, RQ profiles support the use of nitrate as a final electron acceptor in addition to 

the similar work done by oxygen, causing a relative increase in carbon dioxide output 

and increasing the RQ values. Following the Figure 7.31 and 7.32, although the 

nitrate consumption occurs when CPBN-340-01 culture utilises dextrin and CPBN- 

340-03 culture utilises rapeseed oil, their RQ are increase almost immediately from 

1.0 to 1.5 and from 0.6 to 0.8 after the start of the fermentation (CPBN-340-01) and 

after the addition of nitrate (CPBN-340-03), respectively.
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This indicates that the period of nitrate respiration in CPBN-340-01 happens between 

15 - 23 hours (see Figure 7.31). While it happens at 70 - 75 hours in CPBN-340-03 

(see Figure 7.32).

According to Gottschalk (1979), the strain CA 340 behaves as the most of 

enterobacteria which are available to perform a nitrate-nitrite respiration by soluble 

enzyme systems, in which nitrate is reduced to nitrite. The latter is either excreted or 

reduced by non-ATP-yielding reactions to ammonia (see Reaction 6.1 and 6.2, Section 

6.2.3). Thus it can be seen that only the reduction of nitrate to nitrite proceeds via the 

respiratory chain. Nitrite is excreted or reduced to ammonia by enzyme systems not 

involving the respiratory chain. Therefore, these bacteria gain ATP only from the 

reduction of nitrate to nitrite.

Does the strain CA 340 use nitrate as electron acceptors or does it act like 

denitrifying bacteria ?

Denitrifying bacteria can process denitrification (Reaction 9.4 and 9.5) or use nitrate 

— and many of them also nitrite, NO, and N2 O— as electron acceptors. This means 

that at least two of the four reduction steps are coupled with electron transport 

phosphorylation in the respiratory chain (NO3  and N2 O reduction).

Denitrification:
NO3  —̂  NO2  —̂  NO —̂  N2 O —y N2  (9.4)

Nitrate / Nitrite respiration:
NO3  —> NO2  —> excreted or reduced to NH3  (9.5)

According to Gottschalk (1979), he reveals that the enzyme machinery for both 

processes, nitrate/nitrite respiration and denitrification, is formed only under anaerobic 

conditions or conditions of low oxygen tension. In most cases nitrate is required as 

inducer. Thus, denitrification and nitrate/nitrite respiration take place only when 

oxygen is absent or available in insufficient amounts. All bacteria capable of 

performing these kinds of respiration prefer oxygen respiration if possible.
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This disagrees to the behaviour of the strain CA 340 found in this study. The nitrate 

utilisation found in this study is not oxygen-sensitive. The results shown in Figure 

7.23, 7.29, and 7.30 reveal that nitrate was completely utilised when the oxygen was 

being supplied at a high level. Furthermore, the nitrate addition experiments done in 

the baffled flasks (see section 6 .2 ) where the supply of oxygen should be lower than 

that found in the fermenter, also show the similar results. This again indicates that the 

enzyme, nitrate reductase, is not oxygen sensitive. Moreover, the profiles displayed in 

the Figure 7.23 further reveal that the utilisation of nitrate does not depend on time, 

the utilisation always occurs almost immediately after the beginning or after the 

addition.

As a consequence, the production of nitrate reductase is not required an inducer, and 

this enzyme present in S. erythraea strain CA 340 should be constitutive enzyme. 

This also suggests that S. erythraea strain CA 340 is not denitrifying microorganism. 

It should be grouped as non-denitrifying bacteria because it has the capacity to reduce 

nitrate and nitrite to ammonium by soluble enzyme systems, which the nitrate 

reductase is not oxygen-sensitive and the nitrate reductase is coupled to NADH 

oxidation reaction.

9.5 The effect of phosphate

As phosphate is one of the important substances which could enhance or inhibit 

growth and the production of secondary metabolite, thus the concentration of 

phosphate used should be kept at a certain level. According to Ates et al (1997), 

phosphate in concentrations ranging from 0.3 to 300 mM generally supports cell 

growth, but concentrations of 10 mM and above repress the biosynthesis of many 

antibiotics.

However phosphate used throughout the study initially comes from 1.2 g/L of 

potassium dihydrogen phosphate or only 8 . 8  mM of phosphate. In addition, the 

soybean flour can also provide a slow release of phosphate (Bushell, 1988). 

According to the amount of phosphorus present in the soybean flour analysed by
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Garcia et al. (1998), if this phosphorus were released to the medium during the 

fermentation it would make only 7.1 mM of phosphate. The total phosphate added 

into the fermentation medium is therefore only 16 mM and the level of soluble 

phosphate should not interfere the biosynthesis of the erythromycin.

