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Preface

The field of industrial microbiology has been undergoing rapid change in recent years.
First, what has been described as the ‘cook book” approach has been largely abandoned
for the rational manipulation of microorganisms on account of our increased knowledge
of their physiology. Second, powerful new tools and technologies especially genetic
engineering, genomics, proteomics, bioinformatics and such like new areas promise
exciting horizons for man’s continued exploitation of microorganisms. Third, new
approaches have become available for the utilization of some traditional microbial
products such as immobilized enzymes and cells, site-directed mutation and metabolic
engineering. Simultaneously, microbiology has addressed itself to some current
problems such as the fight against cancer by the production of anti-tumor antibiotics; it
has changed the traditional practice in a number of areas: for example the deep sea has
now joined the soil as the medium for the search for new bioactive chemicals such as
antibiotics. Even the search for organisms producing new products has now been
broadened to include unculturable organisms which are isolated mainly on genes
isolated from the environment. Finally, greater consciousness of the effect of fossil fuels
on the environment has increased the call in some quarters for the use of more
environmentally friendly and renewable sources of energy, has led to a search for
alternate fermentation substrates, exemplified in cellulose, and a return to fermentation
production of ethanol and other bulk chemicals. Due to our increased knowledge and
changed approach, even our definitions of familiar words, such as antibiotic and species
seem to be changing. This book was written to reflect these changes within the context of
current practice.

This book is directed towards undergraduates and beginning graduate students in
microbiology, food science and chemical engineering. Those studying pharmacy,
biochemistry and general biology will find it of interest. The section on waste disposal
will be of interest to civil engineering and public health students and practitioners. For
the benefit of those students who may be unfamiliar with the basic biological
assumptions underlying industrial microbiology, such as students of chemical and civil
engineering, elements of biology and microbiology are introduced. The new elements
which have necessitated the shift in paradigm in industrial microbiology such as
bioinformatics, genomics, proteomics, site-directed mutation, metabolic engineering, the
human genome project and others are also introduced and their relevance to industrial
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microbiology and biotechnology indicated. As many references as space will permit are
included.

The various applications of industrial microbiology are covered broadly, and the
chapters are grouped to reflect these applications. The emphasis throughout, however, is
on the physiological and genomic principles behind these applications.

I would like to express my gratitude to Professors Tom Hughes and Hap Wheeler
(Chairman) of the Department of Biological Sciences at Clemson University for their help
and encouragement during the writing of the book. Prof Ben Okeke of Auburn University,
Alabama, and Prof Jeremy Tzeng of Clemson University read portions of the script and I
am deeply grateful to them.

My wife, Chinyelu was a source of constant and great support, without which the
project might never have been completed. I cannot thank her enough.

Clemson, South Carolina Nduka Okafor



Contents

Preface

SECTIONA  INTRODUCTION

1. Introduction: Scope of Biotechnology and
Industrial Microbiology
11 Nature of Biotechnology and Industrial Microbiology
12 Characteristicsof Industrial Microbiology
1.2.1 Industrial vs medical microbiology 4
1.2.2 Multi-disciplinary or Team-work nature of
industrial microbiology 4
1.2.3 Obsolescence in industrial microbiology 5
1.2.4 Free communication of procedures in industrial microbiology 5
13 Patents and Intellectual Property Rightsin
Industrial Microbiology and Biotechnology
14 TheUseof theWord ‘ Fermentation’ in Industrial Microbiology
15 Organizational Set-upinan Industrial Microbiology Establishment

Suggested Readings 13

SecTioN B BioLocicaL Basis oF PRODUCTIVITY IN
INDUSTRIAL MICROBIOLOGY AND BIOTECHNOLOGY

2. Some Microorganisms Commonly Used in
Industrial Microbiology and Biotechnology
21 Basic Natureof Cellsof Living Things
22 Classification of Living Things: Three Domainsof Living Things
2.3 Taxonomic Grouping of Micro-organismsImportantin
Industrial Microbiology and Biotechnology
2.3.1 Bacteria 21
2.3.2 Eucarya: Fungi 29
24 Characteristics Important in Microbes Used in
Industrial Microbiology and Biotechnolgy

Suggested Readings 33

vii

w

10

17

17
18

19

31



x Modern Industrial Microbiology and Biotechnology

3. Aspects of Molecular Biology and Bioinformatics of

Relevance in Industrial Microbiology and Biotechnology

31 Protein Synthesis
32 ThePolymerase Chain Reaction
3.2.1 Some applications of PCR in industrial microbiology and
biotechnology 41
33 Microarrays
3.3.1 Applications of microarray technology 43
34 Sequencing of DNA
3.4.1 Sequencing of short DNA fragments 44
3.4.2 Sequencing of genomes or large DNA fragments 46
35 The Open Reading Frame and the Identification of Genes
36 Metagenomics
3.7 Natureof Bioinformatics
3.7.1 Some contributions of bicinformatics to biotechnology 51

Suggested Readings 52

. Industrial Media and the Nutrition of Industrial Organisms

41 TheBasic Nutrient Requirementsof Industrial Media
42 Criteriafor the Choice of Raw MaterialsUsed in Industrial Media
43 SomeRaw Materials Used in Compounding Industrial Media
44 Growth Factors
45 Water
46 Some Potential Sources of Components of Industrial Media
4.6.1 Carbohydrate sources 63
4.6.2 Protein sources 65
4.7 TheUse of Plant Waste Materialsin Industrial Microbiology Media:
Saccharification of Polysaccharides
471 Sarch 67
4.7.2 Celulose, hemi-celluloses and lignin in plant materials 73

Suggested Readings 76

5. Metabolic Pathways for the Biosynthesis of

Industrial Microbiology Products

5.1 The Nature of Metabolic Pathways
5.2 Industrial Microbiological Products as Primary and Secondary Metabolites
5.2.1 Products of primary metabolism 78
5.2.2 Products of secondary metabolism 79
5.3 Trophophase-idiophase Relationships in the Production of
Secondary Products
54 Role of Secondary Metabalites in the Physiology of
Organisms Producing Them
55 Pathwaysfor the Synthesis of Primary and Secondary Metabolites of
Industrial Importance
5.5.1 Catabolism of carbohydrates 84
5.5.2 The Catabolism of hydrocarbons 88

34

34
39

42

44

46
48

54

54
56
58
62
62
63

66

77

77
78

81

82

83



Contents

Xi

56 Carbon Pathwaysfor the Formation of Some
Industrial Products Derived from Primary Metabolism
5.6.1 Catabolic products 89
5.6.2 Anabolic products 89

5.7 Carbon Pathways for the Formation of Some Products of
Microbial Secondary Metabolism of Industrial Importance

Suggested Readings 98

6. Overproduction of Metabolites of Industrial Microorganisms
6.1 Mechanisms Enabling Microorganisms to Avoid Overproduction of

Primary Metabolic Products Through EnzymeRegul ati
6.1.1 Substrate induction 101

6.1.2 Catabolite regulation 103

6.1.3 Feedback regulation 105

6.1.4 Amino acid regulation of RNA synthesis 107
6.1.5 Energy charge regulation 107

6.1.6 Permeability control 108

6.2 Derangement or Bypassing of Regulatory Mechanismsfor

the Over-production of Primary Metabolites
6.2.1 Metabolic control 109
6.2.2 Permeability 114

on

6.3 Regulation of Overproduction in Secondary Metabolites

6.3.1 Induction 115
6.3.2 Catabolite regulation 115
6.3.3 Feedback regulation 117

6.3.4 ATP or energy charge regulation of secondary metabolites 117
6.4 Empirical Methods Employed to Disorganize Regul atory

Mechanisms in Secondary Metabolite Production
Suggested Readings 120

7. Screening for Productive Strains and Strain
Improvement in Biotechnological Organisms

7.1 Sources of Microorganisms Used in Biotechnology

7.1.1 Literature search and culture collection supply 122

7.1.2 Isolation de novo of organisms producing
metabolites of economic importance 123

7.2 StrainImprovement

7.2.1 Selection from naturally occurring variants 126

7.2.2 Manipulation of the genome of
industrial organisms in strain improvement

Suggested Readings 170
8. The Preservation of the Gene Pool in
Industrial Organisms: Culture Collections

81 ThePlaceof CultureCollectionsin
Industrial Microbiology and Biotechnology
82 Typesof Culture Collections

126

89

89

99

100

109

120

122
122

125

171

171
172



xii Modern Industrial Microbiology and Biotechnology

83
84

Handling Culture Collections

Methods of Preserving Microorganisms

8.4.1 Microbial preservation methods based on the
reduction of the temperature of growth 174

8.4.2 Microbial preservation methods based on dehydration 176

8.4.3 Microbial preservation methods based on the
reduction of nutrients 178
8.4.4 The need for experimentation to determine the

most appropriate method of preserving an organism 178

Suggested Redings 178

SecTioN C  Basic OPERATIONS IN INDUSTRIAL FERMENTATIONS

9. Fermentors and Fermentor Operation

91
9.2

93
94

95
96

97

9.8
99

Definition of aFermentor
The Aerated Stirred Tank Batch Fermentor
9.2.1 Construction materials for fermentors 185
9.2.2 Aeration and agitation in a fermentor 185
9.2.3 Temperature control in a fermentor 186
9.2.4 Foam production and control 188
9.2.5 Process control in a fermentor 192
Anerobic Batch Fermentors
Fermentor Configurations
9.4.1 Continuous fermentations 196
Fed-batch Cultivation
Design of New Fermentors on the
Basisof Physiology of the Organisms: Air Lift Fermentors
Microbia Experimentationin the Fermentation Industry:
The Place of the Pilot Plant
Inoculum Preparation
Surface or Solid State Fermentors

Suggested Readings 206

10. Extraction of Fermentation Products

101

102

Solids (Insolubles) Removal

10.1.1 Filtration 209

10.1.2 Centrifugation 210

10.1.3 Coagulation and flocculation 210
10.1.4 Foam fractionation 211
10.1.5 Whole-broth treatment 212
Primary Product I solation

10.2.1 Cell disruption 212

10.2.2 Liquid extraction 213
10.2.3 Dissociation extraction 214
10.2.4 lon-exchange adsorption 214
10.2.5 Precipitation 216

173
173

183

183
184

195
196

202

202

205

205
206

208
209

212



Contents

Xiii

103 Purification
10.3.1 Chromatography 217
10.3.2 Carbon decolorization 217
10.3.3 Crystallization 218

104 Product Isolation
10.4.1 Crystalline processing 218
10.4.2 Drying 218

Suggested Readings 220

11. Sterility in Industrial Microbiology

111 TheBasisof Loss by Contaminants
11.2 Methods of Achieving Sterility
11.2.1 Physical methods 222
11.2.2 Chemical methods 227
11.3 Aspectsof Sterilization in Industry
11.3.1 The sterilization of the fermentor and its accessories 229
11.3.2 Media sterilization 229
114 Viruses (Phages) inIndustrial Microbiology
11.4.1 Morphological grouping of bacteriophages 232
11.4.2 Lysisof hosts by phages 232
11.4.3 Prevention of phage contamination 232
11.4.4 Use of phage resistant mutants 234
11.4.5 Inhibition of phage multiplication with chemicals 234

11.4.6 Use of adequate media conditions and other practices 234

Suggested Readings 234

SecTioN D  ALCOHOL-BASED FERMENTATION INDUSTRIES

12. Production of Beer

121 Barley Beers
12.1.1 Typesof barley beers 237
12.1.2 Raw materials for brewing 238
12.1.3 Brewery processes 242
12.1.4 Beer defects 253
12.1.5 Some developments in beer brewing 255
122 Sorghum Beers
12.2.1 Kaffir beer and other traditional sorghum beers 258

Suggested Readings 260

13. Production of Wines and Spirits

131 GrapeWines
13.1.1 Processesin wine making 262
13.1.2 Fermentation 263
13.1.3 Ageing and storage 263
13.1.4 Clarification 264
13.1.5 Packaging 265

217

218

221

221
222

229

230

237
237

258

262
262



xiv Modern Industrial Microbiology and Biotechnology

13.1.6 Winedefects 265

13.1.7 Wine preservation 265

13.1.8 Classification of wines 265
132 PadmWine 270
133 TheDistilled Alcoholic (or Spirit) Beverages 274

13.3.1 Measurement of the alcoholic strength of distilled beverages 274

13.3.2 General principles in the production of spirit beverages 275

13.3.3 The spirit beverages 276

Suggested Readings 278

14. Production of Vinegar 280
141 Uses 280
14.2 Measurement of Acetic Acidin Vinegar 281
143 Typesof Vinegar 281
144 OrganismsInvolved 282
145 Manufactureof Vinegar 283

14.5.1 The Orleans (or slow) method 283
14.5.2 The trickling generators (quick) method 284
14.5.3 Submerged generators 286
14.6 Processing of Vinegar 283

Suggested Readings 289

SectioN E  Use oF WHoLE CELLS FOR Foob RELATED PURPOSES

15. Single Cell Protein (SCP) 293

151 Substratesfor Single Cell Protein Production 294
15.1.1 Hydrocarbons 294
15.1.2 Alcohols 297
15.1.3 Waste products 298

152 Microorganisms Used in SCP Production 300
153 Use of Autotrophic Microorganismsin SCP Production 300
154 Safety of Single Cell Protein 303
15.4.1 Nucleic acids and their removal from SCP 304
155 Nutritional Valueof Single Cell Protein 305
Suggested Readings 305
16. Yeast Production 306
161 Production of Baker’s Yeast 306

16.1.1 Yeast strain used 308
16.1.2 Culture maintenance 309
16.1.3 Factory production 309

162 Food Yeasts 311
16.2.1 Production of food yeast 312
163 Feed Yeasts 313

164 Alcohol Yeasts 314



Contents xv
165 Yeast Products 314
Suggested Readings 314
17. Production of Microbial Insecticides 315
171 Alternativesto Chemical Insecticides 315
172 Biologica Control of Insects 316
17.2.1 Desirable propertiesin organisms to be used for
biological control 317
17.2.2 Candidates which have been considered as
biological control agents 318
17.2.3 Bacillus thuringiensis Insecticidal toxin 321
17.3 Production of Biological Insecticides 322
17.3.1 Submerged fermentations 322
17.3.2 Surface culture 323
17.3.3 Invivo culture 323
174 Bioassay of Biological Insecticides 323
175 Formulation and Use of Bioinsecticides 324
17.5.1 Dusts 324
17.5.2 Liquid formulation 324
176 Safety Testing of Bioinsecticides 325
17.7 Search and Development of New Bioinsecticides 325
Suggested Readings 326
18. The Manufacture of Rhizobium Inoculants 327
181 Biology of Rhizobium 328
18.1.1 General properties 328
18.1.2 Cross-inoculation groups of rhizobium 328
18.1.3 Properties desirable in strains to be selected for
use asrhizobium inoculants 328
18.1.4 Selection of strains for use as rhizobial inoculants 329
182 Fermentation of Rhizobia 330
183 Inoculant Packaging for Use 331
18.3.1 Seed inoculants 331
18.3.2 Soil inoculants 332
184 Quality Control 333
Suggested Readings 333
19. Production of Fermented Foods 334
191 Introduction 334
192 Fermented Food fromWheat: Bread 335
19.2.1 Ingredients for modern bread-making 335
19.2.2 Systems of bread-making 339
19.2.3 Role of yeastsin bread-making 340
193 Fermented FoodsMade fromMilk 343

19.3.1 Composition of milk 343



xvi Modern Industrial Microbiology and Biotechnology

19.3.2 Cheese 344
19.3.3 Yoghurt and fermented milk foods 347
194 Fermented Foodsfrom Corn
19.4.1 Ogi, koko, mahewu 349
195 Fermented Foodsfrom Cassava: Garri, Foo-Foo, Chikwuange,
Kokonte, Bikedi, and Cinguada
195.1 Garri 351
19.5.2 Foo-foo, chikwuangue, lafun, kokonte,
bikedi, and cinguada 352
196 Fermented Vegetables
19.6.1 Sauerkraut 353
19.6.2 Cucumbers (pickling) 353
19.7 Fermentations for the Production of the
Stimulant Beverages: Tea, Coffee, and Cocoa
19.7.1 Tea production 354
19.7.2 Coffee fermentation 354
19.7.3 Cocoa fermentation 355
198 Fermented Foods Derived from Legumesand Oil Seeds
19.8.1 Fermented foods from Soybeans 355
19.8.2 Fermented foods frombeans: Idli 359
19.8.3 Fermented foods from Protein-rich Oil-seeds 360
19.8.4 Food condiments made fromfish 360

Suggested Readings 360

SecTioN F PropucTioN oF METABOLITES AS BuLk CHEMICALS OR

As INPUTS IN OTHER PROCESSES

20. Production of Organic Acids and Industrial Alcohol
20.1 Organic Acids

20.1.1 Production of citric acid 365
20.1.2 Usesof citricacid 365

20.1.3 Biochemical basis of the production of citric acid 366

20.1.4 Fermentation for citric acid production 368
20.1.5 Extraction 368
20.1.6 Lactic acid 369
20.2 Industrial Alcohol Production
20.2.1 Properties of ethanol 373
20.2.2 Usesof ethanol 374
20.2.3 Denatured alcohol 374
20.2.4 Manufacture of ethanol 374
20.2.5 Some developments in alcohol production 377

Suggested Readings 379

21. Production of Amino Acids by Fermentation
211 Usesof Amino Acids

350

353

354

355

365
365

373

380
380



Contents  xvii

22.

23.

21.2 Methods for the Manufacture of Amino Acids 384
21.2.1 Semi-fermentation 386
21.2.2 Enzymatic process 386
21.2.3 Production of amino acids by the direct fermentation 388
21.3 Production of Glutamic Acid by Wild Type Bacteria 38
214 Production of Amino Acids by Mutants 38
21.4.1 Production of amino acids by auxotrophic mutants 390
21.4.2 Production of amino acids by regulatory mutants 390
215 Improvementsin the Production of Amino Acids Using
Metabolically Engineered Organisms 391
21.5.1 Srategies to modify the terminal pathways 392
21.5.2 Srategies for increasing precursor availability 393
21.5.3 Metabolic engineering to improve transport of
amino acids outside the cell 394
216 Fermentor Production of Amino Acid 394
21.6.1 Fermentor procedure 394
21.6.2 Raw materials 395
21.6.3 Production strains 395
21.6.4 Down stream processing 396

Suggested Readings 396

Biocatalysts: Immobilized Enzymes and Immobilized Cells 398

22.1 Rationaefor Useof Enzymesfrom Microorganisms
222 Classification of Enzymes
22.3 Uses of Enzymesin Industry
224 Production of Enzymes 406
22.4.1 Fermentation for enzyme production 406
22.4.2 Enzyme extraction 408
22.4.3 Packaging and finishing 408
22.4.4 Toxicity testing and standardization 408
225 Immobilized Biocatalysts: Enzymesand Cells 408
22.5.1 Advantages of immobilized biocatalysts in general 409
22.5.2 Methods of immobilizing enzymes 409
22.5.3 Methods for the immobilization of cells 412
226 Bioreactors Designsfor Usagein Biocatalysis 414
22.7 Practical Application of Immobilized Biological Catalyst Systems 416
228 Manipulation of Microorganismsfor Higher Yield of Enzymes 416
22.8.1 Some aspects of the biology of extracellular enzyme production 417

Suggested Readings 419

5888

Mining Microbiology: Ore Leaching (Bioleaching) by

Microorganisms 421
231 Bioleaching 421
232 Commercia Leaching Methods 422

23.2.1 lIrrigation-type processes 422
23.2.2 Sirred tank processes 423



xviii Modern Industrial Microbiology and Biotechnology
233 Microbiology of the Leaching Process 423
234 Leaching of SomeMetal Sulfides 424
235 Environmental Conditions Affecting Bacterial Leaching 425
Suggested Readings 426
SecTioN G PropucTioN oF CoMMODITIES OF MEDICAL IMPORTANCE
24. Production of Antibiotics and Anti-Tumor Agents 429
24.1 Classification and Nomenclature of Antibiotics 429
24.2 Beta-Lactam Antibiotics 430
24.2.1 Penicillins 432
24.2.2 Cephalosporins 435
24.2.3 Other beta-lactam antibiotics 438
24.3 The Search for New Antibiotics 439
24.3.1 The need for new antibiotics 439
24.3.2 The classical method for searching for antibiotics:
random search in the soil 440
24.4 Combating Resistance and Expanding the Effectiveness of
Existing Antibiotics 444
24.4.1 Refinementsin the procedures for
the random search for new antibioticsin the soil 444
24.4.2 Newer approaches to searching for antibiotics 445
245 Anti-Tumor Antibiotics 448
24.5.1 Nature of tumors 448
24.5.2 Mode of action of anti-tumor antibiotics 449
24.5.3 Search for new anti-tumor antibiotics 449
24.6 Newer Methodsfor Searching for Antibiotic and Anti-tumor Drugs 453
Suggested Readings 453
25. Production of Ergot Alkaloids 455
25.1 Natureof Ergot Alkaloids 455
252 Usesof Ergot Alkaloids and their Derivates 457
25.3 Production of Ergot Alkaloids 459
254 Physiology of Alkaloid Production 461
Suggested Readings 463
26. Microbial Transformation and Steroids and Sterols 464
26.1 Nature and Use of Steroids and Sterols 464
26.2 Uses of Steroids and Sterols 466
26.2.1 Sex hormones 466
26.2.2 Corticosteroids 467
26.2.3 Saponins 467
26.2.4 Heterocyclic steroids 467
26.3 Manufacture of Steroids 467

26.3.1 Types of microbial transformations in steroids and sterols 469



Contents

Xix

26.3.2 Fermentation conditions used in steroid transformation
26.4 Screening for Microorganisms

Suggested Readings 471

27. Vaccines

27.1 Nature and Importance of Vaccines
272 Body Defenses against Communicable Diseases
27.2.1 Innate or non-specific immunity 475
27.3 Traditional and Modern Methods of Vaccine Production
27.3.1 Traditional vaccines 479
27.3.2 Newer approaches in vaccinology 480
274 Production of Vaccines
27.4.1 Production of virus vaccines 482
27.4.2 Production of bacterial toxoids 485
27.4.3 Production of killed bacterial vaccines 485
275 Control of Vaccines

470

27.6 Vaccine Production versus Other Aspects of Industrial Microbiology

Suggested Readings 487

28. Drug Discovery in Microbial Metabolites: The Search for
Microbial Products with Bioactive Properties

281 Conventional Processes of Drug Discovery
28.1.1 Cell-based assays 489
28.1.2 Receptor binding assays 491
28.1.3 Enzymeassays 491
282 Newer Methods of Drug Discovery
28.2.1 Computer aided drug design 492
28.2.2 Combinatorial chemistry 493
28.2.3 Genomic methods in the search for new drugs,
including antibiotics 494

28.2.4 Search for drugs among unculturable microorganisms 496
284 Approval of New Antibiotic and other Drugs by the Regulating Agency

28.4.1 Pre-submission work by the pharmaceutical firm 497
28.4.2 Submission of the new drug to the FDA 499

28.4.3 Approval 500

28.4.4 Post approval research 501

Suggested Readings

SectioN H WasTE DisposaL

29. Treatment of Wastes in Industry

29.1 Methods for the Determination of Organic Matter Content in Waste Waters

29.1.1 Dissolved oxygen 506

29.1.2 The biological or biochemical oxygen demand (BOD) tests 506

29.1.3 Permanganate value (PV) test 506

471

472

472
472

479

482

486

488

492

497

501

505
505



xx Modern Industrial Microbiology and Biotechnology

29.1.4 Chemical oxygen demand (COD) 507
29.1.5 Total organic carbon (TOC) 507
29.1.6 Total suspended solids (TSS) 507
29.1.7 \olatile suspended solids (VSS) 507

29.2 Wastes from Mgjor Industries 508

20.3 Systems for the Treatment of Wastes 509
29.3.1 Aerobic breakdown of raw waste waters 509

294 Treatment of the Sludge: Anaerobic Breakdown of Sludge 516

205 Waste Water Disposal in the Pharmaceutical Industry 517

Suggested Readings 519
Glossary 520

Index 523



Introduction






CHAPTER 1

Introduction:
Scope of Biotechnology and
Industrial Microbiology

1.1 NATURE OF BIOTECHNOLOGY AND
INDUSTRIAL MICROBIOLOGY

There are many definitions of biotechnology. One of the broadest is the one given at the
United Nations Conference on Biological Diversity (also called the Earth Summit) at the
meeting held in Rio de Janeiro, Brazil in 1992. That conference defined biotechnology as
“any technological application that uses biological systems, living organisms, or
derivatives thereof, to make or modify products or processes for specific use.” Many
examples readily come to mind of living things being used to make or modify processes
for specfic use. Some of these include the use of microorganisms to make the antibiotic,
penicillin or the dairy product, yoghurt; the use of microorganisms to produce amino
acids or enzymes are also examples of biotechnology.

Developments in molecular biology in the last two decades or so, have vastly
increased our understanding of the nucleic acids in the genetic processes. This has led to
applications of biological manipulation at the molecular level in such technologies as
genetic engineering. All aspects of biological manipulations now have molecular biology
dimensions and it appears convenient to divide biotechnology into traditional
biotechnology which does not directly involve nucleic acid or molecular manipulations
and nucleic acid biotechnology, which does.

Industrial microbiology may be defined as the study of the large-scale and profit-
motivated production of microorganisms or their products for direct use, or as inputs in
the manufacture of other goods. Thus yeasts may be produced for direct consumption as
food for humans or as animal feed, or for use in bread-making; their product, ethanol,
may also be consumed in the form of alcoholic beverages, or used in the manufacture of
perfumes, pharmaceuticals, etc. Industrial microbiology is clearly a branch of
biotechnology and includes the traditional and nucleic acid aspects.
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1.2 CHARACTERISTICS OF INDUSTRIAL MICROBIOLOGY

The discipline of microbiology is often divided into sub-disciplines such as medical
microbiology, environmental microbiology, food microbiology and industrial
microbiology. The boundaries between these sub-divisions are often blurred and are
made only for convenience.

Bearing this qualification in mind, the characteristics of industrial microbiology can
be highlighted by comparing its features with those of another sub-division of
microbiology, medical microbiology.

1.2.1 Industrial vs Medical Microbiology

The sub-disciplines of industrial microbiology and medical microbiology differ in at least
three different ways.

First is the immediate motivation: in industrial microbiology the immediate motiva-
tion is profit and the generation of wealth. In medical microbiology, the immediate
concern of the microbiologist or laboratory worker is to offer expert opinion to the doctor
about, for example the spectrum of antibiotic susceptibility of the microorganisms
isolated from a diseased condition so as to restore the patient back to good health. The
generation of wealth is of course at the back of the mind of the medical microbiologist but
restoration of the patient to good health is the immediate concern.

The second difference is that the microorganisms per se used in routine medical
microbiology have little or no direct economic value, outside the contribution which they
make to ensuring the return to good health of the patient who may then pay for the
services. In industrial microbiology the microorganisms involved or their products are
very valuable and the raison d’etre for the existence of the industrial microbiology
establishment.

The third difference between the two sub-disciplines is the scale at which the
microorganisms are handled. In industrial microbiology, the scale is large and the
organisms may be cultivated in fermentors as large as 50,000 liters or larger. In routine
medical microbiology the scale at which the pathogen is handled is limited to a loopful or
a few milliliters. If a pathogen which normally would have no economic value were to be
handled on the large scale used in industrial microbiology, it would most probably be to
prepare a vaccine against the pathogen. Under that condition, the pathogen would then
acquire an economic value and a profit-making potential; the operation would properly
be termed industrial microbiology.

1.2.2 Multi-disciplinary or Team-work Nature of
Industrial Microbiology

Unlike many other areas of the discipline of microbiology, the microbiologist in an
industrial establishment does not function by himself. He is usually only one of a number
of different functionaries with whom he has to interact constantly. In a modern industrial
microbiology organization these others may include chemical or production engineers,
biochemists, economists, lawyers, marketing experts, and other high-level functionaries.
They all cooperate to achieve the purpose of the firm, which is not philanthropy, (at least
not immediately) but the generation of profit or wealth.
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Despite the necessity for team work emphasized above, the microbiologist has a
central and key role in his organization. Some of his functions include:

a. the selection of the organism to be used in the processes;

b. the choice of the medium of growth of the organism;

c. the determination of the environmental conditions for the organism’s optimum
productivity i.e., pH, temperature, aeration, etc.

d. during the actual production the microbiologist must monitor the process for the
absence of contaminants, and participate in quality control to ensure uniformity of
quality in the products;

e. the proper custody of the organisms usually in a culture collection, so that their
desirable properties are retained;

f. the improvement of the performance of the microorganisms by genetic
manipulation or by medium reconstitution.

1.2.3 Obsolescence in Industrial Microbiology

As profit is the motivating factor in the pursuit of industrial microbiology, less efficient
methods are discarded as better ones are discovered. Indeed a microbiological method
may be discarded entirely in favor of a cheaper chemical method. This was the case with
ethanol for example which up till about 1930 was produced by fermentation. When
cheaper chemical methods using petroleum as the substrate became available in about
1930, fermentation ethanol was virtually abandoned. From the mid-1970s the price of
petroleum has climbed steeply. It has once again become profitable to produce ethanol by
fermentation. Several countries notably Brazil, India and the United States have officially
announced the production of ethanol by fermentation for blending into gasoline as
gasohol.

1.2.4 Free Communication of Procedures in
Industrial Microbiology

Many procedures employed in industrial microbiology do not become public property for
along time because the companies which discover them either keep them secret, or else
patent them. The undisclosed methods are usually blandly described as ‘know-how’.
The reason for the secrecy is obvious and is designed to keep the owner of the secret one
step ahead of his/her competitors. For this reason, industrial microbiology textbooks
often lag behind in describing methods employed in industry. Patents, especially as they
relate to industrial microbiology, will be discussed below.

1.3 PATENTS AND INTELLECTUAL PROPERTY RIGHTS IN
INDUSTRIAL MICROBIOLOGY AND BIOTECHNOLOGY

All over the world, governments set up patent or intellectual property laws, which have
two aims. First, they are intended to induce an inventor to disclose something of his/her
invention. Second, patents ensure that an invention is not exploited without some
reward to the inventor for his/her innovation; anyone wishing to use a patented
invention would have to pay the patentee for its use.
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The prerequisite for the patentability of inventions all over the world are that the
claimed invention must be new, useful and unobvious from what is already known
in ‘the prior art’ or in the ‘state of the art’. For most patent laws an invention is
patentable:

a. ifitisnew, results from inventive activity and is capable of industrial application,
or

b. if it constitutes an improvement upon a patented invention, and is capable of
industrial application.

For the purposes of the above:

a. aninvention is new if it does not form part of the state of the art (i.e., it is not part of
the existing body of knowledge);

b. aninvention results from inventive activity if it does not obviously follow from the
state of the art, either as to the method, the application, the combination of methods,
or the product which is concerns, or as to the industrial result it produces, and

c. aninvention is capable of industrial application if it can be manufactured or used
in any kind of industry, including agriculture.

In the above, ‘the art’ means the art or field of knowledge to which an invention relates
and ‘the state of the art’ means everything concerning that art or field of knowledge
which has been made available to the public anywhere and at any time, by means of a
written or oral description, or in any other way, before the date of the filing of the patent
application.

Patents cannot be validly obtained in respect of:

a. plant or animal varieties, or essentially biological processes for the production of
plants or animals (other than microbiological processes and their products), or

b. inventions, the publication or exploitation of which would be contrary to public
order or morality (it being understood for the purposes of this paragraph that the
exploitation of an invention is not contrary to public order or morality merely
because its exploitation is prohibited by law).

Principles and discoveries of a scientific nature are not necessarily inventions for the
purposes of patent laws.

It is however not always as easy as it may seem to show that an invention is ‘new’,
‘useful’, and ‘unobvious’. In some cases it has been necessary to go to the law courts to
decide whether or not an invention is patentable. It is therefore advisable to obtain the
services of an attorney specializing in patent law before undertaking to seek a patent. The
laws are often so complicated that the layman, including the bench-bound microbiologist
may, without proper guidance, leave out essential details which may invalidate his claim
to his invention.

The exact wording may vary, but the general ideas regarding patentability are the
same around the world. The current Patent Law in the United States is the United States
Code Title 35 — Patents (Revised 3 August, 2005), and is administered by the Patents and
Trademarks Office while the equivalent UK Patent Law is the Patent Act 1977.

An examination of the patent laws of a number of countries will show that they often
differ only in minor details. For example patents are valid in the UK and some other
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countries for a period of 20 years whereas they are valid in the United States for 17 years.
International laws have helped to bridge some of the differences among the patent
practices of various countries. The Paris Convention for the protection of Industrial
Property has been signed by several countries. This convention provides that each
country guarantees to the citizens of other countries the same rights in patent matters as
their own citizens. The treaty also provides for the right of priority in case of dispute.
Following from this, once an applicant has filed a patent in one of the member countries
on a particular invention, he may within a certain time period apply for protection in all
the other member countries. The latter application will then be regarded as having been
filed on the same day as in the country of the first application. Another international
treaty signed in Washington, DC came into effect on 1 June, 1968. This latter treaty, the
Patent Cooperation Treaty, facilitates the filing of patent applications in different
countries by providing standard formats among other things.

A wide range of microbiological inventions are generally recognized as patentable.
Such items include vaccines, bacterial insecticides, and mycoherbicides. As will be seen
below however, micro-organisms per se are not patentable, except when they are used as
part of a “useful’ process.

On 16 June, 1980 a case of immense importance to the course of industrial
microbiology was decided in the United States Court of Customs and Patent Appeals. In
brief, the court ruled that “a live human-made micro-organism is patentable”.
Dr. Ananda Chakrabarty then an employee of General Electric Company had introduced
into a bacterium of the genus Pseudomonas two plasmids (using techniques of genetic
engineering discussed in Chapter 7) which enabled the new bacterium to degrade
multiple components of crude oil. This single bacterium rather than a mixture of several
would then be used for cleaning up oil spills. Claims to the invention were on three
grounds.

a. Process claims for the method of producing the bacteria
b. Claims for an inoculum comprising an inert carrier and the bacterium
c¢. Claims to the bacteria themselves.

The first two were easily accepted by the lower court but the third was not accepted on
the grounds that (i) the organisms are products of nature and (ii) that as living things they
are not patentable. As had been said earlier the Appeals Court reversed the earlier
judgment of the lower court and established the patentability of organisms imbued with
new properties through genetic engineering.

A study of the transcript of the decision of the Appeals Court and other patents
highlights a number of points about the patentability of microorganisms.

First, microorganisms by themselves are not patentable, being ‘products of nature” and
‘living things’. However they are patentable as part of a useful ‘process’ i.e. when they
are included along with a chemical or an inert material with which jointly they fulfill a
useful purpose. In other words it is the organism-inert material complex which is
patented, not the organism itself. An example is a US patent dealing with a bacterium
which kills mosquito larva granted to Dr L ] Goldberg in 1979, and which reads thus in
part:
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What is claimed is:

A bacterial larvicide active against mosquito-like larvae comprising (this author’s
italics):

a. an effective larva-killing concentration of spores of the pure biological strain of
Bacillus thuringiensis var. WHO/CCBC 1897 as an active agent; and
b. acarrier....

It is the combination of the bacterial larvicide and the carrier which produced a unique
patentable material, not the larvicide by itself. In this regard, when for example, a new
antibiotic is patented, the organism producing it forms part of the useful process by
which the antibiotic is produced.

Second, a new organism produced by genetic engineering constitutes a ‘manufacture’
or ‘composition of matter’. The Appeals Court made it quite clear that such an organism
was different from a newly discovered mineral, and from Einstein’s law, or Newton’s law
which are not patentable since they already existed in nature. Today most countries
including those of the European Economic Community accept that the following are
patentable: the creation of new plasmid vectors, isolation of new DNA restriction
enzymes, isolation of new DN A-joining enzymes or ligases, creation of new recombinant
DNA, creation of new genetically modified cells, means of introducing recombinant
DNA into a host cell, creation of new transformed host cells containing recombinant
DNA, a process for preparing new or known useful products with the aid of transformed
cells, and novel cloning processes. Patents resulting from the above were in general
regarded as process, not substance, patents. (The above terms all relate to genetic
engineering and are discussed in Chapter 7.) The current US law specifically defines
biotechnological inventions and their patentability as follows:

“For purposes of (this) paragraph .... the term ‘biotechnological process’ means:

(A) a process of genetically altering or otherwise inducing a single- or multi-celled
organism to-

(i) expressan exogenous nucleotide sequence,
(i) inhibit, eliminate, augment, or alter expression of an endogenous nucleotide
sequence, or
(iii) express a specific physiological characteristic not naturally associated with
said organism;
(B) cell fusion procedures yielding a cell line that expresses a specific protein, such as
a monoclonal antibody; and
(©) amethod of using a product produced by a process defined by subparagraph (A) or
(B), or a combination of subparagraphs (A) and (B).”

Third, the patenting of a microbiological process places on the patentee the obligation
of depositing the culture in a recognized culture collection. The larvicidal bacterium,
Bacillus thuringiensis, just mentioned, is deposited at the World Health Organization
(WHO) International Culture depository at the Ohio State University Columbus Ohio,
USA. The rationale for the deposition of culture in a recognized culture collection is to
provide permanence of the culture and ready availability to users of the patent. The
cultures must be pure and are usually deposited in lyophilized vials.
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The deposition of culture solves the problems of satisfying patent laws created by the
nature of microbiology. In chemical patents the chemicals have to be described fully and
no need exists to provide the actual chemical. In microbiological patents, it is not very
helpful to describe on paper how to isolate an organism even assuming that the isolate
can be readily obtained, or indeed how the organism looks. More importantly, it is
difficult to readily and accurately recognize a particular organism based on patent
descriptions alone. Finally, since the organism is a part of the input of microbiological
processes it must be available to a user of the patent information.

Culture collections where patent-related cultures have been deposited include the
American Type Culture Collection, (ATCC), Maryland, USA, National Collection of
Industrial Bacteria (NCIB), Aberdeen, Scotland, UK, Agricultural Research Service
Culture Collection, Northern Regional Research Laboratory (NRRL), Peoria, Illinois,
USA. A fuller list is available in the World Directory of Cultures of Micro-organisms. Culture
collections and methods for preserving microorganisms are discussed in Chapter 8 of
this book.

Fourth, where a microbiologist-inventor is an employee, the patent is usually assigned
to the employer, unless some agreement is reached between them to the contrary. The
patent for the oil-consuming Pseudomonas discussed earlier went to General Electric
Company, not to its employee.

Fifth, in certain circumstances it may be prudent not to patent the invention at all, but
to maintain the discovery as a trade secret. In cases where the patent can be circumvented
by a minor change in the process without an obvious violation of the patent law it would
not be wise to patent, but to maintain the procedure as a trade secret. Even if the nature of
the compound produced by the microorganisms were not disclosed, it may be possible to
discover its composition during the processes of certification which it must undergo in
the hands of government analysts. The decision whether to patent or not must therefore
be considered seriously, consulting legal opinion as necessary. It is for this reason that
some patents sometimes leave out minor but vital details. As much further detail as the
patentee is willing to give must therefore be obtained when a patent is being considered
seriously for use.

In conclusion when all necessary considerations have been taken into account and it
is decided to patent an invention, the decision must be pursued with vigor and with
adequate degree of secrecy because as one patent law states:

.... The right to patent in respect of an invention is vested in the statutory inventor,
that is to say that person who whether or not he is the true inventor, is the first to
file...(the) patent application.

1.4 THE USE OF THE WORD ‘FERMENTATION’ IN
INDUSTRIAL MICROBIOLOGY

The word fermentation comes from the Latin verb fevere, which means to boil. It
originated from the fact that early at the start of wine fermentation gas bubbles are
released continuously to the surface giving the impression of boiling. It has three different
meanings which might be confusing.
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The first meaning relates to microbial physiology. In strict physiological terms,
fermentation is defined in microbiology as the type of metabolism of a carbon source in
which energy is generated by substrate level phosphorylation and in which organic
molecules function as the final electron acceptor (or as acceptors of the reducing
equivalents) generated during the break-down of carbon-containing compounds or
catabolism. As is well-known, when the final acceptor is an inorganic compound the
process is called respiration. Respiration is referred to as aerobic if the final acceptor is
oxygen and anaerobic when it is some other inorganic compound outside oxygen e.g
sulphate or nitrate.

The second usage of the word is in industrial microbiology, where the term
‘fermentation’ is any process in which micro-organisms are grown on a large scale, even
if the final electron acceptor is not an organic compound (i.e. even if the growth is carried
out under aerobic conditions). Thus, the production of penicillin, and the growth of yeast
cells which are both highly aerobic, and the production of ethanol or alcoholic beverages
which are fermentations in the physiological sense, are all referred to as fermentations.

The third usage concerns food. A fermented food is one, the processing of which micro-
organisms play a major part. Microorganisms determine the nature of the food through
producing the flavor components as well deciding the general character of the food, but
microorganisms form only a small portion of the finished product by weight. Foods such
as cheese, bread, and yoghurt are fermented foods.

1.5 ORGANIZATIONAL SET-UP IN AN INDUSTRIAL
MICROBIOLOGY ESTABLISHMENT

The organization of a fermentation industrial establishment will vary from one firm to
another and will depend on what is being produced. Nevertheless the diagram in Fig. 1.1
represents in general terms the set-up in a fermentation industry.

The culture usually comes from the firm’s culture collection but may have been sourced
originally from a public culture collection and linked to a patent. On the other hand it
may have been isolated ab initio by the firm from soil, the air, the sea, or some other natural
body. The nutrients which go into the medium are compounded from various raw
materials, sometimes after appropriate preparation or modification including
saccharification as in the case of complex carbohydrates such as starch or cellulose. An
inoculum is first prepared usually from a lyophilized vial whose purity must be checked
on an agar plate. The organism is then grown in shake flasks of increasing volumes until
about 10% of the volume of the pilot fermentor is attained. It is then introduced into pilot
fermentor(s) before final transfer into the production fermentor(s) (Fig. 1.2).

The extraction of the material depends on what the end product is. The methods are
obviously different depending on whether the organism itself, or its metabolic product is
the desired commodity. If the product is the required material the procedure will be
dictated by its chemical nature. Quality control must be carried out regularly to ensure
that the right material is being produced. Sterilityis important in industrial microbiology
processes and is maintained by various means, including the use of steam, filtration or by
chemicals. Air, water, and steam and other services must be supplied and appropriately
treated before use. The wastes generated in the industrial processes must also be disposed
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Fig. 1.1 Set-up in an Industrial Microbiology Establishment

off. Packaging and sales are at the tail end, but are by no means the least important.
Indeed they are about the most important because they are the points of contact with the
consumer for whose satisfaction all the trouble was taken in the first instance. The items
in italics above are discussed in various succeeding chapters in this book.
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CHAPTER 2

Some Microorganisms
Commonly Used in
Industrial Microbiology and
Biotechnology

2.1 BASIC NATURE OF CELLS OF LIVING THINGS

All living things are composed of cells, of which there are two basic types, the prokaryotic
cell and the eucaryotic cell. Figure 2.1 shows the main features of typical cells of the two
types. The parts of the cell are described briefly beginning from the outside.

Cell wall: Procaryotic cell walls contain glycopeptides; these are absent in eucaryotic
cells. Cell walls of eucaryotic cells contain chitin, cellulose and other sugar polymers.
These provide rigidity where cell walls are present.

Procaryotic cell (Bacillus sp) Eucaryotic cell (Saccharomyces sp)

Fig. 2.1 Eucaryotic Cell (Yeast) and Procaryotic Cell (Bacillus)
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Cell membrane: Composed of a double layer of phospholipids, the cell membrane
completely surrounds the cell. It is not a passive barrier, but enables the cell to actively
select the metabolites it wants to accumulate and to excrete waste products.

Ribosomes are the sites of protein synthesis. They consist of two sub-units. Procaryotic
ribosomes are 70S and have two sub-units: 30S (small) and a 50S (large) sub-units.
Eucaryotic ribosomes are 80S and have sub-units of 40S (small) and a 60S (large). (The
unit S means Svedberg units, a measure of the rate of sedimentation of a particle in an
ultracentrifuge, where the sedimentation rate is proportional to the size of the particle.
Svedberg units are not additive-two sub-units together can have Svedberg values that do
not add up to that of the entire ribosome). The prokaryotic 30S sub-unit is constructed from
a 165 RNA molecule and 21 polypeptide chains, while the 50S sub-unit is constructed
from two RNA molecules, 55 and 23S respectively and 34 polypeptide chains.

Mitochondria are membrane-enclosed structures where in aerobic eucaryotic cells the
processes of respiration and oxidative phosphorylation occur in energy release.
Procaryotic cells lack mitochondria and the processes of energy release take place in the
cell membrane.

Nuclear membrane surrounds the nucleus in eukaryotic cells, but is absent in procaryotic
cells. In procaryotic cells only one single circular macromolecule of DNA constitutes the
hereditary apparatus or genome. Eucaryotic cells have DNA spread in several
chromosomes.

Nucleolusis a structure within the eucaryotic nucleus for the synthesis of ribosomal RNA.
Ribosomal proteins synthesized in the cytoplasm are transported into the nucleolus and
combine with the ribosomal RNA to form the small and large sub-units of the eucaryotic
ribosome. They are then exported into the cytoplasm where they unite to form the intact
ribosome.

2.2 CLASSIFICATION OF LIVING THINGS: THREE
DOMAINS OF LIVING THINGS

The classification of living things has evolved over time. The earliest classification placed
living things into two simple categories, plants and animals. When the microscope was
discovered in about the middle of the 16th century it enabled the observation of
microorganisms for the first time. Living things were then divided into plants, animals
and protista (microorganisms) visible only with help of the microscope. This
classification subsisted from about 1866 to the 1960s. From the 1960s and the 1970s
Whittaker’s division of living things into five groups was the accepted grouping of living
things. The basis for the classification were cell-type: procaryotic or eucaryotic;
organizational level: single-celled or multi-cellular, and nutritional type: heterotrophy
and autotrophy. On the basis of these characteristics living things were divided by
Whitakker into five groups: Monera (bacteria), Protista (algae and protozoa), Plants,
Fungi, and Animals.

The current classification of living things is based on the work of Carl R Woese of the
University of Illinois. While earlier classifications were based to a large extent on
morphological characteristics and the cell type, with our greater knowledge of molecular
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basis of cell function, today’s classification is based on the sequence of ribosomal RNA
(rRNA)in the 16S of the small sub-unit (SSU) of the procaryotic ribosome, and the 185
ribosomal unit of eucaryotes. The logical question to ask is, why do we use the rRNA
sequence? It is used for the following reasons:

(i) 16S (or 18S) rRNA is essential to the ribosome, an important organelle found in all
living things (i.e. it is universally distributed);
(ii) its function is identical in all ribosomes;
(iii) its sequence changes very slowly with evolutionary time, and it contains variable
and stable sequences which enable the comparison of closely related as well as
distantly related species.

The classification is evolutionary and attempts to link all livings things with evolution
from a common ancestor. For this approach, an evolutionary time-keeper is necessary.
Such a time-keeper must be available to, or used by components of the system, and yetbe
able to reflect differences and changes with time in other regions appropriate to the
assigned evolutionary distances. The 16S ribosomal RNAs meet these criteria as
ribosomes are involved in protein synthesis in all living things. They are also highly
conserved (remain the same) in many groups and some minor changes observed are
commensurate with expected evolutionary distances (Fig. 2.2).

common / species A
angesfor species B
species D

past time present

Fig. 2.2 Diagram lllustrating Evolutionary Relationship between Organisms with Time

According to the currently accepted classification living things are placed into three
groups: Archae, Bacteria, and Eukarya. A diagram depicting the evolutionary
relationships among various groups of living things is giving in Fig. 2.3, while the
properties of the various groups are summarized in Table 2.1. Archae and Bacteria are
procaryotic while Eucarya are eucaryotic.

2.3 TAXONOMIC GROUPING OF MICRO-ORGANISMS
IMPORTANT IN INDUSTRIAL MICROBIOLOGY AND
BIOTECHNOLOGY

The microorganisms currently used in industrial microbiology and biotechnology are
found mainly among the bacteria and eukarya; the Archae are not used. However, as
discussed in Chapter 1, the processes used in industrial microbiology and biotechnology
are dynamic. Consequently, out-dated procedures are discarded as new and more effi-
cient ones are discovered. At present organisms from Archae are not used for industrial
processes, but that may change in future. This idea need not be as far fetched as it may



20 Modern Industrial Microbiology and Biotechnology

Archaes

Bacleria Extreme
halophiles
Green . Ent
ran=sulf ur hetharnopact edum
bact etia
Gram + Thernoppoteus Thernoplastna
barcteta hd et har ococius

Purple bactera
Pyradictium Thempo-

OG0
Cyanobacteria Flagellates
Flaeeobact etia Trichomonads
Themnotoga ticros pori dia
Aquifex

Dipldmonads

Fig. 2.3 The Three Domains of Living Things Based on Woese’'s Work

seem now. For as will be seen below, one of the criteria supporting the use of a microor-
ganism for industrial purposes is the possession of properties which will enable the
organism to survive and be productive in the face of competition from contaminants.
Many organisms in Archae are able to grow under extreme conditions of temperature or
salinity and these conditions may be exploited in industrial processes where such physi-
ological properties may put a member of the Archae at an advantage over contaminants.

Plants and animals as well as their cell cultures are also used in biotechnology, and
will be discussed in the appropriate sections below. Microorganisms have the following
advantages over plants or animals as inputs in biotechnology:

i. Microorganisms grow rapidly in comparison with plants and animals. The
generation time (the time for an organism to mature and reproduce) is about
12 years in man, about 24 months in cattle, 18 months in pigs, 6 months in chicken,
but only 15 minutes in the bacterium, E coli The consequence is that
biotechnological products which can be obtained from microorganisms in a matter
of days may take many months in animals or plants.

ii. The space requirement for growth microorganisms is small. A 100,000 litre
fermentor can be housed in about 100 square yards of space, whereas the plants or
animals needed to generate the equivalent of products in the 100,000 fermentor
would require many acres of land.

iii. Microorganisms are not subject to the problems of the vicissitudes of weather
which may affect agricultural production especially among plants.

iv. Microorganisms are not affected by diseases of plants and animals, although they
do have their peculiar scourges in the form phages and contaminants, but there are
procedure to contain them.

Despite these advantages there are occasions when it is best to use either plants
or animals; in general however microorganisms are preferred for the reasons given
above.



Some Microorganisms Commonly Used in Industrial Microbiology and Biotechnology 21

Table2.1 Summary of differences among the three domains of living things, (from Madigan

and Martimko, 2006)
S/No Characteristic Bacteria Archae Eukarya
Morphology and Genetics
1 Prokaryotic cell structure + + -
2 DNA present in closed circular form + + -
3 "Histone proteins present + +
4 Nuclear membrane - - +
5 Muramic acid in cell wall + - -
6 Membrane lipids: Fatty acids or
Branched hydrocarbons Fatty acids Branched Fatty acids
hydrocarbons
7 Ribosome size 70S 70S 80S
8 Initiator tRNA Formyl- Methionine =~ Methionine
methionine
9 ZIntrons in most genes - - +
10 3Operons + + -
11 Plasmids + + Rare
12 Ribosome sensitive to
diphtheria toxin - + +
13 Sensitivity to streptomycin,
chloramphenicol, and kanamycin + - -
14 * Transcription factors required - + +
Physiological/Special Structures
15 Methanogenesis + - -
16 Nitrification + -? -
17 Denitrification + + -
18 Nitrogen fixation + + -
19 Chlorophyll based photosynthesis + - + (plants)
20 Gas vesicles + + -
21 Chemolithotrphy + + -
22 Storage granules of poly-B-
hydroxyalkanoates + + -
23 Growth above 80°C + + -
24 Growth above 100°C - + -

"Histone proteins are present in eucaryotic chromosomes; histones and DNA give structure to
chromosomes in eucaryotes. “Non-coding sequences within genes; *Operons: Typically present in
prokaryotes, these are clusters of genes controlled by a single operator; *Transcription factor is a protein
that binds DNA at a specific promoter or enhancer region or site, where it regulates transcription.

2.3.1 Bacteria

Bacteria are described in two compendia, Bergey’s Manual of Determinative Bacteriology
and Bergey’s Manual of Systematic Bacteriology. The first manual (on Determinative
Bacteriology) is designed to facilitate the identification of a bacterium whose identity is
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unknown. It was first published in 1923 and the current edition, published in 1994 is the
ninth. The companion volume (on Systematic Bacteriology)records the accepted published
descriptions of bacteria, and classifies them into taxonomic groups. The first edition was
produced in four volumes and published between 1984 and 1989. The bacterial
classification in the latest (second) edition of Bergey’s Manualof Sytematic Bacteriology is
based on 165 RNA sequences, following the work of Carl Woese, and organizes the
Domain Bacteria into 18 groups (or phyla; singular, phylum) It is to be published in five
volumes. Volume 1 which deals with the Archae and the deeply branching and
phototrophic bacteria was published in 2001; Volume 2 published in 2005, deals with the
Proteobacteria and has three parts while Volume 3 was published in 2006 and deals with
the low G+C Gram-positive bacteria. The last two volumes, Volume 4 (the high C + C
Gram-positive bacteria) and Volume 5 (The Plenctomyces, Spirochaetes, Fibrobacteres,
Bacteriodetes and Fusobacteria) will be published in 2007. The manuals are named after Dr
D H Bergey who was the first Chairman of the Board set up by the then Society of
American Bacteriologists (now American Society for Microbiology) to publish the books.
The publication of Bergey Manuals is now managed by the Bergey’s Manual Trust.

Of the 18 phyla in the bacteria, (see Fig. 2.4) the Aquiflex is evolutionarily the most
primitive, while the most advanced is the Proteobacteria. The bacterial phyla used in
industrial microbiology and biotechnology are found in the Proteobacteria, the
Firmicutes and the Actinobacteria.

Green sulfur

bacteria Deferribacter
Deinococci Flavobacteria

Plectomyces/
Pirella
Green non-sulfur
ophaga
bacteria Cytophag
Thermotoga Chlamydia
Cyanobacteria

Thermodesulfo

bacterium / Actinobacteria

Gram-positive bacteria
Nitrospira

€ — Proteobacteria
O —Proteobacteria
O.— Proteobacteria
[ - Proteobacteria
7Y — Proteobacteria

Fig. 2.4 The 18 Phyla of Bacteria Based on 16S RNA Sequences (After Madigan and Matinko, 2006)
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2.3.1.1 The Proteobacteria

The Proteobacteria are a major group of bacteria. Due to the diversity of types of bacteria
in the group, it is named after Proteus, the Greek god, who could change his shape.
Proteobacteria include a wide variety of pathogens, such as Escherichia, Salmonella, Vibrio
and Helicobacter, as well as free-living bacteria some of which can fix nitrogen. The group
also includes the purple bacteria, so-called because of their reddish pigmentation, and
which use energy from sun light in photosynthesis.

All Proteobacteria are Gram-negative, with an outer membrane mainly composed of
lipopolysaccharides. Many move about using flagella, but some are non-motile or rely on
bacterial gliding. There is also a wide variety in the types of metabolism. Most members
are facultatively or obligately anaerobic and heterotrophic, but there are numerous
exceptions.

Proteobacteria are divided into five groups: o (alpha), B (beta), y (gamma), d (delta), &
(epsilon). The only organisms of current industrial importance in the Proteobacteria are
Acetobacter and Gluconobacter, which are acetic acid bacteria and belong to the
Alphaproteobacteria. An organism also belonging to the Alphaproteobacteria, and
which has the potential to become important industrially is Zymomonas. It produces
copious amounts of alcohol, but its use industrially is not yet widespread.

2.3.1.1.1 TheAceticAcid Bacteria

The acetic acid bacteria are Acetobacter (peritrichously flagellated) and Gluconobacter
(polarly flagellated). They have the following properties:

i. They carry out incomplete oxidation of alcohol leading to the production of acetic
acid, and are used in the manufacture of vinegar (Chapter 14).

ii. Gluconobacter lacks the complete citric acid cycle and can not oxidize acetic acid;
Acetobacter on the on the other hand, has all the citric acid enzymes and can oxidize
acetic acid further to CO,

iii. They stand acid conditions of pH 5.0 or lower.
iv. Their property of ‘under-oxidizing’ sugars is exploited in the following:

a. The production of glucoronic acid from glucose, galactonic aicd from
galactose and arabonic acid from arabinose;

b. The production of sorbose from sorbitol by acetic acid bacteria (Fig. 2.4),
an important stage in the manufacture of ascorbic acid (also known as
Vitamin C)

v. Acetic acid bacteria are able to produce pure cellulose when grown in an unshaken
culture. This is yet to be exploited industrially, but the need for cellulose of the
purity of the bacterial product may arise one day.

2.3.1.2 The Firmicutes

The Firmicutes are a division of bacteria, all of which are Gram-positive, in contrast to the
Proteobacteria which are all Gram-negative. A few, the mycoplasmas, lack cell walls
altogether and so do not respond to Gram staining, but still lack the second membrane
found in other Gram-negative forms; consequently they are regarded as Gram-positive.
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Fig. 2.5 Conversion of Sorbitol to Sorbose

Originally the Firmicutes were taken to include all Gram-positive bacteria, but more
recently they tend to be restricted to a core group of related forms, called the low G+C
group in contrast to the Actinobacteria, which have high G+C ratios. The G+C ratio is an
important taxonomic characteristic used in classifying bacteria. It is the ratio of Guanine
and Cytosine to Guanine, Cytosine, Adenine, and Thymine in the cell. Thus the GC ratio
=G+C divided by G+C+A+T x 100. It is used to classify Gram-positive bacteria: low G+C
Gram-positive bacteria (ie those with G+C less than 50%) are placed in the Fermicutes,
while those with 50% or more are in Actinobacteria. Fermicutes contain many bacteria of
industrial importance and are divided into three major groups: i. spore-forming, ii. non-
spore forming, and iii) wall-less (this group contains pathogens and no industrial
organisms.)

2.3.1.2.1 Spore forming firmicutes

Spore-forming Firmicutes form internal spores, unlike the Actinobacteria where the
spore-forming members produce external ones. The group is divided into two: Bacillus
spp, which are aerobic and Clostridium spp which are anaerobic. Bacillus spp are
sometimes used in enzyme production. Some species are well liked by mankind because
of their ability to kill insects. Bacillus papilliae infects and kills the larvae of the beetles in
the family Scarabaeidae while B. thuringiensis is used against mosquitoes (Chapter 17). The
genes for the toxin produced by B. thuringiensis are also being engineered into plants to
make them resistant to insect pests (Chapter 7). Clostridia on the other hand are mainly
pathogens of humans and animals.

2.3.1.2.2 Non-spore forming firmicutes

The Lactic Acid Bacteria: The non-spore forming low G+C members of the firmicutes
group are very important in industry as they contain the lactic acid bacteria.

The lactic acid bacteria are rods or cocci placed in the following genera: Enterococcus,
Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and Streptococcus and are among some of
the most widely studied bacteria because of their important in the production of some
foods, and industrial and pharmaceutical products. They lack porphyrins and
cytochromes, do not carry out electron transport phosphorylation and hence obtain
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energy by substrate level phosphorylation. They grow anaerobically but are not killed by
oxygen as is the case with many anaerobes: they will grow with or without oxygen. They
obtain their energy from sugars and are found in environments where sugar is present.
They have limited synthetic ability and hence are fastidious, requiring, when cultivated,
the addition of amino acids, vitamins and nucleotides.

Lactic acid bacteria are divided into two major groups: The homofermentative group,
which produce lactic acid as the sole product of the fermentation of sugars, and the
heterofermentative, which besides lactic acid also produce ethanol, as well as CO,. The
difference between the two is as a result of the absence of the enzyme aldolase in the
heterofermenters. Aldolase is a key enzyme in the E-M-P pathway and spits hexose
glucose into three-sugar moieties. Homofermentative lactic acid bacteria convert the D-
glyceraldehyde 3-phosphate to lactic acid. Heterofermentative lactic acid bacteria receive
five-carbon xylulose 5 phosphate from the Pentose pathway. The five carbon xylulose is
splitinto glyceraldehyde 3-phosphate (3-carbon), which leads to lactic acid, and the two-
carbon acetyl phosphate which leads to ethanol (Fig. 2.6).

6
CHO®

H OH
OH H
‘CH,O0® IlCH20®
H—C—OH ——— ’‘c=0
H—C=0 *CH,OH
Glyceraldehyde Dihydroxyacetone
3-phosphate phosphate

Fig. 2.6  Splitting of 6-carbon Glucose into Three-carbon Compounds by the Enzyme
Fructose Diphposphate Aldolase

Use of Lactic Acid Bacteria for Industrial Purposes:
The desirable characteristics of lactic acid bacteria as industrial microorganisms include

their ability to rapidly and completely ferment cheap raw materials,
their minimal requirement of nitrogenous substances,

they produce high yields of the much preferred stereo specific lactic acid
ability to grow under conditions of low pH and high temperature, and

o0 TP

ability to produce low amounts of cell mass as well as negligible amounts of other
byproducts.
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The choice of a particular lactic acid bacterium for production primarily depends on
the carbohydrate to be fermented. Lactobacillus delbreuckii subspecies delbreuckii is able to
ferment sucrose. Lactobacillus delbreuckii subspecies bulgaricus is able to use lactose while
Lactobacillus helveticus is able to use both lactose and galactose. Lactobacillus amylophylus
and Lactobacillus amylovirus are able to ferment starch. Lactobacillus lactis can ferment
glucose, sucrose and galactose and Lactobacillus pentosus has been used to ferment sulfite
waste liquor.

2.3.1.3 The Actinobacteria

The Acinobacteria are the Firmicutes with G+C content of 50% or higher. They derive
their name from the fact that many members of the group have the tendency to form
filaments or hyphae (actinis, Greek for ray or beam). The industrially important members

Table 2.2 Characteristics of the lactic acid bacteria

S/No Group Description Habit Importance
1 Streptococcus Cocci in pairs or Some in respiratory Some cause sore
short chains tract, mouth, intestine;  throat; non-
others found in pathogenic strains
fermenting used in yoghurt
vegetable and silage manufacture
2 Enterococcus Cocco-bacilli Found as commensals ~ Can be used to
usually in pairs; in the human alimentary monitor water
previously classified canal; sometimes cause  quality, (like E. coli)
Streptococcus urinary tract infections
Lancefield Group D
3 Lactococcus  Coccoid, usually occuring Plant material and Used as starter in
in pairs; hardly form alimentary canals of yoghurt manufacture;
chains animals Used as probiotic for
intestinal health;

Produces copious
amounts of lactic
acid.

4 Pediococcus  Growth in tetrads Found on plant materials Spoils beer; but
required in special
beers such as lambic
beer drunk in parts

of Belgium
5  Leuconostoc  Cocco-bacili Associated with plant ~ Tolerates high con-
materials centrations of salt

and sugar and
involved in the
pickling of
vegetables; produce
dextrans from
sucrose
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Fig. 2.7 Formation of lacttic acid by homofermentative bacteria

Table 2.3 Distinguishing characteristics of lactic acid bacteria

Character Lactobacillus Enterococcus Lactocococcus Leuconostoc Pediococcus Streptococcus

Tetrad formation
CO, from glucose
Growth at 10°C
Growth at 45°C
Growth at 6.5% NaCl
Growth at pH 4.4
Growth at pH 9.6
Lactic acid (optical
orientation) D,L,DL L L D L,DL L

|
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|

+ + + +
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|
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+ o+ o+ o+ o+
[
o
O OH

of the group are the Actinomycetes and Corynebacterium. Corynebacterium spp are
important industrially as secreters of amino acids (Chapter 21). The rest of this section
will be devoted to Actinomycetes.
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Fig. 2.8 Fermentation of Glucose by Heterofermentative Bacteria
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Lactobacillus bulgaricus Lactococcus lactis

Fig. 2.9 Photomicrographs of Lactic Acid Bacteria

2.3.1.3.1 TheActinomycetes

They have branching filamentous hyphae, which somewhat resemble the mycelia of the
fungi, among which they were originally classified. In fact they are unrelated to fungi, but
are regarded as bacteria for the following reasons. First they have petidoglycan in their
cell walls, and second they are about 1.0u in diameter (never more than 1.51), whereas
fungi are at least twice that size in diameter.

As a group the actinomyecetes are unsurpassed in their ability to produce secondary
metabolites which are of industrial importance, especially as pharmaceuticals. The best
known genus is Streptomyces, from which many antibiotics as well as non-anti-microbial
drugs have been obtained. The actinomycetes are primarily soil dwellers hence the
temptation to begin the search for any bioactive microbial metabolite from soil.

2.3.2 Eucarya: Fungi

Although plants and animals or their cell cultures are used in biotechnology,
microorganisms are used more often for reason which have been discussed. Fungi are
members of the Eucarya which are commonly used in industrial production.

The fungi are traditionally classified into the four groups given in Table 2.4, namely
Phycomycetes, Ascomycetes, Fungi Imprfecti, and Basidiomycetes. Among these the
following are those currently used in industrial microbiology

Phycomycetes (Zygomycetes)
Rhizopus and Mucor are used for producing various enzymes

Ascomycetes
Yeasts are used for the production of ethanol and alcoholic beverages
Claviceps purperea is used for the production of the ergot alkaloids
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Actinomyces Actinoplanales
Micromonospora Nocardia
Streptomyces Saccharomonospora
Thermoactinomyces Thermomonospora

Fig. 2.10 Different Actinomycetes

Fungi Imperfecti
Aspergillus is important because it produces the food toxin, aflatoxin, while Penicilliumis
well-known for the antibiotic penicillin which it produces.



Some Microorganisms Commonly Used in Industrial Microbiology and Biotechnology 31

Basidiomycetes
Agaricus produces the edible fruiting body or mushroom

Numerous useful products are made through the activity of fungi, but the above are
only a selection.

Table 2.4 Description of the various groups of fungi

Group Ordinary Septation Sexual Spores Representative
Name of hyphae
Zygomycetes Bread molds Non-septate Zygospre Rhizopus, Mucor
(Phycomycetes)
Ascomycetes Sac fungi Septate Ascospore Neurospora,
(in Perithecia) Saccharomyces
(Yeasts)
Basidiomycetes Mushrooms Septate Basidiomycetes Agaricus
(Mushrooms)
Deuteromycetes Fungi imperfecti Septate None Penicillium,
Aspergillus

24 CHARACTERISTICS IMPORTANT IN MICROBES
USED IN INDUSTRIAL MICROBIOLOGY AND
BIOTECHNOLGY

Microorganisms which are used for industrial production must meet certain
requirements including those to be discussed below. It is important that these
characteristics be borne in mind when considering the candidacy of any microorganism
as an input in an industrial process.

i. The organism must be able to grow in a simple medium and should preferably not
require growth factors (i.e. pre-formed vitamins, nucleotides, and acids) outside
those which may be present in the industrial medium in which it is grown. It is
obvious that extraneous additional growth factors may increase the cost of the
fermentation and hence that of the finished product.

ii. The organism should be able to grow vigorously and rapidly in the medium in use.
A slow growing organism no matter how efficient it is, in terms of the production of
the target material, could be a liability. In the first place the slow rate of growth
exposes it, in comparison to other equally effective producers which are faster
growers, to a greater risk of contamination. Second, the rate of the turnover of the
production of the desired material is lower in a slower growing organism and
hence capital and personnel are tied up for longer periods, with consequent lower
profits.

iii. Not only should the organism grow rapidly, but it should also produce the desired
materials, whether they be cells or metabolic products, in as short a time as
possible, for reasons given above.

iv. Its end products should not include toxic and other undesirable materials,
especially if these end products are for internal consumption.
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Fig. 2.11 Representative Structures from Different Fungi

v. The organism should have a reasonable genetic, and hence physiological stability.
An organism which mutates easily is an expensive risk. It could produce
undesired products if a mutation occurred unobserved. The result could be
reduced yield of the expected material, production of an entirely different product
or indeed a toxic material. None of these situations is a help towards achieving the
goal of the industry, which is the maximization of profits through the production
of goods with predictable properties to which the consumer is accustomed.

vi. The organism should lend itself to a suitable method of product harvest at the end
of the fermentation. If for example a yeast and a bacterium were equally suitable for
manufacturing a certain product, it would be better to use the yeast if the most
appropriate recovery method was centrifugation. This is because while the
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bacterial diameter is approximately 1u, yeasts are approximately 5u. Assuming
their densities are the same, yeasts would sediment 25 times more rapidly than
bacteria. The faster sedimentation would result in less expenditure in terms of
power, personnel supervision etc which could translate to higher profit.

vii. Wherever possible, organisms which have physiological requirements which
protect them against competition from contaminants should be used. An organism
with optimum productivity at high temperatures, low pH values or which is able to
elaborate agents inhibitory to competitors has a decided advantage over others.
Thus a thermophilic efficient producer would be preferred to a mesophilic one.

viii. The organism should be reasonably resistant to predators such as Bdellovibriospp
or bacteriophages. It should therefore be part of the fundamental research of an
industrial establishment using a phage-susceptible organism to attempt to
produce phage-resistant but high yielding strains of the organism.

ix. Where practicable the organism should not be too highly demanding of oxygen as
aeration (through greater power demand for agitation of the fermentor impellers,
forced air injection etc) contributes about 20% of the cost of the finished product.

x. Lastly, the organism should be fairly easily amenable to genetic manipulation to
enable the establishment of strains with more acceptable properties.
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CHAPTER 3

Aspects of Molecular Biology
and Bioinformatics of Relevance
in Industrial Microbiology and
Biotechnology

In recent times giant strides have been taken in harnessing our knowledge of the
molecular basis of many biological phenomena. Many new techniques such as the
polymerase chain reaction (PCR) and DNA sequencing have arrived on the scene. In
addition major projects involving many countries such as the human genome project
have taken place. Coupled with all these exciting technological developments, new
vocabulary such as genomics has arisen. All this has transformed the approaches used
in industrial microbiology. New approaches anchored on developments in molecular
biology have been followed in many industrial microbiology processes and products
such as vaccines, the search for new antibiotics, and the physiology of microorganisms.
It therefore now appears imperative that any discussion of industrial microbiology and
biotechnology must take these developments into account. This chapter will discuss only
selected aspects of molecular biology in order to provide a background for understanding
some of the newer directions of industrial microbiology and biotechnology. The
discussion will be kept as simplified and as brief as possible, just enough in complexity
and length needed to achieve the purpose of the chapter. The student is encouraged to
look at many excellent texts in this field. In addition a glossary of some terms used in
molecular biology is included at the end of the book.

3.1 PROTEIN SYNTHESIS

Proteins are very important in the metabolism of living things. They are in hormones for
transporting messages around the body; they are used as storage such as in the whites of
eggs of birds and reptiles and in seeds; they transport oxygen in the form of hemoglobin;
they are involved in contractile arrangements which enable movement of various body
parts, in contractile proteins in muscles; they protect the animal body in the form of
antibodies; they are in membranes where they act as receptors, participate in membrane
transport and antigens and they form toxins such as diphtheria and botulism. The most
important function if it can be so termed is that form the basis of enzymes which catalyze
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all the metabolic activities of living things; in short proteins and the enzymes formed from
them are the major engines of life.

In spite of the incredible diversity of living things, varying from bacteria to protozoa to
algae to maize to man, the same 20 amino acids are found in all living things. On account
of this, the principles affecting proteins and their structure and synthesis are same in all
living things.

The genetic macromolecules (i.e. the macromolecules intimately linked to heredity) are
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The genetic information
which determines the potential properties of a living thing is carried in the DNA present
in the nucleus, except in some viruses where it is carried in RNA. DNA is also present in
the organelles mitochondria and chloroplasts. (Just an interesting fact about mitochondrial
DNA. Individuals inherit the other kinds of genes and DNA from both parents jointly.
However, eggs destroy the mitochondria of the sperm that fertilize them. On account of
this, the mitochondrial DNA of an individual comes exclusively from the mother. Due to
the unique matrilineal transmission of mitochondrial DNA, data from mitochondrial
DNA sequences is used in the study of genelogy and sometimes for forensic purposes).

DNA consists of four nucleotides, adenine, cytosine, guanine and thymine. RNA is
very similar except that uracil replaces thymine (Fig. 3.1). RNA occurs in the nucleus and
in the cytoplasm as well as in the ribosomes.
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Fig. 3.1 The Nucleic Acid Bases
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The processes of protein synthesis will be summarized briefly below. In protein
synthesis, information flow is from DNA to RNA via the process of transcription, and
thence to protein via translation. Transcription is the making of an RNA molecule from a
DNA template. Translation is the construction of a polypeptide from an amino acid
sequence from an RNA molecule (Fig. 3.2). The only exception to this is in retroviruses
where reverse transcription occurs and where a single-stranded DNA is transcribed from
a single-stranded RNA (the reverse of transcription); it is used by retroviruses, which
includes the HIV /AIDS virus, as well as in biotechnology.

Transcription
An enzyme, RNA polymerase, opens the part of the DNA to be transcribed. Only one
strand of DNA, the template or sense strand, is transcribed into RNA. The other strand,
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Fig. 3.2 Transfer RNA Transferring Amino Acids to mRNA in Protein Synthesis
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the anti-sense strand is not transcribed. The anti-sense strand is used in making ripe
tomatoes to remain hard. The RNA transcribed from the DNA is the messenger or mRNA
(Fig. 3.3). As some students appear to be confused by the various types of RNA, it is
important that we mention at this stage that there are two other types of RNA besides
mRNA. These are ribosomal or rRNA and transfer or tRNA; they will be discussed later
in this chapter. At this stage it is suffice to mention that in the analogy of a building,
messenger RNA, mRNA is the blueprint or plan for construction of a protein (building);
ribosomal RNA rRNA the construction site (plot of land) where the protein is made,
while transfer RNA, tRNA, is the vehicle delivering the proper amino acid (building
blocks) to the (building) site at the right time.

Replication Translation
P DNA mRNA (protein synthesis)

i e

/ Ribosome

Transcription
(RNA synthesis)

Protein

RNA § ProteinI

Fig. 3.3 Summary of Protein Synthesis Activities

h 4

When mRNA is formed, it leaves the nucleus in eukaryotes (there is no nucleus in
prokaryotes!) and moves to the ribosomes.

Translation

In all cells, ribosomes are the organelles where proteins are synthesized. They consist of
two-thirds of ribosomal RNA, rRNA, and one-third protein. Ribosomes consist of two
sub-units, a smaller sub-unit and a larger sub-unit. In prokaryotes, typified by E. coli , the
smaller unit is 30S and larger 50S. S is Svedberg units, the unit of weights determined
from ultra centrifuge readings. The 30S unit has 16S rRNA and 21 different proteins. The
50S sub-unit consists of 5S and 23S rRNA and 34 different proteins. The smaller sub-unit
has a binding site for the mRNA. The larger sub-unit has two binding sites for tRNA.
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The messenger RNA (mRNA)is the ‘blueprint’ for protein synthesis and is transcribed
from one strand of the DNA of the gene; it is translated at the ribosome into a polypeptide
sequence. Translation is the synthesis of protein from amino acids on a template of
messenger RNA in association with a ribosome. The bases on mRNA code for amino
acids in triplets or codons; that is three bases code for an amino acid. Sometimes different
triplet bases may code for the same amino acid. Thus the amino acid glycine is coded for
by four different codons: GGU, GGC, GGA, and GGG. However, a codon usually codes
for one amino acid. There are 64 different codons; three of these UAA, UAG, and UGA are
stop codons and stop the process of translation. The remaining 61 code for the amino
acids in proteins. (Table 3.1). Translation of the message generally begins at AUG, which
also codes for methionine. For AUG to act as a start codon it must be preceded by a
ribosome binding site. If that is not the case it simply codes for methionine.

Promoters are sequences of DNA that are the start signals for the transcription of
mRNA. Terminators are the stop signals. mRNA molecules are long (500-10,000
nucleotides).

Ribosomes are the sites of translation. The ribosomes move along the mRNA and bring
together the amino acids for joining into proteins by enzymes.

Table 3.1 The genetic code — codons

u C A G
UUU =Phe UCU = Ser UAU =Tyr UGU =Cys U
UUC =Phe UCC = Ser UAC =Tyr UGC =Cys C
U UUA =Leu UCA = Ser UAA =Stop UAG=Stop A
UUG =Leu UCG = Ser UGA =Stop UGG =Trp G
CUU =Leu CCU = Pro CAU =His CGU = Arg U
CUC = Leu CCC = Pro CAC =His CGC = Arg C
S CUA =Leu CCA =Pro CAA =GIn CGA = Arg A
CUG =Leu CCG = Pro CAG=GIn CGG = Arg G
AUU =1Ile ACU =Thr AAU=Asn AGU = Ser 8]
AUC =1Ile ACC =Thr AAC = Asn AGC = Ser C
A AUA =Ile ACA =Thr AAA=Lys AGA = Arg A
AUG =Met ACG =Thr AAG=Lys AGG = Arg G
GUU =Val GCU=Ala GAU = Asp GGU =Gly 8]
CUC = Val GCC=Ala GAC = Asp GCG =Gly C
G GUA =Val GCA=Ala GAA =Glu GGA =Gly A
GUG =Val GCG=Ala GAG=Glu GGG =Gly G
AUG = start codon
UAA, UAG, and UGA = stop (nonsense) codons
Amino Acids
Phe =phenylalanine Ser = serine His =histidine Glu =glutamicacid
Leu =leucine Pro =proline GIn = glutamine Cys = cysteine
Ile =isoleucine Thr = threonine Asn = asparagine Trp = tryptophan
Met = methionine Ala =alanine Lys =lysine Arg =arginine

Val =valine Tyr = tyrosine Asp =asparticacid  Gly = glycine



Aspects of Molecular Biology and Bioinformatics of Relevance in Industrial 39

Transfer RNAs (tRNAs) carry amino acids to mRNA for linking and elongation into
proteins. Transfer RNA is basically cloverleaf-shaped. (see Fig. 3.2) tRNA carries the
proper amino acid to the ribosome when the codons call for them. At the top of the large
loop are three bases, the anticodon, which is the complement of the codon. There are 61
different tRNAs, each having a different binding site for the amino acid and a different
anticodon. For the codon UUU, the complementary anticodon is AAA. Amino acid
linkage to the proper tRNA is controlled by the aminoacyl-tRNA synthetases. Energy for
binding the amino acid to tRNA comes from ATP conversion to adenosine
monophosphate (AMP).

Elongation terminates when the ribosome reaches a stop codon, which does not code
for an amino acid and hence not recognized by tRNA.

After protein has been synthesized, the primary protein chain undergoes folding:
secondary, tertiary and quadruple folding occurs. The folding exposes chemical groups
which confer their peculiar properties to the protein.

Protein folding (to give a three-dimensional structure) is the process by which a protein
assumes its functional shape or conformation. All protein molecules are simple
unbranched chains of amino acids, but it is by coiling into a specific three-dimensional
shape that they are able to perform their biological function. The three-dimensional
shape (3D) conformation of a protein is of utmost importance in determining the
properties and functions of the protein. Depending on how a protein is folded different
functional groups may be exposed and these exposed group influence its properties.

The reverse of the folding process is protein denaturation, whereby a native protein is
caused to lose its functional conformation, and become an amorphous, and non-
functional amino acid chain. Denatured proteins may lose their solubility, and
precipitate, becoming insoluble solids. In some cases, denaturation is reversible, and
proteins may refold. In many other cases, however, denaturation is irreversible.
Denaturation occurs when a protein is subjected to unfavorable conditions, such as
unfavorable temperature or pH. Many proteins fold spontaneously during or after their
synthesis inside cells, but the folding depends on the characteristics of their surrounding
solution, including the identity of the primary solvent (either water or lipid inside the
cells), the concentration of salts, the temperature, and molecular chaperones. Incorrect
folding sometimes occurs and is responsible for prion related illness such as Creutzfeldt-
Jakob disease and Bovine spongiform encephalopathy (mad cow disease), and amyloid
related illnesses such as Alzheimer’s Disease. When enzyme molecules are misfolded
they will not function.

3.2 THE POLYMERASE CHAIN REACTION

The Polymerase Chain Reaction (PCR) is a technology used to amplify small amounts of
DNA. The PCR technique was invented in 1985 by Kary B. Mullis while working as a
chemist at the Cetus Corporation, a biotechnology firm in Emeryville, California. So
useful is this technology that Muillis won the Nobel Prize for its discovery in 1993, eight
years later. It has found extensive use in a wide range of situations, from the medical
diagnosis to microbial systematics and from courts of law to the study of animal
behavior.
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The requirements for PCR are:

The DNA or RNA to be amplified
Two primers
The four nucleotides found in the nucleic acid,

A heat stable a thermostable DNA polymerase derived from the thermophilic
bacterium, Thermus aquaticus, Tag polymerase

e n oo

The Primer: A primer is a short segment of nucleotides which is complementary to a
section of the DNA which is to be amplified in the PCR reaction.

Primers are anneal to the denatured DNA template to provide an initiation site for the
elongation of the new DNA molecule. For PCR, primers must be duplicates of nucleotide
sequences on either side of the piece of DNA of interest, which means that the exact order
of the primers’ nucleotides must already be known. These flanking sequences can be
constructed in the laboratory or purchased from commercial suppliers.

The Procedure: There are three major steps in a PCR, which are repeated for 30 or 40 cycles.
This is done on an automated cycler, which can heat and cool the tubes with the reaction
mixture at specific intervals.

a. Denaturation at 94°C

The unknown DNA is heated to about 94°C, which causes the DNA to denature and the
paired strands to separate.

b. Annealing at 54°C

A large excess of primers relative to the amount of DNA being amplified is added and the
reaction mixture cooled to allow double-strands to anneal; because of the large excess of
primers, the DNA single strands will bind more to the primers, instead of with each other.
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Fig. 3.4 Primer-Template Annealing

c. Extension at 72°C

This is the ideal working temperature for the polymerase. Primers that are on positions
with no exact match, get loose again (because of the higher temperature) and donot give
an extension of the fragment. The bases (complementary to the template) are coupled to
the primer on the 3' side (the polymerase adds dNTP’s from 5' to 3', reading the template
from 3' to 5' side, bases are added complementary to the template).

d. The Amplification: The process of the amplification is shown in Fig. 3.3.
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3.2.1 Some Applications of PCR in Industrial Microbiology
and Biotechnology

PCR is extremely efficient and simple to perform. It is useful in biotechnology in the
following areas:

(a) togenerate large amounts of DNA for genetic engineering, or for sequencing, once
the flanking sequences of the gene or DNA sequence of interest is known;

(b) to determine with great certainty the identity of an organism to be used in a
biotechnological production, as may be the case when some members of a group of
organisms may include some which are undesirable. A good example would be
among the acetic acid bacteria where Acetobacter xylinum would produce slime
rather acetic acid which Acetobacter aceti produces.
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Fig. 3.5 Diagrammatic Representation of PCR
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(¢) PCR can be used to determine rapidly which organism is the cause of
contamination in a production process so as to eliminate its cause, provided the
primers appropriate to the contaminant is available.

3.3 MICROARRAYS

The availability of complete genomes from many organisms is a major achievement of
biology. Aside from the human genome, the complete genomes of many microorganisms
have been completed and are now available at the website of The Institue for Genomic
Research (TIGR), a nonprofit organization located in Rockville, MD with its website at
www.tigr.org. At the time of writing, TIGR had the complete genome of 294
microorganisms on its website (268 bacteria, 23 Archae, and 3 viruses). The major
challenge is now to decipher the biological function and regulation of the sequenced
genes. One technology important in studying functional microbial genomics is the use of
DNA Microarrays.

Microarrays are microscopic arrays of large sets of DNA sequences that have been
attached to a solid substrate using automated equipment. These arrays are also referred
to as microchips, biochips, DNA chips, and gene chips. It is best to refer to them as
microarrays so as to avoid confusing them with computer chips.

DNA microarrays are small, solid supports onto which the sequences from thousands
of different genes are immobilized at fixed locations. The supports themselves are
usually glass microscope slides; silicon chips or nylon membranes may also be used. The
DNA is printed, spotted or actually directly synthesized onto the support mechanically
at fixed locations or addresses. The spots themselves can be DNA, ¢cDNA or
oligonucleotides.

The process is based on hybridization probing. Single-stranded sequences on the
microarray are labeled with a fluorescent tag or flourescein, and are in fixed locations on
the support. In microarray assays an unknown sample is hybridized to an ordered array
of immobilized DNA molecules of known sequence to produce a specific hybridization
pattern that can be analyzed and compared to a given standard. The labeled DNA strand
in solution is generally called the target, while the DNA immobilized on the microarray is
the probe, a terminology opposite that used in Southern blot. Microarrays have the
following advantages over other nucleic acid based approaches:

a. High through-put: thousands of array elements can be deposited on a very small
surface area enabling gene expression to be monitored at the genomic level. Also
many components of a microbial community can be monitored simultaneously in
a single experiment.

b. High sensitivity: small amounts of the target and probe are restricted to a small
area ensuring high concentrations and very rapid reactions.

c. Differential display: different target samples can be labeled with different
fluorescent tags and then hybridized to the same microarray, allowing the
simultaneous analysis of two or more biological samples.

d. Low background interference: non-specific binding to the solid surface is very low
resulting in easy removal of organic and fluorescent compounds that attach to
microarrays during fabrication.
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Fig. 3.6 Representation of the Microarray Procedure, (after Madigan and Martinko 2006)

e. Automation: microarray technology is amenable to automation making it
ultimately cost-effective when compared with other nucleic acid technologies.

3.3.1 Applications of Microarray Technology

Microarray technology is still young but yet it has found use in a some areas which have
importance in microbiology in general as well as in industrial microbiology and
biotechnology, including disease diagnosis, drug discovery and toxicological research.

Microarrays are particularly useful in studying gene function. A microarray works by
exploiting the ability of a given mRNA molecule to bind specifically to, or hybridize to,
the DNA template from which it originated. By using an array containing many DNA
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samples, it is possible to determine, in a single experiment, the expression levels of
hundreds or thousands of genes within a cell by measuring the amount of mRNA bound
to each site on the array. With the aid of a computer, the amount of mRNA bound to the
spots on the microarray is precisely measured, generating a profile of gene expression in
the cell. It is thus possible to determine the bioactive potential of a particular microbial
metabolite as a beneficial material in the form of a drug or its deleterious effect.

When a diseased condition is identified through microarray studies, experiments can
be designed which may be able to identify compounds, from microbial metabolites or
other sources, which may improve or reverse the diseased condition.

3.4 SEQUENCING OF DNA
3.4.1 Sequencing of Short DNA Fragments

DNA sequencing is the determination of the precise sequence of nucleotides in a sample
of DNA.Two methods developed in the mid-1970s are available: the Maxim and Gilbert
method and the Sanger method. Both methods produce DNA fragments which are
studied with gel electrophoresis. The Sanger method is more commonly used and will be
discussed here. The Sanger method is also called the dideoxy method, or the enzymic
method. The dideoxy method gets its name from the critical role played by synthetic
analogues of nucleotides that lack the -OH at the 3' carbon atom (star position):
dideoxynucleotide triphosphates (ddNTP) (Fig. 3.7). When (normal) deoxynucleotide

Base
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H H
OH H
Base
HO
(o]
H H
Dideoxy nucleotide
(chain terminator) H ;

E Jo

No free 3' -OH, /////’
replication
stops at this point

Fig. 3.7 Normal and Dedeoxy Nucleotides
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triphosphates (ANTP) are used the DNA strand continues to grow, but when the dideoxy
analogue is incorporated, chain elongation stops because there is no 3' -OH for the next
nucleotide to be attached to. For this reason, the dideoxy method is also called the chain
termination method.

For Sanger sequencing, a single strand of the DNA to be sequenced is mixed with a
primer, DNA polymerase I, an excess of normal nucleotide triphosphates and a limiting
(about 5%) of the dideoxynucleotides labeled with a fluorescent dye, each ddNTP being
labeled with a different fluorescent dye color. This primer will determine the starting
point of the sequence being read, and the direction of the sequencing reaction. DNA
synthesis begins with the primer and terminates in a DNA chain when ddNTP is
incorporated in place of normal dNTP. As all four normal nucleotides are present, chain
elongation proceeds normally until, by chance, DNA polymerase inserts a dideoxy
nucleotide instead of the normal deoxynucleotide. The result is a series of fragments of
varying lengths. Each of the four nucleotides is run separately with the appropriate
ddNTP. The mix with the ddCTP produces fragments with C (cytosine); that with ddTTP
(thymine) produces fragments with T terminals etc. The fluorescent strands are separated
from the DNA template and electrophoresed on a polyacrilamide gel to separate them
according their lengths. If the gel is read manually, four lanes are prepared, one for each
of the four reaction mixes. The reading is from the bottom of the gel up, because the
smaller the DNA fragment the faster it is on the gel. A picture of the sequence of the
nucleotides can be read from the gel (Fig. 3.8). If the system is automated, all four are

(Arrow shows direction of the electrophoresis. By convention the autoradiograph is read from bottom to
the top).

Fig. 3.8 Diagram illustrating Autoradiograph of a Sequencing Gel of the Chain Terminating
DNA Sequencing Method
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mixed and electrphoresced together. As the ddNTPs are of different colors a scanner can
scan the gel and record each color (nucleotide) separately. The sanger method is used for
relatively short fragments of DNA, 700 -800 nucleotides. Methods for larger DNA
fragments are described below.

3.4.2 Sequencing of Genomes or Large DNA fragments

The best example of the sequencing of a genome is perhaps that of the human genome,
which was completed a few years ago. During the sequencing of the human genome, two
approaches were followed: the use of bacterial artificial chromosomes (BACs) and the
short gun approach.

3.4.2.1 Use of bacterial artificial chromosomes (BACS)

The publically-funded Human Genome Project, the National Institutes of Health and the
National Science Foundation have funded the creation of ‘libraries’ of BAC clones. Each
BAC carries a large piece of human genomic DNA of the order of 100-300 kb. All of these
BACs overlap randomly, so that any one gene is probably on several different
overlapping BACs. Those BACs can be replicated as many times as necessary, so there is
a virtually endless supply of the large human DNA fragment. In the publically-funded
project, the BACs are subjected to shotgun sequencing (see below) to figure out their
sequence. By sequencing all the BACs, we know enough of the sequence in overlapping
segments to reconstruct how the original chromosome sequence looks.

3.4.2.2 Use of the shot-gun approach

An innovative approach to sequencing the human genome was pioneered by a privately-
funded sequencing project, Celera Genomics. The founders of this company realized that
it might be possible to skip the entire step of making libraries of BAC clones. Instead, they
blast apart the entire human genome into fragments of 2-10 kb and sequenced them. The
challenge was to assemble those fragments of sequence into the whole genome sequence.
It was like having hundreds of 500-piece puzzles, each being assembled by a team of
puzzle experts using puzzle-solving computers. Those puzzles were like BACs - smaller
puzzles that make a big genome manageable. Celera threw all those puzzles together into
one room and scrambled the pieces. They, however, had scanners that scan all the puzzle
pieces and used powerful computers to fit the pieces together.

3.5 THE OPEN READING FRAME AND THE
IDENTIFICATION OF GENES

Regions of DNA that encode proteins are first transcribed into messenger RNA and then
translated into protein. By examining the DNA sequence alone we can determine the
putative sequence of amino acids that will appear in the final protein. In translation
codons of three nucleotides determine which amino acid will be added next in the
growing protein chain. The start codon is usually AUG, while the stop codons are UAA,
UAG, and UGA. The open reading frame (ORF) is that portion of a DNA segment which
will putatively code for a protein; it begins with a start codon and ends with a stop codon.
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Once a gene has been sequenced it is important to determine the correct open reading
frame. Every region of DNA has six possible reading frames, three in each direction
because a codon consists of three nucleotides. The reading frame that is used determines
which amino acids will be encoded by a gene. Typically only one reading frame is used in
translating a gene (in eukaryotes), and this is often the longest open reading frame. Once
the open reading frame is known the DNA sequence can be translated into its
corresponding amino acid sequence.

For example, the sequence of DNA in Fig. 3.9 can be read in six reading frames. Three
in the forward and three in the reverse direction. The three reading frames in the forward
direction are shown with the translated amino acids below each DNA sequence. Frame
1 starts with the ‘a’, Frame 2 with the ‘t’ and Frame 3 with the ‘g’. Stop codons are
indicated by an **’ in the protein sequence. The longest ORF is in Frame 1.

5' 3'
cccaagct gaat agcgt agaggggt ttt cat cat t t gaggacgat gt at aa

1 atg ccc aag ctg aat agc gta gag ggg ttt tca tca ttt gag gac gat gta
taa
M P K L N S \% E G F S S F E D D V

*

2 tgc cca agc tga ata gcg tag agg ggt ttt cat cat ttg agg acg atg tat
C P S * | A * R G F H H L R T M Y
3 cc caa gct gaa tag cgt aga ggg gtt ttc atc att tga gga cga tgt

Fig. 3.9 Sequence from a Hypothetical DNA Fragment

Genes can be identified in a number of ways, which are discussed below.

i. Using computer programs

As was shown above, the open reading frame (ORF) is deduced from the start and stop
codons. In prokaryotic cells which do not have many extrons (intervening non-coding
regions of the chromosome), the ORF will in most cases indicate a gene. However it is
tedious to manually determine ORF and many computer programs now exist which will
scan the base sequences of a genome and identify putative genes. Some of the programs
are given in Table 3.2. In scanning a genome or DNA sequence for genes (that is, in
searching for functional ORFs), the following are taken into account in the computer
programs:

a. usually, functional ORFs are fairly long and are do not usually contain less than
100 amino acids (that is, 300 amino acids);

b. if the types of codons found in the ORF being studied are also found in known
functional ORFs, then the ORF being studied is likely to be functional;

c. the ORF is also likely to be functional if its sequences are similar to functional
sequences in genomes of other organisms;

d. inprokaryotes, the ribosomal translation does not start at the first possible (earliest
5’) codon. Instead it starts at the codon immediately down stream of the Shine-
Dalgardo binding site sequences. The Shine-Dalgardo sequence is a short
sequence of nucleotides upstream of the translational start site that binds to
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Table 3.2 Some Internet tools for the gene discovery in DNA sequence bases (modified from
Fickett, (1996).

Category Services Organism(s) ~ Web address
Database search BLAST; search sequence bases Any blast@ncbi.nlm.nih.gov
FASTA; search sequence bases Any fasta@ebi.ac.uk
BLOCKS; search for functional Any blocks@howard. flicr.org
motifs
Profilescan Any http:/ /ulrec3.unil.ch.
MotifFinder Any motif@genome.ad.jp
Gene FGENEH; integrated gene Human service@theory.bchs.uh.
Identification identification edu
GenelD; integrated gene Vetebrate  geneid@bircebd.uwf.edu
identification
GRAIL; integrated gene
identification Human grail@ornl.gov
EcoParse; integrated gene
identification Escherichia coli

ribosomal RNA and thereby brings the ribosome to the initiation codon on the
mRNA. The computer program searches for a Shine-Dalgardo sequence and
finding it helps to indicate not only which start codon is used, but also that the ORF
is likely to be functional.

e. if the ORFis preceded by a typical promoter (if consensus promoter sequences for
the given organism are known, check for the presence of a similar upstream region)

f. if the ORF has a typical GC content, codon frequency, or oligonucleotide
composition of known protein-coding genes from the same organism, then it is
likely to be a functional ORF.

ii. Comparison with Existing Genes

Sometimes it may be possible to deduce not only the functionality or not of a gene (i.e. a
functional ORF), but also the function of a gene. This can done by comparing an
unknown sequence with the sequence of a known gene available in databases such as
The Institute for Genomic Research (TIGR) in Maryland.

3.6 METAGENOMICS

Metagenomics is the genomic analysis of the collective genome of an assemblage of
organisms or ‘metagenome.” Metagenomics describes the functional and sequence-based
analysis of the collective microbial genomes contained in an environmental sample
(Fig. 3.10). Other terms have been used to describe the same method, including
environmental DNA libraries, zoolibraries, soil DNA libraries, eDNA libraries,
recombinant environmental libraries, whole genome treasures, community genome,
whole genome shotgun sequencing. The definition applied here excludes studies that
use PCR to amplify gene cassettes or random PCR primers to access genes of interest since
these methods do not provide genomic information beyond the genes that are amplified.
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Fig. 3.10 Schematic Procedure for Metagenomic Analysis (From: Riesenfeld, et al (2004))

Many environments have been the focus of metagenomics, including soil, the oral
cavity, feces, and aquatic habitats, as well as the hospital metagenome a term intended to
encompass the genetic potential of organisms in hospitals that contribute to public
health concerns such as antibiotic resistance and nosocomial infections.

Uncultured microorganisms comprise the majority of the planet earth’s biological
diversity. In many environments, as many as 99% of the microorganisms cannot be
cultured by standard techniques, and the uncultured fraction includes diverse
organisms that are only distantly related to the cultured ones. Therefore, culture-
independent methods are essential to understand the genetic diversity, population
structure, and ecological roles of the majority of microorganisms in a given
environmental situation. Metagenomics, or the culture-independent genomic analysis of
an assemblage of microorganisms, has potential to answer fundamental questions in
microbial ecology. It can also be applied to determining organisms which may be
important in a new industrial process still under study. Several markers have been used
in metagenomics, including 165 mRNA, and the genes encoding DNA polymerases,
because these are highly conserved (i.e., because they remain relatively unchanged in
many groups). The marker most commonly used however is the sequence of 16S mRNA.
The procedure in metagonomics is described in Fig. 3.10.
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Its potential application in biotechnology and industrial microbiology is that it can
facilitate the identification of uncultured organisms whose role in a multi-organism
environment such as sewage or the degradation of a recalcitrant chemical soil may be
hampered because of the inability to culture the organism. Indeed a method has been
patented for isolating organisms of pharmaceutical importance from uncultured
organisms in the environment. This is discussed in detail in Chapter 28 where
approaches to drug discovery are discussed.

3.7 NATURE OF BIOINFORMATICS

Bioinformatics is a new and evolving science and may be defined as the use of computers
to store, compare, retrieve, analyze, predict, or simulate the composition or the structure
of the genetic macromolecules, DNA and RNA and their major product, proteins.
Important research efforts in bioinformatics include sequence alignment, gene finding,
genome assembly, protein structure alignment, protein structure prediction, prediction of
gene expression and protein-protein interactions, and the modeling of evolution.
Bioinformatics uses mathematical tools to extract useful information from a variety of
data produced by high-throughput biological techniques. Examples of succesful
extraction of orderly information from a ‘forest” of seemingly chaotic information include
the assembly of high-quality DNA sequences from fragmentary ‘shotgun’” DNA
sequencing, and the prediction of gene regulation with data from mRNA microarrays or
mass spectrometry.

The increased role in recent times of bioinformatics in biotechnology is due to a vast
increase in computation speed and memory storage capability, making it possible to
undertake problems unthinkable without the aid of computers. Such problems include
large-scale sequencing of genomes and management of large integrated databases over
the Internet. This improved computational capability integrated with large-scale
miniaturization of biochemical techniques such as PCR, BAC, gel electrophoresis, and
microarray chips has delivered enormous amount of genomic and proteomic data to the
researchers. The result is an explosion of data on the genome and proteome analysis
leading to many new discoveries and tools that are not possible in wet-laboratory
experiments. Thus, hundreds of microbial genomes and many eukaryotic genomes
including a cleaner draft of human genome have been sequenced raising the expectation
of better control of microorganisms. Bioinformatics has been used in the following four
areas:

a. genomics — sequencing and comparative study of genomes to identify gene and

genome functionality;

b. proteomics —identification and characterization of protein related properties and

reconstruction of metabolic and regulatory pathways;
c. cell visualization and simulation to study and model cell behavior; and

d. application to the development of drugs and anti-microbial agents.

The potential gains especially following from sequencing of the human genome and
many microorganisms are greater understanding of the genetics of microorganisms and
their subsequent improved control leading to better diagnosis of the diseases through the
use of protein biomarkers, protection against diseases using cost effective vaccines and
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rational drug design, and improvement in agricultural quality and quantity. Some of
these are discussed in Chapter 28 under the heading of drug discovery.

3.7.1 Some Contributions of Bioinformatics to
Biotechnology

Some contributions made by bioinformatics to biotechnology include automatic genome
sequencing, automatic identification of genes, identification of gene function, predicting
the 3D structure modeling and pair-wise comparison of genomes.

i. Automatic genome sequencing

The major contribution of the bioinformatics in genome sequencing has been in the: (i)
development of automated sequencing techniques that integrate the PCR or BAC based
amplification, 2D gel electrophoresis and automated reading of nucleotides, (ii) joining
the sequences of smaller fragments (contigs) together to form a complete genome
sequence, and (iii) the prediction of promoters and protein coding regions of the genome.

PCR (Polymerase Chain Reaction) or BAC (Bacterial Artificial Chromosome)-based
amplification techniques derive limited size fragments of a genome. The available
fragment sequences suffer from nucleotide reading errors, repeats — very small and very
similar fragments that fit in two or more parts of a genome, and chimera — two different
parts of the genome or artifacts caused by contamination that join end-to-end giving a
artifactual fragment. Generating multiple copies of the fragments, aligning the fragments,
and using the majority voting at the same nucleotide positions solve the nucleotide
reading error problem. Multiple experimental copies are needed to establish repeats and
chimeras. Chimeras and repeats are removed before the final assembly of the genome-
fragments. Using mathematical models, the fragments are joined. To join contigs, the
fragments with larger nucleotide sequence overlap are joined first.

ii. Automated Identification of Genes

After the contigs are joined, the next issue is to identify the protein coding regions or ORFs
(open reading frames) in the genomes. The identification of ORFs is based on the
principles described earlier. The two programs which are used are GLIMMER and
GenBank.

iii. Identifying gene function: searching and alignment

After identifying the ORFs, the next step is to annotate the genes with proper structure
and function. The function of the gene has been identified using popular sequence search
and pair-wise gene alignment techniques. The four most popular algorithms used for
functional annotation of the genes are BLAST, BLOSUM, ClustalX, and SMART

iv. Three-dimensional (3D) structure modeling

A protein may exist under one or more conformational states depending upon its
interaction with other proteins. Under a stable conformational state certain regions of the
protein are exposed for protein-protein or protein-DNA interactions. Since the function is
also dependent upon exposed active sites, protein function can be predicted by matching
the 3D structure of an unknown protein with the 3D structure of a known protein. With
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bioinformatics it is possible to predict the possible conformations of the protein coded for
by a gene and therefore the function of the protein.

v. Pair-wise genome comparison

After the identification of gene-functions, a natural step is to perform pair-wise genome
comparisons. Pair-wise genome comparison of a genome against itself provides the
details of paralogous genes — duplicated genes that have similar sequence with some
variation in function. Pair-wise genome comparisons of a genome against other genomes
have been used to identify a wealth of information such as ortholologous genes —
functionally equivalent genes diverged in two genomes due to speciation, different types
of gene-groups — adjacent genes that are constrained to occur in close proximity due to
their involvement in some common higher level function, lateral gene-transfer — gene
transfer from a microorganism that is evolutionary distant, gene-fusion/gene-fission,
gene-group duplication, gene-duplication, and difference analysis to identify genes
specific to a group of genomes such as pathogens, and conserved genes.

In conclusion, despite the recent emergence of bioinformatics it is already making big
impacts on biotechnology. Except for the availability of bioinformatics techniques, the
vast amount of data generated by genome sequencing projects would be unmanageable
and would not be interpreted due to the lack of expert manpower and due to the
prohibitive cost of sustaining such an effort. In the last decade bioinformatics has silently
filled in the role of cost effective data analysis. This has quickened the pace of discoveries,
the drug and vaccine design, and the design of anti-microbial agents. The major impact of
bioinformatics in microbiology and biotechnology has been in automating microbial
genome sequencing, the development of integrated databases over the Internet, and
analysis of genomes to understand gene and genome function. Programs exist for
comparing gene-pair alignments, which become the first steps to derive the gene-function
and the functionality of genomes. Using bioinformatics techniques it is now possible to
compare genomes so as to (i) identify conserved function within a genome family; (ii)
identify specific genes in a group of genomes; and (iii) model 3D structures of proteins
and docking of biochemical compounds and receptors. These have direct impact in the
development of antimicrobial agents, vaccines, and rational drug design.
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CHAPTER 4

Industrial Media and the
Nutrition of Industrial
Organisms

The use of a good, adequate, and industrially usable medium is as important as the
deployment of a suitable microorganism in industrial microbiology. Unless the medium
is adequate, no matter how innately productive the organism is, it will not be possible to
harness the organism’s full industrial potentials. Indeed not only may the production of
the desired product be reduced but toxic materials may be produced. Liquid media are
generally employed in industry because they require less space, are more amenable to
engineering processes, and eliminate the cost of providing agar and other solid agents.

41 THE BASIC NUTRIENT REQUIREMENTS OF
INDUSTRIAL MEDIA

All microbiological media, whether for industrial or for laboratory purposes must satisfy
the needs of the organism in terms of carbon, nitrogen, minerals, growth factors,
and water. In addition they must not contain materials which are inhibitory to growth.
Ideally it would be essential to perform a complete analysis of the organism to be grown
in order to decide how much of the various elements should be added to the medium.
However, approximate figures for the three major groups of heterotrophic organisms
usually grown on an industrial scale are available and may be used in such calculations
(Table 4.1).

Carbon or energy requirements are usually met from carbohydrates, notably (in laboratory
experiments) from glucose. It must be borne in mind that more complex carbohydrates
such as starch or cellulose may be utilized by some organisms. Furthermore, energy
sources need not be limited to carbohydrates, but may include hydrocarbons, alcohols, or
even organic acids. The use of these latter substrates as energy sources is considered in
Chapters 15 and 16 where single cell protein and yeast productions are discussed.

In composing an industrial medium the carbon content must be adequate for the
production of cells. For most organisms the weight of organism produced from a given
weight of carbohydrates (known as the yield constant) under aerobic conditions is about
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Table 41 Average composition of microorganisms (% dry weight)

Component Bacteria Yeast Molds
Carbon 48 (46-52) 48 (46-52) 48 (45-55)
Nitrogen 12.5 (10-14) 7.5 (6-8.5) 6 (4-7)
Protein 55 (50 -60) 40 (35-45) 32 (25-40)
Carbohydrates 9 (6-15) 38 (30-45) 49 (40-55)
Lipids 7 (5-10) 8 (5-10) 8 (5-10)
Nucleic Acids 23 (15-25) 8 (5-10) 5 (2-8)
Ash 6 (4-10) 6 (4-10) 4 (4-10)
Minerals (same for all three organisms)

Phosphorus 1.0 -25

Sulfur, magnesium 03 -1.0

Potassium, sodium 0.1 -0.5

Iron 0.01-0.1

Zinc, copper, manganese 0.001 -0.01

0.5 gm of dry cells per gram of glucose. This means that carbohydrates are at least twice
the expected weight of the cells and must be put as glucose or its equivalent compound.

Nitrogen is found in proteins including enzymes as well as in nucleic acids hence it is a
key element in the cell. Most cells would use ammonia or other nitrogen salts. The
quantity of nitrogen to be added in a fermentation can be calculated from the expected cell
mass and the average composition of the micro-organisms used. For bacteria the average
N content is 12.5%. Therefore to produce 5 gm of bacterial cells per liter would require
about 625 mg N (Table 4.1).

Any nitrogen compound which the organism cannot synthesize must be added.

Minerals form component portions of some enzymes in the cell and must be present in the
medium. The major mineral elements needed include P, S, Mg and Fe. Trace elements
required include manganese, boron, zinc, copper and molybdenum.

Growth factors include vitamins, amino acids and nucleotides and must be added to the
medium if the organism cannot manufacture them.

Under laboratory conditions, it is possible to meet the organism’s requirement by the
use of purified chemicals since microbial growth is generally usually limited to a few
liters. However, on an industrial scale, the volume of the fermentation could be in the
order of thousands of liters. Therefore, pure chemicals are not usually used because of
their high expense, unless the cost of the finished material justifies their use. Pure
chemicals are however used when industrial media are being developed at the laboratory
level. The results of such studies are used in composing the final industrial medium,
which is usually made with unpurified raw materials. The extraneous materials present
in these unpurified raw materials are not always a disadvantage and may indeed be
responsible for the final and distinctive property of the product. Thus, although alcohol
appears to be the desired material for most beer drinkers, the other materials extraneous
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to the maltose (from which yeasts ferment alcohol) help confer on beer its distinctive
flavor (Chapter 12).

4.2 CRITERIA FOR THE CHOICE OF RAW MATERIALS
USED IN INDUSTRIAL MEDIA

In deciding the raw materials to be used in the production of given products using
designated microorganism(s) the following factors should be taken into account.

(a) Cost of the material

The cheaper the raw materials the more competitive the selling price of the final product
will be. No matter, therefore, how suitable a nutrient raw materials is, it will not usually
be employed in an industrial process if its cost is so high that the selling price of the final
product is not economic. Thus, although lactose is more suitable than glucose in some
processes (e.g. penicillin production) because of the slow rate of its utilization, it is
usually replaced by the cheaper glucose. When used, glucose is added only in small
quantities intermittently in order to decelerate acid production. Due to these economic
considerations the raw materials used in many industrial media are usually waste
products from other processes. Corn steep liquor and molasses are, for example, waste
products from the starch and sugar industries, respectively. They will be discussed more
fully below.

(b) Ready availability of the raw material

The raw material must be readily available in order not to halt production. If it is seasonal
or imported, then it must be possible to store it for a reasonable period. Many industrial
establishments keep large stocks of their raw materials for this purpose. Large stocks help
beat the ever rising cost of raw materials; nevertheless large stocks mean that money
which could have found use elsewhere is spent in constructing large warehouses or
storage depots and in ensuring that the raw materials are not attacked during storage by
microorganisms, rodents, insects, etc. There is also the important implication, which is
not always easy to realize, that the material being used must be capable of long-term
storage without concomitant deterioration in quality.

(c) Transportation costs

Proximity of the user-industry to the site of production of the raw materials is a factor of
great importance, because the cost of the raw materials and of the finished material and
hence its competitiveness on the market can all be affected by the transportation costs.
The closer the source of the raw material to the point of use the more suitable it is for use,
if all other conditions are satisfactory.

(d) Ease of disposal of wastes resulting from the raw materials

The disposal of industrial waste is rigidly controlled in many countries. Waste materials
often find use as raw materials for other industries. Thus, spent grains from breweries
can be used as animal feed. But in some cases no further use may be found for the waste
from an industry. Its disposal especially where government regulatory intervention is
rigid could be expensive. When choosing a raw material therefore the cost, if any, of
treating its waste must be considered.
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(e) Uniformity in the quality of the raw material and ease of standardization

The quality of the raw material in terms of its composition must be reasonably constant in
order to ensure uniformity of quality in the final product and the satisfaction of the
customer and his/her expectations. In cases where producers are plentiful, they usually
compete to ensure the maintenance of the constant quality requirement demanded by the
user. Thus, in the beer industry information is available on the quality of the barley malt
before itis purchased. This is because a large number of barley malt producers exist, and
the producers attempt to meet the special needs of the brewery industry, their main
customer. On the other hand molasses, which is a major source of nutrient for industrial
microorganisms, is a by product of the sugar industry, where it is regarded as a waste
product. The sugar industry is not as concerned with the constancy of the quality of
molasses, as it is with that of sugar. Each batch of molasses must therefore be chemically
analyzed before being used in a fermentation industry in order to ascertain how much of
the various nutrients must be added. A raw material with extremes of variability in
quality is clearly undesirable as extra costs are needed, not only for the analysis of the
raw material, but for the nutrients which may need to be added to attain the usual and
expected quality in the medium.

() Adequate chemical composition of medium

As has been discussed already, the medium must have adequate amounts of carbon,
nitrogen, minerals and vitamins in the appropriate quantities and proportions necessary
for the optimum production of the commodity in question. The demands of the
microorganisms must also be met in terms of the compounds they can utilize. Thus most
yeasts utilize hexose sugars, whereas only a few will utilize lactose; cellulose is not easily
attacked and is utilized only by a limited number of organisms. Some organisms grow
better in one or the other substrate. Fungi will for instance readily grow in corn steep
liquor while actinomycetes will grow more readily on soya bean cake.

(g) Presence of relevant precursors

The raw material must contain the precursors necessary for the synthesis of the finished
product. Precursors often stimulate production of secondary metabolites either by
increasing the amount of a limiting metabolite, by inducing a biosynthetic enzyme or
both. These are usually amino acids but other small molecules also function as inducers.
The nature of the finished product in many cases depends to some extent on the
components of the medium. Thus dark beers such as stout are produced by caramelized
(or over-roasted) barley malt which introduce the dark color into these beers. Similarly for
penicillin G to be produced the medium must contain a phenyl compound. Corn steep
liquor which is the standard component of the penicillin medium contains phenyl
precursors needed for penicillin G. Other precursors are cobalt in media for Vitamin B'?
production and chlorine for the chlorine containing antibiotics, chlortetracycline, and
griseofulvin (Fig. 4.1).

(h) Satisfaction of growth and production requirements of the microorganisms

Many industrial organisms have two phases of growth in batch cultivation: the phase of
growth, or the trophophase, and the phase of production, or the idiophase. In the first
phase cell multiplication takes place rapidly, with little or no production of the desired
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Vitamin B” Chlortetracycline

HOCH,

Left: Vitamin B*2. Please note that cobalt is highlighted. It must be present in the medium in which organisms
producing the vitamin are grown

Right: Top; The general structure of tetracyclines. Bottom; The structure of 7-Chlortetracycline; a chlorine
atom is present in position 7. Chlorine must be present in the medium for producing chlortetracyline; note that
chlorine is highlighted in position 7 in chlortetracycline.