9.6 Oil based cultures

According to the Section 6.1.2, growth in the oil based media is lower than in the 

media without oil. However the oil does suppress the production of ammonia from 

the soybean flour. But it should be noted that despite the environment of the cultures 

being filled with oils, the utilisation of soybean flour still happens, for the following 

reasons:

( 1 ) the cultures have to assimilate nitrogen to grow and to maintain their metabolism, 

as shown in Figure 6.49 and 6.20, Section 6.2.2 and Figure 7.22, Section 7.1.2.4. 

However, it should be noted that even those cultures which no evidence of ammonia 

uptake may still assimilate ammonium ions. It might be assimilated in small amounts 

compared to the huge amount which could be released.

(2 ) the cultures also need reducing sugar as a precursor for the sugar subunit in the 

erythromycin molecule which can be obtained from the soybean starch.

This suggests that the utilisation of soy protein and rapeseed oil occurs in parallel 

throughout the fermentation, but to obtain the carbon from the oils seems to be far 

easier than from the soybean flour. This might result from the high activity of the 

lipase enzyme as described in Section 7.2.2 and 7.2.3.

The situation above seems to be totally opposite to those found in non-oil based 

cultures. The oil-based cultures should operate the TCA cycle as usual, because these 

should be no inhibition of the enzyme isocitrate dehygrogenase by the ammonium ion 

as happened to the non-oil based cultures.
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Furthermore, the succinyl-CoA present in the TCA cycle, could be used for both 

growth and erythromycin production in an appropriate ratio. In addition, the fatty 

acids obtained from the rapeseed oil will not be a source of propionyl-CoA which 

would unbalance the precursors in erythromycin production.

Generally, the performance of the oil based cultures in producing erythromycin is 

more than double those found in non-oil based cultures. This performance is 

calculated from the erythromycin and biomass concentration at the final period of each 

fermentation and shown in Table 9.1. This effect is found in baffled flasks and in the 

20 L fermenter. To avoid the difference caused from the matter of scale, the 

erythromycin production shown in this table obtained only from the cultures grown in 

the baffled flasks. However, it should be noted that the production found in 20 L oil 

based cultures is much higher than those found in the baffled flask cultures.

Table 9.1 The erythromycin production at the end of the fermentation.

Oil Based 
Medium

Erythromycin
Production

(tlg/mg)

Non-oil Based 
Medium

Erythromycin
Production

(llg/mg)
Medium (8 ) 28.1 Medium (14) 7.4
Medium (9) 24.0 Medium (15) 7.5

Medium (10) 31.6 Medium (18) 9.0
Medium (11) 17.1 Medium (19) 9.1
Medium (12) 12.4 Medium (20) 1 0 . 6

Medium (13) 13.4 Medium (21) 8 . 1

Medium (22) 7.1
Medium 16(1)“ 4.6 Medium 17(1)“ 5.5

‘̂ Medium supplied with nitrate.
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9.7 Lipase production and oil utilisation

The lipase activity profiles shown in Section 6 .1.1.3, 6.1.2.3, 7.1.1.2, 7.1.2.2, and 7.2.2 

reveal that the activity of lipase increases with growth. Enzyme production follows 

organism growth and reaches its highest activity at around the end of growth phase 

and stays approximately constant toward the end of fermentation. This agrees with the 

report done by Large et al. (1999) which reveals that the lipase enzyme appears to be 

associated with the cell. They further suggested that cell-associated activity may be an 

advantage in terms of reducing extracellular fatty acid accumulation which may lead 

to problems related to toxicity.

In some fermentations, the cultures are found in the declining phase, but the activity is 

approximately constant even though the biomass is declining. This might be caused 

by the activity measurement which uses the whole broth culture. In a test experiment 

(data not shown), lipase activity was measured by using the sample (enzyme) from 

whole broth, resuspended sediment and supernatant from the growth and stationary 

phases. It revealed that the activity found in the whole broth and the resuspended 

sediment was the same while that in the supernatant activity was almost zero. On the 

contrary, when sample was taken from declining phase, it was found that the activity 

found in resuspended sediment sample was much lower than that found in whole broth 

sample and in the supernatant. During the declining phase, the activity of the 

supernatant samples were also found to increase with time. This confirms that the 

lipase is released as the cells lyse.

However, when compared the lipase activity amongst batch (baffled flask and 

fermenter) and fed-batch fermentations (see Table 9.2), it reveals that the highest 

activity of these cultures are about the same, except those found in fed-batch 

fermentations with medium and high feeding rates (CPFB-340-04 and CPFB-340-05) 

give the distinctive high activity (see Figure 7.34, Section 7.2.2), including the high 

biomass production (see Figure 7.33, Section 7.2.1).
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The high levels of residual oil present in the fermentation medium result in an increase 

in biomass concentration and lipase activity. However, during the early period of the 

fermentation, a lag in the lipase activity could be seen. This might be due to the initial 

use of the carbon from dextrin in the complex medium. In addition, according to the 

Table 9.2, nitrate addition is seen to promote lipase production. Since lipase is linked 

to growth (see Section 7.1.2.1), the effect of nitrate may be related.

An induction in lipase production is described in the relevant literature which stated 

that lipases are usually induced by oil or by other metabolite such as peptides (Mates 

and Sudakevitz, 1973). In the strain CA 340, lipase was produced in non-oil based 

media (data not shown). This reveals that lipase is constitutive enzyme but it could be 

induced to a higher activity in the presence of oil. In addition. Large et al (1999) 

suggested that those lipases found in non-oil and oil based media might be the 

different. They reported that S. erythraea might produce two forms of lipase: (1) A 

constitutively expressed enzyme and (2) A form that is induced by the presence of 

lipid. Marek and Bemarski (1996) reported that the activity of extra- or intracellular 

lipases increased with the addition of lipids to the medium and also increased 

differences between them.

In the strain CA 340, it is found that high amount of the rapeseed oil pumped into the 

fermentation medium could cause a sharp increase in both the biomass concentration 

and the lipase production, while the other publications report only an increase of the 

lipase production. An increase in the biomass concentration might be due to the rapid 

utilisation of the rapeseed oil by lipase followed by the oxidation of the fatty acids 

resulting in the production of a huge amount of an acetyl CoA which is a precursor of 

the citric acid cycle (see Figure 9.2).

The mechanisms involved in the induction of lipase activity have been under 

investigation on a number of occasions (Gilbert et al, 1991). Many lipases have been 

found to require a lipid-based carbon substrate for their production, although their role 

in lipase synthesis and stimulation is poorly understood (Large et al, 1999). 

However, Macris et a/. (1996) concluded that it was the carbon chain moiety of the 

fatty acid present in the triglyceride that controlled lipase synthesis.
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Table 9.2 The average of the maximum values of the lipase activity and its
volumetric and specific productivity, and of the rapeseed oil consumption 
rate and the oil rate per unit of lipase (see Appendix 3.)

Batch Name Lipase Rapeseed Oil
Activity

a
Volumetric
Productivit

/
Specific

Productivit
/

Consumpti 
on Rate^

Consumpti 
on Rate per 

Unit of 
Lipase^

Medium 8-13 1.7 31 3.9 0.06 1.7X10-*
CPBA-340-

XX
1.5 46 4.2 6 8.5 X 10-̂

CPBN-340-01 2.5 25 1 . 8 1 . 8 0.5 X 10"*
CPBN-340-03 4.8 60 4.3 4.3 0.8 X 10"̂
CPFB-340-01 1.9 26 3.3 3.5 3.7 X 10-̂
CPFB-340-02 2 . 0 26 3.3 4.0 2.5 X 10'“
CPFB-340-04 5.3 130 1 0 6 1.5 X 10"*
CPFB-340-05 5.6 130 1 0 1 0 2.5 X 10"̂

show the unit of their categories. 
“U/mL, 'Tj/L.hr, “U/g.hr, V hr, and 'g/U.hr

Following the Table 9.2, when compared the rapeseed oil consumption rate, it reveals 

that the cultures grown in the baffled flask show the lowest rapeseed oil consumption 

rate, while the others grown in the 20 L fermenter shows a higher rate. This might be 

caused by the difference in the homogeneity level between the baffled flask and the 

fermenter which may cause the inaccessibility of the oil to the cell surface which is 

governed by diffusion in the oil/water interface (Miijalili et a/., 1999). As lipase acts 

only at an oil/water interface and the rate of hydrolysis is a function of the surface area 

of the oil/water interface (Choo and Lee, 1989; Fletcher et al, 1987; Malcata et al, 

1992), then for a lipase associated with the cell, the interface should be at the cell 

surface and the fatty acids will be transported directly into the cell. This is why the 

accumulation of the fatty acids in the fermentation broth is rarely found, even in the 

fed-batch fermentation with high feeding rate (see Figure 7.53-7.56).
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When compared the rate of consumed oil per unit of lipase amongst these cultures, it 

reveals that all cultures which were grown in both baffled flasks and fermenter, show 

the similar oil consumption rate per unit of lipase. This also indicates that the activity 

of lipase in utilising oil whether in the baffled flask or the fermenter is found to be the 

same. This should be the action of similar type of lipase. In addition, it should be 

noted that in Medium 8 , 9, and 10 cultures, their lipase activity are found to increase at 

end of the fermentation (see Figure 6.4, Section 6.1.1.3), this might be the presence of 

the other types of lipase or some appearance of secreted or released lipase at end of 

growth. However, these effects were not found in any other fermentations.
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10. CONCLUSION

10.1 Measurement of oxygen transfer

• Under the typical fermenter operating conditions, increasing the stirrer speed 

improves the value of kLa. On the contrary, increasing the gas flow rate has only a 

minor influence on kLa.