Fig. 4.1 Vitamin B and Chlortetracycline Showing Location of Components Present as
Precursors in the Medium

material. It is in the second phase that production of the material takes place, usually
with no cell multiplication and following the elaboration of new enzymes. Often these
two phases require different nutrients or different proportions of the same nutrients. The
medium must be complete and be able to cater for these requirements. For example high
levels of glucose and phosphate inhibit the onset of the idiophase in the production of a
number of secondary metabolites of industrial importance. The levels of the components
added must be such that they do not adversely affect production. Trophophase-
idiophase relationship and secondary metabolites are discussed in detail in Chapter 5.

4.3 SOME RAW MATERIALS USED IN COMPOUNDING
INDUSTRIAL MEDIA

The raw materials to be discussed are used because of the properties mentioned above:
cheapness, ready availability, constancy of chemical quality, etc. A raw material which is
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cheap in one country or even in a different part of the same country may however not be
cheap in another, especially if it has already found use in some other production process.
In such cases suitable substitutes must be found if the goods must be produced in the new
location. The use of local substitutes where possible is advantageous in reducing the
transportation costs and even creating some employment in the local population. Prior
experimentation may however be necessary if such new local materials differ
substantially in composition from those already being used. Some well-known raw
materials will now be discussed. In addition, some of potential useability will also be
examined.

(a) Corn steep liquor

This is a by-product of starch manufacture from maize. Sulfur dioxide is added to the
water in which maize is steeped. The lowered pH inhibits most other organisms, but
encourages the development of naturally occurring lactic acid bacteria especially
homofermentative thermophilic Lactobacillus spp. which raise the temperature to
38-55°C. Under these conditions, much of the protein present in maize is converted to
peptides which along with sugars leach out of the maize and provide nourishment for
the lactic acid bacteria. Lactic fermentation stops when the SO, concentration reaches
about 0.04% and the concentration of lactic acid between 1.0 and 1.5%. At this time the
pH is about 4. Acid conditions soften the kernels and the resulting maize grains mill
better while the gel-forming property of the starch is not hindered. The supernatant
drained from the maize steep is corn steep liquor. Before use, the liquor is usually filtered
and concentrated by heat to about 50% solid concentration. The heating process kills the
bacteria.

As a nutrient for most industrial organisms corn steep liquor is considered adequate,
being rich in carbohydrates, nitrogen, vitamins, and minerals. Its composition is highly
variable and would depend on the maize variety, conditions of steeping, extent of boiling
etc. The composition of a typical sample of corn steep liquor is given in Table 4.2. As corn
steep liquor is highly acidic, it must be neutralized (usually with CaCO,) before use.

(b) Pharmamedia

Also known as proflo, this is a yellow fine powder made from cotton-seed embryo. Itis
used in the manufacture of tetracycline and some semi-synthetic penicillins. It is rich in

Table 4.2 Approximate composition of corn steep liquor (%)

Lactose 3.0-4.0
Glucose 0.-0.5
Non-reducing carbohydrates (mainly starch) 15
Aceticacid 0.05
Glucose lactic acid 0.5
Phenylethylamine 0.05
Amino aids (peptides, mines) 0.5
Total solids 80-90

Total nitrogen 0.15-0.2%
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protein, (56% w/v) and contains 24% carbohydrate, 5% oil, and 4% ash, the last of which
is rich in calcium, iron, chloride, phosphorous, and sulfate.

(c) Distillers solubles

This is a by-product of the distillation of alcohol from fermented grain. It is prepared by
filtering away the solids from the material left after distilling fermented cereals (maize or
barley) for whiskey or grain alcohol. The filtrate is then concentrated to about one-third
solid content to give a syrup which is then drum-dried to give distillers soluble. It is rich
in nitrogen, minerals, and growth factors (Table 4.3).

Table 4.3 Composition of maize distillers soluble

%

Moisture 5

Protein 27

Lipid 9

Fibre 5

Carbohydrate 43

Ash (mainly K, Na, Mg, CO,, and P) 11
(d) Soya bean meal

Soya beans (soja) (Glycine max), is an annual legume which is widely cultivated
throughout the world in tropical, sub-tropical and temperate regions between 50°N and
40°S. The seeds are heated before being extracted for oil that is used for food, as an anti-
foam in industrial fermentations, or used for the manufacture of margarine. The resulting
dried material, soya bean meal, has about 11% nitrogen, and 30% carbohydrate and may
be used as animal feed. Its nitrogen is more complex than that found in corn steep liquor
and is not readily available to most microorganisms, except actinomyecetes. It is used
particularly in tetracycline and streptomycin fermentations.

(e) Molasses

Molasses is a source of sugar, and is used in many fermentation industries including the
production of potable and industrial alcohol, acetone, citric acid, glycerol, and yeasts. It
is a by-product of the sugar industry. There are two types of molasses depending on
whether the sugar is produced from the tropical crop, sugar cane (Saccharum officinarum)
or the temperate crop, beet, (Beta alba).

Four stages are involved in the manufacture of cane sugar. After crushing, a clear
greenish dilute sugar solution known as ‘mixed juice’ is expressed from the canes.
During the second stage known as clarification the mixed juice is heated with lime.
Addition of lime changes the pH of the juice to alkaline and thus stops further hydrolysis
(or inversion) or the cane sugar (sucrose), while heating coagulates proteins and other
undesirable soluble portions of the mixed juice to form ‘mud’. The supernatant juice is
then concentrated (in the third stage) by heating under high vacuum and increasing low
pressures in a series of evaporators. In the fourth and final stage of crystallization, sugar
crystals begin to form with increasing heat and under vacuum, yielding a thick brown
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syrup which contains the crystals, and which is known as ‘massecuite’. (In the beet
industry it is known as ‘fillmass’.) The massecuite is centrifuged to remove the sugar
crystals and the remaining liquid is known as molasses. The first sugar so collected is ‘A’
and the liquid is ‘A’ molasses. ‘A’ molasses is further boiled to extract sugar crystals to
yield ‘B’ sugar and ‘B’ molasses. Two or more boilings may be required before it is no
longer profitable to attempt further extractions. This final molasses is known as
‘blackstrap molasses’.

The sugar yielded with the production of black strap molasses is low-grade and
brown in color, and known as raw sugar, cargo sugar, or refining sugar. This raw sugar
is further refined, in a separate factory, to remove miscellaneous impurities including the
brown color (due to caramel) to yield the white sugar used at the table. The heavy liquid
discarded from the refining of sugar is known in the sugar refining industry as ‘syrup’
and corresponds to molasses in the raw sugar industry.

The above description has been of cane sugar molasses. In the beet sugar industry the
processes used in raw refined sugar manufacture are similar, but the names of the
different fractions recovered during purification differ. Cane and beet molasses differ
slightly in composition (Table 4.4). Beet molasses is alkaline while cane molasses is acid.

Table 44 Average composition of beet and cane molasses

Beet Molasses Cane Molasses
% (W/W) % (W/W)
Water 16.5 20.0
Sugars: 53.0 64.0
Sucrose 51.0 32.0
Fructose 1.0 15.0
Glucose - 14.0
Raffinose 1.0 -
Non-sugar (nitrogeneous
Materials, acids, gums, etc.) 19.0 10.0
Ash 11.5 8.0

Even within same type of molasses —beet or cane — composition varies from year to
year and from one locality to another. The user industry selects the batch with a suitable
composition and usually buys up a year’s supply. For the production of cells the
variability in molasses quality is not critical, but for metabolites such as citric acid, it is
very important as minor components of the molasses may affect the production of these
metabolites.

‘High test’ molasses (also known as inverted molasses) is a brown thick syrup liquid
used in the distilling industry and containing about 75% total sugars (sucrose and
reducing sugars) and about 18% moisture. Strictly speaking, it is not molasses at all but
invert sugar, (i.e reducing sugars resulting from sucrose hydrolysis). It is produced by the
hydrolysis of the concentrated juice with acid. In the so-called Cuban method, invertase
is used for the hydrolysis. Sometimes ‘A’ sugar may be inverted and mixed with A’
molasses.
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() Sulfite liquor

Sulfite liquor (also called waste sulfite liquor, sulfite waste liquor or spent sulfite liquor)
is the aqueous effluent resulting from the sulfite process for manufacturing cellulose or
pulp from wood. Depending on the type, most woods contain about 50% cellulose, about
25% lignins and about 25% of hemicelluloses. During the sulfite process, hemicelluloses
hydrolyze and dissolve to yield the hexose sugars, glucose, mannose, galactose, fructose
and the pentose sugars, xylose, and arabinsoe. The acid reagent breaks the chemical
bonds between lignin and cellulose; subsequently they dissolve the lignin. Depending on
the severity of the treatment some of the cellulose will continue to exist as fibres and can
be recovered as pulp. The presence of calcium ions provides a buffer and helps neutralize
the strong lignin sulfonic acid. The degradation of cellulose yields glucose. Portions of
the various sugars are converted to sugar sulfonic acids, which are not fermentable.
Variable but sometimes large amounts of acetic, formic and glactronic acids are also
produced.

Sulfite liquor of various compositions are produced, depending on the severity of the
treatment and the type of wood. The more intense the treatment the more likely it is that
the sugars produced by the more easily hydrolyzed hemicellulose will be converted to
sulfonic acids; at the same time the more intense the treatment the more will glucose be
released from the more stable cellulose. Hardwoods not only yield a higher amount of
sugar (up to 3% dry weight of liquor) but the sugars are largely pentose, in the form of
xylose. Hardwood hydrolyzates also contains a higher amount of acetic acid. Soft woods
yield a product with about 75% hexose, mainly mannose.

Sulfite liquor is used as a medium for the growth of microorganisms after being
suitably neutralized with CaCOj; and enriched with ammonium salts or urea, and other
nutrients. It has been used for the manufacture of yeasts and alcohol. Some samples do
not contain enough assaimilable carbonaceous materials for some modern
fermentations. They are therefore often enriched with malt extract, yeast autolysate, etc.

(g) Other Substrates

Other substrates used as raw materials in fermentations are alcohol, acetic acid,
methanol, methane, and fractions of crude petroleum. These will be discussed under
Single Cell Protein (Chapter 15). Barley will be discussed in the section dealing with the
brewing of beer (Chapter 12).

4.4 GROWTH FACTORS

Growth factors are materials which are not synthesized by the organism and therefore
must be added to the medium. They usually function as cofactors of enzymes and may be
vitamins, nucleotides etc. The pure forms are usually too expensive for use in industrial
media and materials containing the required growth factors are used to compound the
medium. Growth factors are required only in small amounts. Table 4.5 gives some
sources of growth factors.

4.5 WATER

Water is a raw material of vital importance in industrial microbiology, though this
importance is often overlooked. It is required as a major component of the fermentation
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Table 4.5 Some sources of growth factors

Growth factor Source

Vitamin B Rice polishing, wheat germ, yeasts
Vitamin B, Cereals, corn steep liquor

Vitamin By Corn steep liquor, yeasts
Nicotinamide Liver, penicillin spent liquor
Panthothenic Acid Corn steep liquor

Vitamin By, Liver, silage, meat

medium, as well as for cooling, and for washing and cleaning. It is therefore used in
rather large quantities, and measured in thousands of liters a day depending on the
industry. In some industries such as the beer industry the quality of the product depends
to some extent on the water. In order to ensure constancy of product quality the water
must be regularly analyzed for minerals, color, pH, etc. and adjusted as may be necessary.
Due to the importance of water, in situations where municipal water supplies are likely to
be unreliable, industries set up their own supplies.

4.6 SOME POTENTIAL SOURCES OF COMPONENTS OF
INDUSTRIAL MEDIA

The materials to be discussed are mostly found in the tropical countries, including those
in Africa, the Caribbean, and elsewhere in the world. Any microbiological industries to
be sited in these countries must, if they are not to run into difficulties discussed above, use
the locally available substrates. It is in this context that the following are discussed.

4.6.1 Carbohydrate Sources

These are all polysaccharides and have to be hydrolyzed to sugar before being used.

(a) Cassava (manioc)

The roots of the cassava-plant Manihot esculenta Crantz serve mainly as a source of
carbohydrate for human (and sometimes animal) food in many parts of the tropical
world. Its great advantage is that it is high yielding, requires little attention when
cultivated, and the roots can keep in the ground for many months without deterioration
before harvest. The inner fleshy portion is a rich source of starch and has served, after
hydrolysis, as a carbon source for single cell protein, ethanol, and even beer. In Brazil it is
one of the sources of fermentation alcohol (Chapter 13) which is blended with petrol to
form gasohol for driving motor vehicles.

(b) Sweet potato

Sweet potatoes Ipomca batatas is a warm-climate crop although it can be grown also in sub
tropical regions. There are a large number of cultivars, which vary in the colors of the
tuber flesh and of the skin; they also differ in the tuber size, time of maturity, yield, and
sweetness. They are widely grown in the world and are found in South America, the USA,
Africa and Asia. They are regarded as minor sources of carbohydrates in comparison
with maize, wheat, or cassava, but they have the advantage that they do not require much
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agronomic attention. They have been used as sources of sugar on a semi-commercial
basis because the fleshy roots contain saccharolytic enzymes. The syrup made from
boiling the tubers has been used as a carbohydrate (sugar) source in compounding
industrial media. Butyl alcohol, acetone and ethanol have been produced from such a
syrup, and in quantities higher than the amounts produced from maize syrup of the same
concentration. Since sweet potatoes are not widely consumed as food, it is possible that it
may be profitable to grow them for use, after hydrolysis, in industrial microbiology media
as well as for the starch industry. It is reported that a variety has been developed which
yields up to 40 tonnes per hectare, a much higher yield than cassava or maize.

(c) Yams

Yams (Dioscorea spp) are widely consumed in the tropics. Compared to other tropical
roots however, their cultivation is tedious; in any case enough of this tuber is not
produced even for human food. It is therefore almost inconceivable to suggest that the
crop should be grown solely for use in compounding industrial media. Nevertheless
yams have been employed in producing various products such as yam flour and yam
flakes. If the production of these materials is carried out on a sufficiently large scale it is to
be expected that the waste materials resulting from peeling the yams could yield
substantial amounts of materials which on hydrolysis will be available as components of
industrial microbiological medjia.

(d) Cocoyam

Cocoyamis a blanket name for several edible members of the monocotyledonous (single
seed-leaf) plant of the family Araceae (the aroids), the best known two genera of which are
Colocasia (tano) and Xanthosoma (tannia). They are grown and eaten all over the tropical
world. As they are laborious to cultivate, require large quantities of moisture and do not
store well they are not the main source of carbohydrates in regions where they are grown.
However, this relative unimportance may well be of significance in regions where for
reasons of climate they can be suitably cultivated. Cocoyam starch has been found to be of
acceptable quality for pharmaceutical purposes. Should it find use in that area, starchy
by-products could be hydrolyzed to provide components of industrial microbiological
media.

(e) Millets

This is a collective name for several cereals whose seeds are small in comparison with
those of maize, sorghum, rice, etc. The plants are also generally smaller. They are
classified as the minor cereals not because of their smaller sizes but because they
generally do not form major components of human food. They are however hardy and
will tolerate great drought and heat, grow on poor soil and mature quickly. Attention is
being turned to them for this reason in some parts of the world. It is for this reason also
that millets could become potential sources of cereal for use in industrial microbiology
media. Millets are grown all over the world in the tropical and sub-tropical regions and
belong to various genera: Pennisetum americanum (pearl or bulrush millet), Setaria italica
(foxtail millet), Panicum miliaceum (yard millet), Echinochloa frumentacea (Japanese yard
millet) and Eleusine corcana (finger millet). Millet starch has been hydrolyzed by malting
for alcohol production on an experimental basis as far back as 50 years ago and the
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available information should be helpful in exploiting these grains for use as industrial
media components.

(P Rice

Rice, Oryza sativa is one of the leading food corps of the world being produced in all five
continents, but especially in the tropical areas. Although it is high-cost commodity, it has
the advantage of ease of mechanization, storability, and the availability of improved
seeds through the efforts of the International Rice Research Institute, Philippines and
other such bodies. The result is that this food crop is likely in the near future to displace,
as a carbohydrate source, such other starch sources as yams, and to a lesser extent
cassava in tropical countries. The increase in rice production is expected to become so
efficient in many countries that the crop would yield substrates cheap enough for
industrial microbiological use. Rice is used as brewing adjuncts and has been malted
experimentally for beer brewing.

(g) Sorghum

Sorghum, Sorghum bicolor, is the fourth in term of quantity of production of the world’s
cereals, after wheat, rice, and corn. It is used for the production of special beers in various
parts of the world. It has been mechanized and has one of the greatest potential among
cereals for use as a source of carbohydrate in industrial media in regions of the world
where it thrives. It has been successfully malted and used in an all-sorghum lager beer
which compared favorably with barley lager beer (Chapter 12)

(h) Jerusalem artichoke

Jerusalem artichoke, Helianthus tuberosus, is a member of the plant family compositae,
where the storage carbohydrate is not starch, but inulin (Fig. 4.2) a polymer of fructose
into which it can be hydrolyzed. It is a root-crop and grows in temperate, semi-tropical
and tropical regions.

4.6.2 Protein Sources

(a) Peanut (groundnut) meal

Various leguminous seeds may be used as a source for the supply of nitrogen in
industrial media. Only peanuts (groundnuts) Arachis hypogea will be discussed. The nuts
arerich inliquids and proteins. The groundnut cake left after the nuts have been freed of
oil is often used as animal feed. But just as is the case with soya bean, oil from peanuts
may be used as anti-foam while the press-cake could be used for a source of protein. The
nuts and the cake are rich in protein.

(b) Blood meal

Blood consists of about 82% water, 0.1% carbohydrate, 0.6% fat, 16.4% nitrogen, and 0.7%
ash. It is a waste product in abattoirs although it is sometimes used as animal feed.
Drying is achieved by passing live steam through the blood until the temperature reaches
about 100°C. This treatment sterilizes it and also causes it to clot. It is then drained,
pressed to remove serum, further dried and ground. The resulting blood-meal is
chocolate-colored and contains about 80% protein and small amounts of ash and lipids.
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Where sufficient blood is available blood meal could form an important source of
proteins for industrial media.

(c) Fish Meal

Fish meal is used for feeding farm animals. It is rich in protein (about 65%) and, minerals
(about 21% calcium 8%, and phosphorous 3.5%) and may therefore be used for industrial
microbiological media production. Fish meal is made by drying fish with steam either
aided by vacuum or by simple drying. Alternatively hot air may be passed over the fish
placed in revolving drums. It is then ground into a fine powder.

4.7 THE USE OF PLANT WASTE MATERIALS IN
INDUSTRIAL MICROBIOLOGY MEDIA:
SACCHARIFICATION OF POLYSACCHARIDES

The great recommendation of plant agricultural wastes as sources of industrial
microbiological media is that they are not only plentiful but that in contrast with
petroleum, a major source of chemicals, they are also renewable. Serious consideration
has therefore been given, in some studies, to the possibility of deriving industrial
microbiological raw materials notjust from wastes, but from crops grown deliberately for
the purpose. However, plant materials in general contain large amounts of
polysaccharides which are not immediately utilizable by industrial microorganisms and
which will therefore need to be hydrolyzed or saccharified to provide the more available
sugars. Thereafter the sugars may be fermented to ethyl alcohol for use as a chemical feed
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stock. The plant polysaccharides whose hydrolysis will be discussed in this section are
starch, cellulose and hemicelluloses.

4.7.1 Starch

Starch is a mixture of two polymers of glucose: amylose and amylopectin. Amylose is a
linear (1 — 4) o< — D glucan usually having a degree of polymerization (D.P.,i.e. number
of glucose molecules) of about 400 and having a few branched residues linked with (1 —
6) bondings. Amylopectin is a branched D glucan with predominantly e - D (1 — 4)
linkages and with about 4% of the o< — D (1 — 6) type (Fig. 4.3). Amylopectin consists of
amylose — like chains of D. P. 12 — 50 linked in a number of possible manners of which 3
in Fig. 4.4 seems most generally accepted. A comparison of the properties of amylose and
amylopectin is given in Table 4.6.

Table 4.6 Some properties of amylose and amylopectin

Property Amylose Amylopectin
Structure Linear Branched
Behavior in water Precipitates
Irreversibly Stable

Degree of polymerization 10° 10*-10°
Average chain length 10° 20-25
Hydprolysis to maltose (%)

(a) P-amylase 87 54

(b) B -amylase and

debranching enzyme 98 79

Iodine Complex max (nm) 650 550

Starches from various sources differ in their proportion of amylopectin and amylose.
The more commonly grown type of maize, for example, has about 26% of amylose and
74% of amylopectin (Table 4.7). Others may have 100% amylopectin and still others may
have 80— 85% of amylose.

4.7.1.1 Saccharification of starch

Starch occurs in discrete crystalline granules in plants, and in this form is highly
resistant to enzyme action. However when heated to about 55°C - 82°C depending on the
type, starch gelatinizes and dissolves in water and becomes subject to attack by various
enzymes.

Before saccharification, the starch or ground cereal is mixed with water and heated to
gelatinize the starch and expose it to attack by the saccharifying agents. The
gelatinization temperatures of starch from various cereals is given in Table 12.1. The
saccharifying agents used are dilute acids and enzymes from malt or microorganisms.

4.7.1.1.1 Saccharification of starch with acid

The starch-containing material to be hydrolyzed is ground and mixed with dilute
hydrochloric acid, sulfuric acid or even sulfurous acid. When sulfurous acid is used it
can be introduced merely by pumping sulfur dioxide into the mash.
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Table 4.7 Amylose contents of some starches

Source Amylose Content %
Potato 20-22

Corn 20-27
Wheat 18-26

Oat 22-24
Waxymaize 0-5
Cassava 17-20
Sorghum 25-28

Rice 16-18

Terminal non-reducing end — groups

Reducing end group

o-D- (1 - 6) linkage

Chain of 20t0 25 o - D - (1 — 4) linked D-glucose residues

| | o o

Fig. 4.4 Diagrams Representing Three Proposed Structures of Amylopectin

The concentrations of the mash and the acid, length of time and temperature of the
heating have to be worked out for each starch source. During the hydrolysis the starch is
broken down from starch (about 2,000 glucose molecules) through compounds of
decreasing numbers of glucose moieties to glucose. The actual composition of the
hydrolysate will depend on the factors mentioned above. Starch concentration is
particularly important: if it is too high, side reactions may occur leading to a reduction in
the yield of sugar.

At the end of the reaction the acid is neutralized. If it is desired to ferment the
hydrolysate for ethanol, yeast or single cell production, ammonium salts may be used as
they can be used by many microorganisms.
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4.7.1.1.2 Useofenzymes

Enzymes hydrolyzing starch used to be called collectively diastase. With increased
knowledge about them, they are now called amylases. Enzymatic hydrolysis has several
advantages over the use of acid: (a) since the pH for enzyme hydrolysis is about neutral,
there is no need for special vessels which must stand the high temperature, pressure, and
corrosion of acid hydrolysis; (b) enzymes are more specific and hence there are fewer side
reactions leading therefore to higher yields; (c) acid hydrolysis often yields salts which
may have to be removed constantly or periodically thereby increasing cost; (d) it is
possible to use higher concentrations of the substrates with enzymes than with acids
because of enzyme specificity, and reduced possibility of side reactions.

4.7.1.1.3 Enzymes involved in the hydrolysis of starch

Several enzymes are important in the hydrolysis of starch. They are divisible into six
groups.

(i) Enzymes that hydrolyse o.— 1, 4 bonds and by-pass o — I, 6 bonding: The typical
example is o.- amylase. This enzyme hydrolyses randomly the inner (1 —4) -o.-
D - glucosidic bonds of amylose and amylopectin (Fig. 4.3). The cleavage can occur
anywhere as long as there are at least six glucose residues on one side and at least
three on the other side of the bond to be broken. The result is a mixture of branched
o - limit dextrins (i.e., fragments resistant to hydrolysis and contain the o. - D (1 6)
linkage (Fig. 4.4) derived from amylopectin) and linear glucose residues especially
maltohexoses, maltoheptoses and maltotrioses. o. - Amylases are found in virtually
every living cell and the property and substrate pattern of o - amylases vary
according to their source. Thus, animal o. - amylases in saliva and pancreatic juice
completely hydrolyze starch to maltose and D-glucose. Among microbial o -
amylases some can withstand temperatures near 100°C.

(il) Enzymes that hydrolyse the o.—1, 4 bonding, but cannot by-pass the o.— 1,6 bonds: Beta
amylase: This was originally found only in plants but has now been isolated from
micro-organisms. Beta amylase hydrolyses alternate o. — 1,4 bonds sequentially
from the non-reducing end (i.e., the end without a hydroxyl group at the C - 1
position) to yield maltose (Figs. 4.3 and 4.5). Beta amylase has different actions on
amylose and amylopectin, because it cannot by-pass the a.—1:6 —branch points in
amylopectin. Therefore, while amylose is completely hydrolyzed to maltose,
amylopectin is only hydrolyzed to within two or three glucose units of theo.— 1.6 -
branch point to yield maltose and a ‘beta-limit” dextrin which is the parent
amylopectin with the ends trimmed off. Debranching enzymes (see below) are able
to open up the o.—1:6 bonds and thus convert beta-limit dextrins to yield a mixture
of linear chains of varying lengths; beta amylase then hydrolyzes these linear
chains. Those chains with an odd number of glucose molecules are hydrolyzed to
maltose, and one glucose unit per chain. The even numbered residues are
completely hydrolyzed to maltose. In practice there is a very large population of
chains and hence one glucose residue is produced for every two chains present in
the original starch.
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(iii) Enzymes that hydrolyze (o.—1, 4 and o.— 1:6 bonds: The typical example of these
enzymes is amyloglucosidase or glucoamylase. This enzyme hydrolyzeso.- D - (1
— 4) -D — glucosidic bonds from the non-reducing ends to yield D — glucose
molecules. When the sequential removal of glucose reaches the point of branching
in amylopectin, the hydrolysis continues on the (1 — 6) bonding but more slowly
than on the (1 — 4) bonding. Maltose is attacked only very slowly. The end product
is glucose.

(iv) De-branching enzymes: Atleast two de-branching enzymes are known: pullulanase
and iso-amylase.

Pullulanase: This is a de-branching enzyme which causes the hydrolysis of . — D
— (1 6) linkages in amylopectin or in amylopectin previsouly attacked by alpha-
amylase. It does not attack o.- D (1 — 4) bonds. However, there must be at least two
glucose units in the group attached to the rest of the molecules through ano.-D- (1
— 6) bonding.

Iso-amylase: This is also a de-branching enzyme but differs from pullulanase in that
three glucose units in the group must be attached to the rest of the molecules
through ano.- D - (1 — 6) bonding for it to function.

(v) Enzymes that preferentially attack o - 1, 4 linkages: Examples of this group are
glucosidases. The maltodextrins and maltose produced by other enzymes are
cleaved to glucose by o - glucosidases. They may however sometime attack
unaltered polysaccharides but only very slowly.

(vi) Enzymes which hydrolyze starch to non-reducing cyclic D-glucose polymers known as
cyclodextrins or Schardinger dextrins: Cyclic sugar residues are produced by Bacillus
macerans. They are not acted upon by most amylases although enzymes in
Takadiastase produced by Aspergillus oryzae can degrade the residues.

4.7.1.1.4 Industrial saccharification of starch by enzymes

In industry the extent of the conversion of starch to sugar is measured in terms of dextrose
equivalent (D.E.). This is a measure of the reducing sugar content, expressed in terms of
dextrose, determined under defined conditions involving Fehling’s solution. The D.E is
calculated as percentage of the total solids.

For the saccharification of starch in industry acid is being replaced more and more by
enzymes. Sometimes acid is used only initially and enzymes employed at a later stage.
Acid saccharification has a practical upper limit of 55 D.E. Beyond this, breakdown
products begin to accumulate. Furthermore, with acid hydrolysis reversion reactions
occur among the sugar produced. These two deficiencies are avoided when enzymes are
utilized. Besides, by selecting enzymes specific sugars can be produced.

Starch-splitting enzymes used in industry are produced in germinated seeds and by
micro-organisms. Barley malt is widely used for the saccharification of starch. It contains
large amounts of various enzymes notably B-amylase and o. - glucosidase which further
split saccharides to glucose.

All the enzymes discussed above are produced by different micro-organisms and
many of these enzymes are available commercially. The most commonly encountered
organisms producing these enzymes are Bacillus spp, Streptomyeces spp, Aspergillus spp,
Penicillium spp, Mucor spp and Rhizopus spp.
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4.7.2 Cellulose, Hemi-celluloses and Lignin in Plant Materials
4.7.2.1 Cellulose

Cellulose is the most abundant organic matter on earth. Unfortunately it does not exist
pure in nature and even the purest natural form (that found in cotton fibres) contains
about 6% of other materials. Three major components, cellulose, hemi-cellulose and
lignin occur roughly in the ratio of 4:3:3 in wood. Before looking more closely at cellulose,
the other two major components of plant materials will be briefly discussed.

4.7.2.2 Hemicelluloses

These are an ill-defined group of carbohydrates whose main and common characteristic
is that they are soluble in, and hence can be extracted with, dilute alkali. They can then be
precipitated with acid and ethanol. They are very easily hydrolyzed by chemical or
biological means. The nature of the hemicellulose varies from one plant to another. In
cotton the hemicelluloses are pectic substances, which are polymers of galactose. In
wood, they consist of short (DP less than 200) branched heteropolymers of glucose,
xylose, galactose, mannose and arabinose as well as uronic acids of glucose and
galactose linked by 1 -3, 1 -6 and 1 —4 glycosidic bonding.

4.7.2.3 Lignin

Lignin is a complex three-dimensional polymer formed from cyclic alcohols. (Fig. 4.6). It
is important because it protects cellulose from hydrolysis.

Cellulose is found in plant cell-walls which are held together by a porous material
known as middle lamella. In wood the middle lamella is heavily impregnated with lignin
which is highly resistant and thus protects the cell from attack by enzymes or acid.

4.7.2.4 Pretreatment of cellulose-containing materials
before saccharification

In order to expose lignocellulosics to attack, a number of physical and chemical methods
are in use, or are being studied, for altering the fine structure of cellulose and /or breaking
the lignin-carbohydrate complex.

Table 4.8 Various pretreatment methods used in lignocellulose substrate preparation

Pretreatment type Specific method

Mechanical Weathering and milling-ball, fitz, hammer, roller

Irradiation Gamma, electron beam, photooxidation

Thermal Autohydrolysis, steam explosion, hydrothermolysis,
boiling, pyrolysis, moist or dry heat expansion

Alkali Sodium hydroxide, ammonium hydroxide

Acids Sulfuric, hydrochloric, nitric, phosphoric, maleic

Oxidizing agents Peracetic acid, sodium hypochlorite, sodium chlorite,
hydrogen peroxide

Solvents Ethanol, butanol, phenol, ethylamine, acetone, ethylene glycol

Gases Ammonia, chlorine, nitrous oxide, ozone, sulfur dioxide

Biological Ligninolytic fungi
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Chemical methods include the use of swelling agents such a NaOH, some amines,
concentrated H,SO, or HCI or proprietary cellulose solvents such as ‘cadoxen’ (tris
thylene-diamine cadmium hydroxide). These agents introduce water between or within
the cellulose crystals making subsequent hydrolysis, easier. Steam has also been used as
a swelling agent. The lignin may be removed by treatment with dilute H,SO, at high
temperature.

Physical methods of pretreatment include grinding, irradiation and simply heating
the wood.

4.7.2.5 Hydrolysis of cellulose

Following pretreatment, wood may be hydrolyzed with dilute HCI, H,SO, or sulfites of
calcium, magnesium or sodium under high temperature and pressure as described for
sulfite liquor production in paper manufacture see section 4. above). When, however, the
aim is to hydrolyze wood to sugars, the treatment is continued for longer than is done for
paper manufacture.

A lot of experimental work has been done recently on the possible use of cellulolytic
enzymes for digesting cellulose. The advantage of the use of enzymes rather than harsh
chemicals methods have been discussed already. Fungi have been the main source of
cellulolytic enzymes. Trichoderma viride and T. koningii have been the most efficient
cellulase producers. Penicillicum funiculosum and Fusarium solani have also been shown
to possess equally potent cellulases. Cellulase has been resolved into at least three
components: C;, C,, and B-glucosidases. The C; component attacks crystalline cellulose
and loosens the cellulose chain, after which the other enzymes can attack cellulose. The
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C, enzymes are 3 - (1 — 4) glucanases and hydrolyse soluble derivatives of cellulose or
swoollen or partially degraded cellulose. Their attack on the cellulose molecule is
random and cellobiose (2-sugar) and cellotroise (3-sugar) are the major products of their
actions. There is evidence that the enzymes may also act by removing successive glucose
units from the end of a cellulose molecule. -glucosidases hydrolyze cellobiose and short-
chain oligo-saccharides derived from cellulose to glucose, but do not attack cellulose.
They are able to attack cellobiose and cellotriose rapidly. Many organisms described in
the literature as ‘cellulolytic’ produce only C, and B-glucosidases because they were
isolated initially using partially degraded cellulose. The four organisms mentioned
above produce all three members of the complex.

4.7.2.5.1 Molecular structure of cellulose

Cellulose is a linear polymer of D-glucose linked in the Beta-1, 4 glucosidic bondage. The
bonding is theoretically as vulnerable to hydrolysis as the one in starch. However,
cellulose — containing materials such as wood are difficult to hydrolyze because of (a) the
secondary and tertiary arrangement of cellulose molecules which confers a high
crystallinity on them and (b) the presence of lignin.

The degree of polymerization (D. P.) of cellulose molecule is variable, but ranges from
about 500 in wood pulp to about 10,000 in native cellulose. When cellulose is hydrolyzed
with acid, a portion known as the amorphous portion which makes up 15% is easily and
quickly hydrolyzed leaving a highly crystalline residue (85%) whose DP is constant at
100-200. The crystalline portion occurs as small rod-like particles which can be
hydrolyzed only with strong acid. (Fig. 4.7)

Crystalline
Amorphous region region
=Z s X~ —=
— == = — : A
Frayed P— ISR —
__—_\_\__*___ ———
e — TS B
=
ShOrT Y i ——— ") *
r—— s, " ________.._..‘:_LC -:'/:.'___?“*:"'
chains == ‘I/‘\'—-— PARNN coV T == C
S ——
e D

A = Original cellulose fibril

B = Initial attack on amorphous region
C = Residue crystalline region

D = Attack on crystalline region

Fig. 4.7 Diagram lllustrating Breakdown of Crystalline Cellulose
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CHAPTER 5

Metabolic Pathways for the
Biosynthesis of Industrial
Microbiology Products

5.1 THE NATURE OF METABOLIC PATHWAYS

In order to be able to manipulate microorganisms to produce maximally materials of
economic importance to humans, but at minimal costs, it is important that the physiology
of the organisms be understood as much as is possible. In this chapter relevant elements
of the physiology of industrial organisms will be discussed.

A yeast cell will divide and produce CO, under aerobic conditions if offered a solution
of glucose and ammonium salts. The increase in cell number resulting from the growth
and the bubbling of CO, are only external evidence of a vast number of chemical reactions
going on within the cell. The yeast cell on absorbing the glucose has to produce various
proteins which will form enzymes necessary to catalyze the various reactions concerned
with the manufacture of proteins, carbohydrates, lipids, and other components of the cell
as well as vitamins which will form coenzymes. A vast array of enzymes are produced as
the glucose and ammonium initially supplied are converted from one compound into
another or metabolized. The series of chemical reactions involved in converting a chemical (or a
metabolite) in the organism into a final product is known as a metabolic pathway. When the
reactions lead to the formation of a more complex substance, that particular form of
metabolism is known as anabolism and the pathway an anabolic pathway. When the
series of reactions lead to less complex compounds the metabolism is described as
catabolism. The compounds involved in a metabolic pathway are called intermediates and
the final product is known as the end-product (see Fig. 5.1).

Catabolic reactions have been mostly studied with glucose. Four pathways of glucose
breakdown to pyruvic acid (or glycolysis) are currently recognized. They will be
discussed later. Catabolic reactions often furnish energy in the form of ATP and
other high energy compounds, which are used for biosynthetic reactions. A second
function of catabolic reactions is to provide the carbon skeleton for biosynthesis.
Anabolic reactions lead to the formation of larger molecules some of which are
constituents of the cell.
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Although anabolism and catabolism are distinct phenomena some pathways have
elements of both kinds Metabolic intermediates which are derived from catabolism and
which are also available for anabolism are known as amphibolic intermediates.

Methods for the study of metallic pathways are well reviewed in texts on microbial
physiology and will therefore not be discussed here.

5.2 INDUSTRIAL MICROBIOLOGICAL PRODUCTS AS
PRIMARY AND SECONDARY METABOLITES

Products of industrial microorganisms may be divided into two broad groups, those
which result from primary metabolism and others which derive from secondary
metabolism. The line between the two is not always clear cut, but the distinction is useful
in discussing industrial products.

5.2.1 Products of Primary Metabolism

Primary metabolism is the inter-related group of reactions within a microorganism
which are associated with growth and the maintenance of life. Primary metabolism is
essentially the same in all living things and is concerned with the release of energy, and
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the synthesis of important macromolecules such as proteins, nucleic acids and other cell
constituents. When primary metabolism is stopped the organism dies.

Products of primary metabolism are associated with growth and their maximum
production occurs in the logarithmic phase of growth in a batch culture. Primary
catabolic products include ethanol, lactic acid, and butanol while anabolic products
include amino-acids, enzymes and nucleic acids. Single-cell proteins and yeasts would
also be regarded as primary products (Table 5.1)

Table 5.1 Some industrial products resulting from primary metabolism

Anabolic Products Catabolic Products

1. Enzymes 1. Ethanol and ethanol-containing products, e.g. wines
2. Amino acids 2. Butanol

3. Vitamins 3. Acetone

4. Polysaccharides 4. Lacticacid

5. Yeastcells 5. Aceticacid (vinegar)

6. Single cell protein

7. Nucleicacids

8. Citricacid

5.2.2 Products of Secondary Metabolism

In contrast to primary metabolism which is associated with the growth of the cell and the
continued existence of the organism, secondary metabolism, which was first observed in
higher plants, has the following characteristics (i) Secondary metabolism has noapparent
function in the organism. The organism continues to exist if secondary metabolism is
blocked by a suitable biochemical means. On the other hand it would die if primary
metabolism were stopped. (ii) Secondary metabolites are produced in response to a
restriction in nutrients. They are therefore produced after the growth phase, at the end of
the logarithmic phase of growth and in the stationary phase (in a batch culture). They can
be more precisely controlled in a continuous culture. (iii) Secondary metabolism appears
to be restricted to some species of plants and microorganisms (and in a few cases to
animals). The products of secondary metabolism also appear to be characteristic of the
species. Both of these observations could, however, be due to the inadequacy of current
methods of recognizing secondary metabolites. (iv) Secondary metabolites usually have
‘bizarre’ and unusual chemical structures and several closely related metabolites may be
produced by the same organism in wild-type strains. This latter observation indicates the
existence of a variety of alternate and closely-related pathways. (v) The ability to produce
a particular secondary metabolite, especially in industrially important strains is easily
lost. This phenomenon is known as strain degeneration. (vi) Owing to the ease of the loss
of the ability to synthesize secondary metabolites, particularly when treated with acri-
dine dyes, exposure to high temperature or other treatments known to induce plasmid
loss (Chapter 5) secondary metabolite production is believed to be controlled by plasmids
(atleast in some cases) rather than by the organism’s chromosomes. A confirmation of the
possible role of plasmids in the control of secondary metabolites is shown in the case of
leupetin, in which the loss of the metabolite following irradiation can be reversed by
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conjugation with a producing parent. (vii) The factors which trigger secondary metabo-
lism, the inducers, also trigger morphological changes (morphogenesis) in the organism.

Inducers of Secondary Metabolites

Autoinducers include the y-butyrolactones (butanolides) of the actinomyecetes, the N-
acylhomoserine lactones (HSLs) of Gramnegative bacteria, the oligopeptides of Gram-
positive bacteria, and B-factor [3’-(1-butylphosphoryl)adenosine] of rifamycin
production in Amycolatopsis mediterrane. They function in development, sporulation,
light emission, virulence, production of antibiotics, pigments and cyanide, plasmid-
driven conjugation and competence for genetic transformation. Of great importance in
actinomycete fermentations is the inducing effect of endogenousy-butyrolactones, e.g. A-
factor (2-S-isocapryloyl-3R-hydroxymethyl-y-butyrolactone). A-factor induces both
morphological and chemical differentiation in Streptomyces griseus and Streptomyces
bikiniensis, bringing on formation of aerial mycelia, conidia, streptomycin synthases and
streptomycin. Conidia can actually form on agar without A-factor but aerial mycelia
cannot. The spores form on branches morphologically similar to aerial hyphae but they
do not emerge from the colony surface. In S. griseus, A-factor is produced just prior to
streptomycin production and disappears before streptomycin is at its maximum level. It
induces at least 10 proteins at the transcriptional level. One of these is streptomycin 6-
phosphotransferase, an enzyme which functions both in streptomycin biosynthesis and
in resistance. In an A-factor deficient mutant, there is a failure of transcription of the
entire streptomycin gene cluster. Many other actinomycetes produce A-factor, or related
o-butyrolactones, which differ in the length of the side-chain. In those strains which
produce antibiotics other than streptomycin, they-butyrolactones induce formation of the
particular antibiotics that are produced, as well as morphological differentiation.
Secondary metabolic products of microorganism are of immense importance to
humans. Microbial secondary metabolites include antibiotics, pigments, toxins, effectors
of ecological competition and symbiosis, pheromones, enzyme inhibitors,
immunomodulating agents, receptor antagonists and agonists, pesticides, antitumor
agents and growth promoters of animals and plants, including gibbrellic acid, anti-
tumor agents, alkaloids such as ergometrine, a wide variety of other drugs, toxins and
useful materials such as the plant growth substance, gibberellic acid (Table 5.2). They
have a major effect on the health, nutrition, and economics of our society. They often have
unusual structures and their formation is regulated by nutrients, growth rate, feedback
control, enzyme inactivation, and enzyme induction. Regulation is influenced by unique
low molecular mass compounds, transfer RNA, sigma factors, and gene products formed
during post-exponential development. The synthases of secondary metabolism are often
coded for by clustered genes on chromosomal DNA and infrequently on plasmid DNA.
Unlike primary metabolism, the pathways of secondary metabolism are still not
understood to a great degree. Secondary metabolism is brought on by exhausion of a
nutrient, biosynthesis or addition of an inducer, and /or by a growth rate decrease. These
events generate signals which effect a cascade of regulatory events resulting in chemical
differentiation (secondary metabolism) and morphological differentiation
(morphogenesis). The signal is often a low molecular weight inducer which acts by
negative control, i.e. by binding to and inactivating a regulatory protein (repressor
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Table 5.2 Some industrial products of microbial secondary metabolism

Product Organism Use/Importance
Antibiotics

Penicillin Penicillium chrysogenum Clinical use
Streptomycin Streptomyces griseus Clinical use

Anti-tumor Agents

Actinomyin Streptomyces antibioticus Clinical use
Bleomycin Streptomyces verticulus Clinical use

Toxins

Aflatoxin Aspergiulus flavous Food toxin
Amanitine Amanitasp Food toxin

Alkaloids

Ergot alkaloids Claviceps purpurea Pharmaceutical
Miscellaneous

Gibberellic acid Gibberalla fujikuroi Plant growth hormone
Kojic acid Aspergillus flavus Food flavor
Muscarine Clitocybe rivalosa Pharmaceutical
Patulin Penicillium urticae Anti-microbial agent

protein/receptor protein) which normally prevents secondary metabolism and
morphogenesis during rapid growth and nutrient sufficiency.

Thousands of secondary metabolites of widely different chemical groups and
physiological effects on humans have been found. Nevertheless a disproportionately
high interest is usually paid to antibiotics, although this appears to be changing. It would
appear that the vast potential utility of microbial secondary metabolites is yet to be
realized and that many may not even have been discovered. Part of this ‘lopsided”
interest may be due to the method of screening, which has largely sought antibiotics. The
general topic of screening, especially of secondary metabolites, will be discussed in
Chapters 7 and 28. In particular, an attempt will be made to discuss the screening of
drugs outside antibiotics.

53 TROPHOPHASE-IDIOPHASE RELATIONSHIPS IN THE
PRODUCTION OF SECONDARY PRODUCTS

From studies on Penicillium urticae the terms trophophase and idiophase were introduced
to distinguish the two phases in the growth of organisms producing secondary
metabolites. The trophophase (Greek, tropho = nutrient) is the feeding phase during
which primary metabolism occurs. In a batch culture this would be in the logarithmic
phase of the growth curve. Following the trophophase is the idio-phase (Greek, idio =
peculiar) during which secondary metabolites peculiar to, or characteristic of, a given
organism are synthesized. Secondary synthesis occurs in the late logarithmic, and in the
stationary, phase. It has been suggested that secondary metabolites be described as
‘idiolites’ to distinguish them from primary metabolites.
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54 ROLE OF SECONDARY METABOLITES IN THE
PHYSIOLOGY OF ORGANISMS PRODUCING THEM

Since many industrial microbiological products result from secondary metabolism,
workers have sought to explain the role of secondary metabolites in the survival of the
organism. Due to the importance of antibiotics as clinical tools, the focus of many workers
has been on antibiotics. This discussion while including antibiotics will attempt to
embrace the whole area of secondary metabolites.

Some earlier hypotheses for the existence of secondary metabolism are apparently no
longer considered acceptable by workers in the field. These include the hypotheses that
secondary metabolites are food-storage materials, that they are waste products of the
metabolism of the cell and that they are breakdown products from macro-molecules. The
theories in currency are discussed below; even then none of these can be said to be water
tight. The rationale for examining them is that a better understanding of the organism’s
physiology will help towards manipulating it more rationally for maximum productivity.

(i) The competition hypothesis: In this theory which refers to antibiotics specifically,
secondary metabolites (antibiotics) enable the producing organism to withstand
competition for food from other soil organisms. In support of this hypothesis is the
fact that antibiotic production can be demonstrated in sterile and non-sterile soil,
which may or may not have been supplemented with organic materials. As further
support for this theory, it is claimed that the wide distribution of B-lactamases
among microorganisms is to help these organisms detoxify the B-lactam
antibiotics. The obvious limitation of this theory is that it is restricted to antibiotics
and that many antibiotics exist outside Beta-lactams.

(i) The maintenance hypothesis: Secondary metabolism usually occurs with the
exhaustion of a vital nutrient such as glucose. It is therefore claimed that the
selective advantage of secondary metabolism is that it serves to maintain
mechanisms essential to cell multiplication in operative order when that cell
multiplication is no longer possible. Thus by forming secondary enzymes, the
enzymes of primary metabolism which produce precursors for secondary
metabolism therefore, the enzymes of primary metabolism would be destroyed. In
this hypothesis therefore, the secondary metabolite itself is not important; what is
important is the pathway of producing it.

(iii) The unbalanced growth hypothesis: Similar to the maintenance theory, this
hypothesis states that control mechanisms in some organisms are too weak to
prevent the over synthesis of some primary metabolites. These primary metabolites
are converted into secondary metabolites that are excreted from the cell. If they are
not so converted they would lead to the death of the organism.

(iv) The detoxification hypothesis: This hypothesis states that molecules accumulated
in the cell are detoxified to yield antibiotics. This is consistent with the observation
that the penicillin precursor penicillanic acid is more toxic to Penicillium
chrysogenum than benzyl penicillin. Nevertheless not many toxic precursors of
antibiotics have been observed.

(v) The regulatory hypothesis: Secondary metabolite production is known to be
associated with morphological differentiation in producing organisms. In the
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(vi)

5.5

fungus Neurospora crassa, carotenoids are produced during sporulation. In
Cephalospoium acremonium, cephalosporin C is produced during the idiophase
when arthrospores are produced. Numerous examples of the release of secondary
metabolites with some morphological differentiation have been observed in fungi.
One of the most intriguing relationships between differentiation and secondary
metabolite production, is that between the production of peptide antibiotics by
Bacillus spp. and spore formation. Both spore formation and antibiotic production
are suppressed by glucose; non-spore forming mutants of bacilli also do not
produce antibiotics, while reversion to spore formation is accompanied by
antibiotic formation has been observed in actinomycetes. Many roles have been
assigned to antibiotics in spore formers but the most clearly demonstrated has been
the essential nature of gramicidin in sporulation of Bacillusspp. The absence of the
antibiotic leads to partial deficiencies in the formation of enzymes involved in
spore formation, resulting in abnormally heat-sensitive spores. Peptide antibiotics
therefore suppress the vegetative genes allowing proper development of the
spores. In this theory therefore the production of secondary metabolites is
necessary to regulate some morphological changes in the organism. It could of
course be that some external mechanism triggers off secondary metabolite
production as well as the morphological change.

The hypothesis of secondary metabolism as the expression of evolutionary
reactions: Zahner has put forth a most exciting role for secondary metabolism. To
appreciate the hypothesis, it is important to bear in mind that both primary and
secondary metabolism are controlled by genes carried by the organism. Any genes
not required are lost. According to this hypothesis, secondary metabolism is a
clearing house or a mixed bag of biochemical reactions, undergoing tests for
possible incorporation into the cell’s armory of primary reactions. Any reaction in
the mixed bag which favorably affects any one of the primary processes, thereby
fitting the organism better to survive in its environment, becomes incorporated as
part of primary metabolism. According to this hypothesis, the antibiotic properties
of some secondary metabolites are incidental and not a design to protect the
microorganisms. This hypothesis is attractive because it implies that secondary
metabolism must occur in all microorganisms since evolution is a continuing
process. If that is the case, then the current range of secondary metabolites is
limited only by techniques sensitive enough to detect them. That this is a
possibility is shown by the increase in the number of antibiotics alone, since new
methods were recently introduced in the processes used in screening for them. If
therefore adequate methods of detection are devised it is possible that more
secondary metabolites of use for humans could be found.

PATHWAYS FOR THE SYNTHESIS OF
PRIMARY AND SECONDARY METABOLITES OF
INDUSTRIAL IMPORTANCE

The main source of carbon and energy in industrial media is carbohydrates. In recent
times hydrocarbons have been used. The catabolism of these compounds will be
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discussed briefly because they supply the carbon skeletons for the synthesis of primary
as well as for secondary metabolites. The inter-relationship between the pathways of
primary and the secondary metabolism will also be discussed briefly.

5.5.1 Catabolism of Carbohydrates

Four pathways for the catabolism of carbohydrates up to pyruvic acid are known. All
four pathways exist in bacteria, actinomycets and fungi, including yeasts. The four
pathways are the Embden-Meyerhof-Parmas, the Pentose Phosphate Pathways, the
Entner Duodoroff pathway and the Phosphoketolase. Although these pathways are for
the breakdown of glucose. Other carbohydrates easily fit into the cycles.

(i) The Embden-Meyerhof-Parnas (EMP Pathways): The net effect of this pathway is
to reduce glucose (Cy) to pyruvate (C;) (Fig. 5.2). The system can operate under both
aerobic and anaerobic conditions. Under aerobic conditions it usually functions
with the tricarboxylic acid cycle which can oxidize pyruvate to CO, and H,O.
Under anaerobic conditions, pyruvate is fermented to a wide range of fermentation
products, many of which are of industrial importance (Fig. 5.3).

(i) The pentose Phosphate Pathway (PP): This is also known as the Hexose
Monophosphate Pathway (HMP) or the phosphogluconate pathway. While the
EMP pathway provides pyruvate, a C; compound, as its end product, there is no
end product in the PP pathway. Instead it provides a pool of triose (C;) pentose
(Cs), hexose (Cy) and heptose (C,) phosphates. The primary purpose of the PP
pathway, however, appears to be to generate energy in the form of NADPA2 for
biosynthetic and other purposes and pentose phosphates for nucleotide synthesis
(Fig.5.4)

(iii) The Entner-Duodoroff Pathway (ED): The pathway is restricted to a few bacteria
especially Pseudomonas, but it is also carried out by some fungi. It is used by some
organisms in the enaerobic breakdown of glucose and by others only in gluconate
metabolism (Fig. 5.5)

(iv) The Phosphoketolase Pathway: In some bacteria glucose fermentation yields lactic
acid, ethanol and CO,. Pentoses are also fermented to lactic acid and acetic acid.
An example is Leuconostoc mesenteroides (Fig. 5.6).

Pathways used by microorganisms

The two major pathways used by microorganisms for carbohydrate metabolism are the
EMP and the PP pathways. Microorganisms differ in respect of their use of the two
pathways. Thus Saccharomyces cerevisae under aeaobic conditions uses mainly the EMP
pathway; under anaerobic conditions only about 30% of glucose is catabolized by this
pathway. In Penicillium chrysogenum, however, about 66% of the glucose is utilized via the
PP pathway. The PP pathway is also used by Acetobacter, the acetic acid bacteria.
Homofermentative bacteria utilize the EMP pathway for glucose breakdown. The ED
pathway is especially used by Pseudomonas.
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Fig. 5.4 The Pentose Phosphate Pathway

D-GLUCOSE
}
glucose
{""“"—“—“—— 6-phosphate
fructose 6- 6 -hospho- HMP
phosphate gluconate ————> pathway
| |
fructose |-6- 2-keto-3- deoxy-
diphosphate 6-phosphogluconate
Carbon dioxide
dihydroxy glyceral- PYRUVATE and water
acetone <= —> dehyde 3- .
phosphate phosphate — Fermentation

products
Fig. 5.5 The Enter-Doudoroff Pathway



88 Modern Industrial Microbiology and Biotechnology

D-GLUCOSE

ATP
<

ADP
glucose 6 -phosphate

/ NAD
\NADHZ

6 ~phosphogluconate
NAD
C02 -—//

\ NADHz

ribulose | 5- phosphate

l

xylulose 5-phosphate
glyceraldehyde 3-phosphate acetyl phosphate
2 ADP NAD .
\\\<; CoA —> Pi
2 ATP<" NADH2 «
A
pyruvate acetyl- CoA
|_— NADH?2 : / NADH2
S~ NAD Co A< PaNaD
LACTATE acetaldehyde
NADH2
E‘NAD
ETHANOL

Fig. 5.6 The Phosphoketolase Pathway

5.5.2 The Catabolism of Hydrocarbons

Although the price of crude oil continues to rise, it is, along with other hydrocarbons still
used in some fermentations as energy and carbon skeleton sources. Compared with
carbohydrates, however, far fewer organism appear to utilize hydrocarbons.
Hydrocarbons have been used in single cell protein production and in amino-acid
production among other products. Their use by various organisms in industrial media is
discussed more fully in Chapter 15.

(i) Alkanes: Alkanes are saturated hydrocarbons that have the general formula
C, H,,,,- When the alkanes are utilized, the terminal methyl group is usually
oxidized to the corresponding primary alcohol thus:
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R.CH,CH,CH; — R.CH,CH,CH,OH — RCH,CHO — R.CH, COOH
Alkane Alcohol Aldehyde Fatty acid

The alcohol is then oxidized to a fatty acid, which then forms as ester with
coenzyme A. Thereafter, it is involved in a series of B-oxidations (Fig. 5.7) which
lead to the step-wise cleaving off of acetyl coenzyme A which is then further
metabolized in the Tricarboxylic Acid Cycle.

(ii) Alkenes: The alkenes are unsaturated hydrocarbons and contain many double
bonds. Alkenes may be oxidized at the terminal methyl group as shown earlier for
alkanes. They may also be oxidized at the double bond at the opposite end of the
molecule by molecular oxygen given rise to a diol (an alcohol with two -OH
groups). Thereafter, they are converted to fatty acid and utilized as indicated
above.

56 CARBON PATHWAYS FOR THE FORMATION OF
SOME INDUSTRIAL PRODUCTS DERIVED FROM
PRIMARY METABOLISM

The broad flow of carbon in the formation of industrial products resulting from primary
metabolism may be examined under two headings: (i) catabolic products resulting from
fermentation of pyruvic acid and (ii) anabolic products.

5.6.1 Catabolic Products

Industrial products which are catabolic products formed from carbohydrate
fermentation are derived from pyruvic acid produced via the EMP, PP, or ED pathway.
Those of importance are ethanol, acetic acid, 2, 3-butanediol, butanol, acetone and lactic
acid. The general outline for deriving these from pyruvic acid has already been shown in
Fig. 5.3. The nature of the products not only broadly depends on the species of organisms
used but also on the prevailing environmental conditions such as pH, temperature,
aeration, etc.

5.6.2 Anabolic Products

Anabolic primary metabolites of industrial interest include amino acids, enzymes, citric
acid, and nucleic acids. The carbon pathways for the production of anabolic primary
metabolites will be discussed as each product is examined.