• The data from the similar fermenter used in kLa study reveals that an appropriate 

adjustment of the controlling parameters enables the system to supply the high 

demand for oxygen in the active culture. In addition, to make the control more 

efficient, a proper proportional control method should be considered.

10.2 Fermentation of S. erythraea

• There is an interesting point from both strains fermentation. According to the 

information gained from shake flask fermentation (Chapter 5, 6, and 8), it reveals 

that both NRRL 2338 and CA 340 are able to utilize sucrose and release some acids 

as pH is seen drop. This does happen to S. erythraea while E. coli and 

Streptomyces coelicolor have not this activity. This should be the case for further 

investigation.

10.2.1 Saccharopolyspora erythraea NRRL 2338

• In general when the strain NRRL 2338 was grown in the oil based media, it 

produces less biomass and higher erythromycin titres than when it is grown in non

oil based media. Furthermore, the titres obtained from the oil-based fermentation 

were also found to be higher than those obtained from the strain CA 340 grown 

under similar conditions.
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10.2.2 Saccharopolyspora erythraea CA 340

From Chapter 6 and 8 (shake flask)

• The culture grown in non-oil based medium which is carbon-limited and has 

excess nitrogen, was found to yield a higher biomass concentration (almost 

double at a similar scale) than that grown in the oil-based medium which provides 

the nitrogen-limited condition. Furthermore, the culture grown in non-oil based 

medium was found to give lower erythromycin titres (almost half at a similar 

scale) than when it was grown in the oil-based medium. The specific growth of the 

non-oil based cultures was also found to be higher than that of the oil-based 

cultures.

• The nitrogen balance suggests that the basic fermentation is carbon limited. 

Although the oil based culture was found to give higher erythromycin production, 

the data suggested that much of the nitrogen in the soybean flour was not consumed 

in these fermentations. In contrast the non-oil based culture generated a huge 

amount of the ammonium ions, and the nitrogen balance suggested that all of the 

soybean flour was consumed.

• The cell requires a lot of carbon in maintaining growth and producing 

erythromycin. When it comes to the state of carbon shortage, it will find carbon 

from the other source such as rapeseed oil and soy protein. From the data, it is 

clearly seen that cell prefer to use rapeseed oil as a source of carbon for 

erythromycin production rather than soybean flour, which its carbon seems to 

be better for cell growth , although it actually is under carbon-limited condition .
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• Ammonia is known to inhibit erythromycin synthesis the production of the 

former in the media without oil may limit the synthesis of the latter. This could 

explain the higher erythromycin production in oil-based media where ammonia 

production for the soybean flour is suppressed.

• The data reveals that enzyme used in utilizing starch (dextrin or soybean starch) 

may not be only amylase. The relationship between the production of amylase and 

dextrin utilization has not been investigated. Other enzymes will be involved in 

starch utilization. This should lead to an investigation of these enzymes and the 

actual structure and composition of the soybean starch used in the research.

• The acids production due to the utilisation of soluble carbohydrate (sucrose) 

could affect both biomass and erythromycin production. The addition of 

sucrose at high concentration was found to cause the lowest pH and to decrease 

both of the biomass and erythromycin production; at a lower concentration it only 

reduced the erythromycin production. Conversely, an insoluble carbohydrate 

(dextrin) at high and low concentration did not show the difference in the pH and 

erythromycin titres; these titres were higher than those found with the batch 

supplemented with sucrose. The lower pH from the acid production was also found 

in oil-based cultures, but it was also insufficient to affect the culture growth and the 

erythromycin production.
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From Chapter 6 and 7 (shake flask and pilot scale)

• Nitrate was surprisingly found to be consumed very rapidly. Its uptake could 

be tracked by a sudden increase of the RQ value. In both baffled flask and 20 L 

fermenter, the addition of nitrate could also increase the specific growth rate, but 

not the final biomass concentration. This may just be the growth stimulation by 

nitrate, as there is no evidence to show the clear effect of nitrate in improving 

growth or biomass concentration. In addition, nitrate is also found to reduce the 

erythromycin production, this phenomenon could be found at both scales.

• Although the nitrogen balance reveals an equivalent concentration between 

nitrogen input and output of the nitrate addition fermentation, but it is difficult to 

determine that nitrate is rapidly consumed and released as ammonium ions or 

incorporated into the cell. However, the combined graph (ammonium and nitrate 

concentration) does show some delay after nitrate is completely consumed until 

ammonium ion level starts to increase. This may be the presence of another 

intermediate such as nitrite that has not been measured. Thus nitrite and protease 

measurement should be the solution in investigating the use of soy protein, nitrate 

utilization and the releasing of ammonium ion. However, another possible thing is 

nitrate might be toxic to the cell, and the cell needs to get rid of it very quickly. 

This should also be taken into account.

The study in the oil-based culture revealed that the difference of the scale did not 

affect the specific growth rate, it did affect the erythromycin production. In the 

baffled flask fermentation, the erythromycin production was found to be lower than 

that found in 20 L scale fermenter. According to the erythromycin assay method 

which uses the whole broth, the level of erythromycin measured may be lower 

than the actual amount produced, this could be caused by the erythromycin 

partitioning into the oil.
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• In the oil-based culture, the specific growth rate in shake flasks was found to be the 

same as when the culture was grown at a pilot scale in a fixed fermenter. 

Therefore, it could be said that the difference between the baffled flask and 20 L 

fermenter scale did not affect the rate of biomass production of the strain CA 

340, although the final biomass titre was lower in the shake flasks.

• The low rapeseed oil concentration measured in shake flask fermentation is 

found to increase, when lipase has been produced, this might be caused by the 

emulsifiers produced from the oil. In addition, this is not found to happen in pilot 

scale fermentation as polyethylene glycol (antifoaming agent) has been added as a 

part of medium ingredient.

• The production of lipase and erythromycin was found to be associated with 

the culture growth. The study in the pilot scale fermentation using fed-batch 

operation revealed that both biomass concentration and lipase activity can be 

increased up to a particular level, which is dependent on the amount of the rapeseed 

oil fed into the fermentation medium. In some cases the addition of more oil did 

not lead to a corresponding increase in the amount of lipase.

In addition, the fatty acids analysis indicated that there was no accumulation of the 

fatty acid in the medium, although some cultures did contain residual oil at the end 

of the fermentation. As the fatty acid methyl esters obtained come from the 

estérification of whole broth, which contains both rapeseed oil and free fatty acid, 

thus to obtain the actual profiles of the free fatty acids, the oil should be removed 

from the samples before carrying out the fatty acids analysis.
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11. SUGGESTION FOR THE FUTURE WORK

The suggestion for the future work is derived from the knowledge gained from this

work, which may be both of the new things found and some interesting things missed.

The details are as follows:

11.1 Quantitative aspects

• If the focus is to be on increasing the amount of erythromycin, it should continue 

with the oil-fed fermentation by using the feeding rate in maintaining the high 

biomass concentration and keeping the residual oil concentration at the low level.

• To use a pure fatty acid such as oleic acid as the feeding nutrients, which may be 

able to avoid the blockage caused by the presence of the oil in downstream 

processing system.

11.2 Qualitative aspects
• To look into the structure and composition of the soybean starch and an appropriate 

enzyme for utilizing it.

• To study the mechanism of S. erythraea CA 340 in utilizing soy protein, the focus 

should be made on protease production and its effects on other enzymes produced 

during the fermentation such as lipase.

• To study the mechanism of S. erythraea CA 340 in utilizing nitrate, the focus 

should be made on the enzymes involved in nitrate and nitrite reduction, including 

the ammonia releasing mechanism.

• Study of the substances that might behave as an emulsifier, such as lecithin in 

soybean flour, the culture itself, by the property of its membrane, including the 

product of lipase activity.

• Study of the specificity of lipase and its production such as how many types of 

lipase are actually produced during the fermentation.

• Study of the possibility of erythromycin partition in the oil to improve the amount 

of erythromycin obtained.

• Compare the flux to the two precursors for the erythromycin production, succinyl 

CoA and propionyl CoA, including their relation to the culture growth.
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APPENDICES

Appendix 1. PID control parameters

Despite the steady progress in laboratory-scale research, there still remain many 

problems associated with the scale-up of bioprocesses either an increasing in 

volumetric productivity or product concentration (Shimizu, 1993). As a result, the 

scale-up of bioprocesses requires a large investment in the development of an efficient 

processing technology with regard to the significant work which is needed to optimise 

the design and operation of bioreactors to make product more efficient and more 

economical.