57 CARBON PATHWAYS FOR THE FORMATION OF
SOME PRODUCTS OF MICROBIAL SECONDARY
METABOLISM OF INDUSTRIAL IMPORTANCE

The unifying features of the synthesis of secondary metabolic products by microorgan-
isms can be summarized thus:

(i) conversion of a normal substrate into important intermediates of general
metabolism;
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Fig. 5.7 pB-oxidation of Fatty Acids

(ii) theassembly of these intermediates in an unusual way, by means of a combination
of standard general mechanisms with a selection from a relatively small number of
special mechanism;

(iii) these special mechanisms while being peculiar to secondary metabolism are not
unrelated to general or primary mechanism;

(iv) the synthetic activity of secondary metabolism appears in response to conditions
favorable for cell multiplication.

From the above, it becomes clear that although secondary metabolites are diverse in
their intrinsic chemical nature as well as in the organism which produce them, they use
only a few biosynthetic pathways which are related to, and use the intermediates of, the
primary metabolic pathways. Based on the broad flow of carbon through primary
metabolites to secondary metabolites, (depicted in Fig. 5.8) the secondary metabolites
may then be classified according to the following six metabolic pathways.

(i) Secondary products derived from the intact glucose skeleton: The carbon skeleton of
glucose is incorporated unaltered in many antibiotics and other secondary
metabolites. The entire basic structure of the secondary product may be derived
from glucose as in streptomycin or it may form the glycoside molecule to be
combined with a non-sugar (aglycone portion) from another biosynthetic route.
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The incorporation of the intact glucose molecule is more common among the
actinomycetes than among the fungi.

(ii) Secondary products related to nucleosides: The pentose phosphate pathway
provides ribose (5 carbon) for nucleoside biosynthesis. Many secondary
metabolites in this group are antibiotics and are produced mainly by
actinomyecetes and fungi. Examples are nucleoside antibiotics such as bleomycin.
(Chapter 21).

(iii) Secondary products derived through the Shikimate-Chorismate Pathway:

Shikimic acid (C;) is formed by the condensation of erythrose-4- phosphate (C,)
obtained from the PP pathway with phosphoenolypyruvate (C;) from the EMP
pathway. It is converted to chorismic acid which is a key intermediate in the
formation of numerous products including aromatic aminoacids, such as
phynylalamine, tryrosine and tryptophan. Chorismic acid is also a precursor for a
number of secondary metabolites including chloramphenicol, p-amino benzoic
acid, phenazines and pyocyanin which all have anticrobial properties (Fig. 5.9).
The metabolic route leading to the formation of these compounds is therefore

Erythrose 4- Phosphoenol-

phosphate ' pyruvic  acid
p -Deaxy - ~arabino-
heptulosonate FOLIC ACID

7 -phosphate

| !

) T Polyenes
Shikimic acid b - Amino-
» \L henzoic acid
Chioram- ' . il . /
phenicol <— =<=— Chorismic oud\ PHENAZINES
Pyocyanin ) l Anthranilic* acid

Prephenic acid \
l \ Phenyl- L~ TRYPTOPHAN

p -Hydroxyphenyl- pyruvic acid & P)}'olnitrin
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L~ TYROSINE
Lincimycin
Novobiocin
Melanin

Fig. 5.9 Metabolites in the Shikimic-Chorismate Pathway
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(iv)

referred to as the shikimate pathway. In view of this central role of chorismic acid,
however, the route is more widely known as the shikimate-chorismate route. The
shikimate-chorismate route is an important route for the formation of aromatic
secondary products in the bacteria and actinomycetes. Examples of such
secondary products include chloramphenicol and novobiocin. The route is less
used in fungi, where the polyketide pathway is more common for the synthesis of
aromatic secondary products.

The polyketide pathway: polyketide biosynthesis is highly characteristic of the
fungi, where more secondary metabolites are produced by it than by any other.
Indeed most of the known polyketide-derived natural products have been obtained
from the fungi, a much smaller number being obtained from bacteria and higher
plants. The triose (C3) derived from glucose in the EMP pathway is converted via
pyruvic acid to acetate, which occupies a central position in both primary and
secondary synthesis. The addition of CO, to an acetate group gives a malonate
group. The synthesis of polyketides is very similar to that of fatty acids. In the
synthesis of both groups of compounds acetate reacts with malonate with the loss
of CO,. By successive further linear reactions between the resulting compound and
malonate, the chain of the final compound (fatty acid or polyketide) can be
successively lengthened.

However, in the case of fatty acid the addition of each malonate molecule is
followed by decarboxylation and reduction whereas in polyketides these latter
reactions do occur. Due to this a chain of ketones or a B-polyketomethylene (hence
the name polyketide) is formed (Fig. 5.10). The polyketide (B - poly-ketomethylene)

/001 CHp CH=CH CH=CH CH= CHCO, H

/ —H
CHz CO, H + 3CH, /—coz

acetate AN N\
CO,H 360,

v)

Malonate CH3?' CHZ (E CHZ o} CHz COzH
# "
0 o) 0

B - polyketomethylene
chain

Fig. 5.10 Formation of Polyketides

chain made up of repeating C-CH, or ‘C, units’, is a reactive protein-bound
intermediate which can undergo a number of reactions, notably formation into
rings. Polyketides are classified as triketides, tetraketides, pentaketides, etc.,
depending on the number of ‘C, units’. Thus, orsellenic acid which is derived from
the straight chain compound in Fig. 5.11 with four ‘C,-units’ is a tetraketide.
Although the polyketide route is not common in actinomycetes, a modified
polyketide route is used in the synthesis of tetracyclines by Streptomyces griseus.

Terpenes and steroids: The second important biosynthetic route from acetate is that
leading via mevalonic acid to the terpenes and steroids. Microorganisms
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Fig. 5.11 Formation of the Triketide, Orsellenic Acid

especially fungi and bacteria synthesize a large number of terpenes, steroids,
carotenoids and other products following the ‘isoprene rule’. The central point of
this rule is that these compounds are all derivatives of isoprene, the five-carbon
compound.

Simply put the isoprene rules consist of the following (Fig. 5.12):

(i) Synthesis of mevalonate from acetate or leucine
(i) Dehydratopm and decarboxylation to give isoprene followed by
condensation to give isoprenes of various lengths.
(iii) Cyclization (ring formation) e.g., to give steroids (Chapter 26)
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Fig. 5.12 Isoprene Derivatives
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(iv) Further modification of the cyclised structure. The route leads to the
formation of essential steroid hormones of mammals and to a variety of
secondary metabolites in fungi and plants. it is not used to any extent in the
actinomycetes.

(vi) Compounds derived from amino acids: The amino acids are derived from various
products in the catabolism of glucose. Serine (C;N) and glycine (C,N) are derived
from the triose (C;) formed glucose; valine (C5N) is derived from acetate (Cs);
aspartatic acid (C,N) is derived from oxeloacetic acid (C,) while glutamic acid
(CsN) is derived from oxoglutamic acid (Cs). The biosynthetic pathways for the
formation of amino acids are shown in Fig. 5.13 from which it will be seen that
aromatic amino acids are derived via the shikimic pathway.

Secondary products may be formed from one, two or more amino acids. an example of
the first group (with one amino acid group) is hadacidin which inhibits plant tumors and

Glucose (Cg)

(Cg N3) Histidine «— Pentose (Cs) Giycine (CoN)

Tetrose (C,) ¥ :
4 Serine (CzN)
Triose (C3 )™ s .
(CgN) Phenylalanine Cysteine (C3NS)

(CoN) Tyrosine — Shikimate (C7)

(C;yN ) Tryptophan

v :
(CzN) Alanine «————— Pyruvate(C3) —(Cg ) —> Valine

/ (CgN)

(CeN2ILysine «—— DAP (C7 No)

v
/ Acetyl (C2) Leucine
(Cg N)

{C5NS) Methionine
(C4N) Aspartate =— Oxaloacetute

v
(C4N)Thre*onine Cltrafe (Ce)
(Cg N} Isoleucine
Proline (CsN)

x- Oxoglutarate (Cg) — Glutamate (C5N)
Arginine (CgN )

Fig. 5.13 Synthetic Routes of the Amino Acids
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is produced from glycine and produced by Penicillium frequentants according to the
formula shown below

H,NCH,CO,H — HN(OH) CH, CO,H - OHCN(OH) CH, CO,H
Glycine Hadacidin

Other examples are the insecticidal compound, ibotenic acid (Amanita factor C)
produced by the mushroom Amanita muscaria and psilocybin, a drug which causes
hallucinations and produced by the fungus Psiolocybe (Fig. 5.14), the ergot alkaloids
(Chapter 25) produced by Clavicepts purpureae also belong in this group as does the
antibiotic cycloserine.

Among the secondary products derived from two amino acids are gliotoxin which is
produced by members of the Fungi Imperfecti, especially Trichoderma and which is a
highly active anti-fungal and antibacterial (Fig. 5.14) and Arantoin, an antiviral drug
also belongs to this group.

CH,OR
Top: Ibotenic acid (from one amino acid)
Middle: Indole (from one amino acid)
Bottom: Gliotoxin (from two amino acids)

Fig. 5.14 Secondary Metabolites Formed from Amino Acids
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The secondary products derived from more than two amino acids include many
which are of immense importance to man. These include many toxins from mushrooms
e.g the Aminita toxins (Fig. 5.15) (phalloidin, amanitin) peptide antibiotics from Bacillus
app and a host of other compounds.

An example of a secondary metabolite produced from three amino acids is malformin
A (Fig. 5.15) which is formed by Aspergillus spp. It induces curvatures of beam shoots and
maize seedlings. It is formed from L-leucine, D-leucine, and cysteine.

Me Et
Z
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NH—%H~, _»
Oﬁc/ C\
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Me:CHCHa~cH b \
[ CH p
HN _CH ]
0~ \ /CHQ/ /
CH NH
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CHOH
CHMe
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Cco CH, NH
} Me
] /
N __ HC—CH
HO O ~8 H OH \
N ] CH,Me
(}31—12 <):o
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Top: Malformin A, a secondary metabolite formed from three amino acids
Bottom: Amanitin, a secondary metabolite formed from two amino acids

Fig. 5.15 Secondary Metabolites from Amino Acids
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CHAPTER 6

Overproduction of
Metabolites of Industrial
Microorganisms

The complexity of the activities which go on within a cell was mentioned at the beginning
of Chapter 5 when we discussed the metabolism of a yeast cell introduced into an
aqueous solution of glucose and ammonium salts. The yeast cell must first permit the
entry into itself of the glucose and ammonium salts. Under suitable environmental
conditions such as pH and temperature it will grow by budding within about half an
hour. For these buds to occur, hundreds of activities will have gone on within the cell.
New proteins to be incorporated into enzymes and other structures will have been
synthesized; nucleic acids for the chromosomes and carbohydrates for the cell walls will
all have been synthesized. Hundreds of different enzymes will have participated in these
synthetic activities. The organism must synthesize each of the compounds at the right
time and in the appropriate quantities. If along side ammonium salts, amino acids were
supplied, the yeast cells would stop absorbing the ammonium salt and instead utilize the
supplied ‘readymade’ substrate.

A few yeasts can utilize starch. If our yeast belonged to this group and was supplied
nothing but starch and ammonium salts, it would secrete extracellular enzyme(s) to
breakdown the starch to sugars. These sugars would then be absorbed and would be
used with ammonium salts, for the synthetic activities we described earlier.

Clearly therefore, while the organism’s genetic apparatus determines in broad terms
the organism’s overall synthetic potentialities, what is actually synthesized depends on
what is available in the environment. Most importantly, the organism is not only able to
‘decide’ when to manufacture and secrete certain enzymes to enable it to utilize materials
in the environment, but it is able to decide to stop the synthesis of certain compounds if
they are supplied to it. These sensing mechanisms for the switching on and off of the
synthetic processes enable the organism to avoid the overproduction of any particular
compound. If it did not have these regulatory mechanisms it would waste energy and
resources (which are usually scarce in natural environments) in making materials it did
notrequire.

An efficient or 'stringent’ organism which does not waste its resources in producing
materials it does not require will survive well in natural environments where competition
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is intense. Such an organism while surviving well in nature would not, however, be of
much use as an industrial organism. The industrial microbiologist or biotechnologist
prefers, and indeed, seeks, the wasteful, inefficient and ‘relaxed” organism whose
regulatory mechanisms are so poor that it will overproduce the particular metabolite
sought. Knowledge of these regulatory mechanisms and biosynthetic pathways is
essential, therefore, to enable the industrial microbiologist to derange and disorganize
them so that the organism will overproduce desired materials.

In this chapter the processes by which the organism regulates itself and avoids over-
production using enzyme regulation and permeability control will first be discussed.
Then will follow a discussion of methods by which the microbiologist consciously
deranges these two mechanisms to enable overproduction. Genetic manipulation of
organisms will be discussed in the next chapter.

Regulatory methods and ways of disorganizing microorganisms for the over-
production of metabolites are far better understood in primary metabolites than they are
in secondary metabolites. Indeed for some time it was thought that secondary metabolites
did not need to be regulated since the microorganisms had no apparent need for them.
They are currently better understood and it is now known that they are also regulated.

In the discussions that follow, primary metabolites will first be considered. Only a
minimum of examples will be given in respect of regulatory mechanisms of primary
metabolites. Textbooks on microbial physiology may be consulted for the details.

6.1 MECHANISMS ENABLING MICROORGANISMS TO AVOID
OVERPRODUCTION OF PRIMARY METABOLIC
PRODUCTS THROUGH ENZYME REGULATION

Some of the regulatory mechanisms enabling organisms to avoid over-production are
givenin Table 6.1. Each of these will be discussed briefly.

Table 6.1 Regulatory mechanisms in microorganisms

1. Substrate Induction
2. Catabolite Regulation
2.1 Repression
2.2 Inhibition
3. Feedback Regulation
3.1 Repression
3.2 Inhibition
3.3 Modifications used in branched pathways
3.3.1 Concerted (multivalent) feedback regulation
3.3.2 Cooperative feedback inhibition
3.3.3 Cumulative feedback regulation
3.34 Compensatory feedback regulation
3.3.5 Sequential feedback regulation
3.3.6 Isoenzyme feedback regulation
4. Amino acid Regulation of RNA synthesis
Energy Charge Regulation
6. Permeability Control

@
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6.1.1 Substrate Induction

Some enzymes are produced by microorganisms only when the substrate on which they
act is available in the medium. Such enzymes are known as inducible enzymes.
Analogues of the substrate may act as the inducer. When an inducer is present in the
medium a number of different inducible enzymes may sometimes be synthesized by the
organism. This happens when the pathway for the metabolism of the compound is based
on sequential induction. In this situation the organism is induced to produce an enzyme
by the presence of a substrate. The intermediate resulting from the action of this enzyme
on the substrate induces the production of another enzyme and so on until metabolism is
accomplished. The other group of enzymes is produced whether or not the substrate on
which they act, are present. These enzymes are known as constitutive.

Enzyme induction enables the organism to respond rapidly, sometimes within
seconds, to the presence of a suitable substrate, so that unwanted enzymes are not
manufactured.

Molecular basis for enzyme induction: The molecular mechanism for the rapid response
of an organism to the presence of an inducer in the medium relates to protein synthesis
since enzymes are protein in nature. Two models exist for explaining on a molecular
basis the expression of genes in protein synthesis: one is a negative control and the other
positive. The negative control of Jacob and Monod first published in 1961 is the better
known and more widely accepted of the two and will be described first.

6.1.1.1 The Jacob-Monod Model of the (negative) control of
protein synthesis

In this scheme (Fig. 6.1) the synthesis of polypeptides and hence enzymes protein is
regulated by a group of genes known as the operon and which occupies a section of the
chromosomal DNA. Each operon controls the synthesis of a particular protein. An
operon includes a regulator gene (R) which codes for a repressor protein. The repressor
can bind to the operator gene (O) which controls the activity of the neighboring structural
genes (S). The production of the enzymes which catalyze the transcription of the message
on the DNA into mRNA (namely, RNA polymerase) is controlled by the promoter gene
(P). If the repressor protein is combined with the operator gene (O) then the movement of
RNA polymerase is blocked and RNA complementary to the DNA in the structural genes
(S) cannot be made. Consequently no polypeptide and no enzyme will be made. In the
absence of the attachment of the repressor to the operator gene, RNA polymerase from the
promoter can move to, and transcribe the structural genes, S.

Inducible enzymes are made when an inducer is added. Inducers inactivate or remove
the repressor protein thus leaving the way clear for protein synthesis. Constitutive
enzymes occur where the regulator gene (R) does not function, produces an inactive
repressor, or produces a repressor to which the operator cannot bind. Often more than
one structural gene may be controlled by a given operator.

Mutations can occur in the regulator (R) and operator (O) genes thus altering the
nature of the repressor or making it impossible for an existing repressor to bind onto the
operator. Such a mutation is called constitutive and it eliminates the need for an inducer.
The structural genes of inducible enzymes are usually repressed because of the
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Fig. 6.1 Diagram lllustrating Negative Control of Protein Synthesis According to the Jacob
and Monod Model

attachment of the repressor to the operator. During induction the repressor is no longer a
hindrance, hence induction is also known as de-repression. In the model of Jacob and
Monod gene expression can only occur when the operator gene is free. (i.e., in the absence
of the attachment of the repressor protein the operator gene O. For this reason the control
is said to be negative.

6.1.1.2 Positive control of protein synthesis

Positive control of protein synthesis has been less well studied but has been established
in at least one system, namely the ara operon, which is responsible for L-arabinose
utilization in E. coli. In this system the product of one gene (ara C) is a protein which
combines with the inducer arabinose to form an activator molecule which in turn
initiates action at the operon. In the scheme as shown in Fig. 6.2, ‘C’ protein combines
with arabinose to produce an arabinose — ‘C’ protein complex which binds to the
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Promoter P and initiates the synthesis of the various enzymes isomerase, kinase.
epimerase) which convert L-arabinose to D-xylulose-5-phosphate, a form in which it can
be utilized in the Pentose Phosphate pathway (Chapter 5). Positive control of protein
synthesis also operates during catabolite repression (see below).

6.1.2 Catabolite Regulation

The presence of carbon compounds other than inducers may also have important effects
on protein synthesis. If two carbon sources are available to an organism, the organism
will utilize the one which supports growth more rapidly, during which period enzymes
needed for the utilization of the less available carbon source are repressed and therefore
will not be synthesized. As this was first observed when glucose and lactose were
supplied to E. coli, it is often called the “glucose effect’, since glucose is the more available
of the two sugars and lactose utilization is suppressed as long as glucose is available. It
soon became known that the effect was not directly a glucose effect but was due to some
catabolite. The term catabolite repression was therefore adopted as more appropriate. It
must be borne in mind that other carbon sources can cause repression (see later) and that
sometimes it is glucose which is repressed.

The active catabolite involved in catabolite repression has been found to be a
nucleotide cyclic 3’5’-adenosine monophosphate (cAMP), (Fig. 6.3). In general, less
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c-AMP accumulates in the cell during growth on carbon compounds supporting rapid
growth of the organism, vice versa.

During the rapid growth that occurs on glucose, the intracellular concentration of
cyclic AMP is low. C-AMP stimulates the synthesis of a large number of enzymes and in
necessary for the synthesis of the mRNA for all the inducible enzymes in E.coli. When it is
low as a result of growth on a favorable source the enzymes which need to be induced for
the utilization of the less available substrate are not synthesized.

Unlike the negative control of Jacob and Monod, c-Amp exerts a positive control.
Another model explains the specific action in catabolite repression of glucose. In this
model an increased concentration of c-:AMP is a signal for energy starvation. When such
asignalis given, c-Amp binds to an intracellular protein, c-AMP-receptor protein (CRP)
for which it has high affinity. The binding of this complex to the promoter site of an
operon stimulates the initiation of operon transcription by RNA polymerase (Fig. 6.3).
The presence of glucose or a derivative of glucose inhibits adenylate cyclase the enzyme
which converts ATP to c-AMP. Transcription by susceptible operons is inhibited as a
result. In short, therefore, catabolite repression is reversed by c-AMP.

In recent times, for instance, it has been shown that c-:AMP and CRP are not the only
mediators of catabolite repression. It has been suggested that while catabolite repression
in enterobacteria at least is exerted by the catabolite(s) of a rapidly utilized glucose source
itis regulated in a two-fold manner: positive control by c-AMP and a negative control by
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a catabolite modulation factor (CMF) which can interfere with the operation of operons
senstitive to catbolite repression. In Bacillus c-AMP has not been observed, but an
analogue of c-AMP is probably involved.

6.1.3 Feedback Regulation

Feedback or end-product regulations control exerted by the end-product of a metabolic
pathway, hence its name. Feedback regulations are important in the control over anabolic
or biosynthetic enzymes whereas enzymes involved in catabolism are usually controlled
by induction and catabolite regulation. Two main types of feedback regulation exist:
feedback inhibition and feedback repression. Both of them help adjust the rate of the
production of pathway end products to the rate at which macro-molecules are
synthesized (see Fig. 6.4).

6.1.3.1 Feedback inhibition

In feedback inhibition the final product of metabolic pathway inhibits the action of earlier
enzymes (usually the first) of that sequence. The inhibitor and the substrate need not
resemble each other, hence the inhibition is often called allosteric in contrast with the
isosteic inhibition where the inhibitor and substrate have the same molecular
conformation. Feedback inhibition can be explained on an enzymic level by the structure
of the enzyme molecule. Such enzymes have two type of protein sub-units. The binding
site on the sub-unit binds to the substrate while the site on the other sub-unit binds to the
feedback inhibitor. When the inhibitor binds to the enzyme the shape of the enzymes is
changed and for this reason, it is no longer able to bind on the substrate. The situation is
known as the allosteric effect.

6.1.3.2 Feedback Repression

Whereas feedback inhibition results in the reduction of the activity of an already
synthesized enzyme, feedback repression deals with a reduction in the rate of synthesis
of the enzymes. In enzymes that are affected by feedback repression the regulator gene (R)
is said to produce a protein aporepressor which is inactive until it is attached to
corepressor, which is the end-product of the biosynthetic pathway. The activated
repressor protein then interacts with the operator gene (O) and prevents transcription of
the structural genes (S) on to mRNA. A derivative of the end-product may also bring
about feedback repression. It is particularly active in stopping the over production of
vitamins, which are required only in small amounts (see Fig. 6.1).

While feedback inhibition acts rapidly, sometimes within seconds, in preventing the
wastage of carbon and energy in manufacturing an already available catabolite, feedback
repression acts more slowly both in its introduction and in its removal. About two
generations are required for the specific activity of the repressed enzymes to rise to its
maximum level when the repressing metabolite is removed; about the same number of
generations are also required for the enzyme to be repressed when a competitive
metabolite is introduced.
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6.1.3.3 Regulation in branched pathway

In a branched pathway leading to two or more end-products, difficulties would arise for
the organism if one of them inhibited the synthesis of the other. For this reason, several
patterns of feedback inhibition have been evolved for branched pathways of which only
six will be discussed. Each type of applicable to either feedback inhibition or feedback
repression The descriptions below refer to Fig. 6.4
(i) Comncerted or multivalent feedback regulation: Individual end-products F and H
have little or no negative effect, on the first enzyme, E,, but together they are potent
inhibitors. It occurs in Salmonella in the branched sequence leading to valine,
leucine, isoleucine and pantothenic acid.
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Fig. 6.4 Feedback Regulation (Inhibition and Repression) of Enzymes in Branched Pathways
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(i) Cooperative feedback regulation: In this case the end-products F and H are
individually weakly inhibiting to the primary enzyme, E;, but together they act
synergistically, exerting an inhibition exceeding the sum of their individual
activities.

(iii) Cumulative feedback regulation: In this system an end-product for example (H),
inhibits the primary enzyme E; to a degree which is not dependent on other
inhibitors. A second inhibitor further increases the total inhibition but not
synergistically. Complete inhibition occurs only when all the products (E, G, Hin
Fig. 6.4) are present.

(iv) Compensatory antagonism of feedback regulation: This system operates where one
of the end-products, F, is an intermediate in another pathway J, K, F (Fig. 6.4). In
order to prevent the other end-product, H, of the original pathway from inhibiting
the primary Enzyme E;, and thus ultimately causing the accumulation of H, the
intermediate in the second pathway J, Kis able to prevent its own accumulation by
decreasing the inhibitory effect of H on the primary enzyme E;.

(v) Sequential feedback regulation: Here the end-products inhibit the enzymes at the
beginning of the bifurcation of the pathways. This inhibition causes the
accumulation of the intermediate just before the bifurcation. It is the accumulation
of this intermediate which inhibits the primary enzyme of the pathway.

(vi) Multiple enzymes (isoenzymes) with specific regulatory effectors: Multiple
primary enzymes are produced each of which catabolyzes the same reaction from
A to Bbutis controlled by a different end-product. Thus if one end-product inhibits
one primary enzyme, the other end products can still be formed by the mediation of
one of the remaining primary enzymes.

6.1.4 Amino Acid Regulation of RNA Synthesis

Both protein synthesis and RNA synthesis stop when an amino acid requiring mutant
exhausts the amino acid supplied to it in the medium. In this way the cell avoids the
overproduction of unwanted RNA. Such economical strains are ’stringent’. Certain
mutant strains are however ‘relaxed” and continue to produce RNA in the absence of the
required amino acid. The stoppage of RNA synthesis in stringent strains is due to the
production of the nucleotide guanosine tetraphosphate (PpGpp) and guanosine
pentaphosphate (ppGpp) when the supplied amino acid becomes limiting. The amount
of ppGpp in the cell is inversely proportional to the amount of RNA and the rate of
growth. Relaxed cells lack the enzymes necessary to produce ppGpp from guanosine
diphosphate and ppGpp from guanosine triphosphate.

6.1.5 Energy Charge Regulation

The cell can also regulate production by the amount of energy it makes available for any
particular reaction. The cell’s high energy compounds adenosine triphosphate, (ATP),
adenosine diphosphate (ADP), and adenosine monophosphate (AMP) are produced
during catabolism. The amount of high energy in a cell is given by the adenylate charge or
energy charge. This measures the extent to which ATP-ADP-AMP systems of the cell
contains high energy phosphate bonds, and is given by the formula.
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(ATP) +1/2 (ADP)
(ATP) + (ADP) + AMP

Using this formula, the charge for a cell falls between 0 and 1.0 by a system resembling
feedback regulation, energy is denied reactions which are energy yielding and shunted to
those requiring it. Thus, at the branch point in carbohydrate metabolism
phosphoenolpyruvate is either dephosphorylated to give pyruvate or carboxylated to
give oxalocetate. A high adenylate charge inhibits dephosphorylation and so leads to
decreased synthesis of ATP. A high energy charge on the other hand does not affect
carboylation to oxoloacetate. It may indeed increase it because of the greater availability
of energy.

Energy charge =

6.1.6 Permeability Control

While metabolic control prevents the overproduction of essential macromolecules,
permeability control enables the microorganisms to retain these molecules within the cell
and to selectively permit the entry of some molecules from the environment. This control
is exerted at the cell membrane.

A solute molecule passes across a lipid-protein membrane only if there is driving force
acting on it, and some means exists for the molecule to pass through the membrane.
Several means are available for the transportation of solutes through membranes, and
these can be divided into two: (a) passive diffusion, (b) active transport via carrier or
transport mechanism.

6.1.6.1 Passive transport

The driving force in this type of transportation is the concentration gradient in the case of
non-electrolytes or in the case of ions the difference in electrical charge across the
membrane between the internal of the cell and the outside. Yeasts take up sugar by this
method. However, few compounds outside water pass across the border by passive
transportation.

6.1.6.2 Transportation via specific carriers

Most solutes pass through the membrane via some specific carrier mechanism in which
macro-molecules situated in the cell membrane act as ferryboats, picking up solute
molecules and helping them across the membrane. Three of such mechanisms are
known:

(i) Facilitated diffusion: This is the simplest of the three, and the driving force is the
difference in concentration of the solute across the border. The carrier in the
membrane merely helps increase the rate of passage through the membrane, and
not the final concentration in the cell.

(i) Active transport: This occurs when material is accumulated in the cell against a
concentration gradient. Energy is expended in the transportation through the aid
of enzymes known as permeases but the solute is not altered. The permeases act on
specific compounds and are controlled in many cases by induction or repression
so that waste is avoided.
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(iii) Group translocation: In this system the solute is modified chemically during the
transport process, after which it accumulates in the cell. The carrier molecules act
like enzymes catalysing group-transfer reactions using the solute as substrate.
Group translocation can be envisaged as consisting of two separate activities: the
entrance process and the exit process. The exit process increases in rate with the
accumulation of cell solute and is carrier-mediated, but it is not certain whether the
same carriers mediate entrance and efflux.

Carrier-mediated transportation is important because it is selective, and also because
itis the rate-limiting step in the metabolism of available carbon and energy sources. As an
increased rate of accumulation of metabolisable carbon source can increase the extent of
catabolite repression of enzyme synthesis, the rate of metabolisable carbon transport may
have widespread effects on the metabolism of the entire organism.

6.2 DERANGEMENT OR BYPASSING OF REGULATORY
MECHANISMS FOR THE OVER-PRODUCTION OF
PRIMARY METABOLITES

The mechanisms already discussed by which microorganisms regulate their metabolism
ensure that they do not overproduce metabolites and hence avoid wastage of energy or
building blocks. From the point of view of the organism an efficient organism such as
Escherichia coli is one which does not permit any wastage: it switches on and off its
synthetic mechanisms only as they are required and makes no concessions to the need of
the industrial microbiologist to keep his job through obtaining excess metabolites from it!

The interest of the biotechnologist, the industrial microbiologist, and the biochemical
engineer and indeed the entire industrial establishment and even the consuming public,
is to see that the microorganism over produces desirable metabolites. If the
microorganism is highly efficient and economical about what it makes, then the adequate
approach is to disorganize its armamentarium for the establishment of order and thus
cause it to overproduce. In the previous section we discussed methods by which the
organism avoids overproduction. We will now discuss how these control methods are
disorganized. First the situation concerning primary metabolites will be discussed, and
later secondary metabolites will be looked at.

The methods used for the derangement of the metabolic control of primary metabolites
will be discussed under the following headings: (1) Metabolic control; (a) feedback
regulation, (b) restriction of enzyme activity; (2) Permeability control.

6.2.1 Metabolic Control
6.2.1.1 Feedback control

Feedback control is the major means by which the overproduction of amino acids and
nucleotides is avoided in microorganisms. The basic ingredients of this manipulation are
knowledge of the pathway of synthesis of the metabolic product and the manipulation of
the organism to produce the appropriate mutants (methods for producing mutants are
discussed in Chapter 7).
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(i)

(i)

Overproduction of an intermediate in an unbranched pathway: The
accumulation of an intermediate in an unbranched pathway is the easiest of the
various manipulations to be considered. Consider the production of end-product E
following the series in Fig. 6.5.

A E; Es E4

A,B,C,D = I ntermediates

E, BB, B4 = Enzymes

———————— = Biosynthetic routes
........................................ = Feedback inhibition/repression

00000 = Interrupted biosynthetic route
——/ [ —— = Feedback interruption
[C] = Overproduced intermediate

Fig. 6.5 Scheme for the Overproduction of an Intermediate in an Unbranched Pathway

End-product E inhibits Enzyme 1 and represses Enzymes 2, 3, and 4. An

auxotrophic mutant is produced (Chapter 7) which lacks Enzyme 3. Such a mutant
therefore requires E for growth. If limiting (low levels) of E are now supplied to the
medium, the amount in the cell will not be enough to cause inhibition of Enzyme 1
or repression of Enzyme 2 and C will therefore be over produced, and excreted from
the cells. This principle is applied in the production of ornithine by a citrulline-less
mutant (citrulline auxotroph) of Corynebacterium glutamicumto which low level of
arginine are supplied (Fig. 6.6).
Overproduction of an intermediate of a branched pathway; Inosine -5-
monophosphate (IMP) fermentation: This is a little more complicated than the
previous case. Nucleotides are important as flavoring agents and the over-
production of some can be carried out as shown in Fig. 6.7. In the pathway shown
in Fig. 6.7 end-products adenosine 5- monophosphate (AMP) and guanosine —5-
monophsophate (GMP) both cumulatively feedback inhibit and repress the
primary enzyme [1].

Furthermore, AMP inhibits enzyme [11] which coverts IMP to xanthosine-5-
monophosphate (XMP). By feeding low levels of adenine to an auxotrophic mutant
of Corynebacterium glutamicum which lacks enzyme [11] (also known as
adenineless because it cannot make adenine) IMP is caused to accumulate. The
conversion of IMP to XMP is inhibited by GMP at [13]. When the enzyme [14] is
removed by mutation, a strain requiring both guanine and adenine is obtained.
Such a strain will excrete high amounts of XMP when fed limiting concentrations
of guanine and adenine.
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(iii) Overproduction of end-products of a branched pathway: The overproduction of end
production of end-products is more complicated than obtaining intermediates.
Among end-products themselves the production of end-products of branched
pathways is easier than in unbranched pathways. Over-production of end-
products of branched pathways will be discussed in this section; unbranched
pathway will be dealt with later.

This is best illustrated (Fig. 6.8) using lysine, an important amino acid lacking in
cereals and therefore added as a supplement to cereal foods especially in animal
foods. It is produced using either Corynebacterium glutamicum or Brevibacterium
flavum. Lysine is produced in these bacteria by a branched pathway that also
produces methionine, isoleucine, and threonine. The initial enzyme in this
pathway aspartokinase is regulated by concerted feedback inhibition of threonine
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Fig. 6.7 Scheme for the Overproduction of Inosinic Acid by an Adenine Auxotroph of
Corynebacterium glutamicum

and lysine. By mutational removal of the enzyme which converts aspartate semi-
aldehyde to homoserine, namely homoserine dehydrogenase, the mutant cannot
grow unless methionine and threonine are added to the medium. As long as the
threonine is supplied in limiting quantities, the intracelluar concentration of the
amino acid is low and does not feed back inhibit the primary enzyme,
aspartokinase. The metabolic intermediates are thus moved to the lysine branch
and lysine accumulates in the medium (Fig. 6.8).

(iv) Owerproduction of end-product of an unbranched pathway: Two methods are used
for the overproduction of the end-product of an unbranched pathway. The first is
the use of a toxic analogue of the desired compound and the second is to back-
mutate an auxotrophic mutant.
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Use of toxic or feedback resistant analogues: In this method the organism (bacterial or
yeast cells, or fungal spores) are first exposed to a mutagen. They are then plated in a
medium containing the analogue of the desired compound, which is however also toxic
to the organism. Most of the mutagenized cells will be killed by the analogue. Those
which survive will be resistant to the analogue and some of them will be resistant to
feedback repression and inhibition by the material whose overproduction is desired.
This is because the mutagenized organism would have been ‘fooled” into surviving on a
substrate similar to, but not the same as offered after mutagenesis. As a result it may
exhibit feedback inhibition in a medium containing the analogue but may be resistant to
feed back inhibition from the material to be produced, due to slight changes in the
configuration of the enzymes produced by the mutant. The net effect is to modify the
enzyme produced by the mutant so that it is less sensitive to feedback inhibition.
Alternatively the enzyme forming system may be so altered that it is insensitive to
feedback repression. Table 6.2 shows a list of compounds which have been used to
produce analogue-resistant mutants.

Use of reverse Mutation: A reverse mutation can be caused in the structural genes of an
auxotrophic mutant in a process known as reversion. Enzymes which differ in structure
from the original enzyme, but which are nevertheless still active, often result. It has been
reported that the reversion of auxotrophic mutants lacking the primary enzyme in a
metabolic pathway often results in revertants which excrete the end-product of the
pathway. The enzyme in the revertant is active but differs from the original enzyme in
being insensitive to feedback inhibition.
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Table 6.2 Excretion of end-products by analogue-resistant mutants

Analogue Compound Excreted Organism
p—Fluorophenylalanin Phenylalanine Pseudomonas sp.
Mycobacterium sp.
p—fluorophenylalanine Tyrosine Escherichia coli
Thienylalanine Tyrosin + E. coli
phenylalanine
Thienylalanine Phenylalanine E. coli
Ethionine Methionine E. coli, candida utilis
Neurospora crassa
Norleucine Methinonine E. coli
6-Methyltryptophan Tryptophan Salmonella typhimurium
5-Methyltryptophan Tryptophan E. coli, escherichia
animdolica
Canavanine Arginine E. coli
Trifluoroleucine Leucine S. typhimurium
Valine Isoleucine E. coli
2-Thiazolealanine Histidine E. coli, S. typhimurium
3,4 — Dehydroproline Proline E. coli
2, 6 — Diaminopurine Adenine S. typhimurium

6.2.1.2 Restriction of enzyme activity

In the tricarboxylic acid cycle the accumulation of citric acid can be encouraged in
Aspergillus niger by limiting the supply to the organism of phosphate and the metals
which form components of co-enzymes. These metals are iron, manganese, and zinc. In
citric acid production the quantity of these is limited, while that of copper which inhibits
the enzymes of the TCA cycle is increased (Chapter 20).

6.2.2 Permeability

Ease of permeability is important in industrial microorganisms not only because it
facilitates the isolation of the product but, more importantly, because of the removal of the
product from the site of feedback regulation. If the product did not diffuse out of the cell,
but remained cell-bound, then the cell would have to be disrupted to enable the isolation
of the product, thereby increasing costs. The importance of permeability is most easily
demonstrated in glutamic acid producing bacteria. In these bacteria, the permeability
barrier must be altered in order that a high level of amino acid is accumulated in the broth.
This increased permeability can be induced by several methods:

(i) Biotin deficiency: Biotin is a coenyme in carboxylation and transcarboxylation
reactions, including the fixation of CO, to acetate to form malonate. The enzyme
which catalyses this is rich in biotin. The formation of malonyl COA by this
enzyme (acetyl-COA carboxylase) is the limiting factor in the synthesis of long
chain fatty acids. Biotin deficiency would therefore cause aberrations in the fatty
acid produced and hence in the lipid fraction of the cell membrane, resulting in
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leaks in the membrane. Biotin deficiency has been shown also to cause aberrant
forms in Bacillus polymax, B. megaterium, and in yeasts.

(i) Use of fatty acid derivatives: Fatty acid derivatives which are surface-acting agents
e.g. polyoxylene-sorbitan monostearate (tween 60) and tween 40 (-mono-
palmitate) have actions similar to biotin and must be added to the medium before
or during the log phase of growth. These additives seem to cause changes in the
quantity and quality of the lipid components of the cell membrane. For example
they cause a relative increase in saturated fatty acids as compared to unsaturated
fatty acids.

(iii) Pemicillin: Penicillin inhibits cell-wall formation in susceptible bacteria by
interfering with the crosslinking of acetylmuranmic-polypeptide units in the mu-
copeptide. The cell wall is thus deranged causing glutamate excretion, probably
due to damage to the membrance, which is the site of synthesis of the wall.

6.3 REGULATION OF OVERPRODUCTION IN
SECONDARY METABOLITES

The physiological basis of secondary metabolite production is much less studied and
understood than primary metabolism. Nevertheless there is increasing evidence that
controls similar to those discussed above for primary metabolism also occur in secondary
metabolites. Some examples will be given below:

6.3.1 Induction

The stimulatory effect of some compounds in secondary metabolite fermentation
resembles enzyme induction. A good example is the role of tryptophan in ergot alkaloid
fermentation by Claviceps sp. Although the amino acid is a precursor, its role appears to
be more important as an inducer of some of the enzymes needed for the biosynthesis of the
alkaloid. This is because analogues of tryptophan while not being incorporated into the
alkaloid, also induce the enzymes used for the biosynthesis of the alkaloid. Furthermore,
tryptophan must be added during the growth phase otherwise alkloid formation is
severely reduced. This would also indicate that some of the biosynthetic enzymes, or
some chemical reactions leading to alkaloid transformation take place in the
trophophase, thereby establishing a link between idiophase and the trophophase. A
similar induction appears to be exerted by methionine in the synthesis of cephalosporin
C by Cephalosporium ocremonium.

6.3.2 Catabolite Regulation

Catabolite regulation as seen earlier can be by repression or by inhibition. Itis as yet not
possible to tell which of these is operating in secondary metabolism. Furthermore, it
should be noted that catabolite regulations not limited to carbon catabolites and that the
recently discovered nitrogen catabolite regulation noted in primary metabolism also
occurs in secondary metabolism
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6.3.2.1 Carbon catabolite regulation

The regulation of secondary metabolism by carbon has been known for a long time. In
penicillin production it had been known for a long time that penicillin is not produced in
a glucose-containing medium until after the exhaustion of the glucose, when the
idiophase sets in; the same effect has been observed with cephalosporin production.
Indeed the ‘glucose effect” in which production is suppressed until the exhaustion of the
sugar is well known in a large number of secondary products. Although the
phenomenon where an easily utilizable source is exhausted before a less available is
used has been described as glucose effect, it is clearly a misleading term because other
carbon sources may be preferred in two-sugar systems when glucose is absent. Thus, 3-
carotene production by Mortierella sp. is best on fructose even though galoctose is a better
carbon-source for growth. Carbon sources which have been found suitable for secondary
metabolite production include sucrose (tetracycline and erythromycin), soyabena oil
(kasugamycin), glycerol (butirosin) and starch and dextrin (fortimicin). Table 6.3 shows
a list of secondary metabolites whose production is suppressed by glucose as well as
non- interfering carbon sources.

Itis fairly easy to decide whether the catabolite is repressing or inhibiting the synthesis. In
catabolite repression the synthesis of the enzymes necessary for the synthesis of the
metabolite is repressed. It is tested by the addition of the test substrate just prior to the
initiation of secondary metabolite synthesis where upon synthesis is severely repressed.
To test for catabolite inhibition by glucose or other carbon source it is added to a culture
already producing the secondary metabolite and any inhibition in the synthesis noted.

Table 6.3 Secondary metabolites whose production is suppressed by glucose

Secondary Organism Non-interfering
Metabolite Carbon Sources
Actinomycin Streptomyces antibioticus Galoactose
Indolmyecin Streptomyces griseus Fructose
Kanamycin Streptomyces kanamyceticus Galactose
Mitomycin Streptomyces verticillatus Low glucose
Neomycin Streptomyces fradiae Maltose
Puromycin Streptomyces alboniger Glycerol
Siomycin Streptomyces sioyaensis Maltose
Streptomycin Steptomyces griseus Mannan
Bacitracin Bacillus licheniformis Citrate
Prodigiosin Seratia marcescens Galactose
Violacein Chromobacterium violaceum Maltose
Cephalosporin C Cephalosporium acremonium Sucrose

Ergot alkaloids Claviceps purperea -

Enniatin Fusarium sambucinum Lactose
Gibberellic acid Fusarium monoliforme -

Penicillin Penicillium chrysogenum Lactose
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6.3.2.2 Nitrogen catabolite regulation

Nitrogen catabolite regulation has also been observed in primary metabolism. It involves
the suppression of the synthesis of enzymes which act on nitrogen-containing
substances (proteases, ureases, etc.) until the easily utilizable nitrogen sources e.g.,
ammonia are exhausted. In streptomycin fermentation where soyabean meal is the
preferred substrate as a nitrogen source the advantage may well be similar to that of
lactose in penicillin, namely that of slow utilization. Secondary metabolites which are
affected by nitrogen catabolite regulation include trihyroxytoluene production by
Asperqillus fumigatus, bikaverin by Gibberella fujikuroi and cephamycins by Streptomyces
spp-

In all these cases nitrogen must be exhausted before production of the secondary
metabolite is initiated.

6.3.3 Feedback Regulation

That feedback regulation exists in secondary metabolism is shown in many examples in
which the product inhibits its further synthesis. An example is penicillin inhibition by
lysine. Penicillin biosynthesis by Penicillium chrysogenum is affected by feedback
inhibition by L-lysine because penicillin and lysine are end-products of a brack pathway
(Fig. 6.9). Feedback by lysine inhibits the primary enzyme in the chain, homocitrate
synthetase, and inhibits the production of a-aminoadipate. The addition of o-
aminoadipate eliminats the inhibitory effect of lysine.

Self-inhibition by secondary meabolites: Several secondary products or even their
analogues have been shown to inhibit their own production by a feedback mechanism.
Examples are audorox, an antibiotic active against Gram-positive bacteria, and used in
poultry feeds, chloramphenicol, penicillin, cycloheximids, and 6-methylsallicylic acid
(produced by Penicillium urticae). Chloramphenicol repression of its own production is
shown in Fig. 6.10, which also shows chorismic acid inhibition by tryptophan.

6.3.4 ATP or Energy Charge Regulation of
Secondary Metabolites

Secondary metabolism has a much narrower tolerance for concentrations of inorganic
phosphate than primary metabolism. A range of inorganic phosphate of 0.3-30 mM
permits excellent growth of procaryotic and eucaryotic organisms. On the other hand the
average highest level that favors secondary metabolism is 1.0 mM while the average
lower quantity that maximally suppresses secondary process is 10 mM High phosphate
levels inhibit antibiotic formation hence the antibiotic industry empirically selects media
of low phosphate content, or reduce the phosphate content by adding phosphate-
complexing agents to the medium. Several explanations have been given for this
phenomenon. One of them is that phosphate stimulates high respiration rate, DNA and
RNA synthesis and glucose utilization, thus shifting the growth phase from the
idiophase to the trophophase. This shift can occur no matter the stage of growth of the
organisms. Exhaustion of the phosphate therefore helps trigger off idiophase. Another
hypothesis is that a high phosphate level shifts carbohydrate catabolism ways from
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HMP to the EMP pathway favoring glycolysis. If this is the case then NADPH would
become limiting of ridiolite synthesis.

6.4 EMPIRICAL METHODS EMPLOYED TO
DISORGANIZE REGULATORY MECHANISMS IN
SECONDARY METABOLITE PRODUCTION

Metabolic pathways for secondary metabolites are becoming better known and more
rational approaches to disrupting the pathways for overproduction are being employed.
More work seems to exist with regard to primary metabolites. Methods which are used to
induce the overproduction of secondary metabolites are in the main empirical. Such
methods include mutations and stimulation by the manipulation of media components
and conditions.

(i) Mutations: Naturally occurring variants of organisms which have shown
evidence of good productivity are subjected to mutations and the treated cells are
selected randomly and tested for metabolite overproduction. The nature of the
mutated gene is often not known.

(i) Stimulatory effect of precursors: In many fermentations for secondary metabolites,
production is stimulated and yields increased by the addition of precursors. Thus
penicillin production was stimulated by the addition of phenylacetic acid present
in corn steep liquor in the early days of penicillin fermentation. For the
experimental synthesis of aflatoxin by Aspergillus parasiticus, methionine is
required. In mitomycin formation by Streptomyces verticillatus, L-citurulline is a
precursor.

(iii) Imorganic compounds: Two inorganic compounds which have profound effects of
fermentation for secondary metabolites are phosphate and maganese. The effect of
inorganic phosphate has been discussed earlier. In summary, while high levels of
phosphate encourage growth, they are detrimental to the production of secondary
metabolites. Manganese on the other hand specifically encourages idiophase
production particularly among bacilli, including the production of bacillin,
bacitracin, mycobacillin, subtilin, D-glutamine, protective antigens and
endospores. Surprisingly, the amount needed are from 20 to several times the
amount needed for growth.

(iv) Temperature: While the temperature range that permits good growth (in the
trophophase) spans about 25°C among microorganisms, the temperature range
within which secondary metabolites are produced is much lower, being in the
order of only 5-10°C. Temperatures used in the production of secondary
metabolites are therefore a compromise of these situations. Sometimes two
temperatures —a higher for the trophophase and a lower for the idiophase are used.
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CHAPTER ;

Screening for

Productive Strains and
Strain Improvement in
Biotechnological Organisms

In the last several decades, a group of microbial secondary metabolites, the antibiotics,
has emerged as one of the most powerful tools for combating disease. So important are
antibiotics as chemotherapeutic agents that much of the effort in searching for useful
bioactive microbial products has been directed towards the search for them. Thousands
of secondary metabolites are, however, known and they include not only antibiotics, but
also pigments, toxins, pheromones, enzyme inhibitors, immunomodulating agents,
receptor antagonists and agonists, pesticides, antitumor agents and growth promoters of
animals and plants. When appropriate screening has been done on secondary
metabolites, numerous drugs outside antibiotics have been found. Some of such non-
antibiotic drugs are shown in Table 7.1. It seems reasonable from this to conclude that the
exploitation of microbial secondary metabolites, useful to man outside antibiotics, has
barely been touched. A special effort is made in this book to discuss method for assaying
microbial metabolites for drugs outside of antibiotics (Chapter 28).

This section will therefore discuss in brief general terms the principles involved in
searching for microorganisms producing metabolites of economic importance. More
detailed procedures will be examined when various products are discussed. The genetic
improvement of strains of organisms used in biotechnology, including microorganisms,
plants and animals is also discussed.

7.1 SOURCES OF MICROORGANISMS USED IN
BIOTECHNOLOGY

7.1.1 Literature Search and Culture Collection Supply

If one was starting from scratch and had no idea which organism produced a desired
industrial material, then perhaps a search on the web and in the literature, including
patent literature, accompanied by contact with one or more of the established culture
collections (Chapter 8) and the regulatory offices dealing with patents (Chapter 1) may
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Table 7.1 Some microbial metabolites with non-antibiotic pharmacological activity

Compound Activity Producing Microorganism

Aspergillicacid Antihypertensive Aspergillus sp

Astromentin Sommoth muscle relaxant Monascus sp

Siolipn Acceleration of fibrin clot Streptomyces sioyaensis

Azaserine Antidiuretic, antitumor Streptomyces fragilis

Ovalicin Immunosuppressive, antitumor Pseudeurotum ovalis

Candicidin (and other ~ Cholesterol lowering Streptomyces noursei

polyene Macrolides)

Streptozotocin Hyperglycemic, antitumor Streptomyces achromogenes

Zygosporin A Anti-inflammatory Cephalosporium acremonium

Fusaric acid Hypotensive Fusarium oxysporum

Leupeptin family Plasmin inhibitor Bacillussp

Pepstatin Pepsin inhibitor Aspergiluus niger

Oosponol Dopamine B-hydroxlyase Oospora adringens
inhibitor

Fumagallin Angiogenesis inhibitor Aspergillus fumigatus

provide information on potentially useful microbial cultures. The cultures may, however,
be tied to patents, and fees may be involved before the organisms are supplied, along with
the right to use the patented process for producing the material. Generally, cultures are
supplied for a small fee from most culture collections irrespective of whether or not the
organism is part of a process patent.

7.1.2 lIsolation de novo of Organisms Producing
Metabolites of Economic Importance

Although the well-known ubiquity of microorganism implies that almost any natural
ecological entity—water, air, leaves, tree trunks —may provide microorganisms, the soil is
the preferred source for isolating organisms, because it is a vast reservoir of diverse
organisms. Indeed microorganisms capable of utilizing virtually any carbon source will
be found in soil if adequate screening methods are used. In recent times, other ‘new’
habitats, especially the marine environment, have been included in habitats to be studied
in searches for bioactive microbial metabolites or ‘bio-mining’. Some general screening
methods are described below. Detailed methods for the discovery of new antibiotics and
other bioactive metabolites will be discussed in Chapter 21 and Chapter 28.

7.1.2.1 Enrichment with the substrate utilized by the
organism being sought

If the organism being sought is one which utilizes a particular substrate, then soil is
incubated with that substrate for a period of time. The conditions of the incubation can
also be used to select a specific organism. Thus, if a thermophilic organism attacking the
substrate is required, then the soil is incubated at an elevated temperature. After a period
of incubation, a dilution of the incubated soil is plated on a medium containing the
substrate and incubated at the previous temperature (i.e., elevated for thermopile search).
Organisms can then be picked out especially if some means has been devised to select
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them. Selection could, for instance, be based on the ability to cause clear zones in an agar
plate as a result of the dissolution of particles of the substrate in the agar. In the search for
o-amylase producers, the soil may be enriched with starch and subsequently suitable soil
dilutions are plated on agar containing starch as the sole carbon source. Clear halos form
around starch-splitting colonies against a blue background when iodine is introduced in
the plate.

Continuous culture (Chapter 9) methods are a particularly convenient means of
enriching for organisms from a natural source. The constant flow of nutrients over
material from a natural habitat such as soil will encourage, and after a time, select for
organisms able to utilize the substrate in the nutrient solution. Conditions such as pH,
temperature, etc., may also be adjusted to select the organisms which will utilize the
desired substrate under the given conditions. Agar platings of the outflow from the
continuous culture setup are made at regular intervals to determine when an optimum
population of the desired organism has developed.

7.1.2.2 Enrichment with toxic analogues of the substrate
utilized by the organism being sought

Toxic analogues of the material where utilization is being sought may be used for
enrichment, and incubated with soil. The toxic analogue will kill many organisms which
utilize it. The surviving organisms are then grown on the medium with the non-toxic
substrate. Under the new conditions of growth many organisms surviving from exposure
to toxic analogues over-produce the desired end-products. The physiological basis of this
phenomenon was discussed earlier in Chapter 6.

7.1.2.3 Testing microbial metabolites for bioactive activity

(i) Testing for anti-microbial activity

For the isolation of antibiotic producing organisms the metabolites of the test organism
are tested for anti-microbial activity against test organisms. One of the commonest
starting point is to place a soil suspension or soil particles on agar seeded with the test
organism(s). Colonies around which cleared zones occur are isolated, purified, and
further studied. This method is discussed more fully in Chapter 21 where discussion of
the search for antibiotics is included.

(ii) Testing for enzyme inhibition

Microorganisms whose broth cultures are able to inhibit enzymes associated with certain
disease may be isolated and tested for the ability to produce drugs for combating the
disease. Enzyme inhibition may be determined using one of the two methods among
those discussed by Umezawa in 1982. In the first method the product of the reaction
between an enzyme and its substrate is measured using spectroscopic methods. The
quantity of the inhibitor in the test sample is obtained by measuring (a) the product in the
reaction mixture without the inhibitor and (b) the product in the mixture with the
inhibitor (i.e., a broth or suitable fraction of the broth whose inhibitory potency is being
tested). The percentage inhibition (if any) is calculated by the formula

(a-b)
a

x 100
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The second method determines the quantity of the unreacted substrate. For this
determination the following measurements of the substrate are made: (a) with the enzyme
and without the inhibitor (i.e., broth being tested); (b) with the enzyme and with the
inhibitor and; (c) without the enzyme and without the inhibitor. Percentage inhibition (if
any) is determined by (c-a) — (c-b)x 100. The results obtained above enable the assessment
of the existence of enzyme inhibitors and facilitate the comparison of the inhibitory
ability of broths from several sources.

(iii) Testing for morphological changes in fungal test organisms

The effect on spore germination or change in hyphal morphology may be used to detect
the presence of pharmacologically active products in the broth of a test organism. This
method does not rely on the death or inhibition of microbial growth, which has been so
widely used for detecting antibiotic presence in broths.

(iv) Conducting animal tests on the microbial metabolites

The effect of broth on various animal body activities such as blood pressure,
immunosuppressive action, anti-coagulant activity are carried out in animals to
determine the content of potentially useful drugs in the broth. This method is discussed
extensively in Chapter 21, which discusses details of the search for the production of
bioactive metabolites from microorganisms.

7.2 STRAIN IMPROVEMENT

Several options are open to an industrial microbiology organization seeking to maximize
its profits in the face of its competitors’ race for the same market. The organization may
undertake more aggressive marketing tactics, including more attractive packaging while
leaving its technical procedures unchanged. It may use its human resources more
efficiently and hence reduce costs, or it may adopt a more efficient extraction system for
obtaining the material from the fermentation broth. The operations in the fermentor may
also be improved by its use of a more productive medium, better environmental
conditions, better engineering control of the fermentor processes, or it may genetically
improve the productivity of the microbial strain it is using. Of all the above options, strain
improvement appears to be the one single factor with the greatest potential for
contributing to greater profitability.

While realizing the importance of strain improvement, it must be borne in mind that an
improved strain could bring with it previously non-existent problems. For example, a
more highly yielding strain may require greater aeration or need more intensive foam
control; the products may pose new extraction challenges, or may even require an entirely
new fermentation medium. The use of a more productive strain must therefore be
weighed against possible increased costs resulting from higher investments in
extraction, richer media, more expensive fermentor operations and other hitherto non-
existent problems. This possibility not withstanding, strain improvement is usually part
of the program of an industrial microbiology organization.

To appreciate the basis of strain improvement it is important to remember that the
ability of any organism to make any particular product is predicated on its capability for
the secretion of a particular set of enzymes. The production of the enzymes, themselves
depends ultimately on the genetic make-up of the organisms. Improvement of strains can
therefore be put down in simple term as follows:
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(i) regulating the activity of the enzymes secreted by the organisms;

(i) in the case of metabolites secreted extracellularly, increasing the permeability of
the organism so that the microbial products can find these way more easily outside
the cell;

(iii) selecting suitable producing strains from a natural population;
(iv) manipulation of the existing genetic apparatus in a producing organism;

(v) introducing new genetic properties into the organism by recombinant DNA
technology or genetic engineering.

Items (i) and (ii) above have been discussed in Chapter 6. The other possible
procedures, namely selection from natural variants, modification of the genetic
apparatus without the introduction of foreign DNA and the use of foreign DNA will be
discussed below (Table 7.1).