Thus, the ability to control bioprocesses at their optimal states accurately and 

automatically is now of considerable interest to many bioindustries since it can enable 

them to reduce their product costs and increase the yield while at the same time 

maintaining the quality of metabolic products. Fordyce, et al. (1990) stated that 

control problems can vary tremendously in scope, from maintaining a single stream at 

a desired flow rate, to optimal production scheduling of an entire plant. This can cope 

with Shimizu’s report in 1993 who also stated that the control system design of 

bioreactors is not straightforward due to:

(1) the lack of accurate mathematical models which can describe the cell growth and 

metabolic production,

(2) the time-varying and non-linear nature of the systems for batch and fed-batch 

operation,

(3) the lack of reliable on-line sensors which can detect the important state variables,

(4) and the slow responses of the process in particular for cell and metabolite 

concentrations.
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To cope with these problems, the ability to reject disturbances of the robust control 

system is required. The effective on-line sensors limited for use in many cases and the 

predictive type of control are also considered in such a case. The system used in 

controlling the process is generally divided into two types of system; (1) Conventional 

regulatory control system and (2) Advanced control system. The system used in the 

oxygen control study (see Section 3.5) is feedback control system which is 

conventional regulatory control system. The detail is described below.

Feedback control system

Fermentation in a well-mixed tank, is operated in three common modes batch, fed- 

batch or continuous. The fermenter is fed a variety of components through feed 

streams. It is important to classify the number of streams and variables. Feedback 

control is a fundamental concept that is employed in controllers as well as in advanced 

control techniques. The controlled variables in feedback control are measured and 

compared to the set point. The resulting error signal is then used by the controller to 

calculate the appropriate corrective action by the manipulated variable. In many 

industrial control systems such as temperature, pressure, and flow control, the 

measurements of controlled variable are available and the manipulated variable is 

adjusted via a control valve. In feedback control, the corrective action is taken with 

regard to the source of disturbance. Feedback control may result in undesirable 

fluctuations or overshootings in the controlled variable if the controller’s parameters 

are not adjusted properly. The adjusting of the parameters can be done by using a 

mathematical model of the dynamic process and in many cases with trial and error 

tuning the satisfactory performance can be achieved (Fordyce et al, 1990). The 

feedback control system mainly consists of on-off controller and PID controller, the 

latter is also described here.
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PID controllers

In applications of feedback control, PID controller which the control action is 

determined in proportion to the error, the integral of the error and the derivative of the 

error with respect to time. Proper adjustment of PID controllers usually provides 

excellent regulation of the measured variable. However, poorly tuned controllers can 

destabilise a process and cause continuous or accentuated fluctuations in culture 

conditions (Doran, 1996). The manipulative variable which is generated by a PID 

controller is given by the equation :

u = Kc [ e +  1/r/J e dt + de/dt ] + Cq (A1)

Proportional control

The output (m) of proportional controller is proportional to the deviation in the 

controlled variable from the set point.

M = Kq C + b = 100 e + b (A2)
P

where e = +( r-c), the sign is selected to produce a negative feedback. In some 

controllers, proportional gain Kq is expressed as a pure number in others, it is set as 

100/P, where P is the proportional band in percent. The output bias b of the controller 

is also known as manual reset. As such the greater the magnitude of the error then the 

greater the corrective action. The proportional controller is not a good regulator, 

because any change in output to a change in load results in a corresponding change in 

the controlled variable. It will lead to the offset. To minimise the resulting offset, the 

bias should be set at the best estimate of the load and the proportional band set as low 

as possible. Processes require more than a few percents of a proportional band to 

control unacceptable values or offset (Perry and Green, 1997).
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Nevertheless, with lower Kq values the oscillation dies out, leading to an eventual 

steady state condition. Unfortunately the steady state reached does not correspond 

with the set point value and as the value of Kc is reduced this steady state discrepancy 

or “offset” from set point gets larger. Thus, whilst proportional control can be used to 

avoid the continuous oscillation it may fall on the other hand into the large steady state 

offset. Finding an acceptable value for Kq between these extremes is known as 

“tining” the controller (Wilson, 1991).

Integral control

The output (m) of integral element of a PID controller is determined by the integral of 

the error over the time of operation. So, integral action is slow in the beginning of 

its response. However, although it allows a large deviation but no sign of any offset is 

appeared.

Derivative control

The output (m) of the derivative element of a PID controller is proportional to the 

rate of change of the error. As a consequence, if the error is not changed no action 

will occur.

Proportional and integral control

Integral action will eliminate the offset described above by moving the controller 

output (m ) at a rate proportional to the deviation from set point.

u  = 100 |~ e + \ ! t j \  e dt ] + Cq (A3)
P

where r /  is the integral time constant in minutes; in some controllers it is introduced

as integral gain or reset rate l / r /  in repeats per minute. The last term, Cq , is the 

constant of integration, the value the controller output has when integration begins 

(Perry and Green, 1997).
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Longer values of r /  whilst causing little additional oscillation take longer to attain 

steady state at the set point. Integral action (sometimes known as reset action because 

it resets that controlled condition to the set point) is not used alone because of its 

tendency to provoke strong oscillation. It is included merely to provide fine 

adjustment to what is predominately proportional control action (Wilson, 1991).