7.2.1 Selection from Naturally Occurring Variants

In selection of this type, naturally occurring variants which over-produce the desired
product are sought. Strains which were encountered but not selected should not be
automatically discarded; the better ones are usually kept as stock cultures in the
organization’s culture collection for possible use in future genetic manipulations.
Selection from natural variants is a regular feature of industrial microbiology and
biotechnology. For example, in the early days of antibiotic production the initial increase
in yield was obtained in both penicillin and griseofulvin by natural variants producing
higher yields in submerged rather than in surface culture. Another example is lager beer
manufacture where the constant selection of yeasts that flocculate eventually gave rise to
strains which are now used for the production of the beverage. Similarly in wine
fermentation yeasts were repeatedly taken from the best vats until yeasts of suitable
properties were obtained.

Selection of this type is not only slow but its course is largely outside the control of the
biotechnologist, an intolerable condition in the highly competitive world of modern
industry. Strain improvement is therefore mostly achieved by other means described
below.

7.2.2 Manipulation of the Genome of Industrial Organisms
in Strain Improvement

The manipulation of the genome for increased productivity may be done in one of two
general procedures as shown in Table 7.2:

(a) manipulations notinvolving foreign DNA;
(b) manipulations involving foreign DNA.

7.2.2.1 Genome manipulations not involving Foreign DNA
or Bases: Conventional Mutation

Nature of conventional mutation
The properties of any microorganism depend on the sequence of the four nucleic acid
bases on its genome: adenine (A), thymine (T), cytosine (C), and guanine (G). The
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Table 7.2 Methods of manipulating the genetic apparatus of industrial organisms

A. Methods not involving foreign DNA
1. Conventional mutation

B. Methods involving DNA foreign to the organism (i.e. recombination)
Transduction

Conjugation

Transformation

Heterokaryosis

Protoplast fusion

Genetic engineering

Metabolic engineering

Site-directed mutation

0 N oUW

arrangement of these DN A bases dictates the distribution of genes and hence the nature
of proteins synthesized. A mutation can therefore be described as a change in the
sequence of the bases in DNA (or RNA, in RNA viruses). It is clear that since it is the
sequence of these bases which is responsible for the type of proteins (and hence enzymes)
synthesized, any change in the sequence will lead ultimately to a change in the properties
of the organism.

Mutations occur spontaneously at a low rate in a population of microorganisms. Itis
this low rate of mutations which is partly responsible for the variation found in natural
populations. An increased rate can however be induced by mutagens, (or mutagenic
agents) which can either be physical or chemical.

7.2.2.1.1 Physical agents
(i) ionizing radiations
(ii) ultravioletlight

(i) Ionizing radiations: X-rays, gamma rays, alpha-particles and fast neutrons are
ionizing radiations and have all been successfully used to induce mutation. X-rays are
produced by commercially available machines as well as van de Graaf generators.
Gamma rays are emitted by the decay of radioactive materials such as Cobalt®. Fast
neutrons are produced by a cyclotron or an atomic pile. lonizing radiations are so called
because they knock off the outer electrons in the atoms of biological materials (including
DNA) thereby causing ionization in the molecules of DNA. As a result, highly reactive
radicals are produced and these cause changes in the DNA. Some authors do not advise
the use of ionizing radiations unless all other methods fail. This is party because the
equipment is expensive and hence not always readily available, but also because
ionizing radiations are apt to cause breakage in chromosomes.

(ii) Ultraviolet light: The mutagenic range of ultraviolet light lies between wave length
200 and 300 nm. ‘Low pressure’ UV lamps used for mutagenesis emit most of their rays in
the 254 nm region. The suspension of cells or spores to be mutagenized is placed in a Petri
dish 2-3 cm below a 15 watt lamp and stirred either by a rocking mechanism or by a
magnetic stirrer. The organisms are exposed for varying periods lasting from about
300 seconds to about 20 minutes depending on the sensitivity of the organisms. Since UV
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damage can be repaired by exposure to light in a process known as photo-reactivation all
manipulations should be conducted under a special light source such as 25 watt yellow
or red bulbs. A proportion of the organisms ranging from about 60-99.9% should be
killed by the radiation. The preference of workers as to the amount of kill varies, but the
higher the kill the more the likelihood of producing desirable mutants. Furthermore, the
higher the kill, the less likely it is that the killing is due to overheating consequent on
having the organism too close to the lamp. The initial concentration of the organisms
should also be in the order of 107 per ml.

The main effect of ultraviolet light on DNA is the formation of covalent bonds between
adjacent pyrimidine (thymine and cytosine) bases. Thymine is mainly affected, and
hence the major effect of UV light is thymine dimerization, although it can also cause
thymine-cytosin and cytosin-cytosin dimers. Dimerization causes a distortion of the
DNA double strand and the ultimate effect is to inhibit transcription and finally the
organism dies (Fig.7.1).
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Fig. 7.1 Schematic Representation of Thymine Dimerization by UV Light on DNA

7.2.2.1.2 Chemical mutagens
These may be divided into three groups:

(i) Those thatact on DNA of resting or non-dividing organisms;
(i) DNA analogues which may be incorporated into DNA during replication;
(iii) Those that cause frame-shift mutations.

(i) Chemicals acting on resting DNA

Some chemical mutagens, such as nitrous acid and nitrosoguanidine work by causing
chemical modifications of purine and pyrimidine bases that alter their hydrogen-
bonding properties. For example, nitrous acid converts cytosine to uracil which then
forms hydrogen bonds with adenine rather than guanine. These chemicals act on the
non-dividing cell and include nitrous acid, alkylating agents and nitrosoguanidine
(NTG) (also known as MNNG).

(a) Nitrous acid: This acid is rather harmless and the mutation can be easily performed
by adding 0.1 to 0.2 M of sodium nitrate to a suspension of the cells in an acid
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medium for various times. The acid is neutralized after suitable intervals by the
addition of appropriate amounts of sodium hydroxide. The cells are plated out
subsequently.

(b) Alkylating agents: These are compounds with one or more alkyl groups which can
be transferred to DNA or other molecules. Many of them are known but the
following have been routinely used as mutagens: EMS (ethyl methane sulphonate),
EES (ethyl ethane sulphonate) and DES (Diethyl sulphonate). They are liquids and
easy to handle. Cells are treated in solutions of about 1% concentration and
allowed to react from % hour to % hour and thereafter are plated out.
Experimentation has to be done to decide the amount of kill that will provide a
suitable amount of mutation. While some are carcinostatic (i.e., stop cancers), some
are carcinogenic and must be handled carefully.

(c) NTG —nitrosoguanidine: also known as M-methyl-N-nitro-M-guanidine - MNNG:
itis one of the most potent mutagens known and must therefore should be handled
with care. Amounts ranging from 0.1 to 3.0 mg/ml have been used but for most
mutations the lower quantity is used. It is reported to induce mutation in closely
linked genes. It is widely used in industrial microbiology.

(d) Nitrogen mustards: The most commonly used of this group of compounds is
methyl-bis (Beta-chlorethyl) amine also referred to as ‘HN,’. Nitrogen mustards
were used for chemical warfare in World War I. Other members of the group are
‘HN,”‘HN,’, or ‘'HN;’ from the wartime code name for mustard gas, H. The number
after the H denotes the number of 2-chloroethyl groups which have replaced the
methyl groups in trimethylamine. A spore or cell suspension is made in HN,
(methyl-bis [Beta-chloroethyl amine]) and after exposure to various concentrations
for about 30 minutes each, the reaction is ended by a decontaminating solution
containing 0.7% NaHCOj; and 0.6% glycine. The solution is then plated out for
survivors. Between 0.05 and 0.1% HN, solutions in 2% sodium bicarbonate
solutions have been found satisfactory for Streptomyces. Sometimes the exposure
time may be extended

(ii) Base analogues

These are compounds which because they are similar to base nucleotides in composition
may be incorporated into a dividing DNA in place of the natural base. However, this
incorporation takes place only in special conditions. The best examples include 2-amino
purine, a compound that resembles adenine, and 5-bromouracil (5BU), a compound that
resembles thymine. The base analogs, however, do not have the hydrogen-bonding
properties of the natural base. Base analogues are not useful as routine mutagens because
suitable conditions for their use may be difficult to achieve. For example, with BU,
incorporation occurs only when the organisms is starved of thymine.

(iii) Frameshift mutagens (also known as intercalating agents)

Frameshift or intercalating agents are planar three-ringed molecules that are about the
same size as a nucleotide base pair. During DNA replication, these compounds can
insert or intercalate between adjacent base pairs thus pushing the nucleotides far enough
apart that an extra nucleotide is often added to the growing chain during DNA
replication. A mutation of this sort changes all the amino acids downstream and is very
likely to create a nonfunctional product since it may differ greatly from the normal
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i) Point Mutation or Substitution of a Nucleotide

ii) Deletion of a nucleotide

iii) Addition of a Nucleotide

iv) Substitution of a nucleotide: Results in one wrong
codon and one wrong amino acid

V) Substitution of a nucleotide: Results in a ‘stop’ codon
and premature termination of the protein

vi) Frameshift mutation: Results in a reading
frame shift. All codons.

Fig. 7.2 Different Types of Mutation
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protein. Furthermore, reading frames (i.e., the DNA base sequences) other than the correct
one often contain stop codons which will truncate the mutant protein prematurely.

Acridines are among the best known of these mutagens, which cause a displacement
or shift in the sequence of the bases. Although strongly mutagenic for some
bacteriophages, acridines have not been found useful for bacteria. However, certain
compounds, ICR (Institute for Cancer Research), (eg, ICR191) compounds in which an
acridine nucleus is linked to an alkylating side chain, induce mutations in bacteria.

Acridine, C;3HN, is an organic compound consisting of three fused benzene rings
(Fig. 7.3). Acridine is colorless and was first isolated from crude coal tar. It is a raw
material for the production of dyes. Acridines and their derivatives are DNA and RNA
binding compounds due to their intercalation abilities. Acridine Orange (3,6-
dimethylaminoacridine) is a nucleic acid selective metachromatic stain useful for cell
cycle determination. Another example is ethidium bromide, which is also used asa DNA
dye.
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Fig. 7.3 Acridine

7.2.2.1.3 Choice of mutagen

Mutagenic agents are numerous but not necessarily equally effective in all organisms.
Should one agent fail to produce mutations then another should be tried. Other factors
besides effectiveness to be borne in mind are (a) the safety of the mutagen: many mutagens
are carcinogens, (b) simplicity of technique, and (c) ready availability of the necessary
equipment and chemicals.

Among physical agents, UV is to be preferred since it does not require much
equipment, and is relatively effective and has been widely used in industry. Chemical
methods other than NTG are probably best used in combination with UV. The
disadvantage of UV is that it is absorbed by glass; it is also not effective in opaque or
colored organisms.

7.2.2.1.4 The practical isolation of mutants

There are three stages before a mutant can come into use: the organisms must be exposed
to a suitable mutagen under suitable conditions; the treated cells must be exposed to
conditions which ideally select for the mutant; and finally, the mutant must then be tested
for productivity.

(i) Exposing organisms to the mutagen: The organism undergoing mutation should be
in the haploid stage during the exposure. Bacterial cells are haploid; in fungi and
actinomycetes the haploid stage is found in the spores. However, in non-sporing
strains of these organisms hyphae, preferable the tips, may be used. The use of
haploid is essential because many mutant genes are recessive in comparison to the
parent or wild-type gene.
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(i) Selection for mutants: Following exposure to the mutagen the cells should be
suitably diluted and plated out to yield 50 — 100 colonies per plate. The selection of
mutants is greatly facilitated by relying on the morphology of the mutants or on
some selectivity in-built into the medium on which the treated cells or spores are
plated.

When morphological mutants are selected, it is in the hope that the desired
mutation is pleotropic (i.e., a mutation in which change in one property is linked
with a mutation in another character). The classic example of a pleotropic
mutation is to be seen in the development of penicillin-yielding strains of
Penicillium chrysogenum. It was found in the early days of the development work on
penicillin production that after irradiation, strains of Penicillium chrysogenumwith
smaller colonies and which also sporulated poorly were better producers of
penicillin. Similar increases of metabolite production associated with a
morphological change have been observed in organisms producing other
antibiotics: cycloheximide, nystatin, and tetracyclines. In citric acid production it
was observed that mutants with color in the conidia produced more of the acid; in
some bacteria strains overproducing nucleic acid had a different morphological
characteristic from those which did not.

In-built selectivity of the medium for mutants over the parent cells may be
achieved by manipulating the medium. If, for example, it is desired to select for
mutants able to stand a higher concentration of alcohol, an antibiotic, or some
other chemical substance, then the desired level of the material is added to the
medium on which the organisms are plated. Only mutants able to survive the
higher concentration will develop. Toxic analogues may also be incorporated.
Mutants resisting the analogues develop and may, for reasons discussed in
Chapter 6, be higher yielding than the parent.

(iii) Screeming: Screening must be carefully carried out with statistically organized
experimentation to enable one to accept with confidence any apparent
improvement in a producing organism. Shake cultures are preferred and about 6 of
these of 500 ml capacity should be used. Accurate methods of identifying the
desired product among a possible multitude of others should be worked out. It may
also be better in industrial practice where time is important to carry out as soon as
possible a series of mutations using ultraviolet, and a combination of ultraviolet
and chemicals and then to test all the mutants.

Isolation of auxotrophic mutants

Auxotrophic mutants are those which lack the enzymes to manufacture certain required
nutrients; consequently, such nutrients must therefore be added to the growth medium.
In contrast the wild-type or prototrophic organisms possess all the enzymes needed to
synthesize all growth requirements. As auxotrophic mutants are often used in industrial
microbiology, e.g., for the production of amino acids, nucleotides, etc., their production
will be described briefly below.

A procedure for producing auxotrophic mutants is illustrated in Fig. 7.4. The
organism (prototroph) is transferred from a slant to a broth of the minimal medium (mm)
which is the basic medium that will support the growth of the prototroph but not that of
the auxotroph. The auxotroph will only grow on the complete medium, i.e., the minimal



Screening for Productive Strains and Strain Improvement

133

agar slant

'

minimal medium (mm)

l incubation with shaking
for 22 h at 30°C

cell suspension
(7x103- 11 x 1x10° cells/ml)

lUV. or Co®®-irradiation
(7 mi/dish)

complete medium (cm)

i incubation for 8 h
washing of cells 2—3 times

minimal medium plus
5-50 p/ml penicillin

i incubation for 12—-16 h
centrifugation

cells

l plate out

complete agar

incubation for 24 h
at 30°C
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Fig. 7.4 Procedure for Isolating Auxotrophic Mutants
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medium plus the growth factor, amino-acid or vitamin which the auxotroph cannot
synthesize. The prototroph is shaken in the minimal broth for 22-24 hours, at the end of
which period it is subjected to mutagenic treatment. The mutagenized cells are now
grown on the complete medium for about 8 hours after which they are washed several
times. The washed cells are then shaken again in minimal medium to which penicillin is
added. The reason for the addition of penicillin is that the antibiotic kills only dividing
cells; as only prototrophs will grow in the minimal medium these are killed off leaving the
auxotrophs. The cells are washed and plated out on the complete agar medium.

In order to determine the growth factor or compound which the auxotroph cannot
manufacture, an agar culture is replica-plated on to each of several plates which contain
the minimal medium and various growth factors either single or mixed. The composition
of the medium on which the auxotroph will grow indicates the metabolite it cannot
synthesize; for example when the auxotroph requires lysine it is designated a ‘lysine-
less’ mutant (Table 7.3).

Table 7.3 Growth of various mutants, produced after treatment of a wild-type organism

S/N  Complete  Minimal mm Growth on — mm Remarks
medium medium + mm +
(cm) (mm) lysine + valine
biotin
1 + - - + - Biotin-less mutant
2 + - + - - Lysine-less mutant
3 + - - - + Valine-less mutant
4 + - - + + Biotin-and valine-less
5 + + + + + Parent Prototype
Key: + = growth
— = no growth

7.2.2.2 Strain Improvement Methods Involving Foreign DNA
or Bases

7.2.2.2.1 Transduction

Transduction is the transfer of bacterial DNA from one bacterial cell to another by means
of abacteriophage. In this process a phage attaches to, and lyses, the cell wall of its host.
It then injects its DNA (or RNA) into the host.

Once inside the cell the viral genome may become attached to the host DNA or remain
unattached forming a plasmid. Such a phage, which does not lyse the cell, is a temperate
phage and the situation is known as lysogeny. Sometimes the viral genome may direct the
host DNA to produce hundreds of copies of the phage. At the end of this manufacture the
host is lysed releasing the viral particles into the medium; the new phages carry portions
of the host DNA. If one of these viral particles now invades another bacterium, but is
lysogenic in the new host, the new host will acquire some nucleic acid, and hence, some
properties from the previous bacterial host. This process of the acquisition of new DNA
from another bacterium through a phage is transduction.

Transduction is two broad types: general transduction and specialized transduction. In
general transduction, host DNA from any part of the host’s genetic apparatus is
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integrated into the virus DNA; in specialized transduction, which occurs only in some
temperate phages, DNA from a specific region of the host DNA is integrated into the viral
DNA and replaces some of the virus’ genes.

It is now possible by methods which will be discussed later under the section on
genetic engineering to excise genes responsible for producing certain enzymes and
attach them on the special mutant viral particles, which do not cause the lysis of their
hosts. Several hundreds of virus particles carrying the attached gene may therefore be
present in one single bacterial cell following viral replication in it. The result is that the
enzyme specified by the attached gene may be produced up to 1,000-fold. Gene
amplification by phage is much higher than that obtained by plasmids (see below). The
method is a well-established research tool in bacteria including actinomycetes but
prospects for its use in fungi appear limited.

7.2.2.2.2 Transformation

Transformation is a change in genetic property of a bacterium which is brought about
when foreign DNA is absorbed by, and integrates with the genome of, the donor cell. Cells
in which transformation can occur are ‘competent’ cells. In some cases competence is
artificially induced by treatment with a calcium salt. The transforming DNA must have a
certain minimum length before it can be transformed. It is cut by enzymes, endonucleases,
produced by the host before it is absorbed.

Reports of transformation in Streptomyces spp have been made. Transformation has
been used to introduce streptomycin production into Streptomyces olivaceus with DNA
from Streptomycin grisesus. Oxytetracycline producing ability was transformed into
irradiated wild-type S. rimosus, using DNA from a wild-type strain. The technique has
also been used to transform the production of the antifungal antibiotic thiolutin from S.
pimpirin to a chlortetracycline producing S. aureofaciens which subsequently produced
both antibiotics. An inactive strain of Bacillus was transformed to one producing the
antibiotic bacitracin with the same method. The method has also been used to increase
the level of protease and amylase production in Bacillus spp. The method therefore has
good industrial potential.

7.2.2.2.3 Conjugation

Conjugation involves cell to cell contact or through sex pili (singular, pilus) and the
transfer of plasmids. Conjugation involves a donor cell which contains a particular type
of conjugative plasmid, and a recipient cell which does not. The donor strain’s plasmid
must possess a sex factor as a prerequisite for conjugation; only donor cells produce pili.
The sex factor may on occasion transfer part of the hosts’ DNA. Mycelial ‘conjugation’
takes place among actinomycetes with DNA transfer as in the case of eubacteria. Among
sex plasmids of actinomycetes, perhaps the two best known are plasmids SCP1 and
SCP2. Plasmids play an important role in the formation of some industrial products,
including many antibiotics. Plasmids will be discussed in more detail later in this
chapter.

7.2.2.2.4 Parasexual recombination

Parasexuality is a rare form of sexual reproduction which occurs in some fungi. In
parasexual recombination of nuclei in hyphae from different strains fuse, resulting in the
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formation of new genes. Parasexuality is important in those fungi such as Penicillium
chrysogenum and Aspergiluss niger in which no sexual cycles have been observed. It has
been used to select organisms with higher yields of various industrial product such as
phenoxy methyl penicillin, citric acid, and gluconic acid. Parasexuality has not become
widely successful in industry because the diploid strains are unstable and tend to revert
to their lower-yielding wild-type parents. More importantly is that the diploids are not
always as high yielding as the parents.

7.2.2.2.5 Protoplast fusion

Protoplasts are formed from bacteria, fungi, yeasts and actinomycetes when dividing
cells are caused to lose their cell walls. Protoplasts may be produced in bacteria with the
enzyme lysozyme, an enzyme found in tears and saliva, and capable of breaking the
B-1-4 bonds linking the building blocks of the bacterial cell wall. Protoplast fusion
enables recombination in strains without efficient means of conjugation such as
actinomycetes. It has also been used previously to produce plant recombinants. The
technique involves the formation of stable protoplasts, fusion of protoplasts and
subsequent regeneration of viable cells from the protoplasts. Fusion from mixed
populations of protoplasts is greatly enhanced by the use of polyethylene glycol (PEG).
Protoplast fusion has been successfully done with Bacillus subtilis and B. megaterium and
among several species of Streptomyces (S. coeli-color, S. acrimycini, S. olividans, S. pravulies)
has been done between the fungi Geotrichum and Aspergillus. The method has great
industrial potential and experimentally has been used to achieve higher yields of
antibiotics through fusion with protoplasts from different fungi.

7.2.2.2.6 Site-directed mutation

The outcome of conventional mutation which we have discussed so far, is random, the
result being totally unpredictable. Recombinant DNA technology and the use of
synthetic DNA now make it possible to have mutations at specific sites on the genome of
the organism in a technique known as Site-Directed Mutagenesis. The mutation is
caused by in vitro change directed at a specific site in a DNA molecule. The most common
method involves use of a chemically synthesized oligonucleotide mutant which can
hybridize with the DNA target molecule; the resulting mismatch-carrying DNA duplex
may then be transfected into a bacterial cell line and the mutant strands recovered. The
DNA of the specific gene to be mutated is isolated, and the sequence of bases in the gene
determined (Chapter 3). Certain pre-determined bases are replaced and the ‘new’ gene is
reinserted into the organism. Site-directed mutagenesis creates specific, well-defined
mutations (i.e., specific changes in the protein product). It has helped to raise the
industrial production of enzymes, as well as to produce specific enzymes.

7.2.2.2.7 Metabolic engineering

Metabolic engineering is the science which enables the rational designing or redesigning
of metabolic pathways of an organism through the manipulation of the genes so as to
maximize the production of biotechnological goods. In metabolic engineering, existing
pathways are modified, or entirely new ones introduced through the manipulation of the
genes so as to improve the yields of the microbial product, eliminate or reduce
undesirable side products or shift to the production of an entirely new product. It is a
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modern evolution of an existing procedure which as described earlier in Chapter 6, is
used to induce over production of products by blocking some pathways so as to shunt
productivity through another. In the older procedure the pathways are shut off by
producing mutants in which the pathways are lacking using the various mutation
methods described earlier. In metabolic engineering the desired genes are isolated,
modified and reintroduced into the organism. Metabolic engineering is the logical end of
site-directed mutagenesis. It has been used to overproduce the amino acid isoluecine in
Corynebacterium glutamicum, and ethanol by E. coliand has been employed to introduce
the gene for utilizing lactose into Corynebacterium glutamicum thus making it possible for
the organism to utilize whey which is plentiful and cheap. Through metabolic
engineering the gene for the utization of xylose was introduced into Klebsiella sp making
it possible for the bacterium to utilize the wood sugar.

It is equally applicable to primary and secondary metabolites alike. Among primary
metabolites the alcohol producing adhB gene from the high alcohol yielding bacterium,
Zymomonas mobilis was introduced into E. coli and Klebsiella oxytoca, enabling these
organisms to produce alcohol from a wide range of sugars, hexose and pentose. Other
primary metabolites which have been produced in other organisms by introducing genes
from extraneous sources are carotenoids, the intermediates in the manufacture of vitamin
A in the animal body, and 1,3 propanediol (1,3 PD) an intermediate in the synthesis of
polyesters. 1,3 PD is currently derived from petroleum and is expensive to produce.
1,3 PD has been produced by E. coli carrying genes from Klebsiella pneumoniae able to
anaerobically produce the diol.

Among secondary metabolites, increase in the production of existing antibiotics, and
the production of new antibiotics and anti-tumor agents have been enabled by metabolic
engineering. The transfer of genes from Streptomyces erythreus to Strep lividans facilitated
the production of erythromycin in the latter organism. In the field of anti-tumor drugs,
epirubicin has less cardiotoxicity than others such as the more frequently prescribed
doxorubicin. The chemical production of epirubicin is complicated and requires seven
steps. However using a metabolic engineering method in which the erythromycin
biosynthetic gene was introduced into Strep peucetius it has been possible to produce it
directly by fermentation.

7.2.2.2.8 Geneticengineering

Genetic engineering, also known as recombinant DNA technology, molecular cloning or
gene cloning. has been defined as the formation of new combinations of heritable
material by the insertion of nucleic acid molecules produced by whatever means outside
the cell, into any virus, bacterial plasmid or other vector system so as to allow their
incorporation into host organisms in which they do not naturally occur but in which they
are capable of continued propagation

The DNA to be inserted into the host bacterium may come from a eucaryotic cell, a
prokaryotic cell or may even be synthesized chemically. The vector-foreign DNA complex
which is introduced into the host DNA is sometimes known as a DNA chimera after the
Chimera of classical Greek mythology which had the head of lion, the body of a goat and
the tail of a snake.

A species has been described as a group of organisms which can mate and produce
fertile offspring. A dog cannot mate with a cat; even if they did the offspring would not be
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fertile. A horse and the donkey are not the same species. Although they can mate, the
offspring the mule, is not fertile. Genetic engineering has enabled the crossing of the
species barrier, in that DNA from one organism can now be introduced into another
where such exchange would not be possible under natural conditions. With this
technology engineered cells are now capable of producing metabolic products vastly
different from those of the unaltered natural recipient.

Procedure for the Transfer of the Gene in Recombinant DNA Technology
(Genetic Engineering)

In broad items the following are the steps involved in in vitro recombination or genetic
engineering. The bulk of the work done so far has been with E. coli as the recipient organism

1. Dissecting a specific portion from the DNA of the donor organism.

2. Attachment of the spliced DNA piece to a replicating piece of DNA (or vector),
which can be from either a bacteriophage or a plasmid.

3. Transfer of the vector along with the attached DNA (i.e., the DNA chimera) into the
host cell.

4. Isolation (or recognition) of cells successfully receiving and maintaining the vector
and its attached DNA.

7.2.2.2.8.1 Dissection of a portion of the DNA of the donor organism
The donor DNA may come from a plant, an animal, a microorganisms or may even be
synthesized in the laboratory.

The dissection of DNA at specific sites is done by enzymes obtained from various
bacteria and known asrestriction endonucleases. They will be discussed briefly below.

(i) Nature and Types of restriction endonucleases

Restriction endonucleases are nucleic acid-splitting enzymes and are termed ‘restriction’
because they help a host cell destroy or restrict foreign DNA which enter the cell. The host
protects its DNA from its own restriction endonucleases by the introduction of methyl
groups at recognition sites where the cleavage of the DNA occurs. The host DNA so
protected is said to be ‘modified.” For every restriction enzyme there is a modification one
hence the enzymes exist as restriction-modification complexes. Their

¢ : CHj
5'GAA§TTC3' 5'GA!°\TTC3'
S'CTT:AAGS' 3'CTT'|°\AGS'
1
Restrictioln of DNA Modification of DNA

discovery was an important landmark in molecular biology. Daniel Nathans and
Hamilton Smith received the 1978 Nobel Prize in Physiology and Medicine for their
isolation of restriction endonucleases, which are able to cut DNA at specific sites.

Conventionally restriction enzymes are denoted as the single stranded DNA; the
position of the restriction is written / while the position of the modification is written as
an asterisk *. Thus the representation for the above enzyme would 5'G/AA*TTC3".
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There are four different types of restriction endonucleases: Types1, II, [lland IV (Type
IV is designated Type I S by some authors), but only Type Il is used extensively in gene
manipulations. In Types I and III, one enzyme is involved for recognition of specific DNA
sequences for cleavage and methylation, but the cutting positions are at variable
distances from these sites (sometimes up to 1000 base pairs (bps)) away from these sites.
TypelV cuts only methylated DNA. As most molecular biology work is done with Type II
endonucleases and only they will be discussed.

Type Il endonucleases have the following advantages over the others. Firstly in Type Il
systems, restriction and modification are brought about by different enzymes and hence
it is possible to cut DNA in the absence of modification (note that in Types I and III a
single enzyme is involved); secondly, Type Il enzymes are easier to use because they do
not require enzyme cofactors. Finally as will be seen below they recognize a defined
symmetrical sequence and cut within this sequence.

Type Il restriction endonucleases recognize and cut DNA within particular sequences
of 4 to 8 nucleotides in an axis of symmetry in such a way that the sequences of the top
strand when read backwards are exactly like the bottom on the other side of the axis thus:

5-ATG | CAT-¥
3-TAC , GTA-Y
Axis of symmetry

Such sequences are referred to as palindromes. Type Il restriction endonucleases were
discovered in Haemophilus influenzae in 1970. About 3,000 of theses enzymes have now
been discovered and they cut in about 200 patterns; many of them are available
commercially.

(i) Nomenclature of restriction endonucleases

The nomenclature of restriction endonucleases is based on the proposals of Smith and
Nathans and the currently adopted procedure is as follows:

(a) The species name of the host organisms is identified by the first letter of the genus
name and the first two letters of the species name to form a three-letter abbreviation
written in italics. For example, E. coli is Eco and Haemophilus inflenzae, Hin.

(b) Strain or type identification is supposed to be written as a subscript. Thus, E. coli
strain K, Ecog. In practice it is all written in one line Ecok.

(c) Where a particular host has several different restriction and modification systems,
these are identified by Roman numerals. Thus, those from H. influenzae strain Rd.
would be Hind I, Hind 11, Hind 111, in the order of their discovery.

(d) Restriction enzymes have the general name endonuclease R and in addition carry
the system name, thus endonuclease R. Hind I. Modification enzymes are named
methylase M; thus the modification enzyme from H. influenzae Rd. is named
methylase M. Hind I. Where the context makes it clear that restriction enzymes are
being discussed, ‘endonuclease R’ is left out leaving Hind I as in the example
quoted above.

(iii) Cutting DNA by Type 11 endonucleases

Type II endonucleases recognize and break DNA within particular sequences of four,
five, six, or seven nucleotides (Table 7.4A, B) which have a symmetry along a central axis.
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Table7.4 Restriction Endonucleases

A: Patterns of Endonucleases Cutting);

1 3!overhangs: The enzyme cuts asymmetrically within the recognition site such that
a short single-stranded segment extends from the 5' ends as wth BamHI.,

5 Y . 5
-A-T-6-6-R-T-C-C-A-A-3 BamH1 -A-T-6 G-A-T-C-C-R-A-
FEELELELL ] —m ||| [ Sticky end
3--T—n'gf‘e'?tf“ﬁ,;f§;ﬂ?'r ~T-g -T-R-C-C-T-A-G , G-T-T-

2 3'overhangs: Again, we see asymmetrical cutting within the recognition site, but
the result is a single-stranded overhang from the two 3' ends as KpnlI does.

3

-G-R-6-6-T-A-C C-C-T- .
111 R Sticky end
~C-T-C 3 C-A-T-6-6-6-A~

3 Blunts: Enzymes that cut at precisely opposite sites in the two strands of DNA
generate blunt ends without overhangs. Smal cuts in this way.

T-A-C & Sma 1 -T-A-C-C-C 6-6G-6-T-C-
BT — > danr 11 |Bluntend
3--R—T-G-G—G;C~C-C—E-G—5- -R-T-G-G-6 C-C-C-A-G-~

B: Some Restriction Endoncleases and their Recognition Sequences
Bacillus sublilis. BsuRI ceice
Brevibacterium albdium Ball TGG* / CCA
Escherichia coli EcoRlI G/ AATTC*
Haemophilus influenz ae Hindll GTPy / PUAC

Notl Gc/GGEcae

Nocardiaotitidis-caviarum

The same restriction endonuclease is used to cut the foreign DNA to be inserted into a

vector, as well as the vector itself, in order to open it up.

Restriction enzymes cut DNA between deoxyribose and phosphate groups, leaving a
phosphate at 5 end and an OH group at the 3’. The restriction enzymes used in genetic
engineering cut within their recognition sites and generate one of three types of ends (see

Table 74.4A):
a) Single-stranded, “sticky” or cohesive ends as cut by Bam H1 (1, 5" overhangs).
b) Single-stranded, “sticky” or cohesive ends as cut by Kpn 1 (2, 3’ overhangs).
¢) Double-stranded, “blunt” ends as cut by Sma 1. (3, Blunts)
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The single-stranded sticky or cohesive ends of DNA ends (Table 7.4A and Fig. 7.5) will
join (anneal) with any DNA with sticky ends, having complimentary bases no matter the
origin of the DNA, provided that both DNA samples have been cut with the same
restriction enzyme.

Some restriction endonucleases and their recognition sequences are given in Table
7.4B.

7.2.2.2.8.2 The attachment of the spliced piece of DNA to a vector

(i) Joining DNA molecules: Three methods are used for the in vivo ‘tying” of DNA
molecules. The first method uses an enzyme DNA ligase to tie sticky ends
produced by restriction endonucleases; the second is the use of another DNA
ligase produced by E. coli infected by T4 bacteriophages to link blunt ended DNA
fragments. The third method uses an enzyme terminal deoxynucleotidyl —
transferase isolated from calf thymus to introduce single-stranded complimentary
tails to two different DNA populations after which they anneal when mixed. Only
the first, method, i.e., the use of DNA ligase, will be discussed, because this has
been used extensively.

(i) The use of DNA ligase to join foreign DNA to the vector: High concentrations of the
DNA of the previously circular vector (usually a plasmid) and of the foreign DNA
to be cloned onto the vector, are mixed. Both DNA types have sticky ends having
been treated with the same restriction endonuclease: in the case of the foreign DNA
to cut it from its source and in the case of the vector, to open it up. Complimentary
sticky ends from the foreign DNA and the vector anneal leaving however gaps
created by the absence of a few base pairs in opposite strands (Fig. 7.5).

The enzyme DNA ligase can repair these gaps to create an intact duplex. DNA
ligase is produced by E. coli and phage T4. The ligase from T4 can, however, join
blunt-ended DNA whereas that from E. coli cannot. The vector-foreign DNA
chimaera is then introduced into the bacterial cell by transformation.

To prevent recircularization of the linearized vector, it may be treated with
alkaline phosphotase. When it is so treated circularization can only occur when a
foreign DNA is introduced. A gap is left at each joint. These gaps are closed after
transformation by the hosts’ repair system.

(iii) Vectors used in recombinant DNA work: Two broad groups of cloning vehicles have
been used, namely plasmids and lamda phages. Both have replication systems
that are independent of that of the host cell.

7.2.2.2.8.3 Plasmids

Plasmids are circular DNA molecules with molecular weights ranging from a few million
to a few hundred million Daltons. Plasmids appear to be associated with virtually all
known bacterial genera. They replicate within the cell. Some of the larger plasmids,
known as conjugative plasmids, carry a set of genes which promote their own transfer in a
sexual process known as conjugation which has already been discussed. Smaller
plasmids are usually non-conjugative but their transfer can usually be promoted by the
presence of a conjugative plasmid in the same cell.

Besides genes for sexual transfer, plasmids usually carry genes for antibiotic or heavy
metal resistance. They often also carry genes for the production of toxins, bacteriocins,
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antibiotics, and unusual metabolites. In some cases they may carry genes for unusual
capabilities such as the breakdown of complex organic compounds. Plasmids are,
however, not essential for the cell’s survival.

Two important features of plasmids to be used in genetic experiments may be
compared by examining two plasmids. Plasmid psC101 has only two to five copies per
cell and replicates with its host DNA. It is said to be under ‘stringent” control. However,
another plasmid pCol E 1 is found in about 25-30 copies per cell. It has a ‘relaxed control’
independent of the host and replicates without reference to the host DNA. When the host
cell is starved of amino-acids or its protein synthesis is inhibited in some other manner,
such as with the use of chloramphenicol, the Col E 1 plasmid continues to replicate for
several hours until there are 1,000 to 3,000 copies per cell. Due to this high level of gene
dosage (also referred to as gene amplification), products synthesized because of the
presence of these plasmids are produced in extremely high amounts, a property of
immense importance in biotechnology and industrial microbiology. Generally
conjugative plasmids are large, exhibit stringent control of DNA replication, and are
present in low copy numbers; on the other hand, non-conjugative plasmids are small,
show relaxed DNA replication, and are present in high numbers. Many other plasmid
vectors exist, some constructed in the laboratory (Table 7.5).

(i) Ideal properties in a plasmid used as a vector
A plasmid to be used in genetic engineering should ideally have the following properties:

(a) the plasmid should be as small as possible so the unwanted genes are not
transmitted, as well as to facilitate handling;

(b) itshould have an origin of replication, the site where DNA replication initiates;

(c) itshould have a relaxed mode of replication;

(d) itshould have sites for several restriction enzymes;

(e) it should carry, preferably, two marker genes. Marker genes are those which
express characteristics by which the plasmid can be identified. Such
characteristics include resistance to one or more antibiotics. A marker of great
importance is the ability to satisfy auxotrophy, i.e., the ability to produce an amino
acid or other nutritional component which the host’s chromosome is incapable of
producing.

Table 7.5 Some commonly used plasmid cloning vehicles

Plasmid Molecular weight Marker* Single restriction sites

(x10°)
pSC101 5.8 Tc BamHI, EcoRI, HindIII, Hpal, Sall, Smal
Col E1 4.2 Colimm EcoRI
pMB9 3.6 Tc", Colimm BamHI, EcoRI, HindIII, Hpal, Sall Smal
pBR313 5.8 Tc', Ap" BamHI, Ecorl, HindIII, Hpal, Sall, Smal

Colimm

pBR322 2.6 BamHI, EcoRI, HindIII, pstl, Sall

*Tc": tetracycline resistance. Ap": ampicillin resistance
colimm: colicin immunity
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(f) the nucleotide sequence of the plasmid should be known;

(g) forsafety reasons the plasmid should not be able to replicate at mammalian body
temperatures so that should it enter the human body and be able to produce
deleterious substances, it should fail to replicate;

(h) for safety reasons also, it should not be highly transmissible by conjugation if it
controls the production of any material harmful to the mammalian body;

(i) the plasmid as a cloning vehicle should have a site for inducing transcription
across the inserted fragment. The plasmid-initiated transcription should be
controlled by the host (by induction or repression). Uncontrolled transcription
could be harmful to the host.

Table 7.5 shows some commonly used plasmid cloning vehicles. They carry various
markers based on tetracycline or ampicillin resistance or immunity against colicin attack.
The marker may be carried either on the plasmid or on the inserted DNA. If neither of
them carries a marker then DNA carrying a marker can be grafted on to either the vector
or the insert.

(ii) Plasmids currently in use for cloning

In the early years of genetic engineering, naturally occurring plasmids such as Col E1
and pSC 101 were used as cloning vectors. They were small and had single sites for the
common endonucleases. However they lacked markers which would help select
transformed organisms. New plasmids were therefore developed. The best and most
commonly used is pBR322 developed by Francisco Bolivar. (In naming plasmids p is
used to show it is a plasmid; p is followed by the initials of the worker who isolated or
developed the plasmid; numbers are used to denote the particular strain). Plasmid
pBR322 has all the properties expected in a plasmid vector: low molecular weight, two
markers, (resistance to ampicillin, Ap® and tetracycline, Tc*) an origin of replication, and
several single-cut replication sites. (see map of pBR322 in Fig 7.6). Modifications of the
original pBR322 have been made to suit special purposes, and consequently many
variants exist in the pBR322 family. A widely used variant of pBR322 is pAT153, which
some consider a better vector than its parent because it is present in more copies per cell
than pBR322 Another series of popular vectors is the pUC family of vectors (Fig. 7.7). It
has several unique restriction sites in a short stretch of DNA, which is an advantage in
some kinds of work.

7.2.2.2.84 Phages

Two types of phages have been developed for cloning, A lamda, and M13. Most of the
phages used for cloning are derivatives of the lamda phage of E. coli because so much is
already known about this phage. Derivatives are used because the wild-type phage is not
suitable as a vector as it has several targets of sites for most of the most commonly used
endonucleases. The chromosome of phage must be folded and encapsulated into the
head of the virus in order to provide a mature virion. The amount of DNA that can enter
the head is limited, and hence the available DNA in a phage is also limited. Therefore
unwanted phage DNA must be removed as well as all but one of restriction targets for the
chosen enzyme.

The DNA of phage lambda when it is isolated from the phage particle is linear and
double-stranded. At each end of the chain are single-stranded portions which are
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EcoRI

Fig. 7.6 Genetic Map of Plasmid pBR322 Showing Unique Recognition Endonuclease Sites
and Genes for Tetracycline and Ampicillin Resistance

lacl

2686 bp

Fig. 7.7 Genetic Map of puC18

complimentary to each other, much like the ‘sticky ends’ produced from DNA cutting by
restriction endonucleases (Fig. 7.9). These lamba DNA pieces are able to circularize and
replicate independently within the host.
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The middle portion of the linear double-stranded phage DNA is non-essential for
phage growth and it is here that the foreign DNA is introduced. The more distal positions
carry genes which code for essential components such as the head, tail of the
bacteriophage and the host lysis (Fig. 7.9)

(i) Transfection: The linear chimera can be introduced by transformation. (When
virus DNA is transformed the process is known as transfection.) However, much of
introduced chimeras are restricted in comparison to when pure phage DNA is
transfected.

(ii) Packaging the chimeras into virus heads: The recombinant DNA or chimera may be
packaged into a virus head and a tail attached by in vitro means. The procedure for
this packaging is outside the scope of this book but may be found elsewhere. Once
packaged, the synthetic virus can then inject its DNA into the host in the usual way.

7.2.2.2.8.5 Cosmids

Cosmids are plasmids constructed from phage DNA by circularization at the ‘sticky,’
single stranded ends or cos sites. Foreign DNA is attached to the cosmid which is then
packaged into a phage. When the cosmid is injected it circularizes like other virus DNA
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Fig. 7.9 Map of Chromosome of Lamba (1) Phage
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but it does not behave as a phage, rather it replicates like a plasmid. Drug resistance
markers carried on it help to identify it.

A number of commercially available vectors are based on phages and some are shown
in Table 7.6

Table 7.6 Phage-based vectors

Vector Features Applications

pBR322 Ap'Tc’ General cloning and sub-
Single cloning sites cloning in E. coli

pAT 153 Ap'Tc’ General cloning and sub-
Single cloning sites cloning in E. coli

pGEM™.32 Ap" General cloning and
MCS in vitro transcription in E.
SP6/T7 promoters coli and mammalian cells
lacZ a-peptide

pCI™ Ap" Expression of genes in
MCS mammalian cells

T7 promoter
CMYV enhance/promoter

pCMV-Script™  Neo" Expression of genes in
Large MCS mammalian cells
CMYV enhancer/promoter Cloning of PCR products
7.2.2.2.8.6 Transfer of the vector along with the attached DNA into the host all

The vector once spliced with the endonuclease cannot reform into a circular structure
unless a suitable fragment of the foreign DNA with a complimentary ‘sticky end’ fits in.
Foreign DNA digests produced by physical inactivation may also be used. If a large
enough amount of foreign DNA digest is used the probability is that a piece with the
appropriate complementary end will fit in. The new hybrid DNA is introduced into the
host cell by transformation. Transformation is facilitated by treating the host cells in
calcium salts, after washing them in magnesium salts.

7.2.2.2.8.7 Recognizing the transformed cell

The introduction of the new property into the host may be detected by growing the cells in
a medium containing antibiotics whose resistance is specified in the introduced foreign
DNA. Growth should occur if the resistance gene was transferred. If genes for the
synthesis of some products were introduced via the chimera, the transformed bacteria
should grow on the selective medium. The products are then examined for the synthesis
of the new compound. For the introduced gene to lead to protein synthesis a suitable
promoter must be present; it may be introduced from other organisms if an appropriate
one is not indigenous.

7.2.2.2.8.8 Gene transfer into organisms other thanE. coli,
including plants and animals

The methods discussed above are those developed primarily for E. coli. The discussion
below will look at the introduction of DNA into bacteria other than E. coli as well into
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other organisms, including plants and animals. Some of the methods to be discussed are
also used on E. coli.

(i) Delivery into bacteria other than E. coli

(a) Electroporation

In the process of electroporation, cells into which DNA is to be introduced (i.e., cells to be
transfected) are exposed to high-voltage electric pulses. This creates temporary holes in
the cell membrane through which DNA can pass. Electroporation can be used for
transfecting cells of Bacilli spp and actinomycetes, especially when protoplasts are
produced from the cells. Electroporation is the short form for electric field-mediated
membrane permeabilization. It is still used for E. coli, especially when chimera longer
than about 100 kilobases (100 kb) are to be used. In general electroporation can be used for
transfecting bacteria and archae, after the appropriate electric voltage and other
parameters have been worked out. As will be seen below, it is also used for transfecting
plant cells.

(b) Conjugation

In some bacteria where other means of introducing DNA appear difficult or have failed,
the natural means of transferring DNA by plasmid mediated conjugation has been
exploited. A conjugative plasmid which is carrying the insert and which has the genes
for its own transfer is used. However where this is not possible, a conjugative plasmid
with its own transfer gene may first be introduced, followed by the non-conjugative (i.e.,
does not promote the transfer of DNA through pili) plasmid carrying the DNA insert.
This has been used in some strains of Pseudomonas.

(c) Use of Liposomes

When the DNA to be introduced is first entrapped in phospholipid droplets known as
liposomes, it enhances the entry of the DNA into protoplasts of Gram-positive Bacillus
and actinomycetes. Liposomes have also been used for delivering DNA into animal cells.
Liposomes are microscopic, fluid-filled vesicles whose walls are made of layers of
phospholipids identical to the phospholipids that make up cell membranes. The outer
layer of the vesicle is hydrophobic, while the inner layer is hydrophilic; this enables the
liposome to carry water soluble materials within it. They can be designed so that they
have cationic, anionic or neutral charges at the hydrophobic end depending on the
purpose for which they are meant. They are used for introducing DNA into animal, plant
or bacterial cells. When used for introducing DNA into plant cells, such cells must have
their cell walls removed, yielding protoplasts; with bacteria, the cell walls must also be
removed to yield sphaeroplasts. Liposomes have been used experimentally to carry
normal genes into a cell to replace defective, disease-causing genes in gene therapy.
Liposomes are used to deliver certain vaccines, enzymes, or drugs (e.g., insulin and some
cancer drugs) to the animal body. Liposomes are sometimes used in cosmetics because of
their moisturizing qualities.

(ii) Delivery of DNA into Plant cells

Plants are peculiar in that most single plant cells can be caused to develop into the entire
plants. Successfully transfecting (i.e., introducing foreign DNA into) a plant cell will
result in having the foreign DNA as part of the genetic apparatus of the transfected plant.
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The introduction of foreign DNA into plants is done for the improvement of the
agricultural, ornamental, nutritional, or horticultural value of the plant. It is also done to
convert the plants into ‘living fermentors” which with the appropriate genes can
manufacture cheaply, some industrially important materials, which it may not even be
possible to produce by chemical means. Several methods are available for the delivery of
DNA into plants

(a) Plant Transfection with Ti plasmid of Agrobacterium tumefaciens

The Gram-negative soil bacterium, Agrobacterium tumefaciens, is the causative agent of
crown gall, a disease which produces tumors in plants (mainly dicots) on entering
through a wounded plant cell.

The pathogenic properties of the bacterium are due to the Ti (tumor inducing) plasmid
which it carries. Part of the Ti plasmid, known as the T (transfer) DNA, is transferred to
the plant cell and is integrated into the genome of the host under the direction of the
virulence gene (Fig. 7.10). It is within the TDNA that foreign DNA can be introduced. A
section of the TDNA codes for the production of auxins and cytokins which lead to the
formation of galls or tumors. Another section codes for the production of conjugates of
amino acids and sugars known as opines and which are metabolized by Agrobacterium
tumefaciens residing in the tumor. The oncogenic (tumor-causing) and the
opine-producing portions of the TDNA of wild-type Agrobacterium tumefaciens are
removed, when it is to be used for cloning. Furthermore, marker genes (e.g., for kamycin
resistance) are introduced into the plasmids so that transformed plants can be identified.
Because the marker genes are of bacterical origin an origin of replication from E. coli is
also introduced. The TDNA is defined by the left and right borders. The sequences of the
right border are essential for the TDNA transfer and integration into the host plant. The
transfected plant cells therefore result in normal plants. Ti plasmids in which the
oncogenic section has been removed is said to be ‘disarmed’. Such disarmed plasmids
lack the sequences necessary to produce the phytohormones which give rise to diseased
conditions, gall or tumor. Other properties such as the transfer of DNA are still active and
the regeneration of healthy plants can still occur. The Agrobacterium tumefaciens Ti
plasmid has been successfully and widely used in cloning in plants. However it has been
more successful in dicots than in monocots.

_ cataholism
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Fig. 7.10 Map of Agrobacterium tumefaciens Ti Plasmid
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(b) Use of Viruses
The cauliflower mosaic virus (caMV) has been used as a powerful vector for introducing
DNA into plants. It is a double-stranded DNA virus with 8025 base pairs.

Certain portions of the virus are dispensable and foreign genes can be replace them.
However, it has a limited host range; furthermore foreign sequences are often unstable in
the caMV genome.

(c) Electroporation

Electroporation is widely used for transfecting plant cells. When plants are to be
transfected, protoplasts or whole plant cells placed in contact with exogenous DNA in
foil-lined cuvettes and exposed to high electrical current. The cells become permeable and
take up exogenous DNA, some of which integrate with the plant genome. It has been
successfully used in a wide variety of species using equipment which is relatively
inexpensive.

(d) Biollistic or Microprojectile methods

This is one of the commonest methods used for transfecting plants. In this method a so-
called gene gun or particle gun is used to shoot tiny pellets of tungsten or gold coated
with the foreign DNA in question into the leaves or stem of the plant to be transformed. It
is a widely used and highly successful method of transfecting plants using plant
protoplasts, plant cell suspensions, callus cultures, even chloroplasts and mitochondria,
and indeed any form of plant preparation capable of regeneration in dicots, monocots,

Non-
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The eight shaded boxes are the coding regions

Fig. 7.11 Genetic Map of the Cauliflower Mosaic Virus
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and conifers. Success occurs more with linear DNA than with circular; furthermore very
large DNA inserts tend to be broken during the projection. When inside the cell, some of
the introduced DNA get integrated with the plant DNA.

(e) Microinjection

This method involves immobilizing the cells and injecting DNA into protoplasts, walled
cells, or embryos. It is done with a fine needle under the microscope. The technique needs
a lot of skill. Some authors do not think it has much future because only one cell can be
injected at a time.

(iii) Delivery of DNA into Animal cells

Genetic engineering in plants differs in at least two respects from that in animals. Firstly
while plant cells are mostly totipotent (i.e., most plant cells are able to give rise to a new
plant), animal cells cannot give rise to whole animals once differentiated into specialized
cells. In animals the cells that become reproductive cells separate early from those that are
ordinary body (somatic) cells. Somatic cells do not give rise to new animals To create
transgenic animals the foreign DNA must be introduced into cells while they are still
totipotent and differentiation has not occurred. Generally this involves introducing the
DNA into stem cells (yet undifferentiated cells), an egg, the fertilized egg, (oocyte or
zygote) or early embryo.

Some of the methods discussed above for introducing foreign DNA into bacteria and
plants are also applicable to animal cells: electroporation, biollistic methods and
microinjection have all been successfully used in animals. In addition the liposome
(phospholipid) delivery seen in bacteria is also used in animal cells.

Genes are introduced into animal cells as well asin vivo by transduction via viruses in
gene therapy. Four groups of viral vectors are used for gene therapy in humans:
adenoviruses, baculoviruses, herpesvirus vectors, and retroviruses.

Changing the genetic make-up of animals, in large domesticated mammals such as
cows, pigs and sheep, allows a number of commercial applications. These applications
include the production of animals which express large quantities of exogenous proteins
in an easily harvested form (e.g., expression into the milk), the production of animals
which are resistant to infection by specific microorganisms and the production of
animals having enhanced growth rates or reproductive performance.

Most of the work on transgenic animals has been done with mice on account of their
small size and low cost of housing in comparison to that for larger vertebrates, their short
generation time, and their fairly well defined genetics. Foreign DNA is introduced in mice
in one of the following ways: DNA microinjection, embryonic stem cell-mediated gene
transfer and retrovirus-mediated gene transfer, sperm-mediated transfer, transfer into
unfertilized ova.

(a) DNA microinjection

This method involves the direct microinjection of a chosen gene construct (a single gene
or a combination of genes) from another member of the same species or from a different
species, into the pronucleus of a fertilized ovum. The introduced DNA may lead to the
over- or under-expression of certain genes or to the expression of genes entirely new to the
animal species. The insertion of DNA is, however, a random process, and there is a high
probability that the introduced gene will not insert itself into a site on the host DNA that
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will permit its expression. The manipulated fertilized ovum is transferred into the
oviduct of a recipient female, or foster mother that has been induced to act as a recipient
by mating with a vasectomized male. Such males cannot inject sperms into the female
because the tubes carrying the sperms, the vas deferens, have been cut. The major
advantage of this method is its applicability to a wide variety of species.

(b) Embryonic stem cell-mediated gene transfer

This method involves prior insertion of the DNA sequence by homologous recombina-
tion into an in vitro culture of embryonic stem (ES) cells. Stem cells are undifferentiated
cells that have the potential to differentiate into any type of cell (somatic and germ cells)
and therefore to give rise to a complete organism. These cells are then incorporated into
an embryo at the blastocyst stage of development. The result is a chimeric animal. ES cell-
mediated gene transfer is the method of choice for gene inactivation, the so-called
knock-out method. This technique is of particular importance for the study of the genetic
control of developmental processes. This technique works particularly well in mice. It
has the advantage of allowing precise targeting of defined mutations.

(c) Retrovirus-mediated gene transfer

To increase the probability of expression, gene transfer is mediated by means of a carrier
or vector, generally a virus or a plasmid. Retroviruses are commonly used as vectors to
transfer genetic material into the cell, taking advantage of their ability to infect host cells
in this way. Offspring derived from this method are chimeric, i.e., not all cells carry the
retrovirus. Transmission of the transgene is possible only if the retrovirus integrates into
some of the germ cells.

(d) Sperm-mediated Gene Transfer

Sperms may be coated with the target DNA or attached to the sperm through a linker
protein, and introduced through surgical oviduct insemination. It has been successfully
used in pigs.

With the above techniques the success rate in terms of live birth of animals containing
the transgene is extremely low. If there is birth, the result is a first generation (F1) of
animals that need to be tested for the expression of the transgene. The F1 generation may
result in chimeras. When the transgene has integrated into the germ cells, the germ line
chimeras are then inbred for 10 to 20 generations until homozygous transgenic animals
are obtained and the transgene is present in every cell. At this stage embryos carrying the
transgene can be frozen and stored for subsequent implantation.

7.2.2.2.8.9 Application of genetic engineering in
industrial microbiology and biotechnology in general

The unparalleled ability of DNA to replicate and reproduce itself is truly remarkable.
What this means is that, put crudely, DNA of a given sequence coding for the production
of a polypeptide or protein in organism A will lead to the production of the same
polypeptide or protein if the same sequence is put into organism B. This is the basic
assumption underlying the numerous advances in our manipulation of the biotic world
for the benefit of humans. This section looks only at some of the numerous positive
changes recombinant DNA technology has contributed to spreading a better quality of
life to millions of people around the world through improvements in agriculture, health
care delivery and industrial productivity.
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(i) Production of Industrial Enzymes
Genetically engineered bulk enzymes are used mostly in the food industry (baking,
starch manufacture, fruitjuices), the animal feed industry, in textile manufacture, and in
detergents. A leading manufacturer of these enzymes among world manufacturer is
Novo Enzymes of Denmark.

The advantages of using engineered enzymes are as follows:

(a) such enzymes have a higher specificity and purity;

(b) it is possible to obtain enzymes which would otherwise not be available due to
economical, occupational health or environmental reasons;

(c) onaccount of the higher production efficiency there is an additional environmen-
tal benefit through reducing energy consumption and waste from the production
plants;

(d) for enzymes used in the food industry particular benefits are for example a better
use of raw materials (juice industry), better shelf life of the final food and thereby
less wastage of food (baking industry) and a reduced use of chemicals in the
production process (starch industry);

(e) for enzymes used in the animal feed industry particular benefits include a
significant reduction in the amount of phosphorus released to the environment
from farming.

Two enzymes will be discussed briefly: chymosin (rennets) and bovine somatotropin
(BST).

Chymosin is also known as rennets or chymase and is used in the manufacture of cheese.
It used to be produced from rennets of farm animals, namely calves. Later it was produced
from fungi, Rhizomucor spp. Over 90% of the chymosin used today is produced by E. coli,
and the fungi, Kluyveromyces lactis and Aspergillus niger. Genetically engineered

Table7.7  Some genetically engineered industrial enzymes (selected from brochure by Novo
Industries of Denmark)

Type of enzyme Main application
Alpha-amylase/Bacillolysin/Xylanase Brewing industry, starch industry, baking industry
Amyloglucosidase Alcohol industry, fruit processing
Cellulase Detergent industry; textiles
Decarboxylase Brewing industry
Glucoamylase Alcohol industry, starch industry
Glucose oxidase Baking industry
Lipase Oils and fats industry; baking industry; dairy

industry; leather industry
Lipase Pasta/noodles
Maltogenic amylase Starch industry, baking industry
Pectate lyase Textile industry, fruit processing
Pectinesterase Fruit processing
Phytase Animal feed industry
Protease Meat industry; detergent industry

Pullulanase/ Amyloglucosidase Starch industry, fruit processing
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chymosin is preferred by manufacturers because while it behaves in exactly the same
way as calf chymosin, it is purer than calf chymosin and is more predictable.
Furthermore, it is preferred by vegetarians and some religious organizations.

Bovine Somatotropin (BST) is a growth hormone produced by the pituitary glands of
cattle and it helps adult cows produce milk. It is produced by genetic engineering in E. coli
using a plasmid vector. Supplementing dairy cows with bovine somatotropin safely
enhances milk production and serves as an important tool to help dairy producers
improve the efficiency of their operations. The use of supplemental BST allows dairy
farmers to produce more milk with fewer cows, thereby providing them with additional
economic security. It is marketed by Monsanto as Posilac.

(ii) Enhancing the activities of Industrial Enzymes

Through protein engineering it has been possible to enhance the properties of proteins to
make them more stable to denaturation, more active in their biocatalytic ability and even
to design new properties in existing enzymes. The properties of proteins are due to their
conformation which is a result of their amino acid sequence. Certain amino acids in a
protein play important parts in determining the stability of the protein to high
temperatures, specificity and stability to acidity. In protein engineering changes are
caused to occur in the protein by changes in the nucleotide sequence; a change of even a
single nucleotide could lead to a drastic change in a protein. Many industrial processes
are carried out at elevated temperatures, which can unfold the proteins and cause them to
denature. The addition of disulphide bonds helps to stabilize them. Disulphide bonds
are usually added by engineering cysteine in positions where it is desired to have the
disulphide bonds. The addition of disulphide bonds not only increases stability towards
elevated temperatures, but in some instances also increases stability towards organic
solvents and extremes of pH. An example of the increase of stability to elevated
temperatures due to the addition of disulphide bonds is seen in xylanase.

Xylanase is produced from Bacillus circulans. During paper manufacture, wood pulp is
treated with chemicals to remove hemicelluloses. This treatment however leads to the
release of undesirable toxic effluents. It is possible to use xylanase to breakdown the
hemicellulose. However, at the time when bleaching is done, the pulp is highly acidic as
a result of the acid used to digest the wood chips to produce wood pulp. The acid is
neutralized with alkali, but the temperature is still high and would denature native
xylanase. I silico (i.e. computer) modeling showed the sites where disulphide bonds can
be added without affecting the enzyme’s activity. The introduction of the disulphide
bonds did increase the thermostability of the enzyme, making it possible to keep 85% of
its activity after 2 hours at 60°C whereas the native enzyme lost its activity after about 30
minutes at the same temperature.

Another way in which enzyme activity can be enhanced by protein engineering is to
actually increase the activity of the enzyme. This can be done only with an enzyme whose
conformation, including the active sites, is thoroughly understood. Using in silico
modeling, it is possible to predict the effect of changing amino acids at the active site of an
enzyme. This has been done with the enzyme tRNA synthase from Bacillus
stearothermophilus.

Various other properties have been engineered into proteins including a modification
of the metal co-factor and even a change in the specificity of enzymes.
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Fig. 7.12 Stabilizing Enzymes through the Introduction of Disulfide Bonds

(iii) Engineered Products or Activities Used for the Enhancement of Human Health

Engineered health care products and activities can be divided into: a) those used to
replace or supplement proteins produced by the human body in insufficient quantities or
not produced at all; b) those involving the replacement of a defective gene; c). those that
are used to treat disease, d) those that are used for prophylaxis or prevention of disease,
i.e., vaccines, or e) those that are used for the diagnosis of disease (Table 7.8). Only insulin

and edible vaccines will be discussed.

Table 7.8 Some genetically engineered health related products

Product

Application

Hormones
Insulin
Human growth hormone (somatotropin)
Follicle stimulating hormone

Immune System Participants
Tumor necrosis factor
Interleukin 2
Lysozyme
A-Interferon

Blood components
Erythropoeitin
Tissue plasminogen activate
Factor VIII

Enzymes
Human DNase I

Treatment of diabetes

Treatment of dwarfism

Treatment of some disorders of the
reproductive system

Anti-tumor agent
Treatment of some cancers
Anti-inflammatory agent
Antiviral

Treatment of anemia and cancers
Dissolves blood clots

Treating hemophilia

Treatment of cystic fibrosis
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(1) Insulin

Insulin is a hormone produced by the pancreas; hormones are small proteins. Insulin is
used to treat diabetes of which there are there three types, only two of which are relevant
to this discussion.

Type 1 diabetes (previously known as insulin-dependent diabetes) is an auto-immune disease
where the body’s immune system destroys the insulin-producing beta cells in the
pancreas. This type of diabetes, also known as juvenile-onset diabetes, accounts for 10-
15% of all people with the disease. It can appear at any age, although common under 40,
and is triggered by environmental factors such as viruses, diet or chemicals in people
genetically predisposed. To live, people with type 1 diabetes must inject themselves with
insulin several times a day and follow a careful diet and exercise plan.

Type 2 diabetes (previously known as non-insulin dependent diabetes) is the most common
form of diabetes, affecting 85-90% of all people with the disease. This type of diabetes,
also known as late-onset diabetes, is characterized by relative insulin deficiency. The
disease is strongly genetic in origin but lifestyle factors such as excess weight, inactivity,
high blood pressure and poor diet are major risk factors for its development. Symptoms
may not show for many years and, by the time they appear, significant problems may
have developed. People with type 2 diabetes are twice as likely to suffer cardiovascular
disease. Type 2 diabetes may be treated by dietary changes, exercise and/or medications.
Insulin injections may later be required.

The third type affects pregnant women, is less common, and will not be discussed.

Genetically engineered insulin was the first major product of biotechnology. As
insulin from some animals is similar to human insulin, beginning from the 1920s, insulin
isolated from the pancreas of farm animals, mainly pigs and cows, was used to treat
diabetes. There were several problems with this product. First it takes several months for
animals to mature and be ready to be slaughtered for their pancreas. This made animal-
based insulin expensive since it was difficult to meet the demand. Furthermore such
animal insulin caused immune reactions in some patients and a few became intolerant or
resistant to animal insulin. For a more effective solution the then new technology of
recombinant DNA was resorted to. In 1978, in the laboratory of Herbert Boyer at the
University of California at San Francisco, a synthetic version of the human insulin gene
was constructed and inserted E. coli. In 1982 Eli Lilly Corporation was granted approval
for its genetically engineered insulin. Insulin is a small protein, and today’s insulin is
produced with a synthesized gene, which is expressed in a yeast.

Insulin consists of two amino acid chains: the A peptide chain which is acidic and
with 21 amino acids and the B peptide chain which is basic and has 30 amino acids.
When synthesized the A and B chains are further linked by a 30 amino acid C peptide
chain to produce a structure known as pro-insulin. Pro-insulin is cleaved enzymatically
to yield insulin. (Fig. 7.13).

(2) Edible vaccines

An innovative new approach to vaccine production is the surface expression of the
antigen of a bacterium in a plant. Most current immunization is done by injection
(parenteral delivery) and rarely results in specific protective immune responses at the
mucosal surfaces of the respiratory, gastrointestinal and genito-urinary tracts. Mucosal
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Top: Structure of insulin. The A chain has 21 amino acids (represented by circles) and the B chain has 30
amino acids. The A and B chains are linked by disulfide bond between cysteine residues (filled circles)

Bottom: Synthesis of Insulin: Proinsulin, the Precursor of Insulin
When synthesized proinsulin consists of an 81-amino acid polypeptide. The C chain is then cleaved off by
a protease (P) to yield insulin.

Fig. 7.13 Structure and Synthesis of Insulin

immune responses represent a first line of defense against most pathogens. In contrast,
mucosally targeted vaccines achieve stimulation of both the systemic as well as the
mucosal immune networks. In addition, mucosal vaccines delivered orally increase
safety and compliance by eliminating the need for needles. In addition many vaccines
depend on the need of maintenance of a ‘cold chain’ (refrigeration) for delivery. Many
developing countries, lack the resources to maintain the chain giving rise to many cases
of vaccine failure, along with the fact they lack the resources and technology for
fermentation industries. Both of these factors create constraints in vaccine use in the
developing world, where these vaccines are needed the most. Combining a cost-effective
production system with a safe and efficacious delivery system, plant edible vaccines,
provide a compelling new opportunity.

Plant-based oral vaccines are cheap, safe and efficient. From the point of the little child
receiving the vaccine, a smile might be elicited when a ‘banana’ vaccine is eaten rather
the sharp cry of the pain of a needle! Vaccines have been produced in several plants,
including a vaccine against dental carries caused by Streptococcus mutans, which was
produced in the tobacco. Two other interesting examples are the expression of the rabies
external antigen in tomatoes and the hepatitis virus antigen in lettuce.

7.2.2.2.8.10 Genetically engineered plants

Plants have been engineered for the introduction of many new desirable properties.
Collectively these attainments represent a major triumph of biotechnology, enabling us to
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Table 7.9 Vaccines produced in plants

Vaccine against Plant
Cholera Potato
Foot and mouth disease Arabidopsis
Herpes virus Tobacco
Norwark (diarrhea) virus Potato
Rabies Tobacco

achieve in a few years what would take traditional plant breeding decades to attain, if at
all. Some genetic engineering achievements would be impossible with traditional plant
breeding methods since in the latter, the introduction of new genetic properties occurs
only through the exchange of sexual materials (in the pollen grains) of the same species.
In genetic engineering the natural species barrier is not recognized since the DNA
sequence introduced into a plant can come from another plant of a different species or
even from a non-plant source such as a bacterium, and indeed may even be synthesized.
The introduction of some genetically engineered foods has met with public resistance,
although many have been shown to be safe. What is required is continued public
education about their safety before their introduction, and constant sensitivity to public
opinion thereafter.

The ensuing discussion will be under two headings, a) improving field, production or
agronomic traits and b) modification of consumer products.

Improving Field or Production Characteristics

Numerous improvements have been made in agricultural crops by introducing into them
genes coding for the desired properties, but only plant engineering for herbicide
resistance, resistance to viral diseases, resistance to insect pests, and resistance to salt
stress will be discussed.

(i) Engineering Plants for Herbicide Resistance

An estimated US $10 billion is spent annually on weed killers. In spite of this about 10%
of world crop production is lost to weeds. Herbicides (weed killers) target processes that
are essential and unique to plants. These processes are however important to plants and
weeds alike, and getting methods that are selective for either is difficult. One method that
is used is to engineer crops so they become resistant to the weed killer. Plants can become
resistant to herbicides in one of the four following ways:

(a) overproduction of the herbicide sensitive target, so that some is still left for the
proper cell function despite presence of the herbicide in the cell;

(b) reduction of the ability of the herbicide-sensitive target protein to bind to the
herbicide;

(c) engineering into plants the ability to metabolically inhibit the herbicide;

(d) inhibition of the uptake of the herbicide.

It is important to have some idea of the modes of action of herbicides so as to

understand how the genetic engineering is to proceed. The most common modes of action
are given below and examples of herbicides in each group are given in parenthesis:
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* Auxin mimics (2,4-D, clopyralid, picloram, and triclopyr), which mimic the plant
growth hormone auxin causing uncontrolled and disorganized growth in
susceptible plant species;

e Mitosis inhibitors (fosamine), which prevent re-budding in spring and new
growth in summer (also known as dormancy enforcers);

e Photosynthesis inhibitors (hexazinone, bromoxynil), which block specific
reactions in photosynthesis leading to cell breakdown;

* Amino acid synthesis inhibitors (glyphosate, imazapyr, and imazapic), which
prevent the synthesis of amino acids required for construction of proteins;

¢ Lipid biosynthesis inhibitors (fluazifop-p-butyl and sethoxydim), that prevent the
synthesis of lipids required for growth and maintenance of cell membranes.

Engineering plants for resistance to glyphosate will be discussed. Glyphosate (N-
phosphonomethylglycine) is a non-selective, broad spectrum herbicide that is
systematically translocated to the meristems of growing plants. It causes shikimate
accumulation through inhibition of the chloroplast localized EPSP synthase (5-
enolpyruvylshikimate-3-phosphate synthase; EPSPs) [EC 2.5.1.19]. Resistance to the
herbicide glyphosate has been developed for soybean. Glyphosate is said to be
environmentally-friendly as it does not accumulate in the environment because it is
easily broken by soil bacteria. Glyphosate kills plants by preventing the synthesis of
certain amino acids produced by plants but not animals. It acts by inhibiting the enzyme
5-enolpyruvyshikimate-3-phosphate synthase (EPSPS), an enzyme in the shikimate
pathway (Fig 7.14) and plays an important part in the synthesis of aromatic amino acids
in plants and bacteria. An EPSPS gene isolated from a glyphosate-resistant E. coli was
linked to a plant promoter and termination transcription sequence and cloned into plant
cells. Tobacco, tomato, potato, petunia, and cotton have been transfected with glyphosate
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resistance in this way. They produce large amounts of EPSPS, enough to leave some for
the plants cells to utilize for their metabolism after neutralization of a portion by
glyphosate.

An example of a case where the plant is engineered to inactivate the herbicide before it
can act is bromoxynil, a photosynthesis inhibitor. Plants were made resistant to this
herbicide by engineering into them the gene for nitrilase obtained from the bacterium,
Klebsiella ozaenae. Nitrilase inactivates bromoxynil before it can act.

(ii) Engineering Plants for Pathogenic Microbe Resistance

The majority of microbes attacking plants are fungi, but some bacterial diseases of plants
do exist. Plants are conventionally sprayed with chemicals to eliminate fungal
pathogens. Such chemicals sometimes are not always easily biodegradable, and they
may also find their way into food. A genetic approach which bypasses this problem is to
engineer into plants anti-fungal proteins such as the gene coding for chitinase, an
enzyme which hydrolyzes chitin, a polymer of the amino sugar N-acetyl glucosamine.
Chitinase gene from bean has been cloned into tobacco where chitinase stopped the
attack by the fungus, Rhizoctonia solani. Chitinase is one of the ‘pathogen-related
proteins’ (PRs) synthesized by plants; they also synthesize ant-fungal peptides known
as defensins. Genes coding for these are sought from source of high productivity and
cloned into plant to protect them.

Plant resistance to bacterial disease has also been genetically engineered. For example,
the o-thionin gene from barley has been shown to confer resistance to a bacterial
pathogen, Pseudomonas syringae in transgenic tobacco.

With regard to engineering plants against viruses, when the viral coat of a plant virus
is engineered into a plant, that plant usually becomes resistant to the virus from which
the coat comes. Often the plant is also resistant against other unrelated viruses.

(iii) Engineering Plants for Insect Resistance

Insect pests are devastating to crops, about US $5 billion are currently being used to
control them annually with chemicals. The advantages of using biological means of
controlling insect pest have been highlighted in Chapter 17. The methods described
relate to the use of biological insecticides which are sprayed on plants. Such sprayed
insecticides have the disadvantage that thet are inactivated by ultraviolet rays from the
sun or may be washed away by the rain. Genetic engineering of crops for resistance
against insect pests has the advantage that the active constituents are protected from the
environment and remain within the plant.

The major strategy of producing plants resistant to insect pests is to engineer the gene
for producing the toxic crystals of Bacillus thuringiensis (Bt) into plants. These crystals are
produced in Bt but in no other Bacillus sp. They are small proteins and are highly specific
against given insects. In such susceptible insects they bind to receptors in the gut lining
of the insects, dissolve in the alkali milieu therein and create holes in the gut lining
through which gut contents leak out, leading to death. The gene for Bt toxin has been
engineered into cotton, tomatoes and numerous other plants (Fig. 7.15).

Alternative strategies which have been inspired by the fact that Bt toxins do not affect
some insects, is to engineer into plants two groups of enzymes which inhibit digestive
enzymes in the insect gut: amylase inhibitors and protease inhibitors. In effect the insect
starves to death.
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Fig. 7.15 Cloning Vector Carrying a B. thuringiensis (Bt) Insecticidal Toxin Gene

Another strategy for developing insect resistance in plants is to engineer into the plant
the gene for cholesterol oxidase, which is present in many bacteria. Cholesterol oxidase
catalizes 3-hydroxysteroids to ketosteroids and hydrogen peroxide (Chapter 26). Small
amounts of this enzyme are very lethal to the larvae of boll weevil which attacks cotton. It
is possible that the cholesterol oxidase acts by disrupting the insect larva’s alimentary
canal epithelium leading to its death.

(iv) Genetically Engineering Plants to Survive Water and Salt Stress

Many parts of the world have desert or near desert conditions where water is in short
supply. Added to this is the fact that salt used for treating ice in the winter finds its way
into agricultural land. These factors create conditions which bring plants into conditions
of water (drought) and salt stress. To survive under

these conditions, many plants synthesize com- s CHj
pounds known as osmoprotectants. They help the

plant increase its water uptake as well as retain the "":__,_,..(3|—[..3
water absorbed. Osmoprotectants include sugars, - N\\
alcohols and quartenary ammonium compounds. 0 GHg

The quartenary ammonium compound, betaine, is a
powerful osmoprotectant and the gene encoding it
obtained from E. coli has enabled plants into which it was cloned survive drought better
than un-engineered plants.

Fig 7.16 Betaine

Modification of Plant Consumer Products

This section looks at how genetic engineering has been used to modify the plant food
which comes to the consumer as opposed to the previous section which dealt with the
concerns of the farmer or the producer.

(i) Maintenance of Hardness and Delayed Ripeness in Fruits

During post-harvest transportation of fruits to supermarkets these fruits sometimes ripen
and become soft due to the natural processes which go on within the fruit. These natural
processes include the production of polygalacturonase (PG) (which hydrolyzes pectin)
and cellulases by the fruit. In tomatoes the softening of the fruit is inhibited by
engineering an anti-sense PG producing gene into the plant, enabling the fruit to ripen on
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the plant before harvesting instead of harvesting them while still green. Such tomatoes
have a longer shelf life while retaining the taste of regular tomatoes. The genetically
engineered tomato known as Flavr Savr was approved by the FDA in 1994 as safe for
human use. In anti-sense technology, a gene sequence is inserted in the opposite
direction, so that during transcription, mRNA complimentary to the normal RNA is
produced. The anti-sense mRNA therefore binds to the normal inhibiting translation.
The netresultis that the gene is shut off and in the particular case of PG the fruit-softening
enzyme is reduced to about 1% of the normal, thereby inhibiting softening of the fruit and
possible microbial attack thereafter.

In climacteric fruits (i.e., fruits that are picked before they are ripe) such as tomatoes,
avocados, and bananas, the initiation of ripening is associated with a burst in ethylene
biosynthesis. After harvesting unripe fruits such as bananas may be treated with
ethylene to induce simultaneous ripening. Ethylene has been described as a gaseous
plant hormone: extraneous ethylene and ethylene generated by the plant equally induce
ripening. Ethylene is a gaseous effector with a very simple structure. In higher plants,
ethylene is produced from L-methionine (Fig 7.17). A major step is the production of the
non-protein amino acid 1-aminocyclopropane-1-carboxylic acid (ACC), catalysed by the
enzyme ACC synthase. It has numerous functions in higher plants. It stimulates the
following activities: the release of dormancy, leaf and shoot abscission, leaf and flower
senescence, flower opening and fruit ripeneing.

Two biotechnological strategies have been pursued to control ethylene action on fruit
ripening. One approach taken in tomato was designed to inhibit biosynthesis of ethylene
within the plant by the use of antisense expression of ACC synthase. In a second
approach, a mutated ethylene receptor from Arabidopsis was introduced into tomato and
petunia. This resulted in delayed fruit ripening.

(ii) Engineering Sweetness into Foods

The taste of fresh tomatoes and lettuce is well known in sandwiches. Some enjoy these
items with greater relish with the addition of sweet tasting tomato ketchup. Sweet taste
has been engineered into tomatoes and lettuce by cloning into them the synthesized gene
coding for monellin. Monellin is a protein which is 3,000 times sweeter than sucrose by
weight; it is naturally obtained from the red berries of the West African plant,
Dioscoreophyllum comminsii Diels, and has been expressed in yeast. A major attraction of
sweeting tomatoes and lettuce with this protein is that it is ‘weight-friendly’. Several
sweet proteins which might be similarly engineered into foods are shown in Table 7.11.

(iii) Modification of Starch for Industrial Purposes

Starch consists of amylose in which the glucose molecules are configured in a straight
chain in the a-1-4 linkage, and the branched chain amylopectin which has o-1,4 and o-
1,6 linkages (Chapter 4). Starches from different plants have different percentages of
amylase and amylopectin, but generally in the order of 30% amylase to 70 to 80%
amylopectin. Starch is used for making several industrial products such as glue, gelling
agent or thickener. For some purposes it may be desirable to have starch that has a
preponderance of amylase. When that is the case, antisense technology has been used to
block the formation of the amylopectin component of starch, giving rise to a product with
only about 20%.
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Table 7.10 Some sweet tasting proteins produced by plants

S/No Name Plant Sweetness ratio
over sucrose (w/w)
1 Thaumatin Thaumatococcus danielli Benth 3,000
2 Monellin Dioscoreophyllum cumminsii Diels 3,000
3 Brazzein Pentadiplandra brazzeana 2,000
4 Curculin Curculingo latifolia 550

One further modification is the engineering into a starch source the enzymes needed to
convert starch to high fructose syrup. In the production of high fructose syrup, the starch
is first converted to glucose by o-amylase and thereafter the resulting glucose is converted
to high fructose syrup by glucose isomerase. Both operations are normally done
sequentially. However, both enzymes have been linked together and engineered into
potato and the potato starch converted into fructose in one operation with consequent
saving in costs.
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Table 7.11 Modification of Canola oil for different purposes

Seed product Commercial use(s)

40% Stearic Margarine, cocoa butter

40% Lauric Detergents

60% Lauric Detergents

80% Oleic Food, lubricants, inks

Petroselinic Polymers, detergents

“Jojoba” wax Cosmetics, lubricants

40% Myristate Detergents, soaps, personal care items

90% Erucic Polymers, cosmetics, inks, pharmaceuticals
Ricinoleic Lubricants, plasticizers, cosmetics, pharmaceuticals

(iv) Modifying Flower Pigmentation and Delaying Wilting and Abscision in Flowers
The flower business is of the order of many billions of dollars annually. Most of the
market centers around four flowers: roses, carnations, tulips, and chrysanthemumes.
Hundreds of different flowers differring in shape, size, color, fragrance, and structure
have become available through tradional plant breeding. But the usual shortcomings
have also affected this industry: the slow pace of the plant breeding, the uncertainty of the
the results of the efforts and the limitation imposed by the paucity of the genes available
in traditional plant breeding.

Genetic engineering has now been introduced and has helped to extend the range of
the variety of flowers. A group of flavonoids, anthocyanins (Chapter 22) are commonest
pigments in flowers. Anthocyanins are glucosides of phenolic compounds produced in
plants, some being colorless, while many are responsible for the colors in plants. The
aglycone (non-sugar) protions of anthocyanins are derived from the amino acid
phenylalanine. The color which they bear is determined by the chemical nature of the
side chain substituent. By blocking some of the genes in the pathway of anthocyanin
synthesis using anti-sense technology or introducing toally new genes it is possible to
create flowers with new colors (Fig. 7.18).

It is also known that flower wilting and abscission are controlled by ethylene in the
same way as it does with fruits. When a mutated ethylene receptor from Arabidopsis was
introduced into petunia, it led to delayed petal fading, and in delayed flower abscission.

(v) Modification of Nutritional Capabilities of Crops

Genetic engineering has enabled the introduction of new nutritional capabilities in
crops, in a much shorter time and in a range of qualities impossible with traditional
breeding. Unlike genetic engineering which can cross the species barrier, plant breeding
deals with the collection of genes within the species. The amino acid content of foods, the
lipid composition, the amylose/amylopectin ratio of starch, the vitamin contents and
even the mineral contents of foods have all been modified by genetic engineering.

(a) Engineering Vitamin A into Rice

‘Golden rice’ has been prepared by engineering it beta-carotene, a substance which the
body can convert to Vitamin A to combat vitamin A deficiency (VAD), a condition which
afflicts millions of people in developing countries, especially children and pregnant
women. Severe Vitamin A deficiency (VAD) can cause partial or total blindness; less
severe deficiencies weaken the immune system, increasing the risk of infections such as
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Most flowers derive their color from anthocyanins which are synthesized from the amino acid phenyl
alanine. The color of the flower depends on the possession by the plant of genes which can code for the
the enzymes whose reactions result in the various colors in flowers. In the figure above the plant must
possess the gene coding for the enzyme CHI (chalcone synthase) which produces 4,2’,4',6'-
Tetrahydroxychalcone from the two intermediates indicated and gives rise to yellow flowers. Lower down
the chain the critical enzymes are DFR ( Dihydroflavonol 4-reductase) and 3GT (UDP-glucose: flavonoid 3-
O-glucosytransferase. These two enzymes DFR and 3GT will convert intermediates to compounds which
will give rise brick red, red, or yellow flowers. By manipulating the pathway through introducing various
genes, flowers of different colors can be produced at will (see text).

Fig. 7.18 Synthesis of Anthocyanins in Flowers

measles and malaria. Women with VAD are more likely to die during or after childbirth.
Each year, it is estimated that VAD causes blindness in 350,000 preschool age children,
and itis implicated in over one million deaths. Golden rice was created by transforming
rice with three beta-carotene biosynthesis genes: psy (phytoene synthase) and Iyc
(lycopene cyclase) both from daffodil (Narcissus pseudonarcissus), and crt1 from the soil
bacterium Erwinia uredovora. The psy, lyc, and crt]l genes were transformed into the
nuclear genome and placed under the control of an endosperm specific promoter, so that
they are only expressed in the endosperm. The plant endogenous enzymes process the
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lycopene to beta-carotene in the endosperm, giving the rice the distinctive yellow color
which gave it the name ‘golden’.

(b) Engineering Amino Acids into Legumes and Cereals

The seed storage compounds in cereals such as corn usually contain proteins deficient in
the essential amino acids lysine and methionine. Storage proteins found in many
legumes are sometimes deficient in these two essential amino acids, or cysteine. Corn and
many grain legumes are used as animal feeds, and feeds made from them have to be
supplemented with the deficient amino acids. Legumes such as lupine have been
engineered to express sunflower seed albumin which is unusually rich in the sulfur-
containing amino acids methionine and cysteine. High-lysine corn is currently available,
but engineering lysine, methionine and or cysteine into corn is almost certainly a matter
of time

(c) Modifying Fats and Oils for Various Purposes

Plant oils are derived from soybean, oil palm, sunflower, and rapeseed (canola) and to a
lesser extent from the endosperm of corn. Most of the oils is used for margarine
manufacture, as fats for baking, for salads and for frying. The extent to which an oil is
liquid at room temperature depends on the degree of unsaturation, i.e., the number of
double bonds it has. For industrial purposes oils are also used in cosmetics, in detergents,
soaps, confectionaries, and as drying agents in paints and inks. Each use to which the
oils are put requires a different property. For example oils which contain conjugated
double bonds (in contrast to those which contain double bonds separated by methyl
groups— CH, (Fig. 7.19) require less oxgene for polymerization and hence dry more
quickly in paints and inks. Genetic engineering has been used to modify oils for various
uses. Thus canola oil from rapeseed has been genetically modified for use in various
products.

CH,=CH—CH=CH—CH;, CH,—=CH—CH,—CH=CH,
Fig. 7.19 Cojugated Double Bonds

Soyoil has been genetically modified by DuPont to make it more suitable as an edible
oil and also for certain industrial uses including the manufacture of inks, paints,
varnishes, resins, plastics, and biodiesel.

Soybean oil is a complex mixture of five fatty acids (palmitic, stearic, oleic, linoleic, and
linolenic acids) that have vastly differing melting points, oxidative stabilities, and
chemical functionalities. The most notable example, developed by researchers at DuPont,
is the transgenic production of soybean seeds with oleic acid content of approximately
80% of the total oil. Conventional soybean oil, by comparison, contains oleic acid at levels
of 25% of the total oil. The high oleic acid trait was obtained by down regulating the
expression of FAD2 genes that encode the enzyme, which converts the monounsaturated
oleic acid to the polyunsaturated linoleic acid. High-oleic oils with elevated oleic acid
content are generally considered to be healthier oils than conventional soybean oil,
which is an omega-6 or linoleic acid-rich oil. From an industrial perspective, the high
content of oleic acid and low content of polyunsaturated fatty acids result in an oil that
has high oxidative stability. In addition, soybean oil is naturally rich in the vitamin E
antioxidant gamma-tocopherol, which also contributes to the oxidative stability of high
oleic acid soybean oil. High oxidative stability is a critical property for lubricants.
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Genetic engineering can also be used to produce soybean oil with high levels of
linolenic acid, a polyunsaturated fatty acid with low oxidative stability. Soybean seeds
with linolenic acid content in excess of 50% of the total oil have been generated by
increasing the expression of the FAD3 gene, which encodes the enzyme that converts
linoleic acid to linolenic acid The linolenic acid content of conventional soybean oil, in
contrast, is approximately 10% of the total oil. The low oxidative stability associated with
high linolenic acid oil is a desirable property for drying oils that are used in coating
applications, such as paints, inks, and varnishes.

Significant progress has been made in the development of chemical methods for
enhancing the functionality of soybean oil for the production of polyols from soybean oil
which may eventually lead to a number of industrial applications, including the
production of polyurethanes.

7.2.2.2.8.11 Transgenic animals and plants as biological fermentors (or Bioreactors)

Transgenic animals and plants have been used to produce high-quality pharmaceutical
substances or diagnostics. The procedure is known as ‘pharming’ from a parody of the
word pharmaceutical; it is also known as ‘molecular farming” or ‘gene pharming’ and
the transgenic plants or animals used are sometimes referred to as animal or plant
‘bioreactors’ or “fermentors’. Therapeutically active proteins already on the market are
usually produced in bacteria, fungi, or animal cell cultures. However microorganisms
usually produce comparatively simple proteins; furthermore microorganisms are not
always able to correctly assemble and fold complex proteins. If the protein structure is
very complicated, such microorganisms may produce defective clumps.

In pharming, transgenic animals are mostly used to make human proteins that have
medicinal value. The protein encoded by the transgene is secreted into the animal’s milk,
eggs or blood or even urine, and then collected and purified. Livestock such as cattle,
sheep, goats, chickens, rabbits and pigs have already been modified in this way to
produce several useful proteins and drugs. Some human proteins that are used as drugs
require biological modifications that only the cells of mammals, such as cows, goats and
sheep, can provide. For these drugs, production in transgenic animals is a good option.
Using farm animals for drug production has many advantages: they are reproducible,
have flexible production, and are easily maintained. Since the mammary gland and milk
are not part of the main life support systems of the animal, there is not much risk of harm
to the animal making the transgenic protein. To ensure that the protein coded in the
transgene is secreted in the milk, the transgene is attached to a promoter which is only
active in the mammary gland. Although the transgene is present in every cell of the
animal, it is only active where the milk is made. Some examples of the drugs currently
being tested for production in animals are antithrombin III and tissue plasminogen
activator used to treat blood clots, erythropoietin for anemia, blood clotting factors VIII
and IX for hemophilia, and alpha-1-antitrypsin for emphysema and cystic fibrosis.

A good example of the need for processing a protein in an animal is seen in the silk of
the golden spider, Nephila clavipes. The dragline form of spider silk is regarded as the
strongest material known; it is five times stronger than steel. People have actually tried
starting ‘spider farms’ to harvest silk, but the spiders are too aggressive and territorial to
live close together. They also like to eat each other. Though the genes for dragline silk
were isolated several years ago, attempts to produce it in bacterial and mammalian cell
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culture have failed. When the genes were put into a goat and expressed in the mammary
glands, however, the animal produced silk proteins in its milk that could be spun into a
fine thread with all the properties of spider-made silk. This can be used to make lighter,
stronger bulletproof vests, thinner thread for surgery and stitches or indestructible clothes.

The advantage of using biological fermentors have been put as follows: lower drug
prices for consumers, production of drugs unavailable any other way, new value-added
products for farmers, and inexpensive vaccines for the developing world.

(a) Lower drug costs

Expected savings on infrastructure and production costs lead companies producing
‘pharm’ and industrial crops to predict drug prices 10 to 100 times lower than current
prices. The cost of treating a patient with Fabry’s disease, currently as much as US
$400,000 a year, for example, is predicted to drop to approximately US $40,000 annually.
Similarly, it is claimed that the leaves from only 26 tobacco plants could make enough
glucocerebrosidase, currently one of the most expensive drugs in the world, to treat a
patient with Gaucher’s disease for a whole year. Regarding plants, the biggest factor in
reducing costs is the high yields of recombinant proteins attainable in transgenic plants.
Production costs for corn systems are estimated at between US $10 and US $100 per gram
for proteins that currently cost as much as US $1,000 per gram. Dollar figures based on
large-scale tobacco production vary widely from less than US $10 per gram to US $1000
per gram. If realized, these projections would represent substantial savings over current
costs.

(b) Faster, more flexible manufacturing

Abundantly available commodity like corn and the environment as a production inputs
could cut not only production costs but also capital investment in, and the time it takes to
increase, manufacturing infrastructure. Very rapid scale-up (or scale-down) of a
production pipeline in response to the market or other factors and new drugs could,
theoretically, become available sooner.

(c) Drugs unavailable any other way

Cheap production also means that drugs that could not be produced cheaply enough at
high volume through conventional methods might become economically viable using
genetically engineered crops. Monoclonal antibodies (‘plantibodies’) fall into this
category. One company’s idea for such a product is a monoclonal antibody against
bacteria responsible for tooth decay, which could be used as a dental prophylactic. A
topical therapeutic for herpes, as well as antibodies for the treatment of many other
diseases, are also under development.

(d) New value-added agricultural products
These crops producing pharmaceutical products could be a boon to farmers, as they
could be economically viable alternatives to commodity production of corn or tobacco.

Special Advantages of Plants as Biological Fermentors

Apart from the advantages accruing in the use of plants and animals as bioreactors, a
sector of the biotechnology industry views plants (in comparison with animals) as
preferable for protein production for the following reasons.
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Table 7.12 Human proteins synthesized in animals

Protein

Use

Animal(s)

o-1-anti-protease inhibitor
o-1-antirypsin

o-1-antirypsin deficiency
Anti-inflammatory

Goat
Goat, sheep

Antithrombin IIT Sepsis and disseminated intravascular Goat
coagulation (DIC)
Collagen Cow
Factor VII and IX Burns, bone fracture, incontinence Sheep, pig
Fibrinogen Hemophilia Pig, sheep
Human fertility hormones “Fibrin glue,” burns, surgery localized Goat, cow
chemotherapeutic drug deliver
Human hemoglobin Infertility, contraceptive vaccines Pig
Human serum albumin Blood replacement for transfusion Goat, cow
Lactoferrin Burns, shock, trauma, surgery Cow
LAtPA Bacterial gastrointestinal infection Goat
Monoclonal antibodies Venous stasis ulcers Goat
Tissue plasminogen activator Colon cancer Goat
Heart attacks, deep vein thrombosis,
pulomary embolism
Table 7.13 Some therapeutic agents produced in transgenic plants
Protein Plant(s) Application
Human protein C Tobacco Anticoagulant
Human hirudin variant 2 Tobacco, canola, Ethiopian Anticoagulant
mustard
Human gramulocyte-macrophage
colony-stimulating factor Tobacco Neutropenia
Human erythropoientin Tobacco Anemia
Human enkephalins Thale cress, canola Antihyperanalgesic by

Human epidermal growth factor

Human o-interferon
Human serum albumin
Human hemoglobin

Human homotrimetic collagen I

Human o-1-antitrypsin

Human growth hormone
Human aprotinin

Angiotension-1-converting enzyme Tobacco, tomato

o-Tricosanthin
Glucocerebrosidase

opiate activity

Tobacco Wound repair/control of
cell proliferation

Rice, turnip Hepatitis C and B

Potato, tobacco Liver cirrhosis

Tobacco Blood substitute

Tobacco Collagen synthesis

Rice Cystic fibrosis, liver
disease, hemorrhage

Tobacco Dwarfism, wound healing

Corn Trypsin inhibitor for

transplantation surgery

Hypertension
Tobacco HIV therapy
Tobacco Gaucher disease
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(a) Plants are less controversial than animal production systems
Plants do not normally transmit animal pathogens (that can cause diseases like mad
cow). Products obtained by ‘pharming’ plants are promoted as safer than animal-
sourced proteins. It must, however, be borne in mind that plants as bioreactors may also
present their own risks of product contamination from mycotoxins, pesticides, herbicides
or endogenous plant secondary metabolites such as nicotine and glycoalkaloids.
Using plants as bioreactors also avoids any animal welfare and certain ethical
concerns associated with cloning animals and using them as bioreactors

(b) Inexpensive, easily delivered vaccines

Food plants engineered to contain pieces of disease agents can function as orally
administered vaccines, avoiding the need for injection and syringes. Currently, tomatoes
and other vegetables are under development for that purpose. Although the vaccines
would still have to be standardized for dose and delivered to patients one at a time, itis
hoped that the lower production costs and the convenience of avoiding refrigeration
would make the products attractive to the developing world.
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CHAPTER 8

The Preservation of the
Gene Pool in Industrial
Organisms: Culture
Collections

8.1 THE PLACE OF CULTURE COLLECTIONS IN
INDUSTRIAL MICROBIOLOGY AND
BIOTECHNOLOGY

The central importance of a microorganism in an industrial microbiological
establishment may sometimes be taken for granted. While a raw material may be fairly
easily substituted, the use of an organism different from one already in existence may
involve extensive experimentation and modification of established processes if the usual
products are to be obtained. It is therefore important that organisms whose genetic
potentials remain unchanged be constantly available. In other words, the gene pool of
organisms with desirable properties must be preserved and be constantly available.

The gene pool is the group of genes which collectively define a species and create the
distinctions which exist between one species and another. Thus, while genes which give
rise to the variations among humans exist in the gene pool of humans, such that they are
short or tall or fat or thin humans, humans are clearly distinct from other animals such as
cats, which have a completely different gene pool. It should also be mentioned that even
within the gene pool, there are groups of genes which define strains within the species. In
industrial microbiology, the strain is often more valuable than the species as the ability to
produce the unique characteristics of a product resides in the strain.

Industrial microbiological establishments usually keep a collection of the
microorganisms which possess the gene pools for producing the goods manufactured by
the establishment. This stock of organisms is known as a culture collection and ensures a
regular supply of organisms to be used in the manufacturing process. Organisms in a
culture collection are maintained in a low metabolic state in which replication of the cells
is kept to a minimum or even entirely restricted. Industrially important microorganisms
are often mutants, and the condition of low metabolism in which they are kept, limits
their tendency to revert to their low-yielding ancestors.
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In some circumstances organisms are maintained for comparatively short periods of
days in an active state in which they are immediately ready for use in fermentations; such
organisms are called working stock. In many breweries, for example, the producing yeasts
are reused sometimes for up to eight runs or more before being discarded. In the interval
between inoculations such yeasts are regarded by some workers as working stocks. It
must be borne in mind that working stocks stand the chance of contamination and/or
mutation, two serious problems inherent in industrial fermentations.

8.2 TYPES OF CULTURE COLLECTIONS

Culture collections in general, are an important part of the science of microbiology but, as
will be shown below, they are specially important in industrial microbiology. Culture
collections maintained by industrial establishments are usually specialized and store
mainly those used in that particular organization.

There are various kinds of culture collections. Some national culture collections
handle a wide variety of organisms, of whatever kind. The best known in this category is
the American Type Culture Collection (ATCC). Other collections are specialized and may
handle only pathogenic microorganisms, such as the National Collection of Type
Cultures (NCTC) in Colindale, London, UK or industrial microorganisms, such as
National Collection of Industrial Bacteria (NCIB) in Aberdeen, Scotland. Still others
almost exclusively handle one type of organism such as Center vor Braunsveitzer (CBS)
in Holland, which handles fungi exclusively. Many universities all over the world have
culture collections which reflect their range of microbiological interests.

Culture Collections around the world are linked by the World Federation of Culture
Collections (WFCC). The WFCC is an affiliate of the International Union of
Microbiological Societies (IUMS) the organization which links national microbiological
societies world wide. The WFCC is concerned with the collection, authentication,
maintenance, and distribution of cultures of microorganisms and cultured cells. Its aim is
to promote and support the establishment of culture collections and related services, to
provide liaison and set up an information network between the collections and their
users, and work to ensure the long term perpetuation of important collections. The WFCC
pioneered the development of an international database on culture resources worldwide.
The result is the WFCC World Data Center for Microorganisms (WDCM).

Culture Collections are organized on regional and international basis for the
exchange of cultures and ideas and include the Asian Network on Microbial Research
(ANMR), BCCCM (Belgium Co-ordinated Collections of Microorganisms), ECCO
(European Culture Collection Organization), JFCC (Japanese Federation of Culture
Collections), MICRO-NET (Microbial Information Network of China), MSDN (Microbial
Strain Data Network, UK), UKNCC (United Kingdom National Culture Collection),
USFCC (United States Federation of Culture Collections, USA). The WFECC maintains a
World Data Center for Microorganisms (WDCM) at the National Institute of Genetics
(NIG) in Japan, and has records on about 500 culture collections from 60 countries. A list
of culture collections around the world will be found in the Kirsop and Doyle, 1991.

Culture collections may be specialized and in-house such as those in industrial
establishments. Others are public and have the function of acquiring, identifying,
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preserving and distributing microorganisms and for a fee will supply cultures for in
teaching, research or to industry. Such culture collections receive cultures from all over
the world and thus serve the overall purpose of maintaining worldwide microbiological
biodiversity.

In addition to making available organisms for industrial use, the major culture
collections serve the important function of acting as depositories for microorganisms
mentioned in the patenting of microbiological processes.

8.3 HANDLING CULTURE COLLECTIONS

Cultures are expensive to purchase. They are usually, however, supplied at a discount
when used for reaching. Universities can however build their own cultures collections by
preserving cultures arising from their research.

An industrial process may be initiated with organisms obtained through the Patent
Office in connection with a patent. Often only one vial of such an organism is usually
available. Once growth has been obtained from that vial the organism should be
multiplied and stored in one or more of the several manners described below for the
preservation of primary stock organisms in a Culture Collection. No matter what the
source of a valuable organism, it is important that several replicates are stored
immediately for fear of contamination while tests are carried out to ascertain its potential
for fulfilling the expected activity. If the tests show that the expected antibiotic or other
desired metabolite is being produced in the expected quantity then stored organisms are
retained. The stocks of those organisms which proved negative at first sampling should
not be discarded in a hurry because further examination may show that poor
productivity was due to factors extrinsic to the organism such as an inadequate medium.
In order to identify the organisms they must be properly labeled and accurate records
kept of the handling of the organism. Date of transfer, the medium and the temperature of
growth, etc., must all be carefully recorded to afford a means of assessing the effect of the
preservation method.

8.4 METHODS OF PRESERVING MICROORGANISMS

Several methods have been devised for preserving microbial cultures. None of them can
be said to apply exclusively to industrial microorganisms. Furthermore, no one method is
suitable for preserving all organisms. The method most suited to any particular organism
must therefore be determined by experimentation unless the information is already
available.

Methods employed in the preservation of microorganisms all involve some limitation
on the rate of metabolism of the organism. A low rate of spontaneous mutation exists
during the growth of microorganisms, about once in every 10° division. Lowering the
metabolic rate of the organism will further reduce the chances of occurrence of mutations.
Preservation methods will be discussed under the following three headings, although it
should be understood that in practice the methods combine one or more of the following
three principles. The principles involved in preserving microorganisms are:

(a) reduction in the temperature of growth of the organism;
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(b) dehydration or desiccation of the medium of growth;
(c) limitation of nutrients available to the organism.

All three principles lead to a reduction in the organisms metabolism.

8.4.1 Microbial Preservation Methods Based on the
Reduction of the Temperature of Growth

8.4.1.1 Preservation on agar with ordinary refrigeration (4 — 10°C)

Organisms growing on suitable agar at normal growth temperatures attain the stationary
phase and begin to die because of the release of toxic materials and the exhaustion of the
nutrients. Agar-grown organisms are therefore refrigerated as soon as adequate growth
is attained as to preserve them.

a) Aerobic organisms

Agar slants: Aerobic organisms may be grown on agar slants and refrigerated at 4 —10°C
as soon as they have shown growth.

Petri dishes: Aerobic organisms may also be stored on Petri dishes. The plates may be
sealed with electrical tapes to prevent the plates from drying out on account of
evaporation. Electrical tapes of different colors may be used to identify special attributes
or groups among the cultures.

b) Anaerobic organisms: Anaerobic organisms may be stored onagar stabs which are then
sealed with sterile molten petroleum jelly.

Storage using the above agar methods has advantages and disadvantages.

The advantage is that agar storage methods are inexpensive because they do not
require any specialized equipment.

The disadvantages are

(a) The organisms must be sub-cultured at intervals which have to be worked for each
organism, medium used, laboratory practice, etc. This is because the temperature of
the refrigeration is not low enough to limit growth completely.

(b) Consequent on regular sub-culturing is the possibility that contaminations and or
mutations may occur.

(c) The third disadvantage is that Petri dishes occupies a lot of space in the refri-
gerator when compared with agar slants. But even agar slants are too bulky in
comparison with the small vials in which lyophilized (freeze-dried) cultures are
stored. Since plates occupy a lot of space, test tubes are usually preferred for storage
in refrigerators.

(d) The process of sub-culturing is tedious apart from the possibility of contamination
and mutation.

(e) When petroleum jelly is used as a seal, the arrangement can be messy.

Oil overlay

With the method of oil overlay whose function is to limit oxygen diffusion many bacteria,
especially anaerobes and facultatives, and fungi survive for up to three years, and most of
them for at least one year.
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Medium for storing organisms on agar

The nature of the agar medium on which organisms are stored is of importance. A
medium prepared from natural components rather than a chemically defined material is
preferable, since a defined medium may, because it lacks some components present in the
natural components, select for organisms specifically capable of growing on it. A stock
culture medium should also not be unduly rich in carbohydrates such as glucose which
will lead to early production of acid and hence possible early microbial death. Where
glucose is used, such as for lactic bacteria, the medium should be buffered with calcium
carbonate.

Popularity of agar storage methods
In spite of its shortcomings storage on agar is very popular and is the most widely used
after lyophilization.

8.4.1.2 Preservation in Deep Freezers at about -20°C, or
between -60°C and -80°C

The regular home freezer attains a temperature of about -20 °C.

Laboratory deep freezers used for molecular biology work range in temperature
between -60 °C and -80 °C. It is possible to store microorganisms in either type of deep
freezers in the form of agar plugs or on sterile glass beads coated with the organism to be
stored.

Preservation on glass beads

The bacteria to be preserved are placed in broth containing cryoprotective compounds
such as glycerol, raffinose, lactose, or trehalose. Sterile glass beads are placed in the glass
vials containing the bacterial cultures. The vials are gently shaken before being put in the
deep freezers.

To initiate a culture a glass bead is picked up with a pair of sterile forceps and dropped
into warm broth. Growth develops from the organisms coating the bead. The growth is
introduced onto an agar plate containing the appropriate medium and checked for purity
before use.

Storage of agar cores with microbial growth

Bacteria, but especially moulds, yeasts, and actinomycetes may be stored as agar plugs
made from plates of the confluent growths bacteria or of hyphe of filamentous organisms.
It consists of placing agar plugs of confluent growth of bacteria and yeasts and hyphe of
moulds or actinomycete in glass vials containing a suitable cryoprotectant and freezing
the vials in deep freezers as above. To initiate growth a plug is placed in warm broth and
plated out.

Freezing is rapidly gaining acceptance for preserving organisms because of its dual
use for working and primary stock maintenance as well as its storage effectiveness for up
to three years. It is useful for a wide range of organisms, and survival rates have been
shown to be as good as freeze-drying in many organisms.

Advantages of the above freezing methods
(a) the methods are simple to use and require a minimum of equipment;



176 Modern Industrial Microbiology and Biotechnology

(b) they save space as many hundreds of cultures can be stored in a small space;
(c) beadsthaw rapidly and hence the method saves time,
(d) differently bead colors can represent different bacteria and so recognizing them is
easy;
(e) the methods can be adapted for both aerobic and anaerobic organisms;
() the methods are suitable for situations or countries where power outages occur, as
the freezer can remain cold for some time during power failures.

8.4.1.3 Storage in low temperature liquid or vapor phase
nitrogen (-156°C to -196°C)

The liquid or vapor phase of nitrogen at -156°C to -196°C is widely used for preserving
microorganisms and cultured cells. Fungi, bacteriophages, viruses, algae, protozoa,
bacteria, yeasts, animal and plant cells, and tissue cultures have all been successfully
preserved in it. It is a major method for organisms which will not survive freeze-drying.
The period of survival and the number of surviving organisms are higher for most
organisms than when freeze drying is used. In many laboratories it is the choice method
for storing very valuable organisms. Some organisms are prone to losing numbers with
this method, but the loss is reduced with the use of cryoprotectants. Some of the most
commonly used cryoprotectants are (vol/vol) 10-20% glycerol and 5-10% dimethyl
sulfoxide (DMSO) in broth culture of the organism in vials which are then frozen in liquid
nitrogen. Vials for storing organisms in low temperature nitrogen may be made of glass or
fashioned from ordinary polypropylene (plastic) drinking straws. Straws (4 mm
diameter) are usually cut into pieces 40 mm long and made into ampoules by sealing the
ends with heat.
Freezing at —156°C to -196°C has the following disadvantages:

(a) Asliquid nitrogen evaporates, it has to be replenished regularly; if not replenished
the cultures may be lost.

(b) Arisk of explosion exists when cultures are frozen in liquid nitrogen in improperly
sealed glass vials which permit entry of liquid nitrogen into the vials. Such vials
may explode when warmed to thaw them. Discarding poorly sealed glass vials
removes such risks; vapor phase storage removes such dangers.

(c) Although itis notlabor intensive the equipment is expensive.

(d) Finally itis nota convenient method for transporting organisms.

8.4.2 Microbial Preservation Methods Based on Dehydration

Just as reduction in temperature limits the metabolism of the organism, dehydration
removes water a necessity for the metabolism of the organism. Several methods may used
to achieve desiccation as a basis for preserving microorganisms.

8.4.2.1 Drying on sterile silica gel

Many organisms including actinomycetes and fungi are dried by this method. Screw-cap
tubes half-filled silica gel are sterilized in an oven. On cooling a skim-milk suspension of
spores and the cells of the fungus or actinomycetes is placed over the silica gel and
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cooled. They are dried at 25°C, cooled and stored in closed containers containing
desiccants.

8.4.2.2 Preservation on sterile filter paper

Spore-forming microorganisms such as fungi, actinomycetes, or Bacillus spp may be
preserved on sterile filter paper by placing drops of broth containing the spores on sterile
filter paper in a Petri dish and drying in a low temperature oven or in a dessicator.
Alternatively, sterile filter paper may be soaked in the broth culture of the organism to be
dried, placed in a tube, which is then evacuated and sealed. After drying the filter paper
may be placed in sterile screw caps bottles and stored either at room temperature or in the
refrigerator.

8.4.2.3 Preservation in sterile dry soil

The most commonly used form of storage in a dry state is the use of dry sterile soil. In this
method dry soil is sterilized by autoclaving. It is then inoculated with a broth or agar
culture of the organism. The soil is protected from contamination and allowed to dry over
a period of time. Subsequently it may be refrigerated. The method has been widely and
successfully used to store sporulating organisms especially clostridia and fungi; it has
also been used for bacilli and Azotobacter sp. Some non-sporulating bacteria which do not
survive well under Lyophilization, may be stored in soil.

8.4.2.4 Freeze-drying (drying with freezing), lyophilization

Freeze-drying or lyophilization is widely employed and a lot has been written about it. The
principle of the method is that the organism is first frozen. Subsequently, water is
removed by direct vaporization of the ice with the introduction of a vacuum. As the
suspension is not in the liquid state, distortion of shape and consequent cell damage is
minimized. At the end of the drying the ampoule containing the organism may be stored
under refrigeration although survival for many years has also been obtained by storage at
room temperature. The initial freezing (before the drying) may be achieved in a number of
ways including the use of freezing mixtures of CO, and alcohol, salt and ice, or in a
chamber of a freeze-drying machine in which the evaporation of water vapor from the
material causes enough cooling to freeze the material. A desiccant, usually phosphorous
pentoxide, is used to absorb water vapor during the freezing.

The suspending medium must be carefully chosen, because of differences in the
cryoprotection properties of different substrates. Horse blood is usually used; others
which have been successfully used are inositol, various disaccharides, and
polyalcohols. Unless the information already exists the best suspending medium can
only be decided by experimentation. The ampoule is usually evacuated after freeze-
drying. It may however be filled with nitrogen; CO, or argon but the survival of organisms
with them is lower than in vacuum, or with nitrogen.

Lyophilization is preferred for the preservation of most organisms because of its
success with a large number of organisms, the relatively inexpensive equipment, the
scant demand on space made by ampoules, but above all, the longevity (up to 10 years or
more in some organisms) of most organisms stored by lyophilization.
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8.4.2.5 L-drying (liquid drying, drying without refrigeration)

This is considered a modification of drying methods, since unlike freeze-drying, the
organisms are not frozen, but dried from the liquid state. It has been used to preserve non-
spore formers sensitive to freeze-drying, such as Cytophaga, Spirillum and Vibrio. Liquid
drying has been effectively used to preserve organisms such as anaerobes that are
damaged by freezing.

Small vials made of glass are filled with a mixture of skim milk, medical grade
activated charcoal and myo-inositol , autoclaved and thereafter frozen at about -40°C for
a few hours. The vials are then freeze-dried and this leads to a disc of freeze-dried carrier
material in the vials. The broth of the organism to be dried is placed on the disc and the
material is subjected to a vacuum in the liquid unfrozen state at 20°C.

8.4.3 Microbial Preservation Methods Based on the
Reduction of Nutrients

8.4.3.1 Storage in distilled water

Many organisms die in distilled water because of water absorption by osmosis. However
some have been known to survive for long periods in sterile distilled water. Usually such
storage is accompanied by refrigeration; some organisms are however, harmed by
refrigeration. Among organisms which have been stored for long periods with this
method are Pseudomonas solanaceanum, Saccharomyces cerevisiae, and Sarcina lutea. The
attractiveness of this method is its simplicity and inexpensiveness; since so few
organisms seem to be storable in this manner, it should not, for fear of losing the
organism, be adopted as the sole method for storing a newly acquired or isolated
organism until it has been shown to be suitable.

8.4.4 The Need for Experimentation to Determine the Most
Appropriate Method of Preserving an Organism

No one method can be said to suitable for the preservation of all and every organism. The
appropriate method must be determined for each organism unless prior literature
information exists. Even then such information must be used with caution, because a
minor change in the medium composition may affect the outcome of the effort. The
criterion to be used for determining the success of a method may not always necessarily
be growth.

The preservation method must retain the characteristics which are desirable in the
organism and this is crucial for industrial microorganisms. For example, the
characteristic brick-red color of Sarcina lutea was lost in some preservation methods,
while the production of rennet by Rhizomucor sp and of antibiotics by some actinomycetes
were respectively affected by the method used for their preservation.
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Basic Operations in Industrial
Fermentations






CHAPTER 9

Fermentors and Fermentor
Operation

9.1 DEFINITION OF A FERMENTOR

A fermentor (or fermenter) is a vessel for the growth of microorganisms which, while not
permitting contamination, enables the provision of conditions necessary for the maximal
production of the desired products. In other words, the fermentor ideally should make it
possible to provide the organism growing within it with optimal pH, temperature,
oxygen, and other environmental conditions. In the chemical industry, vessels in which
reactions take place are called reactors. Fermentors are therefore also known as
bioreactors.

Fermentors may be liquid, also known as submerged or solid state, also known as
surface. Most fermentors used in industry are of the submerged type, because the
submerged fermentor saves space and is more amenable to engineering control and
design. The discussions in most of the chapter will be therefore be on submerged
fermentors; solid state fermentors will be discussed at the end of the chapter.