Proportional, integral and derivative control

The derivative mode moves the controller output as a function of the rate-of-change of 

the controlled variable, which adds phase lead to the controller, increasing its speed of 

response. It is normally combined with proportional and integral modes. The non

interacting form of the PID controller appears functionally as:

u = 100 [ e + l/zyj edt + zj) de/dt ] + Cq (A4)
P

where is the derivative time constant. It should be noted that the derivative action 

is applied to the controlled variable rather than to the deviation, as it should not be 

applied to the set point; the selection of the sign for the derivative form must be

consistent with the action of the controller. As the time, %%), increases the oscillation 

can be slowed and peak deviation suppressed. Therefore, in order to reap the

maximum benefit however, all three action factors Kq, zj, and zd should be tuned in 

conjunction so as to achieve an acceptable response (Wilson, 1991). A comparison of 

the best responses typical under P, PI, and PID control are shown in Figure A l.l.

In systems prone to high frequency fluctuations or noise a high level of derivative 

action can also lead to difficulties (Wilson, 1991). Because, noise from the controlled 

variable is amplified by derivative action, preventing its use in controlling flow and 

liquid level which proportional control is more proper. Derivative as action is 

recommended for control of temperature and composition, it reduces the integrated 

error (IE) by a factor of two over PI control with no loss in robustness (Perry and 

Green, 1997).
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Figure A l.l Comparative disturbance step responses under well-tuned P, PI, 
and PID control (Wilson, 1991).

Control of dissolved oxygen concentration

For controlling dissolved oxygen concentration by stirrer speed, the Kq or (100/P), r/, 

and Tj) are set and shown below:

The initial value of PID parameters are:

Proportional (P)
Integral
Derivative

1 0 %
1.00 min
5.00 min

The adjusted value of PID parameters are:

Proportional (P) 200 %
Integral 1.00 min
Derivative 0.10 min

An improvement of the control has already shown in the Section 4.4
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Appendix 2. Calculation of the viscosity 

Wells-Brookfield Cone/Plate Digital Viscometer

To measure the viscosity of fermentation broth, 1 mL of the sample is put in the plate 

and attached with 1.565° cone. After the calibration, the cone speed is operated at 

20 rpm and the Display Reading is the observed from the front of the viscometer. To 

calculate the viscosity. Factor and Range are required.

Factor = R ange/100 (A5)

The Range can be obtained from the converting table shown in the instruction manual, 

its unit is centipoise (cp). This condition, 1.565° cone and 20 rpm, the Range is 320 

cp, thus the Factor is 3.2 which is also in cp unit. The apparent viscosity can be 

calculated from the following equation.

Viscosity = Display Reading X Factor (cp) (A6)

To convert the unit of the viscosity into the SI unit, the centipoise (cp) is then 

changed to the mPa.s where 1 cp is equivalent to 1 mPa.s, thus

Viscosity = Display Reading x 3.2 (mPa.s) (AT)
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Rheomat 115 Viscometer

The procedure for using the Rheomat 115 viscometer is to vary the step module from 

1 to 15 where the value of torque read out will display. With this value and 

convertible value from the representative value table shown in an instruction manual, 

the shear stress can be calculated.

Viscosity (mPa.s) = Shear stress (mPa) / Shearing speed (sec"') (A8)

Shear stress is calculated by multiplying 195.5 mPa (a constant value for the system 

which uses MS-DIN 145 / Measuring bob module 7/7) by the torque read out. The 

calculation is shown in Table A2.1.

Table A2.1 The example for the shear stress and viscosity calculation from the 
selected batch at a certain period.

SM SR (sec *) TRO SS (mPa) log SR log SS
1 6.65 8 1564 0.82 3.19
2 9.51 8 1564 0.98 3.19
3 13.61 9 1759.5 1.13 3.25
4 19.48 10 1955 1.29 3.29
5 27.9 11 2150.5 1.45 3.33
6 39.9 13 2541.5 1.60 3.41
7 57.2 14 2737 1.76 3.44
8 81.8 16 3128 1.91 3.50
9 117.1 18 3519 2.07 3.55
10 167.6 21 4105.5 2.22 3.61
11 240 24 4692 2.38 3.67
12 343 28 5474 2.54 3.74
13 492 35 6842.5 2.69 3.84
14 704 55 10752.5 2.85 4.03
15 1008 82 16031 3.00 4.20

SM = Step Module ; SR = Shear Rate (sec ‘) ; TRO = Torque Read Out ; SS = Shear 
Stress (mPa).
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The curve which is plotted from SS and SR upon stepping from 1 to 15 shows the 

pseudoplastic or shear thinning behaviour. This also reveals the characteristic of the 

filamentous culture broth (see Figure A2.1 for example). In comparison to the batch 

fermentation whose SR is 76.8 sec'\ the SR and SS data, shown in Table A2.1, must 

be plotted in the log-log scale to achieve the linear correlation (see Figure A2.2 and 

A2.3 for examples). SS and SR at 76.8 sec'* are then calculated from the lower and 

upper step module, SM, 7 and 8, respectively. The calculation is shown in Table A2.2.