Depending on the purpose, a fermentor can be as small as 1 liter or up to about 20 liters
in laboratory-scale fermentors and range from 100,000 liters to 500,000 liters
(approximately 25,000 — 125,000 gallons) for factory or production fermentors. Between
these extremes are found pilot fermentors which will be discussed later in this chapter. It
should be noted that while fermentor size is measured by the total volume, only about
75% of the volume is usually utilized for actual fermentation, the rest being left for foam
and exhaust gases. Several types of fermentors are known and they may be grouped in
several ways: shape or configuration, whether aerated or anaerobic and whether they are
batch or continuous. The most commonly used type of fermentor is the Aerated Stirred
Tank Batch Fermentor. So widely used is this type that unless specifically qualified, the
word fermentor usually refers to the Aerated Stirred Tank Batch Fermentor. This type will
be discussed early in the chapter. Other types will be discussed later. Major differences
between this and other fermentor types in configuration and operation will also be
discussed.

The construction and design of a fermentor are the province of the engineer and only
enough as will help the biotechnologist or microbiologist understand and utilize it
efficiently will be discussed.
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9.2 THE AERATED STIRRED TANK BATCH FERMENTOR

A typical fermentor of this type (Fig. 9.1) is an upright closed cylindrical tank fitted with
four or more baffles attached to the side of the wall, a water jacket or coil for heating and /
or cooling, a device for forcible aeration (known as sparger), a mechanical agitator
usually carrying a pair or more impellers, means of introducing organisms and nutrients
and of taking samples, and outlets for exhaust gases. Modern fermentors are highly
automated and usually have means of continuously monitoring, controlling or recording
pH, oxidation-reduction potential, dissolved oxygen, effluent O, and CO,, and chemical
components of the fermentation broth (or fermentation beer as the broth is called before it
is extracted). Nevertheless the fermentor need not have all these gadgets and many
automated activities can also be prosecuted manually.

It is important that the type of fermentation required be clearly understood when a
fermentor is being planned; a fermentor is expensive and once installed it may be
unnecessarily expensive to drastically remodify it. Furthermore, because of its expense, a
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fermentor will be expected to enable the organization to recover the outlay made on itby
being in use over a reasonably long period. It may therefore be wise for small
establishments to set up general-purpose fermentors such as has been described above,
with provision for, if not for actual installation of, as many components as are likely to be
needed in the future.

9.2.1 Construction Materials for Fermentors

A simple batch fermentor may consist of no more than an open tank made of wood,
concrete or carbon-steel if contamination is not a serious problem and provided that no
need exits for strict pH and temperature control, or that the temperature is controlled in
the building. Thus, many breweries, particularly those making top-fermented beers for
many years had open fermentors. Although it is not the practice, feed yeasts for the
consumption of farm animals may also be grown in open fermentors. Serious
contamination is restricted because of the acidity of the medium usually used. However,
for fermentations with strict sterility requirements and closely controlled environmental
needs, such as in the antibiotic industry, a material which can withstand regular steam
sterilization is necessary. Furthermore, the hydrostatic pressure of a large volume of
liquid can be enormous. Stainless steel is therefore normally used for pilot and
production fermentors. Laboratory scale fermentors are usually made of Pyrex glass to
enable autoclaving.

Where a highly corrosive material is fermented, e.g. citric acid, the fermentor should
definitely be made of stainless steel. It is inevitable that small quantities of the material of
which the fermentor is made will dissolve in the medium. Some materials, e.g., iron may
inhibit the productivity of organisms in certain fermentations. It is for this reason that
carbon-steel fermentors are often lined with glass, or “plastic’ materials e.g. a phenolic-
epoxy coating. The material used for lining depends on the expected abrasion on the wall
of the fermentor by medium constituents. Glass lining is employed only for small
fermentors because of the high cost and the possibility of breakage.

In order to avoid contamination, fermentor vessels of all types should be of welded
construction throughout. The welds should be free of pinpoints where organisms can
develop in small bits of old media, and shielded from sterilization. The joint inlets and
outlets of the fermentor should be designed so as to provide smooth surfaces and
eliminate pockets difficult to sterilize. If gaskets are used at joints these should be non-
porous.

9.2.2 Aeration and Agitation in a Fermentor

Oxygen is essential for growth and yield of metabolites in aerobic organisms. In those
fermentations where aerobic organisms are used, the supply of oxygen is therefore
critical. For the oxygen to be absorbed by microorganisms it must be dissolved in aqueous
solution along with the nutrients. Unfortunately not only does air ordinarily contain
only 20% of oxygen, but oxygen is also highly insoluble in water. At 20°C for example,
water holds only about nine parts per million of oxygen. Furthermore, the higher the
temperature the less oxygen (and other gases) water can hold. For some highly aerobic
fermentations such as the growth of yeast or production of citric acid, oxygen is so critical
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that even if the broth were entirely saturated with oxygen it would contain only a 15
second supply for the organisms. In other fermentations, the aeration requirement need
not be as intense but must be presented to the organisms at a controlled level. The
foregoing would have shown that oxygen control in industrial fermentations is as
important as pH, temperature and other environmental controls.

The air used in most fermentation is sterile and produced as discussed in Chapter 11.
However, in some fermentations where sterility is not necessary such as in yeast
fermentation, the air is merely scrubbed by passing it through glycerol. The air used in
fermentation, whether, sterile or not, is forced under pressure into the bottom of the
fermentor just below the lowest impeller the air enters through a sparger which is a pipe
with fine holes. The smaller the holes the finer the bubbles and the more effective the
supply of oxygen to the microorganisms. However, if the holes are too small, then a
greater pressure will be required to force the air through, with consequent higher
consumption of energy and therefore of costs. A balance must be struck between wide
holes which may become plugged and holes small enough to release fine bubbles.
Plugging by hyphae of filamentous fungi or by other particles in the medium may occur.
Usually holes of about 0.25-3.0 cm in diameter meet this compromise. Since the size of the
holes is fixed, the amount of oxygen fed into the medium (usually measured in feet/sec)
can be controlled by altering the pressure of the incoming air.

For many fermentations especially where filamentous fungi and actinomycetes are
involved, or the broth is viscous, it is necessary to agitate the medium with the aid of
impellers. In large-scale operations, where aeration is maintained by agitator-created
swarms of tiny air bubbles floating through the medium, the cost is very high and for this
reason careful aeration is done based on mathematical calculations conducted by
chemical engineers.

Agitators with their attached impellers serve a number of ends. They help to distribute
the incoming air as fine bubbles, mix organisms uniformly, create local turbulence, as
well as ensure a uniform temperature. The optimal number and arrangement of impellers
have to be worked out by engineers using information from pilot plant experiments. The
viscosity of the broth affects the effectiveness of the impellers. Since the viscosity of the
broth may alter as fermentation proceeds, a satisfactory compromise of size, shape, and
number of impellers must be worked out. In unbaffled fermentors a vortex or inverted
pyramid of liquid forms and liquid is thrown up on the side of the fermentor. The result is
that heavier particles sediment and thorough agitation is not achieved. The insertion of
baffles helps eliminate the formation of a vortex and interferes with the upward throw of
liquid against the side of the fermentor. A similar effect can be observed by stirring a cup
of coffee or water rapidly with the handle of a spoon and inserting the handle of the
spoon thereafter along the side of the cup. If four spoon ends were stuck simultaneously
in the (stormin a ) tea cup (!) the effective mixing of the liquid can be easily visualized. The
use of baffles thus ensures not only a more thorough mixing of the nutrient and air but
also the breakup of the air bubbles. In order to understand the importance of fine bubbles,
itisimportant to appreciate the several barriers through which oxygen must theoretically
pass before reaching the organism in the two film gas model which is commonly used
(Fig.9.2).

These barriers are indicated in Fig. 9.2 and include the following:

(i) Gas-film resistance between gas and interface;
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Fig. 9.2 The Various Barriers through which Gas Passes to Reach the Microorganism in a Liquid

(i) Gas-liquid interfacial resistance;
(iii) Liquid-film resistance between interface and the bulk of the liquid;
(iv) Liquid-path resistance characterized by oxygen gradient in bulk;
(v) Liquid-film resistance around cell or cell-clump;
(vi) Inter-cellular or intra-clump resistance;
(vii) Resistance to reaction (“absorption’) of oxygen with the cell respiratory enzymes.

In this model, in the transfer of oxygen from a gas bubble to a liquid, a stagnant gas film
and a stagnant liquid film exist on both sides of a gas-liquid inter-phase. The resistance
of these films to the transfer of solutes depends to a large extent on the degree of agitation.
In the case of oxygen the only significant resistance is that of the liquid film which is
broken by agitation. On the other hand, cell-liquid resistance, becomes important when
there is clumping of organisms.

In terms of the above theory, the function of agitation of the fermentation may be taken
as follows:

(i) Gas dispersion or the creation of a large air-liquid interfacial area;
(ii) Reduction in the thickness, and hence to resistance to oxygen diffusion of the
liquid film which surrounds each bubble;
(iii) Bulk mixture of the culture;
(iv) Control of clump size.

Itis clear from the figure that the finer the bubbles, the greater will be the total surface
area of oxygen presented to the organism by a given volume of air. Provisions for
agitation and aeration are thus very important components of an Aerated Stirred Tank
Fermentor. In large-scale operations, where aeration is achieved by swarms of tiny air
bubbles floating through thousand of liters of medium, the cost of aeration and agitation
could be high, hence aeration and agitation have been, and are still, the subject of intense
study by chemical engineers. From such studies the size and shape of the impellers in
comparison to the rest of the fermentor (i.e., tank geometry), the airflow, the power
requirement, etc., are calculated.
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The exhaust air from the fermentor is passed through a filter which is sterilized with
steam from time to time. This is especially necessary if the organism being grown is
pathogenic (e.g., for vaccines). The exhaust pipe is positioned away from the incoming
sterile air to avoid any chance of contamination. Furthermore, the agitation shaft which is
impelled by a motor is fitted with a special seal at the point where it enters the fermentor
in order to avoid contamination.

Sterile air is needed in some aerobic fermentations and it is produced in several ways
including irradiation, electrostatic absorption of particles, the use of heat resulting from
the compression of the gas. But the most commonly used method is the passage of the air
through filters either made of materials such as cellulose nitrate, or more commonly of
cotton and sometimes other materials. Sterility will be discussed in more detail in
Chapter 11. Besides supplying oxygen to the organisms, the provision of air under
pressure helps remove inhibitory volatile metabolites, and contributes to the reduction of
contaminants by providing a positive air pressure.

9.2.3 Temperature Control in a Fermentor

Many fermentation processes release heat, which must be removed so as to maintain the
optimum temperature for the productivity of the organism. In small laboratory fermentors
temperature control may be achieved by immersing the tank in a water bath; in medium-
sized ones control may be achieved by ajacket of cold water circulating outside the tank
or merely by bathing the unjacketed cylinder with water. In large fermentors temperature
is maintained by circulating refrigerated water in pipes within the fermentor and
sometimes outside it as well. A heating coil is also provided to raise the temperature
when necessary.

The area required for the transfer of heat may be determined theoretically on the basis
of the expected heat release from the fermentation, the energy input from the agitator, the
work done by the air stream, and the amount of heat involved if the broth were sterilized
in situ in the fermentor. Heat losses to be taken account of include that lost by the effluent
air and to the cooling water.

9.2.4 Foam Production and Control

Foams are dispersions of gas in liquid. In fermentation they usually occur as a result of
agitation and aeration. In a few industrial processes, e.g. in the beer industry (where foam
head retention is a desirable quality), or in the manufacture of foam latex, foam is a
welcome property. However, in most industrial fermentations, foam has undesirable
microbiological, economic and chemical engineering consequences, as follows:

(i) The need to accommodate foams means that a substantial head space is left in
industrial fermentations. By reducing foaming it has been possible to increase the
total fermentation by 30-45%.

(i) If the fermentation medium is such that it encourages rapid foaming, then the
maximum aeration and agitation possible cannot be introduced because of
excessive foaming. The effect of this is that the oxygen transfer rate is reduced.

(iii) If the foam escapes, then contamination may be introduced when foam bubbles
coalesce and fall back into the medium after wetting the filters and other non-sterile
portions of the fermentor.
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(iv) Organic nutrients or inorganic ions with complex organic compounds may be
removed from the medium by foam floatation, a phenomenon well known in beer
fermentation, when proteins, hop-resins, dextrin’s, etc., concentrate in the foam
layer. A loss of nutrient from fermentations in this way could lead to reduced yield.

(v) It can be seen that the fermentation product may also be removed should it be
amenable to foam floatation. Such a loss has actually been observed in a laboratory
experiment with the antibiotic, monamycin.

(vi) Loss of microorganisms could also easily occur by floatation thereby leading also
to reduced yields.

The above has dealt with surface foams which occur on the top of the medium. The
more stable surface foams are the most troublesome. The unstable ones breakdown in
about 20 seconds and cause no further havoc. In contrast with surface foams are the so-
called fluid foams which occur within the broth. These are common in highly viscous
myecelial fermentations and in unbaffled vortex fermentors.

9.2.4.1 Foaming patterns

In order to understand methods of dealing with foams, it is important to discuss some
factors leading to their formation and their behavior during the progress of fermentation.
Fermentation media are usually made up of complex materials whose compositions are
not always precisely known. Of the compounds which give rise to foams, proteins
produce the most stable foams. A medium consisting of only inorganic compounds will
not foam unless suitable metabolites are produced by the organisms.

It is sometimes possible to reduce foaming by altering the medium composition of the
fermentation. Thus, it was possible to use a larger broth volume by reducing foam from a
yeast fermentation following the absorption of caramel and organic acids with bentonite
from a sample of molasses. Furthermore, the concentration of nutrients, the pH, the
method of preparing the medium components e.g. sterilization time, etc., can all affect
foam formation and stability

The pattern of peak foam formation and disappearance during the course of
fermentation depends on the composition of the medium and the nature and the activity
of microorganisms taking part in the fermentation. Four or five foaming patterns have
been recognized (Fig. 9.3).

In the first type (designated 1 in Fig. 9.3) the foam remains constant throughout the
fermentation. This is not common in media made of complex materials and is more
frequent in defined media consisting mainly of inorganic components. In the second type
the foam falls from a fairly high level to a low but constant level, following the utilization
of foam stabilizers in the nutrients by micro-organisms. In this type the microorganisms
themselves produce neither foam stabilizers nor defoamers. In the third type foam
life-time falls at first, but then rises. Under this condition the foam stabilizers in the
original medium are metabolized but the organism also produces foam-stabilizing
metabolites. In the fourth type the medium initially contains only a low amount of foam
stabilizers. These increase as autolysis of the mycelium sets in. If these are later
metabolized the foaming may once more drop resulting in a fifth pattern. In practice
combinations of all or some of these may occur simultanously.
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9.2.4.2 Foam control

Foams in industrial fermentations are controlled either by chemical or mechanical
means. Chemicals controlling foams have been classified into antifoams, which are added
in the medium to prevent foam formation, and defoamers which are added to knock
down foams once these are formed. Some may not see much in the distinction and in this
discussion the term antifoam will refer to both.

Foams are formed via froths which are temporary dispersals of gas bubbles in a liquid
of no foam formation ability. Bubbles in a froth coalesce as they rise to the surface. In a
foam however, they do not coalesce. Rather, the liquid film between two bubbles thins to
a lamella. Materials which yield foam forming aqueous solutions such as proteins,
peptides, synthetic detergents, soaps, and natural products such as saponin, lower the
surface tension of the solution and permit foam formation. An analogy which seems to
explain this is to imagine a fermentation liquid as being covered by various sheets of
rubber (or other elastic materials) of varying thickness representing surface tensions. A
thick sheet in this analogy represents high surface tension and thin sheets, low surface
tension. The thinner the sheet the easier it is to blow balloons from it. Solutes which lower
the surface tension of water are surfactants (although this name applies to a particular
group of chemicals). In general, surfactants have a positive hydrophobic or water
repellent end and a negative, hydrophilic on water-absorbing end.

The foam-forming properties of a surfactant may be seen as resulting from the
repulsion of positive charges surrounding the bubbles. Some commercial surfactants can
lower the surface tension of water from 92 dyne cm™ (72 x 10°Nm™) to about
27 dyne cm™ (27 x 10°Nm™). The positively absorbed surfactant layer confers on the
liquid a phenomenon known as film elasticity which prevents local thinning during
bubble formation in the same manner as a rubber sheet stretches and holds together.

Basically, antifoams enter the lamella between the bubbles by spreading over or
mixing with the positively absorbed surfactants monolayer and thus destroying the film
elasticity. The result is that the film collapses. Ideally, therefore, the antifoam should be
miscible with the foaming liquid. Antifoams used in industrial fermentation should
ideally have the following properties. They should:
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(i) benon-toxic to microorganisms and higher animals, especially if the fermentation
product is for internal use.

(ii) have no effect on taste and odor; a change in the usual organoleptic properties of
the finished goods due to the antifoam or other components of the medium may
result in consumer rejection of the goods. It is significant that a silicone antifoam
has been used to limit foaming during wort boiling in beer manufacture. The
silicone was subsequently removed and had no effect on the quality, including the
foam head retention, of the beer.

(iii) be autoclavable.

(iv) not be metabolized by the microorganisms; sometimes as when natural oils are
used, the antifoam may be utilizable in which case they must be replaced regularly.

(v) notimpair oxygen transfer.

(vi) be active in small concentrations, cheap, and persistent.

Some chemical antifoams are discussed in Table 9.1. Many antifoams work best if
dispersed in suitable carriers. Thus for Alkaterge C (Trade name) paraffin oil was found
tobe the best carrier.

Table 9.1 Some antifoams which have been used in industry

Category Example Chemical nature Remarks
Natrual oils ~ Peanut Esters of glycerol Not very efficient.
and fats oil, soybean oil and long chain Used as carriers for
mono-basic acids other antifoams; may
be metabolized.
Alcohols Sorbitan alcohol Mainly alcohols with Not very efficient;
8-12 carbon atoms may be toxic or
may be metabolized.
Sorbitan Sorbitan monolaureate  Derivatives of sorbitol Span 20 active in
derivatives  (Span20-Atlas) produced by reacting extremely small
it with H,SO, or ethylene amounts.
Polyethers P400, P1200, P2000 Polymers of ethylene Active, but varies
(Dow Chemical Co.) oxide & propylene oxide with fermentation.
Silicones Antifoam A (Dow Polymers of polydimethyl  Very active; inert,
Corning Ltd.) -siloxane fluids highly dispersable,

low toxity; expensive.

Antifoams may be added manually when foam is observed. This entails a close watch
and may be expensive. Automatic antifoam additions are now very common and depend
on a probe which is activated when foams rise and make contact with the probe. One of
the earliest is the wick defoamer (Fig. 9.4) in which the foam drew some antifoam on
making contact with a wick. Modern methods are electrically activated systems. Other
systems which have been used include antifoam introduction via the sparging air, or
continous drip-feeding.

Mechnanical defoamers of various designs have been described. In general they act by
physically dispersing the foams by rapidly breaking them up.
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9.2.5 Process Control in a Fermentor

The course of a fermentation may be followed by monitoring various operational
parameters within the fermentor e.g. pH, air input, effluent gases, temperature; factors
such as cell yield, or the output of metabolites may also be followed. The degree of
accuracy of the monitoring depends of course on the instruments being used for the
purpose. The purpose of this section is to discuss the principles involved in the operation
of some of the various instruments used. Lists of manufacturers will be found in various
publications, and on the Internet. It is not considered important to lay emphasis on
manufacturers and their equipment as these are subject to changes dictated by the
market.

9.2.5.1 pH measurement and control

The importance of the control of pH in microbial growth is well known. In some
industrial fermentations, good yield depends on accurate control (and hence accurate
measurement) of the pH of the fermentation broth. Sometimes the control of pH is
achieved by natural buffers present in the medium; phosphates and calcium carbonate
may also be used for this purpose. The buffering effect of these compounds is however
usually temporary. The broth must therefore be sampled and the pH adjusted as desired
with either acid or base. This method is laborious and may not accurately reflect the
continuous change taking place in the pH of the broth. Sterilizable pH probes have
become available and these are inserted in the fermentor or in a suitable projection
therefrom in which the broth bathes the electrode. With these electrodes it is now possible
to use an arrangement which will monitor pH changes and automatically induce the
introduction into the medium of either acid or alkali. In many fermentations acidity
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rather alkalinity is the situation to be combated. Such acidity usually arises from
microbial activity. It is therefore usual to arrange for the introduction of anhydrous
ammonia as acidity increases.

9.2.5.2 Carbon dioxide measurement

Water and carbon dioxide are two of the most common end-products of aerobic
fermentations. The measurement of CO, therefore helps determine the course of the
fermentation as well as the carbon balance. At least three principles are employed in
current equipment for CO, determination. The first method, which is the most widely
used, depends on the ability of CO, to absorb infrared rays. A sensitive sensor translates
this absorption to a gauge or record, from which it can be read off. In another principle,
the effluent gas emerging from the broth is bubbled through a dilute solution of NaOH
containing phenol red. The change in color of the phenol red is reflected in a photocell
and the amount of CO, may be calculated from a standard curve. The third method
depends on the thermal conductivities of the various gases in a mixture.

9.2.5.3 Oxygen determination and control

A number of methods are available for determining the oxygen concentration in a
fermentation broth.

Of the chemical methods, the best known is that of Winkler which is routinely used to
determine the biochemical oxygen demand (B.O.D) of water (Chapter 29). This method
relies on the back-titration, using iodine and starch, of unoxidized manganous salt
added to the liquid to be analyzed. Interfering substances are usually present in
fermentation broths. Furthermore, the method is cumbersome. Modern sensing methods
are not, however, based on this method. They rather sample the dissolved oxygen (DO) in
the medium. Modern dissolved oxygen probes are autoclavable and are based on one or
the other of two principles: the polarographic or the galvanic method.

In the polarographic method, a negative electric current 0.6-0.8 in voltage is passed
through an electrode immersed in an electrolyte made of neutral potassium chloride. This
negative electrode (cathode) is made of a noble metal such as platinum or gold. The anode
is calomel or Ag/Ag CI. Under this condition the dissolved oxygen is reduced at the
surface of the cathode according to the following reactions:

Cathode: 0O, +2H,0 + 2e - H,0, + 20H-
H,0, + 2e- — 20H-
Anode: Ag+Cl-— AgCl+e-
Overall: 4Ag+0,+2H,+4Cl—4 AgCl+40H-

The current which is measured after it has passed through the electrolyte is
proportional to the dissolved oxygen reacting at the cathode. A plastic membrane
permeable to gases but not ions separates the cathode, anode, and the electrolyte from the
liquid to be studied. The dissolved oxygen diffuses through the membrane and its
reaction at the cathode is measured at the current meter (Fig. 9.5). The electrolyte soon
becomes depleted by the constant replacement of CI' by OH " (see equations above) and
the electrolyte has to be replaced.
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Fig. 9.5 Structure of Oxygen Electrodes: (A) Polarographic (B) Galvanic

In the galvanic method, no external source of electricity is applied. Instead the
electricity generated between a base metal anode (zinc, lead, or cadmium) and noble
metal cathode (silver or gold) is sufficient to cause the reduction of oxygen at the cathode.
The reactions are thus:

Cathode: O, +2H, +4e -4 OH
Anode: Pb — Pb** + 2e
Overall: O, +2Pb + 2H,0 — 2Pb(OH),

The principle remains the same otherwise. The electric current generated in the system
is proportional to the quantity of oxygen reacting at the cathode. The electrolyte does not
however participate but the anode surface is gradually oxidized.

9.2.5.4 Pressure

Itis important to know the pressure of gases in order to ensure that a positive pressure is
maintained. A positive pressure helps eliminate contamination and contributes to the
maintenance of proper aeration. Pressure may be determined with aid of a manometer.

9.2.5.5 Computer control

The fermentation industry, especially the antibiotic manufacturing aspect, usually
compares its operations with those in the chemical industry. Leaders in the fermentation
industry usually point to the fact that the fermentation industry in the early 1970s lagged
behind chemical industries in applying computers in regulating and managing
fermentations. The situation today is different and fermentation procedures are now
highly automated. Automation is an engineering problem and the expected advantages
of computerization have been given as follows:

(i) Itshould reduce labor by eliminating manual intervention.
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(i) The use of a computer should render an operator’s work easier and reduce human
error; it should, however, be possible to make changes while fermentation is on.

(iii) Automatic recording of all aspects of the fermentation is possible with a computer
and is useful in meeting any regulatory requirements as well as in improving
fermentation operations.

(iv) Experimentation should be easier as it should be much easier to study the effect of
altering any variables such as dissolved oxygen, temperature, pH, air flow,
nutrient addition, etc.

(v) Quality control should be easier to carry out.

(vi) Intheeventof power failure, and other emergencies, the system should be able to

shut up itself and restart and gradually build up to the original level of activity.

Commercial sensors are available for a wide variety of parameters in a fermentor. This
includes various ions, redox potential, cell mass measurement, carbohydrate
measurements to name a few. The computerization of these parameters makes it fairly
easy to monitor the operations in modern fermentation operations.

9.3 ANAEROBIC BATCH FERMENTORS

Some processes do not require the high levels of oxygen needed in aerobic fermentation;
indeed some, such as clostridial fermentations do not require oxygen at all. These are
collectively referred to as “anaerobic’ fermentations although in strict terms some may be
micro-aerophilic. Anaerobic fermentors, whether strict or micro-aerophilic (i.e., requiring
small amounts of oxygen) are not commonly used in industry. When they do (i.e., require
oxygen), they are essentially the same as the descriptions given above in the typical
(aerobic) fermentor. They, however, differ in the construction and operation as given
below.

(i) Vigorous aeration through air sparging is absent, as oxygen is not required.

(ii) Agitation when done is aimed only at achieving an even distribution of organisms,
nutrients and temperature, but not for aeration. In some cases agitation may be
essential only initially; the evolution of CO, and H, in anaerobic fermentors may
stir the medium.

(iii) The medium isintroduced into the fermentor while hot to prevent the absorption of
gases; and usually it is also introduced at the bottom of the fermentor.

(@iv) The fermentor itself is filled as much as possible, in order to avoid an airspace
which would introduce oxygen.

(v) Ifstrict anaerobiosis is desirable, then an inert gas such as nitrogen may be blown
through the fermentation, at least initially, to remove oxygen.

(vi) Some low redox compounds, such as cysteine, may be introduced into the medium.

The same typical fermentor already described may be used for both aerobic and
anaerobic fermentations. It is especially important that it be possible for aerobic or
anaerobic fermentations to be carried in the same vessel as some fermentatons such as
alcohol manufacture require an earlier aerobic stage in which cells are produced in large
numbers and a later stage in which alcohol is produced anaerobically. But even the
strictly anaerobic fermentations can be carried out in the stirred tank batch fermentor
already described above.
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Two strictly anaerobic fermentaiton processes include acetone-butanol fermentation
(Clostridium acetobutylicum) and anti-tetanus toxoid production (Clostridium tetani). An
example of a micro-aerophilic fermentation which requires only a small amount of
oxygen is lactic acid production, while one which has a primary aerobic and a secondary
anaerobic system is alcohol production. Other examples are dextran production and the
production of 2-3 butylene-glycol.

9.4 FERMENTOR CONFIGURATIONS

Based on the nomenclature of the chemical engineering industry fermentors have been
grouped into four:

@ Batch fermentors (Stirred Tank Batch Fermentors): (designated BF in Fig. 9.6) The
major features of this type of fermentor have been described already in Section 9.2
and Fig. 9.1. The other three are continuous fermentors and these are described
below:

(ii) Continuous stirred tank fermentors: (CSTF in Fig. 9.6) The tank used in this
system is essentially similar to that of the batch fermentor. It differs only in so far as
there is provision for the inlet of medium and the outlet of broth. The system has
been described under continuous cultivation.

(iii) Tubular fermentors: (TF in Fig. 9.6) The tubular fermentor was originally so
named because it resembled a tube. In general tubular fermentors are continuous
unstirred fermentors in which the reactants move in a general direction. Reactants
enter at one end and leave from the other and no attempt is made to mix them. Due
to the absence of mixing, there is a gradual fall in the substrate concentration
between the entry point and the outlet while there is an increase in the product in
the same direction.

(iv) The fluidized bed fermentor: This is essentially similar to the tubular fermentor.
In both the continuous stirred fermentor and the tubular fermentor there is a real
danger of the organisms being washed out (Fig. 9.10). The fluidized bed reactor is
an answer to this problem because it is intermediate in nature between the stirred
tank and the tubular fermentor. The microorganisms which are in a fluidized bed
fermentor are kept in suspension by a medium flow rate whose force just balances
the gravitational force. If the flow were lower, the bed would remain ‘fixed” and if
the flow rate was at a force higher than the weight of the cells then ‘elutriation’
would occur with the particles being washed away from the tube. The tower
fermentor for the brewing of beer and production of vinegar (Chapter 14) is an
example of a fluidized bed fermentor.

9.4.1 Continuous Fermentations

Continuous fermentations are those in which nutrients are continuously added, and
products are also continuously removed. Continuous fermentations contrast with batch
fermentations in which the products are harvested, the fermentor cleaned up and
recharged for another round of fermentation. In the chemical industry continuous
processing has replaced many batch processes. This is because for products for which
there is a high and constant demand continuous processing offers several advantages.
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These advantages when adapted to the microbiological industries, potentially include
the following:

(i) More intensive use of the equipment, especially the fermentor, and therefore greater
return on the initial capital outlay made in installing them. A great deal of time
involved in the cycle of batch production is not employed in direct production of
the final goods. Part of such ‘dead’ time is used in emptying the batch fermentor
during harvest, for cleaning, sterilizing, cooling and recharging with fresh
medium in between each batch. Furthermore, much of the period of a batch
fermentation is required for a lag period when the organisms are merely growing
and not yet producing (where the product is a metabolite), or the maximum
population has not been attained (where the product is the cell itself). In a
continuous fermentation, as soon as the steady state has been attained and
provided no contaminations occur, and other production activities permit the
plant to run for a reasonably long time, the ‘dead’ time required for all the above is
eliminated.

(i) Allied to the above are savings in labor which do not have to repeatedly perform
the various operations linked with the ‘unproductive’ portions of batch
fermentation.

(iii) Continuous processes are more easily automated. This helps eliminate human
error and thus ensures greater uniformity in the quality of the products.
Automation also further saves labor costs additional to those mentioned in (ii).

Despite the possible advantages of continuous fermentation, the fermentation
industry has not in general adopted it. The areas where it has been employed include beer
brewing, food and feed yeast production, vinegar manufacture, and sewage treatment.

The reasons for the slow adoption of continuous fermentation since interest developed
in it several decades ago, are to be found in technical and economic factors. One of the
early deterrents was the fact that many early continuous fermentations became easily
contaminated. It is easy to see that while slow growing contaminants might not have
developed to the point where they can be noticed in the 4, 5, or 10 days of a batch
fermentation they can pose a serious threat to production, in a continuous culture which
goes on for up to three, six, or nine months. If the contaminant is fast growing then the
danger while serious in a batch fermentation is infinitely more so in a continuous
fermentation. Another problem was that mutants better adapted to the environment of the
continuous fermentor are easily selected. Where they perform better than the parent type
the difference was hardly noticed, except perhaps that a particular continuous
fermentation was inbued with an apparently inexplicable efficiency. On the other hand,
where the mutants were less productive, the reputation of continuous fermentation was
not helped.

9.4.1.1 Theory of continuous fermentation

In a batch culture four or five phases of growth are well recognized: the lag phase, the
phase of exponential or logarithmic growth, the stationary phase, the death or decline
phase. Some others add the survival phase. In the lag phase individual cells increase
somewhat in size but there is no substantial increase in the size of the population. In the
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exponential phase, the population doubles at a constant rate, in an environment in
which the various nutritional requirements are present in excess. As the population
increases, various nutrients are used up and inhibitory materials, including acids, are
produced; in other words the environment changes. The change in the environment soon
leads to the death of some organisms. In the stationary phase the rate of growth of the
organisms is the same as the rate of death. The net result is a constant population. In the
death phase, the rate of death exceeds the growth rate and the population declines at an
exponential rate.

If however during the exponential phase of growth, a constant volume is maintained
by ensuring an arrangement for a rate of broth outflow which equals the rate of inflow of
fresh medium, then the microbial density (i.e., cells per unit volume) remains constant.
This is the principle of one method of the continuous culture in the laboratory, namely,
the turbidostat.

As discussed above, the stationary phase sets in partly because of the exhaustion of
various nutrients and partly because of the introduction of an unfavorable environment
produced by metabolites such as acid. Either of these two groups of factors can be used to
maintain the culture at a constant density. Usually nutrients are used and their use for
this purpose will be discussed.

In a batch culture the various nutrients required by an organism are usually initially
present in excess. If all but one of the nutrients are present in adequate amount, then the
rate of growth of the organisms will depend on the proportion of the limiting nutrient that
isadded. Thus if 100 grams per liter of the limiting nutrients are required for maximum
growth but only 90 grams per liter are added, then the rate of growth will be 90% of the
maximum. It is then possible to control the growth at any given rate but which rate is less
than the maximum possible, by letting in fresh nutrient at the same rate as broth is
released and also supplying one of the nutrients at a level slightly less than the
maximum. This principle is employed in the chemostat method of continuous growth.

Inboth the chemostat and the turbidostat the rate of nutrient inflow and broth outflow
must relate to the generation time or growth rate of the organism. If the rate of nutrient
addition is too high, then sufficient time is denied to the organism to develop an adequate
population. The organisms are then washed out in the outflow. If on the other hand the
rate of nutrient addition is too low, a stationary phase may set in and the population may
begin to decline.

The above is a simple non-mathematical description of the two basic procedures
which have been employed in the laboratory study and industrial application of
continuous individual cultivation. More detailed studies are widely available in texts on
microbial physiology.

To summarize, in the turbidostata device exists for ensuring that a constant volume of
a microbial culture is maintained at constant density or turbidity. All the nutrients are
present in excess and the density or turbidity is monitored by a photo-cell which
translates any change to a mechanism which automatically reduces or increases the rate
of medium inlet and broth output, as necessary.

In the chemostat method a constant population is maintained in a constant volume by
the use of sub-maximal amounts of nutrient(s).
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In the laboratory and in practice the chemostat is far more widely used than the
turbidostat, probably because of the slightly more complex set up of the turbidostat which
follows from the need for constant density monitoring of the broth.

9.4.1.2 Classification of continuous microbial cultivation

It is important to understand the physiology of the production of the fermentation
product in order to enable the designing of an efficient continuous fermentation set-up.
The classification given below enables such a selection (Fig. 9.7).
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9.4.1.2.1 Single-state continuous fermentations

There are fermentations in which the entire operation is carried out in one vessel, the
nutrient being added simultaneously with broth outflow. This system is suited for
growth related fermentations such as yeast, alcohol, or organic acid production.

9.4.1.2.2 Multiple-stage continuous fermentation

This consists of a battery of fermentation tanks. The medium is led into the first and the
outflow into the second, third, or fourth as the case may be. This is most frequently used
for the fermentation involving metabolites. The first tank may be used for the growth
phase and subsequent tanks for production, depending on the various requirements
identified for maximal productivity.

9.4.1.2.3 Recycled single or multiple stage continuous fermentation

The out flowing broth may be freed of the organisms by centrifugation and the
supernatant returned to the system. This system is particularly useful where the
substance is difficult to degrade or not easily miscible with water such as in
hydrocarbons. Recycling can be applied in a single stage fermentor. In a multiple stage
fermentor, recycling may involve all or some of the fermentation vessels in the series
depending on the need.

9.4.1.2.4 Semi-continuous fermentations

In semi-continuous fermentations, simultaneous nutrient addition and outflow
withdrawal are carried out intermittently, rather than continuously. There are two types
of semi-continuous fermentation, namely;

(i) ‘cyclic-continuous’; (ii) ‘cell reuse’.

In Cyclic-continuous, a single vessel is usually employed, although a series of vessels
may be used. Fermentation proceeds to completion or near completion and a volume of
the fermentation broth is removed. Fresh medium of a volume equivalent to that
withdrawn is introduced into the vessel. As the size of the fresh medium is reduced, the
time taken to complete the fermentation cycle is reduced until eventually the intermittent
feeding becomes continuous. This system has been said to ensure a compromise, between
the desirable and undesirable features of batch and continuous fermentation;
productivity has however been shown theoretically and experimentally to be lower than
in continuous fermentation.

Incell reuse, cells are centrifuged from the fermentation broth and used to reinoculate
fresh medium. It is continuous only in the sense that cells are reused; in essence it is a
batch fermentation.

9.4.1.3 Applications of continuous cultivation

The literature is full of various areas of potential application of continuous fermentation,
experimented upon either in the laboratory or in pilot plants. These include single cell
protein production, organic solvents such as ethanol, acetone, butanol, isopropanol,
acetic acid from traditional raw materials such as sugar, starch, and molasses. Cellulose
is also being considered as a substance for these and the continuous culture of cellulose
digesting enzymes from Trichoderma is an important step. In agriculture, continuous
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cheese making, continuous yoghurt starter production and continuous use of lactore in
whey are being vigorously pursued. Medical and veterinary applications include the
continuous production of vaccines, and cell cultivation.

Continuous waste digestion for sewage chemical wastes outside the activated sludge
exist as also do the continuous brewing of beer, the continuous production of wine and
the continuous manufacture of yeasts, vinegar and alcohol.

9.5 FED-BATCH CULTIVATION

Fed-batch cultivation is a modification of batch cultivation in which the nutrient is added
intermittently to a batch culture. It was developed out of cultivation of yeasts on malt,
where it was noticed that too high a malt concentration lead to excessively high yeast
growth leading to anaerobic conditions and the production of ethanol instead of yeast cells.

After its successful introduction in yeast cultivation, the original method or
modifications of it have been used to achieve higher yields or more efficient media
utilization in the production of various antibiotics, amino acids, vitamins, glycerol,
acetone, butanol, and lactic acid. Some of the modifications include continuous (rather
than intermittent) addition of single or multiple media components, withdrawal of a
portion of the broth from the growth vessel and immediate dilution of the residue with
fresh medium and the use of diffusion capsules. The latter are cylindrical capsules to one
end of which a semi-permeable membrane is fixed. The nutrient diffuses slowly out
through the membrane into the medium.

9.6 DESIGN OF NEW FERMENTORS ON THE BASIS OF
PHYSIOLOGY OF THE ORGANISMS: AIR LIFT
FERMENTORS

The Stirred Tank Batch Fermentor already described is the most widely used type of
fermentor. Increasing knowledge of the physiology of industrial microorganisms and
better instrumentation have provided the bases for more efficient manipulation of the
organisms in the existing batch fermentors:

(i) More sophisticated instrumentation is now used to monitor such fermentor
parameters as dissolved oxygen and carbon dioxide, redox potential, and control
of the fermentation leading to higher yields.

(ii) Different levels of pH, temperature, and phosphate concentration are sometimes
needed during the trophophase and the idiophase for the production of secondary
metabolites. These differences have been exploited in some fermentations for
higher yields.

(iii) By careful monitoring using automated sensing devices, it is now possible to add
just enough of the nutrients required by a growing culture so that feedback
inhibition is avoided.

The above are a few examples to show that the existing fermentors can be better
utilized when greater knowledge of microbial physiology is harnessed for that purpose.
Despite these improvements, needs have arisen for drastic change from the typical stirred
tank batch fermentor, and these needs would appear not to be fully met by automation of
batch fermentors. Some of the needs call for the design of new fermentors based on the
following:
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(i) The diversification of fermentation products and new attendant problems.
Examples are the production of single cell protein by continuous fermentation;
production of microbial polysaccharides; fermentor cultivation of animal and
plant cells; the growing re-emergence of anaerobic fermentations such as for
ethanol.

(ii)) The unusual properties of the substrates or products involved in this diversifica-
tion such as insolubility in water (for example, of petroleum fractions, agricultural
wastes, or hydrogen gas) or high viscosity (for example, microbial capsules).

(iii) Greater knowledge or awareness of the physiology of the organisms during their
growth in a fermentor especially:

(@) The need for high amounts of dissolved oxygen.

(b) Adequate mixing of fermentation broths

(c) The problem of clumping or aggregation especially in filamentous organisms
such as actinomycetes.

(d) Theneed to avoid feedback inhibition by the removal of inhibitory products.

To solve some of these problems most of the newly designed fermentors have moved
away from the structure of the commonly used Stirred Tank Batch Fermentor. They in fact
lack stirrers; instead they are of the recycle, loop, or airlift type in which stirring is
replaced by pumping of air. Some of the problems these fermentors or arrangements are
designed to solve are given below.

(i) Need for high amounts of dissolved oxygen: Many industrial fermentations require
large amounts of oxygen, and yields are severely limited when the gas is in short supply.
To solve this problem especially in regard to the utilization of novel carbon sources, from
hydrocarbons, the airlift fermentor was designed (Fig. 9.8). In this fermentor high levels of
dissolved oxygen are achieved by using the air pressure to lift the broth. According to

Air out

1

}—» Broth Air in
out

Jét «—

Downcomer —]

i ~+— Air lift Air out
Broth
Cooler -E Cooler-E out
ir
Medium — 2N Medium
n

(A) (B)
In the airlift type (A), air is forced through a sparger; in the plunging jet type (B) air is forced into the broth
in a jet. There are no moving parts in loop fermenters.

Fig. 9.8 Loop Fermentors



204 Modern Industrial Microbiology and Biotechnology

some authors the airlift fermentor is a modification of the batch fermentor differing in the
absence of stirring. It is in fact one of several types of loop fermentors.

(ii) Mixing of the broth: Poor mixing reduces yields in yeasts grown on alkanes.
Aggregates consisting of alkane droplets and yeast cells float to the top of the broth in
poorly mixed fermentations. The nutrients cannot therefore get to the yeasts which
become starved as a consequence. The problem was solved using a completely filled
circulating fermentor which operates on the same principle as a shake flask (Fig. 9.9).
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Fig. 9.9 Circulating Fermentor: 1, Vessel; 2&3, Draught Type; 4, Baffle; 5, Stirrer; 6 & 7, Foam
Breaker; 8 & 9, Air Sparger; 10, Outer Section; 11, Inner Section.

(iii) Aggregate of cells: In filamentous cells, e.g., actinomycetes and fungi, the cells tend to
aggregate and only those at the periphery of the clump grow. A steep gradient
concentration of the product therefore exists from the outside to the inside. The avoidance
of clumps and the production of loosely organized cells are achieved in the airlift
fermentor.

(iv) Removal of inhibitory products: In the high concentration of components of a
fermentation broth, feedback inhibition easily limits production. One manner of dealing
with the problem is to subject the broth to dialysis. This can be achieved by constantly
circulating the broth in an external membrane in contact with water. Volatile end
products may be removed as they are formed by applying reduced pressure.
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9.7 MICROBIAL EXPERIMENTATION IN THE FERMENTATION
INDUSTRY: THE PLACE OF THE PILOT PLANT

When the microorganism used in a fermentation is new, experimentation must be carried
out to determine conditions for its maximum productivity. It is usual to initiate the
studies in a series of conical flasks of increasing size and to progress through a 10-20 liter
fermentor to a pilot plant (100-500 liter) and finally to a production plant (10,000-
200,000 liters). The processes involved in the increasing scale of operation culminating in
the production plant are known as scaling up.

On the other hand, in a well-established fermentation procedure, any change to be
introduced must be experimented on and tested out in a pilot plant whose function is to
simulate the conditions and structures of the production plant. This procedure is often
referred to asscaling down. The processes of scaling up and scaling down are essentially
in the domain of the chemical engineer who depends on data supplied by the
microbiologist.

Information gathered at the shake flask stage is used to predict requirements in the
pilot plant which itself serves a similar purpose for the production plant. The optimum
requirements of medium composition, aeration, temperature, redox potential, pH,
foaming, etc., are determined and extrapolated for the next higher scale. The pilot
fermentor is also used for training new recruits in the fermentation industry; it may also
be used for continuous fermentation where a large enough number of them exist.

One approach which helps facilitate translation of information from the pilot plant to
production is to reproduce the production plant as a geometrical replica of the pilot plant.
Baffles, agitators, etc., are increased exactly according to a predetermined scale. This,
however, does not entirely solve the problem because the mere increase in volume
immediately poses its own problems. If the same level of productivity as encountered in
the pilot study is to be maintained, then agitation and aeration may be applied at a level
higher than that expected in a proportional increase in the production fermentor.

9.8 INOCULUM PREPARATION

The conditions needed for the development of industrial fermentations often differ from
those in the production plant. This is because except in a few examples where the cells
themselves are the required product, e.g., in single cell protein, or in yeast manufacture,
most fermentation products are metabolites. Cells to be used must be actively growing,
young and vigorous and must therefore be in the phase of logarithmic growth. Since
organisms used in most fermentations are aerobes, the inocula will usually be vigorously
aerated in order to encourage maximum cell development, although they may need less
aeration in subsequent incubation. The chemical composition of the medium may differ
in the inoculum and production stages. The inoculum usually forms 5-20% of the final
size of the fermentation. By having an inoculum of this size the actual production time is
considerably shortened.

The initial source of the inoculum is usually a single lyophilized tube. If the content of
such a tube were introduced directly into a 100,000 liter pilot fermentor, the likelihood is
that it would take an intolerably long time to achieve a production population, during
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which period the chance of contamination is created. For these reasons inocula are
prepared in several stages of increasing volume. At each step, the growth is checked for
the absence of contamination by plating. When the lyophilized vial is initially plated out
and shown to be pure, the entire plate instead of a single colony is scraped off and
transferred to the shake flask so as to avoid picking mutants (Fig. 1.2, Chapter 1)

9.9 SURFACE OR SOLID STATE FERMENTORS

In solid state fermentors rice bran or some such solid is used. Molasses may be added and
anutrient solution of ammonium and phosphate may be introduced. It is used mainly in
Japan for enzyme production, and has been used for citric acid production. Fungal
bioinsecticides are also cultivated as surface cultures. Certain mushrooms are also
grown in tray fermentors.

In the surface fermentor shown in Fig. 9.10, a series of shallow trays no more than
about 7 cm in depth is used, the solid medium not being more than about 5 cm so that air
can penetrate into the solid medium. Humid air is blown into the chamber containing the
trays. The incoming air and the out going air may be filtered especially when fungi are
used to save the dissemination of the spores in the atmosphere. In some fermentations
some form of temperature control is imposed through blowing cold air into the fermentor
and also by cooling the room where the fermentor is located.

AN
N

Fig. 9.10 Diagram of a Solid-state (Surface)Tray Fermentor Humid Cooled, Sometimes Filtered, Air is let
into the Fermentor; the Exhaust Air is also Filtered (see text)
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CHAPTER 10

Extraction of
Fermentation Products

Judging from the extent of discussion on the fermentor and its accessories one might be
led to feel that they consume nearly all of the capital investment in a fermentation
industry. This is however not so: not only is the investment in recovery equipment high,
but isolation costs represent a good proportion (sometimes up to 60%) of the cost of the
final product. In one antibiotic factory, recovery equipment cost four times more than the
fermentor. The necessity of having a well-planned and reliable recovery process and an
efficient recovery plant is therefore of utmost importance. In this discussion only broad
outlines of the principles of extraction will be given, more detailed consideration being
given when each product is discussed.

The central problem in the extraction of fermentation products from the fermentation
‘beer’ or broth is that the required product usually (but not always) forms a small
proportion of a complex heterogeneous mixture of cell debris, other metabolic product,
and unused portions of the medium. The following are the factors borne in mind in
deciding the extraction method to be used:

(i) the value of the final product;
(ii) the degree of purity required to make the final product acceptable, bearing in mind
its revenue-yielding potential;
(iii) the chemical and physical properties of the product;
(iv) thelocation of the product in the mixture i.e. whether it is free within the medium or
is cell-bound;

(v) thelocation and properties of the impurities; and finally;

(vi) the cost-effectiveness or the economic attractiveness of the available alternate
isolation procedures.

The various steps followed in the extraction of fermentation products together with the
approximate level of purification obtained in each stage are given in Table 10.1.

The procedure followed within each stage depends of course on the material being
extracted, and are discussed hereunder. The product sought could be the cells themselves
such as in yeast manufacture, or lodged in the cells (such as in streptomycin or some
enzymes) or free in the medium as with penicillin.
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10.1 SOLIDS (INSOLUBLES) REMOVAL

In general the initial step separates solids from the liquid fraction thereby facilitating
further extractive steps, such as sorption, solvent extraction which would be wasteful or
near impossible if the cells were not separated. When the required product is solid or is
lodged in the insoluble portion liquid removal helps concentrate the solids.

Table 10.1 Conventional steps* followed in the purification of products in the soluble portion

of ‘beer’
Step Process Hypothetical degree of purity (%)
1a. Removal of insolubles 0.1-1.0 (if product solubles)
Filtration 90-99 if product is cell
Centrifugation such as yeasts
Decantation

1b. Disruption of cells

2 Primary foam isolation of the product 1-10
Sorption physical and/or ion exchange
Solvent extraction
Precipitation
Ultracentrifugation
3 Purification 50-80
Fractional precipitation
Chromatography (adsorption,
partition, ion exchange, affinity)
Chemical derivatization
Decolorization
4. Final product isolation 90-100
Crystallization
Drying
Solvent removal

*Some modern extraction methods combine steps 1 and 2

In a few cases no separation takes place such as in the acetone butanol fermentation,
where the entire beer is used. In most cases, however, the separation methods used are
filtration, centrifugation, decantation, and foam fractionation. Where the required
fraction is in the cells then much of the impurities are removed with the filtrate after the
cells have been isolated. The various methods used in solids removal are discussed
below.

10.1.1 Filtration

The rotary vacuum filter: One of the most commonly used filters in industry is the
rotary vacuum filter which is available in several forms. Essentially the filter consists of a
hollow rotating cylinder divided into four partitions and covered with a metal or cloth
gauze. A vacuum is applied in the cylinder and as it rotates the vacuum sucks liquid
materials from the shallow trough in which the rotating cylinder is immersed. For thick
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slurries which are difficult to filter (e.g. aminoglycoside broths) a thin layer of filter aid
(e.g. Kiesselghur) is first allowed to be absorbed on the cylinder. Later the filter cylinder
with its thin coating of the filter aid is allowed to rotate in the trough in which the broth
is now placed. The rotating cylinder, the vacuum still on, is washed with a sprinkle of
water; a knife whose edge is positioned just short of the layer of filter aid scrapes off the
solids picked up from the broth.

When it is used for easily filtered broth such as in penicillin broth no filter aid is used.
Instead an arrangement of strings coupled with a release of the vacuum in the segment of
the cylinder helps release the material picked up from the broth.

Rofating “::‘(::;

covered cylinder , Filtered
with gauze filter solid on drum

Strings

Filtrate

Solid fo vacuum receiver
dischorge
/’ Rotlers Broth in trough

Fig. 10.1 Transverse Section of the Rotary Vacuum Filter lllustrating its Operation

Ring and wire type filters: These filters consist of a coating of diatomaceous earth on a
wire-mesh supported by a frame of metal rods. The liquid to be filtered is introduced
under a pressure of 75 p.s.i rather than under a vacuum as in the rotary vacuum filter.
They are used when the load is light such as for polishing beer or fruit juices. They can be
cleaned by back flushing with water.

10.1.2 Centrifugation

Centrifugation is not widely used for the primary separation of solids from broth in
fermentation beer because of the thickness of these slurries and the fact that many
industries have operated successfully with filters. Only in a few cases will a centrifuge
de-water a broth to anywhere near the extend a filter would. In the enzyme isolation
industry, however, centrifugation is preferred to filtration, probably because unwanted
cell debris are quite efficiently removed by this method. A large number of centrifuges are
available in the market and a new fermentation industry or a change in the production
method of old processes may require the use of centrifuges for primary separation.

10.1.3 Coagulation and Flocculation

Coagulation is the cohesion of dispersed colloids into small flocs; in flocculation these
flocs aggregate to form larger masses. The first is induced by electrolytes and the latter by
polyelectrolytes, high molecular weight, water soluble compounds that can be obtained
in ionic, anionic, or cationic forms. Bacteria and proteins being negatively charged
colloids are easily flocculated by electrolytes or polyelectrolytes. Sometimes clay, or
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activated charcoal may be used. The net effect of the flocculation is that colloid removal
facilitates filtration. It may even be possible to merely decant the supernatant once large
enough flocs remove the solid portion of the ‘beer’ of them which to use and low much to
use among the various flocculants must be worked out by experimentation. Since
flocculation depends on cell wall characteristics, the agents must meet the following
requirements especially if the cells, and not the liquid, are the required products. The
flocculants should have the following properties.

(i) They must react rapidly with the cells.
(ii)) They mustbe non-toxic.
(iii) They should not alter the chemical constituents of the cell.
(@iv) They should have a minimum cohesive power in order to allow for effective
subsequent water removal by filtration.
(v) Neither high acidity nor high alkalinity should result from their addition.
(vi) They should be effective in small amounts and be low in cost.
(vii) They should preferably be washable for reuse.

10.1.4 Foam Fractionation

Foam formation has been described in Chapter 9. The principle of foam fractionation is
that in a liquid foam system the chemical composition of a given substance in the bulk
liquid is usually different from the chemical composition of some substance in the foam.
Foam is formed by sparging the bulk liquid containing the substance to be fractionated
with an inert gas. The gas is fed at the bottom (Fig. 10.2) of a tower and the foam created
overflows at the top carrying with it the solutes to be fractionated. Surfactants or (surface

Overflow l
Foam
Breaker
Foam
>
Collapsed
AN Foam
Liquid
TP,
—>—.

Gas
Fig. 10.2 Foam Fractionation
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active substances that reduce surface tension e.g. teepol) may be added in liquids that do
not foam. This method has been used to collect a wide range of microorganisms and
although mainly experimental it may be used on a large scale in industry.

10.1.5 Whole-broth Treatment

As had been indicated earlier, in some fermentations such as the acetonebutanol
fermentation, the whole unseparated broth is stripped of its content of the required
product. In the antibiotic industry a similar situation was achieved before it became
possible to directly absorb the antibiotics streptomycin (using cationic-exchange resin)
and novobiocin (on an anionic resin.) The antibiotics are eluted from the resins and then
crystallized. This process saves the capital and recurrent expense of the initial separation
of solids from the broth.

10.2 PRIMARY PRODUCT ISOLATION

After separation of the broth into soluble and insoluble fractions, the next process
depends on the location of desired product as follows: the cells themselves as in yeasts
may be desired product; they are dried or refrigerated and the liquid discarded. Further
treatment such as drying is discussed later in the chapter.

The required product may be bound to the mycelia or to bacterial cells as in the case of
bound enzymes or antibiotics. The cells then have to be disrupted with any of the several
ways available — heat, mechanical disruption, etc. The cell debris are now removed by
centrifugation, filtration or any of the other methods for removing solids, described
above.

Where the material is extracellularly available or if it has been obtained by leaching
with or without cell disruption then it is treated by one of the following methods: liquid
extraction, dissociation extraction, sorption, or precipitation.

10.2.1 Cell Disruption

A lot of biological molecules are inside the cell, and they must be released from it. This is
achieved by cell disruption (lysis). Cell disruption is a sensitive process because of the
cell wall’s resistance to the high osmotic pressure inside them. Furthermore, difficulties
arise from a non-controlled cell disruption, that results from an unhindered release of all
intracellular products (proteins nucleic acids, cell debris) as well as the requirements for
cell disruption without the desired product’s denaturation. There are mechanical and
non-mechanical cell disruption methods.

10.2.1.1 Mechanical methods

When the target material is intracellular, the means microorganisms are disrupted
mainly by mechanical disruption of the cells. Equipment for cell disruption includes:

i) Homogenizers. These pump slurries through restricted orifice or valves at very high
pressure (up to 1500 bar) followed by an instant expansion through a special
exiting nozzle. The sudden pressure drop upon discharge, causes an explosion of
the cell. The method is applied mainly for the release of intracellular molecules.
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ii) Ball Mills. In a ball mill, cells are agitated in suspension with small abrasive
particles. Cells break because of shear forces, grinding between beads, and
collisions with beads. The beads disrupt the cells to release biomolecules.

iii) Ultrasonic disruption. This method of cell lysis is achieved with high frequency
sound that is produced electronically and transported through a metallic tip to an
appropriately concentrated cellular suspension. It is expensive and is used mainly
in laboratories.

10.2.1.2 Non-mechanical methods

Cells can be caused to disrupt by permeabilization thorough a number of ways:

(i) Chemical Permeabilization. Many chemical methods have been employed in order to
extract intra cellular components from microorganisms by permeabilizing (i.e., making
them permeable) the outer-wall barriers. It can be achieved with organic solvents that act
by the creation of canals through the cell membrane: toluene, ether, phenylethyl alcohol
DMSO, benzene, methanol, chloroform. Chemical permeabilization can also be achieved
with antibiotics, thionins, surfactants (Triton, Brij, Duponal), chaotropic agents, and
chelates. A very important chemical is EDTA (chelating agent) which is widely used for
permeabilization of Gram negative microorganisms. Its effectiveness is a result of its
ability to bond the divalent cations of Ca++, Mg++. These cation stabilize the structure of
outer membranes by bonding the lipopolysaccharides to each other. The removal of these
cations EDTA, increases the permeability areas of the outer walls.