30-

25-

15- -O'I IO
C/3 . K

1000200 400 600 8000
Shear Rate (1/sec)

Figure A2.1 The power law model of the CPFB-340-01 culture at 47 hours (-0-) 
and 162 hours (-X -) in normal scale.
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Figure A2.2 The power law model of the CPFB-340-01 culture at 47 hours in log-log 
scale. The profile shows the relationship between log (Shear rate) (X) 
and log (Shear stress) (Y) at 95 % confidence. The linear equation for 
this relationship is Y = (0.74) X + (-0.96) and r = 0.99. The biomass 
concentration at 47 hours is 7.2 g/L.
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Figure A2.3 The power law model of the CPFB-340-01 culture at 162 hours in log- 
log scale. The profile shows the relationship between log (Shear rate) 
(X) and log (Shear stress) (Y) at 95 % confidence. The linear equation 
for this relationship is Y = (0.43) X + (0.04) and r = 0.98. The biomass 
concentration at 162 hours is 10.4 g/L.

Table A2.2 The example for the viscosity calculation at the shear rate of 76.8 sec * 
which located between shear rate of 57.2 and 81.8 sec *.

SM SR (sec *) TRO SS (mPa)4 log SR log SS
7 57.2 14 2737 1.76 3.44
8 81.8 16 3128 1.91 3.50

Between SR 57.2 and 81.8 sec~^
The difference of log SR is 0.15 (1.91 
from (3.50 - 3.44).

1.76) and the difference of log SS is 0.06

Between SR 57.2 and 76.8 sec'^
The difference of log SR is 0.13* (1.89 - 1.76) and the difference of log SS is 0.05 
from (0.06x0.13)/0.15.

Thus, log SS at 76.8 sec * is 3.44 + 0.05 = 3.49 where SS = 3090.30 mPa 
As the viscosity is calculated from SS / SR 
Thus, viscosity at 76.8 sec * = 3090.30 / 76.8

= 40.24 mPa.s

^SS at SR of 76.8 sec * cannot be estimated from the normal plot (see Figure A2.1), 
because it does not show the linear correlation. Thus, it is then converted to the 
log value (see Figure A2.2 and A2.3), before the SS at 76.8 sec * has been estimated, 

^log 76.8 = 1.89.
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Appendix 3. Fermentation productivity

In any biotechnological process, there are two different aspects; the biochemical 

reaction itself and the physical process. The measured reaction rates represent a 

summation of both these processes and can use a function of scale of operation (Lye, 

1998).

Generally, in any batch fermentation, the instantaneous rate of substrate utilisation (S), 

biomass formation (X), and product formation (P) are given by dS/dt, dX/dt, and 

dP/dt, respectively (Keshavarz-Moore, 1996). The values of these rate are obviously 

varied during the time course of a batch fermentation. Nevertheless, either for the 

process design proposes or for the comparison of different runs, the terms that always 

use in these explanation is the “productivity”. The productivity which always uses for 

interpreting the data is volumetric productivity and specific productivity.

Instantaneous volumetric productivity is defined as “the rate of change of the 

product concentration with time” or “the rate of product formation, Vp\ It is 

equivalent to dP"M  whose unit is g/L.hr (Doran, 1996; Lye, 1998).

Instantaneous specific productivity is defined as “the volumetric rate of the product 

concentration divided by the cell concentration” or “the specific rate of product 

formation, q^\ It is equivalent to (lDC)(dP/dt) whose unit is g/g.hr (Lye, 1998).

Therefore, irrespective of the class of product, rate of product formation in cell culture 

can be expressed as a function of biomass concentration. Yp = q ^x  where Vp is the 

product formation rate; qp is specific rate of product formation; and x is biomass 

concentration (Doran, 1996). In addition, the types of the productivity profiles also 

explain the relationship between the product and growth whether the former is growth- 

associated or non-growth associated.

^the difference of the product concentration (g/L) of a certain period.
^the length of the certain period (hours).
^an average of the biomass concentration in that particular period (g/L).
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