(ii) Mechanical Permeabilization. One method of mechanical permeabilization is osmotic
shock. While cells exposed to slowly varying extracellular osmotic pressure are usually
able to adapt to such changes, cells exposed to rapid changes in external osmolarity, can
be mechanically injured. This procedure is typically conducted by first allowing the cells
to equilibrate internal and external osmotic pressure in a high sucrose medium, and then
rapidly diluting away the sucrose. The resulting immediate overpressure of the cytosol is
assumed to damage the cell membrane. Enzymes released by this method are believed to
be periplasmic, or at least located near the surface of the cell.

(iii) Enzymatic Permeabilization. Enzymes can also be employed to permeabilize cells, but
this method is often limited to releasing periplasmic or surface enzymes. In these
procedures, they often use EDTA in order to destabilize the outer membrane of Gram
negative cells, making the peptidoclycan layer accessible to the enzyme used. Enzymes
used for enzymatic permeabilization are: beta(1-6) and beta(1-3) glycanases, proteases,
and mannase.

10.2.2 Liquid Extraction

Also known as solvent extraction, or liquid-liquid extraction this procedure is widely
used in industry. It is used to transfer a solute from one solvent into another in which it is
more soluble. It also can be used to separate soluble solids from the mixture with
insoluble material by treatment with a solvent.

The law on which liquid-liquid extraction is based states that when an organic solute
is exposed to a two-phase immiscible liquid system the ratio of the solute concentration in
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the two phases is constant for a given temperature. This ratio, K, is the partition or
distribution coefficient, given as:

K=C1/C2

where C; and C, are the concentrations in phase 1 and phase 2 respectively. The equation
is effective, however, for dilute solutions and breaks down for very concentrated
solutions. The selectivity of a solvent solution is indicated by the ratio of the distribution
coefficients of the components in question. Which solvents are actually used will depend
on a number of factors including the distribution properties of the solute in them,
volatility, ease of recovery and cost.

In this method the broth to be extracted is shaken with a hydrophobic solvent (i.e., one
that will not mix with water), allowed to settle and the solvent which should contain
more of the material to be extracted is removed. This may be done in a small laboratory
scale in separating funnels or in a stirred tank in industry.

The separation may be done in a stirred tank in one of several ways (Fig. 10.3): (1) batch
wise in a single tank and the solvent with its solute drained; or (2) continuous with a
mixing and a setting tank. More efficient extractions are achieved with continuous
addition of solvent in (3) a cross-current arrangement in which successive solvent
extracts will be progressively more dilute or in a (4) counter-current fashion in which
efficient extraction is achieved with less solvent usage.

The counter-current multi-stage system is most commonly used and a wide variety of
equipment incorporating this system exist. In many applications a vertical column may
be used with the heavier liquid introduced from the top and the lighter from the bottom.
Mixing of the liquid may occur via a stirring shaft or by the turbulence created by a series
of plates placed in the column. A series of such columns may be set up with provision for
automatic transfer of liquid from one column to the next. A set-up similar to this has been
used to separate radio-active materials. This principle has also found use in penicillin
separation, but because penicillin would be destroyed in the acidified broth by prolonged
contact and also because such prolonged contact enable protein present in the medium to
stabilize, separation is done quickly.

10.2.3 Dissociation Extraction

Dissociation extraction is a special case of liquid-liquid extraction. Many fermentation
products are either weak bases or acids. When solvent extraction is employed the pH is so
selected that the material to be isolated is unionized since the ionized form is soluble in
the aqueous phase and the unionized form is soluble in the solvent phase. Weak bases
are therefore extracted under high pH conditions and weak acids under low pH
conditions. The result is a rapid and complete extraction of the solute and materials
similar to it.

10.2.4 lon-exchange Adsorption

Ion exchange adsorption is one of several adoption methods which include
chromatography, and charcoal adsorption. These will be discussed later.

Ionic filtrates of fermentation broths can be purified and concentrated using ion
exchange resins packed in columns. An ion exchange resin is a polymer (normally
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polystyrene) with electrically charged sites at which one ion may replace another.
Synthetic ion exchange resins are usually cast as porous beads with considerable
external and pore surface where ions can attach. Whenever there is a great surface area,
adsorption plays a role. If a substance is adsorbed to an ion exchange resin, no ion is
liberated. Testing for ions in the effluent will distinguish between removal by adsorption
and removal by ion exchange. While there are numerous functional groups that have
charges, only a few are commonly used for manmade ion exchange resins. These are:

e -COOH which is weakly ionized to -COO~

e -SO;H which is strongly ionized to -SO5

e -NH, that weakly attracts protons to form NH;"

e -secondary and tertiary amines that also attract protons weakly

e -NR;" thathas a strong, permanent charge (R stands for some organic group)

These groups are sufficient to allow selection of a resin with either weak or strong
positive or negative charge. The resins are usually branched polymers of high molecular
weight-containing easily exchanged ions which are in equilibrium with ions in the
surrounding solution. The resins are however usually used in neutral salt forms: cation
exchangers in the sodium form and anion exchangers in the chloride form. The resins lose
the labile ions and in exchange bind suitable materials in the liquid percolating down the
column. The efficiency of the exchange depends on the following factors:

(i) The capacity of the resin for the ion to be adsorbed, usually expressed in milli-
equivalents.
(i) The size of the resin spheres: the smaller, the more the exchange.
(iii) The flow rate; the slower, the greater the adsorption.
(iv) Temperature: the higher, the more rapid the exchange.

The choice of the resin depends on the chemical and physical properties of both resin
and product as well as on the contaminating materials. CaCO;, for example, is often left
out of media for streptomycin fermentation, because Ca*" ions are preferentially adsorbed
onto the resin in place of streptomycin cations.

As indicated earlier, streptomycin is extracted over a resin ( a carboxylic acid resin)
with prior separation of the soluble from the insolubles. The broth is passed successively
through two resin columns which have previously been flushed with NaOH to convert
them to the sodium phase. The resin absorbs a large amount of the streptomycin which is
eluted with HCI converting the streptomycin to chloride and the resin to the hydrogen
form. In this way the streptomycin is both purified and concentrated.

10.2.5 Precipitation

The insolubility of many salts is used in the selective isolation of some industrial
products. Itis particularly useful in the elimination of proteinaceous impurities or in the
isolation of enzymes. Salts are precipitated by one of several methods: adding inorganic
salts and (or) reducing the solubility with the addition of organic solvents such as
alcohol in the case of enzymes. Lactate and oxalate salts of erythromycin have been so
isolated and citric acid has been isolated with its calcium salt.
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10.3 PURIFICATION

The methods described earlier isolate mixtures of materials similar in chemical and
physical properties to the required product. The methods used in this section are finer
and further eliminate the impurities thus leaving the desired product purer.

10.3.1 Chromatography

In chromatography, the components of a mixture of solutes migrate at different rates on a
solid because of varying solubilities of the solutes in a particular solvent. The mixture of
solutes is introduced (usually as a solution) at one end of the solid phase and the solvent
(i.e., the solution which separates the mixture) flows through this initial point of the
mixture application. Fermentation products are separated by any of the following
chromatographic methods, where the separation of the solids occur for the reasons given
in each of the following.

(i) Adsorption chromatography: (e.g., paper chromatography) variations in the weak
(Van der Wall) forces binding solutes to the solid phase;

(ii) Partition chromatography: A mobile solvent is passed through a column containing
an immobilized liquid phase; the solvent and immobilized liquid phase are
immiscible. Separation occurs by the different distribution or partition coefficients
of the solutes between the mobile and immobilized liquid phases.

(iii) lon exchange chromatography: The difference in the strength of the chemical bonding
between the various solutes and the resin constitutes the basis for this method.

(iv) Gel Filtration: This depends on the ability of molecules of different sizes and shapes
to permeate the matrix of a gel swollen in the desired solvent. The gel can be
considered as containing two types of solvent; that within the gel particle and that
outside it. Large particles which cannot penetrate the gel appear in the column
effluent after a volume equivalent to the solvent outside the gel has emerged from
the column. Small molecules which permeate the matrix appear in the effluent after
a volume equivalent to the total liquid volume within the matrix has emerged.

10.3.2 Carbon Decolorization

Some solids are able to adsorb and concentrate certain substances on their surfaces when
in contact with a liquid solution (or gaseous mixture). These include activated charcoal,
oxides of silicon, aluminum, and titanium and various types of absorbent clays.
Absorbents have been used for the adsorption of antibiotics from broths, removal of
colored impurities from a solution of an antibiotic, sugar or even from gasoline. In the
fermentation industry activated charcoal has been most widely used because of its
extensive pores which confer on it a large surface. Furthermore, the pores are large
enough to allow the passage of the solvent.

Activated carbon, powdered or granular, is used to remove color. Thus penicillin
solution is usually treated with activated carbon before the crystallization of the amino
salt. A single-stage batch-wide system of mixing the solution with carbon followed by
filtration may be used. Multi-stage counter-current decolorization is far more efficient per
unit of carbon than batch. Before using an adsorbent it is important to determine
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experimentally the most efficient depth of the absorption zone which will thoroughly
remove all color.

10.3.3 Crystallization

Crystallization is the final purification method for those materials which can stand heat.
The solution is concentrated by heating and evaporation at atmospheric pressure to
produce a super saturated solution. Many fermentation products will not however stand
heat and the initial water removal is made by heating at reduced pressure or by lowering
the temperature to form crystals which can be centrifuged off leaving a concentrated
liquor. It yields compounds which are highly potent more stable and free from colored
impurities. To obtain crystals, first a super saturated solution is produced; secondly,
minute nuclei or seeds are formed and thirdly, the molecules of the solute build on the
nuclei. Crystalline particles from a previous preparation may be deliberately introduced
to produce the nuclei. In procaine penicillin production, fine crystals are used to induce
crystallization whereas in dehydrostreptomycin sulfate, addition of methanol brings
about crystallization.

10.4 PRODUCT ISOLATION

The final isolation of the product is done in one of the two following ways:

(i) processing of crystalline products.
(ii) drying of products direct from solution.

10.4.1 Crystalline Processing

Crystalline products are free-filtering and non-compressible and therefore may be filtered
on thick beds under high pressure. This is usually done on a centrifugal machine capable
of developing very high (about 1,000 fold) gravitational force. The crystals are washed to
remove adhering mother liquor. After washing they are dried by spinning for further
drying or solvent removal.

10.4.2 Drying

Drying consists of liquid removal (either organic solvent or water) from wet crystals such
as was described above from a solution, or from solids or cells isolated from the very
earliest operation. Several methods of drying exist and the one adopted will depend on
such factors as the physical nature of the finished product, its heat sensitivity, the form
acceptable to the consumer, and the competitiveness of the various methods in relation to
the cost of the finished product. Drying can be considered under two heads: (i) liquid-
phase moisture removal, and (ii) solid-phase moisture removal.

10.4.2.1 Liquid-phase moisture removal

Liquid-phase moisture removal involves drying by heat. When drying is done by heating,
the processes may be broken down to the supply of heat to the material and the removal
of the resulting water vapor. The simplest method is by direct heating in which heated
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atmospheric air both heats the material and removes the water vapor. In others, the
heating is done at reduced pressure to facilitate evaluation of the water vapor. Under
such conditions, indirect heating from a heated surface, radiation (e.g., infra-red) or both
is used to supplement the heat introduced by reduced vapor pressure.

The actual method of heating is done in a number of different mechanical contraptions
which will be mentioned briefly below.

(i) Tray Driers: The most commonly used in Feed pi
some fermentation industries is the o eed pipe
vacuum tray drier. It is versatile and
consists simply of heated shelves in a
single cabinet which can be vacuum
evacuated. In some, the trays may have
provision for vibration or shaking to
hasten evaporation. As it can be
evacuated, heating at fairly low
temperature is possible and hence it is
useful for heat-labile materials.

(ii) Drum dryers: In this method the broth or
slurry is applied to the periphery of a  (ife Knife
revolving heated drum. The drum may
be single or in pairs. High temperature is
applied though for a short time on the
material to be dried and some Feed
destruction may occur. One arrangement ‘
of drum driers is illustrated in Fig. 10.4.

(iii) Spray drying: This method is used +L Hot
extensively in the food and fermentation A = not 998
industries for drying heat-sensitive

\\‘ inlet
materials such as drugs, plasma and
milk. The conventional spray consists of
an arrangement for introducing a fine A

spray of the liquid to be dried against a
counter-current of hot air. As the = gSﬁe )
material is exposed to high temperature

Fig. 10.4 Drum Drier

for only a short while, a matter of a few
seconds, very little damage usually
occurs. Furthermore, it is convenient
because of its continuous nature. Fig. 10.5 Conventional Spray Drying
Sometimes the material is introduced simultaneously with air (Fig. 10.5).

Product

10.4.2.2 Solid-phase moisture removal (freeze-drying)

The equipment used in freeze-drying is essentially the same as in the vacuum drier
described earlier. The main difference is that the material is first frozen. In this frozen
state, the water evaporates straight from the material. It is useful for heat-labile materials
such as enzymes, bacteria, and antibiotics.
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CHAPTER 11

Sterility in Industrial
Microbiology

In the microbiology laboratory, sterility is a most important consideration and ways of
achieving it form the earliest portions of the training of a microbiologist. In the
fermentation industry contamination by unwanted organisms could pose serious
problems because of the vastly increased scale of the operation in comparison with
laboratory work. If Pediococus streptococcus dammnosus which causes sourness in beer were
to contaminate the fermentation tanks of a brewery then hundreds of thousand of liters of
beer may have to be discarded, with consequent loss in revenue to the brewery. The
situation would be similar if a penicillianase-producing Bacillus sp were to contaminate
a penicillin fermentation, or lytic phages an acetone-butanol mash.

11.1 THE BASIS OF LOSS BY CONTAMINANTS

Contaminations in industrial microbiology as seen above could lead to huge financial
losses to a fermentation firm. Losses due to contaminations may be explained in one or
more of the following ways:

(i) The contaminant may utilize the components of the fermentation broth to produce
unwanted end-products and therefore reduce yield. When slime-forming
Leuconostoc mesenteroides invades a sugar factory, it utilizes sucrose to form the
polysaccharide in its capsule which forms the slime. Similarly, in the beer industry
when lactic acid bacteria contaminate the fermentating wort, they utilize sugars
present therein to produce unwanted lactic acid which renders the beer sour.

(ii) The contaminant may alter the environmental conditions such as the pH or
oxidation-reduction potential of the fermentation and render it unsuitable for
maximum production of the required product. Thus, if E. coli which grows much
more rapidly than the highly aerobic Streptomyces griseus should contaminate a
streptomycin fermentation it may use up a large proportion of the oxygen thereby
reducing the yield of the antibiotic, because less than optimal amounts of oxygen
are available to the actinomycete.

(iii) Contamination by lytic organisms such as bacteriophages or Bdellovibrio could
lead to the entire destruction of the producing organism.



222 Modern Industrial Microbiology and Biotechnology

(iv) Finally,itis conceivable that contaminants could even, if they did not reduce yield
in a product, produce by-products not removable in the extraction process already
established in the factory. The result could be losses in manpower time needed to
devise means of dealing with the product.

Although contaminants are generally undesirable, not all fermentation need to be
carried out under strict asepsis, depending on the selling price of the end-product. Thus
while the high cost of antibiotics justifies strict sterility during production, such sterility
is not called for in such bulk products as yeasts or industrial alcohol.

11.2 METHODS OF ACHIEVING STERILITY

The various methods for achieving sterility are well-known and include physical and
chemical methods.

11.2.1 Physical Methods
11.2.1.1 Asepsis

Asepsis involves general cleanliness and is a procedure routinely observed in many
microbiological, pharmaceutical and food industries. In such organizations, laboratory
coats, face masks, gloves, and other protective clothing are often worn to prevent the
transfer of organisms from the individual to the product. Hands are regularly washed;
pipes, utensils, fermentation vats, and floors are washed with water and disinfectants. In
some industries such as those concerned with parenteral (injection) material, or with
vaccines, even the incoming air must be sterile. The maintenance of asepsis does not
sterilize but it helps reduce the load of microorganisms and hence lessens the stringency
of the sterility measures employed. It also helps to remove foci of microbial growth such
as particles of food, or media which could be sources of future contaminations.

11.2.1.2 Filtration

Filtration is used in industry and in the laboratory to free fluids (i.e., gases and liquids) of
dust and other particles and microorganisms. If properly used, it is highly effective and
also relatively inexpensive. Large volumes of sterile air and other gases are sometimes
required for ‘sterile” areas where in the pharmaceutical industries, injections and
vaccines are handled, and for aeration in most fermentations.

Two types of air filters are available, the so-called absolute filters which are usually
made of ceramic and are so called because their pores are not large enough to admit a
microorganism and hence, they should theoretically be highly efficient. Their
disadvantage is that they are suitable for only small volumes of the gas being sterilized.
The second group, fibrous filters, is made of fibers of wool, cotton, glass or mineral slag,
whose diameters are in the order of 0.5-15 1. Fibrous filters are not absolute; nevertheless
they are quite effective and hold back organisms of the diameter of about 1.0uL or even
viruses. The factors which contribute to their removal of microorganisms include direct
interception by the fibers, settlement by gravity electrostatic attraction between fiber and
particles, Brownian movement and convection (Fig. 11.1).
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Fig. 11.1 Fibrous Filter

Prefilters usually consist of discs of mats of asbestos of the type used in Seitz filters. They,
however, let in fine fibers, which are undesirable in injectable materials. The fine fibers
are removed in the final filter. Prefilters also absorb large amounts of the liquid, although
such absorbed liquid can be re-extracted by flushing the filter at the end of filtration with
sterile nitrogen. The filters may also be made of compressed paper pulp; filter paper
coated with Kieselghur may be placed between the filter pads.

Final filters which may be of unglazed porcelain are usually made in the form of
cylimerial candles over which the liquid to be filtered flows. The filtrate is drained from
the inside of the cylinder. This type of arrangement increases the surface area available
for filtration. The candles may be sterilized by autoclaving. Sintered glass is usually
made in form of discs and, like porcelain, they are fragile. Membrane (‘Millipore’) filters of
cellulose acetate may also be used as final filters. They can be autoclaved.

Sterilizing filters should have pores with maximum diameters of 0.2 1. They should be
themselves sterilized before being used. Membrane filters can be sterilized by chemical
sterilants (such as ethylene oxide, hydrogen peroxide in vapor form, propylene oxide,
formaldehyde, and glutaraldehyde), radiant energy sterilization (such as c-irradiation)
or steam sterilization. The most common method of sterilization is steam sterilization.

Steam sterilization of a membrane filter can be accomplished either by an autoclave or
by in situ steam sterilization.

11.2.1.3 Heat
Heat may be applied dry or moist:

Dry heat: Not only is dry heat used to sterilize glassware on a small scale in industry
associated laboratories, more importantly it is used on a large scale in industry for
sterilizing some types of air filters. Principally, however, it is used for sterilizing air by
compression. When air is compression the temperature rises in accordance with the gas
law, PV = RT where P is the pressure, V the volume, R the gas constant and T temperature.
If Pand V are increased, T, the temperature would rise as shown in Table 11.1. However,
compression is expensive. Furthermore, heated air must be at a high temperature (at a
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Table 11.1 Temperature of air after compression

Final pressure (p.s.i.g.) Temp. (°C)
20 78
40 117
60 140
80 169
100 189
150 229
200 261

much higher pressure than that at which it will be used) and for fairly long holding
periods. Although not a very practical method, compression could reduce the microbial
population of air.

Other methods which have been explored include direct or indirect heating with the
gases and also with electrical heating. In each case while the procedure was effective, it
was too expensive.

Moist heat: Moist heat can be employed in industry to kill microorganisms during boiling,
tyndallization, and autoclaving.

Tyndallization consists of boiling the material for one half hour on three consecutive days.
Vegetative cells are killed on the first day’s boiling. Spores are not but they germinate.
During the second day’s boiling, the vegetative spores resulting from the spores not killed
on the first day, are killed. Any spore still surviving after the second day will be killed
during boiling on the third day as the spores would have germinated. After the third
day’s boiling the medium is expected to be sterile. It is a method which can be used for
sterilizing heat-labile media where filtration is not possible for whatever reason,
including that the medium is too viscous for filtration.

Pasteurization is very widely used in the food industry. It is used for treating beer and
wine. It consists of exposing the food or material to a temperature for a sufficiently long
period to destroy pathogenic or spoilage organisms. Pasteurization can either be batch or
continuous. The low temperature long time (LTLT) technique usually involves heating at
about 60°C for one half hour and is used in batch pasteurization whereas the high
temperature short time (HTST) of flash method involves heating at about 70°C for about
15 seconds. The flash method is employed in continuous pasteurizing.

When batch pasteurization is used on a large scale the final temperature of
pasteurization is attained by gradual increases. Similarly, the temperature is lowered
gradually to cool it; for 600 ml bottles in many breweries batch pasteurization time is a
total of about 90 minutes divided equally between raising the temperature, holding at the
pasteurization temperature, and cooling. This prolonged time during which the material
is exposed to high temperature and which may give rise to a ‘burnt’ odor is the major
deficiency of batch in comparison with continuous pasteurization.

Steam under pressure: Steam is useful as a sterilizer for the following reasons:

(i) It has a high heat content and hence a high sterilizing ability per unit weight or
volume; this heat is rapidly released.
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(ii) Steam releases its heat at a readily controlled and constant temperature.
(iii) Itcanbe fairly easily produced and distributed.

(iv) No obnoxious waste products result from its use and it is clean, odorless and
tasteless.

Its disadvantages are that it is not suitable for sterilizing anhydrous soils, greases,
powders, and its effectiveness, as will be seen later, may be limited in the presence of air.

Steam is widely used for the sterilization of equipment in the laboratory as well as in
industry. Pipes, fermentors and media are all sterilized with the steam. Steam used for
this purpose is under pressure because the higher the pressure the higher the
temperature. The relationship between steam temperature and pressure will be
discussed further later in this section.

There are three ‘types’ of steam.

Wet steam is steam in which sufficient heat is lacking to keep all the steam in the
gaseous vapor phase. The effect of this is that some liquid water is present in the steam.

In “saturated’ (or sometimes wrongly called dry saturated) steam, all the steam is in the
vapor phase; its heat content is such that there is an equilibrium between it and water at
any temperature and pressure. Saturated steam is water vapor in the condition in which
itis generated from the water with which it is in contact. Saturated steam cannot undergo
areduction in temperature without a lowering of its pressure, nor can the temperature be
increased without expanding the pressure. When steam is saturated therefore, it can be
described either by its pressure or its temperature, with which the two characteristics are
linked. Wet steam has far less heat than saturated steam per unit weight of steam.
Furthermore, wet steam introduces a lot more water than necessary in the material being
sterilized; for example media in fermentors may become diluted. One major reason for the
occurrence of wet steam is the use of long poorly insulated pipes.

In superheated steam no liquid water is present, and the temperature is higher than that
of saturated steam at the same pressure. Superheated steam is produced by, for example,
passing it over heated surfaces or coils. For the purposes of sterilization, saturated steam
is the most dependable, efficient and effective of the three types of steam. Superheated
steam behaves more like a gas than vapor and takes up water avidly. Although it has a
higher temperature than saturated steam at the same pressure, it does not sterilize to the
extent of saturated steam. This is because it lacks moisture which enables heat to kill
micro-organisms at considerably lower temperatures than dry air. Superheated steam,
like dry air, would require that the organisms be exposed for periods as long as glassware
is exposed in a dry air oven. For transportation over long distances steam is transported
in the superheated form in pipes in order to reduce heat losses; it is returned to saturated
steam at the end of the transportation and at the point of use by the introduction of water.

The temperature of steam sterilization is 121°C for media both in industry and in the
laboratory, although other time-temperature combinations are equally satisfactory (Table
11.2). When industrial media are sterilized by heat, steam is forced into the medium
which is gently agitated; heating is supplemented when necessary by passing steam
through coils running along the fermentor wall. The dilution resulting from steam
injection is calculated from the quantity of steam introduced. In some instances the
medium may be autoclaved in a much larger version of a laboratory autoclave known as
aretort.
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Table 11.2 Minimum time/temperature relationship arrangements

Time (min) Temp °C
30 116
18 118
12 121
8 121
2 132

The major difference between sterilization of media in industry and in the laboratory is
the much greater scale of the former. Due to the greater scale it takes a much longer time to
attain the sterilizing temperature and to cool down than would be the case in the
laboratory. In the laboratory a liter of medium would probably require ten minutes to
attain the sterilizing temperature. It would remain there for 15 minutes and cool down
gradually over another 10-15 minutes, making a total of 40-45 minutes. With a 10,000 liter
medium the equivalent periods may well take several hours for each of the three periods.

11.2.1.4 Radiations

The electromagnetic spectrum is given in Fig. 11.2. The shorter the wavelength the more
powerful the radiation. Thus on the electromagnetic spectrum the most powerful
wavelengths are those of gamma rays, while the least powerful are radio waves. The
radiations used for sterilizing ultra violet light, x-rays and gamma rays.

Yisible
X-Rays H Microwavye
— I i
Gamma ' Uy 1 IR '
Rays I 1 ! Radio
L | 1 1 | 1 | 1 | | 1 | 1 | ]
107" 1079 10°7 10" 10-3 107! 10 103

Wavelength (cm)
Fig. 11.2 The Electromagnetic Spectrum

Ionizing radiations: These are extremely high frequency electromagnetic waves (X-rays
and gamma rays), which have enough photon energy to produce ionization (create
positive and negative electrically charged atoms or parts of molecules) by knocking off
the electrons on the outer orbits of atoms of the materials through which they pass. The
atoms knocked out are accepted by other atoms. The atoms losing the electrons and those
accepting them become ionized on account of the electron changes. It is this ability of x-
rays and gamma rays to create ions that has earned them the name ionizing radiations.
Gamma rays are generated from x-ray machines such as those used in hospitals to take x-
ray pictures. Gamma rays are also produced by the spontaneous decay of radioactive
metals such as cobalt 60 (Co®). Tonizing radiations can be used to sterilize plastic
syringes, rubber gloves, and other materials which are liable to damage by heat or
chemicals.
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Ultraviolet light: Visible light falls between wavelengths of 400 and 700 nm. Ultraviolet
light (UV) ranges from 100 to 400 nm. Not all uv is germicidal. The ‘germicidal range’ is
approximately 200 — 300 nm, with a peak germicidal effectiveness at 254 nm. The process
of the killing of microbes by UV involves absorption of a UV photon by DNA chains. This
causes a disruption in the DNA chain by causing adjacent thymine bases to dimerize or
become linked. The organism’s metabolism is disrupted and it may eventually die.

Unfortunately, ultraviolet light does not penetrate, and acts mainly on the surface.
Therefore its use would be limited to laboratory work such as sterilizing the laboratory
air, for creating mutations in culture improvement. In industry it is used for sterilizing the
air in fermentation halls and other such large open spaces.

11.2.2 Chemical Methods

These can be divided into two groups: chemosterilants (which kill both vegetative cells as
well as spores of bacteria, fungi, viruses, and protozoa) and disinfectants which may no-
kill spores, or even some vegetative cells, but at least kill unwanted (pathogenic or
spoilage) organisms.

11.2.2.1 Chemosterilants
For a chemical to be useful as a sterilant it should have the following properties:

(i) Itshould be effective atlow concentrations.
(ii) The components of the medium should not be affected, when used for media.
(iii) Any breakdown products resulting from its use should be easily removed or be
innocuous.
@iv) Itshould be effective under ambient conditions.
(v) Itshould act rapidly, be inexpensive and be readily available.
(vi) Itshould be non-flammable, non-explosive, and non-toxic.

The discussion on chemosterilants will focus on gaseous sterilants because they have
special advantages when parts of the materials to be sterilized are difficult to reach or
when they are of heat-labile.

11.2.2.2 Gaseous Sterilants

(i) Ethylene oxide: Ethylene oxide CH? — CH? has become accepted as a gaseous sterilant
and a lot of information about it has accumulated. It reacts with water, alcohol, ammonia,
amines, organic acids and mineral acids. Above 10.7°C it is gaseous. It is very penetrating
and is widely used in the food and pharmaceutical industries where it is capable of
killing all forms of microorganisms. Bacterial spores are however 3-10 more resistant
than vegetative cells.

Spores of some bacteria e.g. the thermophilic Bacillus stearothermophilus are in fact less
resistant than vegetative cells of some bacteria e.g. Staphylocous aureus, Micrococcus
radiodurans, and Streptococcus faecalis.

Relative humidity is very important in deciding the bacterial activity of ethylene oxide;
it is most effective in the range of 28-33% relative humidity. At humidities higher than
33% it is converted to ethylene glycol which has a weaker anti-bacterial activity. For
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effectiveness ethylene oxide requires a much longer time of exposure than steam
sterilization.

It is widely used in the pharmaceutical industry for sterilizing rubber and plastic
bottles, vials, catheters and sometimes, sutures, syringes and needles and some
antibiotics and microbiological media. Residual ethylene oxide must however be
removed by allowing it to evaporate and this takes some time.

One of the main disadvantages of the sterilant is that the liquid (which form it assumes
below 107°C is highly inflammable; the gas also forms explosive mixtures with air from 3
to 80 by volume. For this reason it is mixed with inert gases such as CO, often in a ratio of
10% ethylene oxide and 90% CO,. The explosive nature of ethylene oxide is made even
worse by the fact that the pure ethylene gas has an unpleasant odor. For use it is
introduced into large containers constructed like autoclaves.

(ii) Propylene oxide: This is only about half as active as ethylene oxide. It is liquid at room
temperature. It hydrolyzes less slowly than ethylene oxide in the presence of moisture. It
is used for room fumigation, and for food because some countries discourage the use of
ethylene oxide for this purpose. Propylene oxide has been used in industry for sterilizing
culture media, powdered and flaked foods, barley seeds and dried fruits. For these dried
foods an exposure of 1,000-2,000 mg/liter of the sterilant for 2-4 hours resulted in 90-99%
kill of various microorganisms, including bacteria and fungi. Like ethylene oxide it is an
alkylating agent and should be handled carefully since it is a potential carcinogen.

(iii) B-propiolactone: B-propiolactone is a heterocyclic colorless pungent liquid. Itis highly
active as an anti-bacteria agent, but it has a low penetrative power. Its probable
carcinogenicity has lowered its general use, although it has been used to fumigate
houses. It is used in the pharmaceutical industry to sterilize plasma and vaccines; when
it was used to sterilize bacterial medium all the spores introduced were killed.
Subsequently, E. coli grew indicating that no residual toxicity resulted. Indeed (-
propioplactone breaks down to the non-toxic and less carcinogenic B-hydroxypropionic
acid. Under maximum operating conditions (temperature, humidity, etc.) it has been
claimed that B-propiolactone in the vapor phase is 25 times more effective than
formaldehyde, 4000 times more than ethylene oxide and 50,000 more active than methyl
bromide. The relative humidity for maximum activity is 75%.

(iv) Formaldehyde: Formaldehyde is a gas which is highly soluble in water. Like other
gaeous sterilants relative humidity is important, but it is most active between 60-90%
humidity. It does not penetrate deeply and it should be used at 22°C or above to be
effective. An exposure of at least 12 hours is necessary. Formaldehyde oxidizes to formic
acid and this breakdown product could be corrosive to metals. It is used in the
pharmaceutical industries where it is used to preserve pathological specimens of
animals used for tests.

(v) Methylbromide: Methyl bromide is widely used for fumigation and disinfection in
cereal mills, warehouses, granaries, seed houses, and food processing plants. As it is
highly toxic ethylene oxide is sometimes preferred to it. Furthermore, it has been reported
to be only about one tenth as effective as ethylene oxide.

(vi) Sulfur dioxide: This is a colorless pungent gas. Due to its corrosiveness it is of limited
use, but it is used in the food industries; in wineries, it is used to partially ‘sterilize’ the
grape must before fermentation, to destroy wild yeasts and other unwanted organisms.
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11.2.2.3 Other sterilants

(i) Chorine: is widely used in industry as solutions of hypochloride. It is used for washing
pipes in breweries and other establishments and in the dairy industry for sterilizing
utensils.

(ii) Phenol: Phenol and phenol-derivatives are widely used as disinfectants. Other
compounds which could find use in some aspects of industry include ozone, hydrogen
peroxide, and quaternary ammonium compounds.

11.3 ASPECTS OF STERILIZATION IN INDUSTRY

In the foregoing, principles of dealing with unwanted organisms have been stressed;
where it was possible some aspects of practice were discussed. In this section the
practical methods of dealing with contaminations and the potential for contaminations
to occur in industry will be discussed.

11.3.1 The Sterilization of the Fermentor and its Accessories

The fermentor itself, unless sterilized, is a source of contamination. Of the various
methods discussed above, steam is the most practical for fermentor sterilization. Steam is
used to sterilize the medium in situ in the fermentor but sometimes the medium may be
sterilized separately in a retort or autoclave and subsequently transferred aseptically to a
fermentor. In order to avoid microbial growth within the fermentor when not in use,
crevices and rough edges are avoided in the construction of fermentors, because these
provide pockets of media in which undesirable microorganisms can grow. These crevices
and rough edges may also protect any such organisms from the lethal effects of
sterilization. For the reasons discussed earlier, saturated steam should be used and
should remain in contact with all parts of the fermentor for at least half an hour. Pipes
which lead into the fermentor should be steam-sealed using saturated steam. The various
probes used for monitoring fermentor activities, namely probes for dissolved oxygen,
CO,, pH, foam, etc., should also be sterilized.

11.3.2 Media Sterilization

The following should be borne in mind when sterilizing industrial media with steam:

(i) Breakdown products may result from heating and may render the medium less
available to the microorganisms; some of the breakdown products may even be
toxic;

(i) pH usually falls with sterilization and the usual laboratory practice of making the
pH slightly higher than the expected final pH should be followed;

(iii) Most media would have been sterilized if heat was available to all parts at a
temperature of 120-125°C for 15-20 minutes. Oils (sometimes used as anti-foams)
are generally more difficult to sterilize. If immiscible with water they may need to be
sterilized separately at a much higher temperature than the above and/or for a
longer period.
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(iv) The order and number of the addition of the various components of the medium
could be important. Thus, when powders such as corn starch are to be added it is
advisable to dissolve them separately and to add the slurry into the fermentor with
vigorous stirring; otherwise lumps could form. Such lumps may not only protect
some organisms, but may even render the powdered material unavailable as
nourishment for the target organisms. Some commercial autoclaves therefore have
an arrangement for stirring the medium to break up clumps of medium as well as
distribute the heat.

Sterilization of heat labile medium: Thermolabile media may be sterilized by
tyndalization. For this procedure the temperature of the medium is raised to boiling on
three consecutive days. The theory behind tydalization is that while boiling destroys the
vegetative cells, the bacterial spores survive. After the first day’s boiling the vegetative
cells are killed and the spores germinate. On the second day’s boiling the vegetative cells
resulting from the germinated spores surviving the first day’s boiling, are killed. In the
unlikely event that any spores still survive —after two days of boiling—they will germinate
and the resulting vegetative cells will be killed with the third day’s boiling. With the third
day’s boiling the medium in all likelihood will be sterile.

Chemical sterilization of the medium may be done with B-propiolactone. Filtration
may also be used. Filtration is especially useful in the pharmaceutical industry where in
addition to sterilization it also removes pyrogens (fever-producing agents resulting from
walls of Gram-negative bacteria), when filtration is combined with charcoal adsorption.

Batch vs. continuous Sterilization: The various advantages of continuous over batch
fermentation (Section 7.4) can be extended, with appropriate modifications, to
sterilization. Exposure to sterilization temperature and cooling thereafter are achieved in
continuous sterilization in much shorter periods than with batch sterilization (Fig. 11.3).
The two methods generally used for continuous sterilization are shown in Fig. 11.4

11.4 VIRUSES (PHAGES) IN INDUSTRIAL MICROBIOLOGY

Viruses are non-cellular entities which consist basically of protein and either DNA or
RNA and replicate only within specific living cells. They have no cellular metabolism of
their own and their genomes direct the genetic apparatuses of their hosts once they are
within them. Viruses are important in the industrial microbiology for at least two
reasons:

(i) Those that are pathogenic to man and animals are used to make vaccines against
disease caused by the viruses.
(ii) Viruses can cause economic losses by destroying microorganisms used in a
fermentations.

Itis this second aspect which will be considered in this section. We will therefore look
at those viruses which attack organisms of industrial importance, namely bacteria
(including actinomycetes) and fungi. Such viruses are known as bacterophages,
actinophages, or mycophages depending on whether they attack bacteria, actinomycetes,
or fungi. Most of the discussion will center around baceriophages since more information
exist on them than on the other two groups.
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11.4.1 Morphological Grouping of Bacteriophages

Bacteriophages can be divided into six broad morphological groups (Table 11.3). Most
phages attacking industrial organisms are to be found in groups A, B, C. Groups D, E, and
F attack industrial organisms less frequently if at all.

11.4.2 Lysis of Hosts by Phages

The growth cycle of a phage has three steps: adsorption onto the host cell, multiplication
within the cell, and liberation of the prepotency phages by the lysis of the host cell.
Phages may be classified as virulent or temperate according to how they react to their
host. In temperate phages, the phage genome (known as a prophage) integrates with the
genetic apparatus of the host, replicates with it and can be lysogenic and are known as
lysogons.

Temperate phages may become virulent and lyse their hosts, either spontaneously or
after induction by various agents e.g. mitomyin C or UV light. They may also mutate to
lytic phages, complete the virus growth cycle and lyse their hosts. It is for this reason that
lysogenic phages should be avoided in industrial microorganisms.

The nature of the disturbance caused by phages in an industrial fermentation
depends on a number of factors.

(i) The kinds of phages.
(i) The time and period of phage infect.
(iii) The medium composition.
(iv) The general physical and chemical conditions of the fermentor.

The manifestation of infection is variable and the same phage does not always cause
the same symptom. In general the symptom of infection could be a slowing down of the
process resulting in poor yield, this being the case when the infection is light. When it is
heavy, the cells may be completely lysed. The length of time taken before a phage
manifests itself is variable depending on its latent period (i.e., the period before the cell is
lysed) and the number of phages released. In a continuously operated fermentation,
phages may take up to three months to manifest themselves. In general, however, the
period is much shorter, being noticeable in a matter of days.

11.4.3 Prevention of Phage Contamination

Phages are as ubiquitous as microorganisms in general and are present in the air, water,
soil, etc. The first cardinal rule in avoiding phage contamination therefore is routine
general cleanliness and asepsis. Pipes, fermentors, utensils, and media, should all be
well sterilized. The culture should be protected from aerial phage contamination, an
insidious situation, which unlike bacterial or fungal contamination cannot be observed
on agar. Air filters should be replaced or sterilized regularly.

Aerosol sterilization of the factory with chlorine compounds, and other disinfectants,
as well as UV irradiation of fermentation halls should be done routinely.
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11.4.4 Use of Phage Resistant Mutants

Phages may of course be introduced as direct contaminants or be lysogenic in the
organism being used in the fermentation. Mutants as productive as the original parent
but resistant to various contaminating phages should be developed. Such mutants
should have no tendency to revert to the phage-sensitive type. Freedom from particular
phages can be checked by treating the organisms with antisera against phages normally
or likely to attach to the surfaces of the organisms. Lysogenic bacteria which are resistant
to some phages even when high yielding should be avoided.

It must be remembered that phage-resistant mutants may become infected by new
phages to which the organisms have no resistance.

11.4.5 Inhibition of Phage Multiplication with Chemicals

Specific chemicals selectively active on phages and which spare bacteria may be used in
the fermentation medium.

(i) To prevent infection by phages requiring divalent cations (Mg**; Ca**) for
adsorption to host cell or for DNA injection into the host cell, chelating agents have
been used. These sequester the cations from the medium and hence the phage
cannot adsorb onto its host. Examples of the chelating agents are 0.2-0.3%
tripolyphosphate and 0.1-0.2% citrate.

(i) Non-ionic detergents e.g. tween 20, tween 60, polyethylene glycol monoester also
inhibit the adsorption of some phages or the multiplication of the phages in the
cell. The above two agents usually have no effect on the growth of many industrial
organisms.

(iii) The addition of Fe** suppresses cell lysis by phages.

(iv) Certain antibiotics may be added to prevent growth of phages, but only the
selective ones should be used. Chloramphenicol has been used. It has no direct
action on the phage, but it inhibits protein replication in phage-infected cells,
probably due to selective absorption of the antibiotic by phage-infected cells.

11.4.6 Use of Adequate Media Conditions and Other Practices

Fermentation conditions and practices which adversely affect phage should be selected.
Media unfavorable to phages (high pH, low Ca2+, citrates, salts with cations reacting
with —-SH groups) should be developed. Pasteurization of the final beer and high
temperature of incubation consistent with production should be used; both of these
adversely affect phage development.
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CHAPTER 12

Production of Beer

12.1 BARLEY BEERS

The word beer derives from the Latin word bibere meaning to drink. The process of
producing beer is known as brewing. Beer brewing from barley was practiced by the
ancient Egyptians as far back as 4,000 years ago, but investigations suggest Egyptians
learnt the art from the peoples of the Tigris and Euphrates where man’s civilization is
said to have originated. The use of hops is however much more recent and can be traced
back to a few hundred years ago.

12.1.1 Types of Barley Beers

Barley beers can be divided into two broad groups: top-fermented beers and bottom-
fermented beers. This distinction is based on whether the yeast remains at the top of brew
(top-fermented beers) or sediments to the bottom (bottom-fermented beers) at the end of
the fermentation.

12.1.1.1 Bottom-fermented beers

Bottom-fermented beers are also known as lager beers because they were stored or
‘lagered’ (from German lagern = to store) in cold cellars after fermentation for clarification
and maturation. Yeasts used in bottom-fermented beers are strains of Saccharomyces
uvarum (formerly Saccharomyces carlsbergensis). Several types of lager beers are known.
They are Pilsener, Dortumund and Munich, and named after Pilsen (former
Czechoslovakia) Dortmund and Munich (Germany), the cities where they originated.
Most of the lager (70%-80%) beers drunk in the world is of the Pilsener type.

Bottom-fermentation was a closely guarded secret in the Bavarian region of Germany,
of which Munich is the capital. Legend has it that 1842 a monk passed the technique and
the yeasts to Pilsen. Three years later they found their way to Copenhagen, Denmark.
Shortly after, German immigrants transported bottom brewing to the US.

(i) Pilsener beer: This is a pale beer with a medium hop taste. Its alcohol content is 3.0-
3.8% by weight. Classically it is lagered for two to three months, but modern
breweries have substantially reduced the lagering time, which has been cut down
to about two weeks in many breweries around the world. The water for Pilsener
brew is soft, containing comparatively little calcium and magnesium ions.
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(i1)

(iii)

(iv)

Dortmund beer: This is a pale beer, but it contains less hops (and therefore is less
bitter) than Pilsener. However it has more body (i.e., itis thicker) and aroma. The
alcohol content is also 3.0-3.8%, and is classically lagered for slightly longer: 3-4
months. The brewing water is hard, containing large amounts of carbonates,
sulphates and chlorides.

Munich: This is a dark, aromatic and full-bodied beer with a slightly sweet taste,
because it is only slightly hopped. The alcohol content could be quite high, varying
from 2 to 5% alcohol. The brewing water is high in carbonates but low in other ions.

Weiss: Weiss beer of Germany made from wheat and steam beer of California, USA
are both bottom fermented beers which are characterized by being highly
effervescent.

12.1.1.2 Top-fermented beers

Top fermented beers are brewed with strains of Saccharomyces cerevisiae.

(i)

(ii)

(iii)

Ale: Whereas lager beer can be said to be of German or continental European origin,
ale (Pale ale) is England’s own beer. Unless the term ‘lager?” is specifically used,
beer always used to refer to ale in England. Lager is now becoming known in the
UK especially since the UK joined European Economic Community. English ale is
a pale, highly hopped beer with an alcohol content of 4.0 to 5.0% (w/v) and
sometimes as high as 8.0% Hops are added during and sometimes after
fermentation. It is therefore very bitter and has a sharp acid taste and an aroma of
wine because of its high ester content. Mild ale is sweeter because it is less strongly
hopped than the standard Pale ale. In Burton-on-Trent where the best ales are
made, the water is rich in gypsum (calcium sulfate). When ale is produced in
places with less suitable water, such water may be ‘burtonized’? by the addition of
calcium sulfate.

Porter: This is a dark-brown, heavy bodied, strongly foaming beer produced from
dark malts. It contains less hops than ale and consequently is sweeter. It has an
alcohol content of about 5.0%.

Stout: Stout is a very dark heavily bodied and highly hopped beer with a strong
maltaroma. Itis produced from dark or caramelized malt; sometimes caramel may
be added. It has a comparatively high alcohol content, 5.0-6.5% (w/v) and is
classically stored for up to six months, fermentation sometimes proceeding in the
bottle. Some stouts are sweet, being less hopped than usual.

12.1.2 Raw Materials for Brewing

The raw materials used in brewing are: barley, malt, adjuncts, yeasts, hops, and water.

12.1.2.1 Barley malt

As a brewing cereal, barley has the following advantages. Its husks are thick, difficult to
crush and adhere to the kernel. This makes malting as well as filtration after mashing,
much easier than with other cereals, such as wheat. The second advantage is that the
thick husk is a protection against fungal attack during storage. Thirdly, the
gelatinization temperature (i.e., the temperature at which the starch is converted into a
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water soluble gel) is 52-59°C much lower than the optimum temperature of
alpha-amylase (70°C) as well as of beta-amylase (65°C) of barley malt. The effect of this is
that it is possible to bring the starch into solution and to hydrolyze it in one operation.
Finally, the barley grain even before malting contains very high amounts of beta-amylase
unlike wheat, rice and sorghum. (Alpha-amylase is produced only in the germinated seed).

Two distinct barley types are known. One with six rows of fertile kernel (Hordeum
vulgare) and the other with two rows of fertile kernels (Hordeum distichon). These differ in
many other properties and as a result there are thousands of varieties. The six-row variety
is used extensively in the United States, whereas the two-row variety is used in Europe as
well as in parts of the US. The six-row varieties are richer in protein and enzyme content
than the two-row varieties. This high enzymic content is one of the reasons why adjuncts
are so widely used in breweries in the United States. Adjuncts dilute out the proteinsi.e.
increase the carbohydrate/protein ratio. If an all-malt beer were brewed from malts as
rich in protein as the six-row varieties, this protein would find its way into the beer and
give rise to hazes. The process of malting, during which enzymes (amylases and
proteases) are produced by the germinating seedling will be discussed later.

12.1.1.2 Adjuncts

Adjuncts are starchy materials which were originally introduced because the six-row
barley varieties grown in the United States produced a malt that had more diastatic
power (i.e. amylases) than was required to hydrolyze the starch in the malt. The term has
since come to include materials other than would be hydrolyzed by amylase. For example
the term now includes sugars (e.g. sucrose) added to increase the alcoholic content of the
beer. Starchy adjuncts, which usually contain little protein contribute, after their
hydrolysis, to fermentable sugars which in turn increase the alcoholic content of the
beverage.

Adjuncts thus help bring down the cost of brewing because they are much cheaper
than malt. They do not play much part in imparting aroma, color, or taste. Starch sources
such as sorghum, maize, rice, unmalted barley, cassava, potatoes can or have been used,
depending on the price. Corn grits (defatted and ground), corn syrup, and rice are most
widely used in the United States.

When corn is used as an adjunct it is so milled as to remove as much as possible of the
germ and the husk which contain most of the oil of maize, which could form 7% of the
maize grain. The oil may become rancid in the beer aid thus adversely affecting the flavor
of the beverage if it were not removed. The de-fatted ground maize is known as corn grits.
Corn syrups produced by enzymic or acid hydrolysis, are also used in brewing. Since
adjuncts contain little nitrogen, all the needs for the growth of the yeast must come from
the malt. The malt/adjunct ratio hardly exceeds 60/40. Soy bean powder (preferably
defatted) may be added to brews to help nourish the yeast. It is rich nitrogen and in B
vitamins.

12.1.2.3 Hops

Hops are the dried cone-shaped female flower of hop-plant Humulus lupulus (synomyn:
H. americanus, H. heomexicams, H. cordifolius). Itis a temperate climate crop and grows wild
in northern parts of Europe, Asia and North America. It is botanically related to the genus
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Cannabis, whose only representative is Cannabis sativa (Indian hemp, marijuana, or
hashish). Nowadays hop extracts are becoming favored in place of the dried hops. The
importance of hops in brewing lies in its resins which provide the precursors of the bitter
principles in beer and the essential (volatile) oils which provide the hop aroma. Both the
resin and the essential oils are lodged in lupulin glands borne on the flower.

In the original Pilsener beer the amount of hops added is about 4 g/liter, but smaller
amounts varying 0.4-4.0 g/liter are used elsewhere. The addition of hops has several effects:

(a) Originally it was to replace the flat taste of unhopped beer with the characteristic
bitterness and pleasant aroma of hops.

(b) Hops have some anti-microbial effects especially against beer sarcina (Pediococus
damnosus) and other beer spoiling bacteria.

(c) Due to the colloidal nature of the bitter substances they contribute to the body,
colloidal stability and foam head retention of beer.

(d) The tannins in the hops help precipitate proteins during the boiling of the wort;
these proteins if not removed cause a haze (chill haze) in the beer at low
temperature. This is further discussed under beer defects later in this chapter.

12.1.2.4 Water

The mineral and ionic content and the pH of the water have profound effects on the type
of beer produced. Some ions are undesirable in brewing water: nitrates slow down
fermentation, while iron destroys the colloidal stability of the beer. In general calcium
ions lead to a better flavor than magnesium and sodium ions. The pH of the water and
that of malt extract produced with it control the various enzyme systems in malt, the
degree of extraction of soluble materials from the malt, the solution of tannins and other
coloring components, isomerization rate of hop humulone and the stability of the beer
itself and the foam on it. Calcium and bicarbonate ions are most important because of
their effect on pH. Water is so important that the natural water available in great brewing
centers of the world lent special character to beers peculiar to these centers. Water with a
large calcium and bicarbonate ions content as is the case with Munich, Copenhagen,
Dublin, and Burton-on-Trent are suited to the production of the darker, sweeter beers. The
reason for this is not clear but carbonates in particular tend to increase the pH, a
condition which appears to enhance the extraction of dark colored components of the
malt. Water low in minerals such as that of Pilsen (Table 12.1) is suitable for the
production of a pale, light colored beer, such as Pilsen has made famous.

Water of a composition ideal for brewing may not always be naturally available. If the
production is of a pale beer without too heavy a taste of hops, and the water is rich in
carbonates then it is treated in one of the following ways:

(@) The water may be ‘burtonized’ by the addition of calcium sulfate (gypsum).
Addition of gypsum neutralizes the alkalinity of the carbonates in an equation
which probably runs thus:

2Ca (HCO5),, + 2Ca(SO,) —2Ca** + 2H,S0, + 4CO,

(b) An acid may be added: lactic acid, phosphoric, sulfuric or hydrochloric. CO, is
released, but there is an undesirable chance that the resulting salt may remain. The
CO, released is removed by gas stripping.
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Table 12.1 Mineral content of water in some cities with breweries

Mineral content in ppm

Total Ca** Mg S0~ NO; cr HCO;

Place Solids

Miwaukee 148 34 11 20 0.8 6.6

New York 28 6 1 8 0.5 0.5 11
St. Louis 201 22 12 77 4 10 65
Pilsen 63 9 3 3 5 37
Munich 270 71 19 18 2 283
Dublin 3 100 4 45 16 266
Copenhangen 480 114 16 62 60 347
Burton-on-trent 1,206 268 62 638 31 36 287

(c) The water may be decarbonated by boiling or by the addition of lime calcium
hydroxide.

(d) The water may be improved by ion exchange, which may if it is so desired remove
all the ions.

One or more of the above methods may be used simultaneously.

12.1.2.5 Brewer’s yeasts

Yeasts in general will produce alcohol from sugars under anaerobic conditions, but not
all yeasts are necessarily suitable for brewing. Brewing yeasts are able, besides
producing alcohol, to produce from wort sugars and proteins a balanced proportion of
esters, acids, higher alcohols, and ketones which contribute to the peculiar flavor of beer.
A number of characteristics distinguish the two types of brewers’ yeasts (i.e. the top and
the bottom-fermenting yeasts).

(@) Under the microscope Sacch. uvarum (Sacch. carlsbergensis) usually occurs singly or
in pairs. Sacch. cerevisiae usually forms chains and occasionally cross-chains as
well. These characteristics must however be taken together with other more
diagnostic (particularly the biochemical) tests given below.

(b) Sacch. cerevisiae sporulates more readily than does Sacch. uvarum.

(c) Perhaps the most diagnostic distinction between them is that Sacch. uvarum is able
to ferment the trisaccharide, raffinose, made up of galactose, glucose, and fructose.
Sacch. cereisiae is capable of fermenting only the fructose moiety; in other words, it
lacks the enzyme system needed to ferment melibiose which is formed from
galactose and glucose.

(d) Sacch. cerevisiae strains have a stronger respiratory system than Sacch uvarum and
this is reflected in the different cytochrome spectra of the two groups.

(e) Bottom-fermenters are able to flocculate and sink to the bottom of the brew, a char-
acteristic lacking in most strains of Sacch. cerevisiae. Bottom ferments are classified
into rapid settling or slow-settling (powdery); settling characteristics affect the rate
of production, some secondary yeast metabolites, and hence beer quality.

Yeasts are reused after fermentation for a number of times which depend on the
practice of the particular brewery. Mutation and contamination are two hazards in this
practice, but they are inherent in all inocula.
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12.1.3 Brewery Processes

The processes involved in the conversion of barley malt to beer may be divided into the
following:

1. Malting

Cleaning and milling of the malt
Mashing

Mash operation

Wort boiling treatment
Fermentation

Storage or lagering

Packaging

PN WD

Of the above processes, malting is specialized and is not carried out in the brew house.
Rather, breweries purchase their malt from specialized malsters (or malt producers). The
description to be given will in general relate to lager beers and where the processes differ
from those of ales this will be pointed out.

12.1.3.1 Malting

The purpose of malting is to develop amylases and proteases in the grain. These enzymes
are produced by the germinated barley to enable it to break down the carbohydrates and
proteins in the grain to nourish the germinated seedling before its photosynthetic
systems are developed enough to support the plant. However, as soon as the enzymes are
formed and before the young seedling has made any appreciable in-road into the nutrient
reserve of the grain, the development of the seedling is halted by drying, but at
temperatures which will not completely inactivate the enzymes in the grain. These
enzymes are reactivated during mashing and used to hydrolyze starch and proteins and
release nutrients for the nourishment of the yeasts.

Not all barley strains are suitable for brewing; some are better used for fodder. During
malting, barley grains are cleaned; broken barley grains as well as foreign seeds, sand,
bits of metal etc. are removed. The grains are then steeped in water at 10-15°C. The grain
absorbs water and increases in volume ultimately by about 4%. Respiration of the embryo
commences as soon as water is absorbed. Microorganisms grow in the steep and in order
not to allow grain deterioration the steep water is changed approximately at 12-hourly
intervals until the moisture content of the grain is about 45%. Steeping takes two to three
days.

The grains are then drained of the moisture and may be transferred to a malting floor
or a revolving drum to germinate. The heat generated by the sprouts further hastens
germination. Sometimes moist warm air is blown through beds of germinating seedlings
about 30 cm deep. Water may also be sprinkled on them. The plant hormone gibberellic
acid is sometimes added to the grains to shorten germination time. The grain itself
synthesizes gibberellic acid and it is this acid which triggers off the synthesis of various
hydrolytic enzymes by the aleurone layer situated on the periphery of the grain. The
enzymes so formed diffuse into the center of the grain where the endosperm is located.

In the endosperm, the starch granules are harbored within cells. These cell walls are
made up of hemicellulose, which is broken down by hemicellulases before amylases can
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Fig. 12.1 Structure of the Barley Grain

attack the starch. Alpha-amylase (see discussion on mashing below) is also synthesized
by the grain. Beta-amylase is already present and is not synthesized but is bound to
proteins and is released by proteolytic enzymes.

‘Modification’ or production of enzymes is complete in four to five days of the growth
of the seedling; the extent being tested roughly by the sweet taste developed in the grain
and by the length of the young plumule. The various enzymes formed break down some
quantities of their respective substrates but the major breakdown takes place during
mashing.

Further reactions in the grain are halted by kilning, which consists of heating the
‘green’ malt in an oven, first with a relatively mild temperature until the moisture content
is reduced from about 40% to about 6%. Subsequently the temperature of heating depends
on the type of beer to be produced. For beer of the Pilsener type the maltis pale and has no
pronounced aroma and kilning takes 20-24 hours at 80-90°C. For