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CHAPTER

An introduction
to fermentation processes

The term “fermentation” is derived from the Latin verb fervere, to boil, thus describ-
ing the appearance of the action of yeast on the extracts of fruit or malted grain. The
boiling appearance is due to the production of carbon dioxide bubbles caused by
the anaerobic catabolism of the sugar present in the extract. However, fermentation
has come to have with different meanings to biochemists and to industrial microbi-
ologists. Its biochemical meaning relates to the generation of energy by the catabo-
lism of organic compounds, whereas its meaning in industrial microbiology tends to
be much broader.

The catabolism of sugar is an oxidative process, which results in the production
of reduced pyridine nucleotides, which must be reoxidized for the process to con-
tinue. Under aerobic conditions, reoxidation of reduced pyridine nucleotide occurs
by electron transfer, via the cytochrome system, with oxygen acting as the terminal
electron acceptor. However, under anaerobic condition, reduced pyridine nucleotide
oxidation is coupled with the reduction of an organic compound, which is often a
subsequent product of the catabolic pathway. In the case of the action of yeast on
fruit or grain extracts, NADH is regenerated by the reduction of pyruvic acid to
ethanol. Different microbial taxa are capable of reducing pyruvate to a wide range
of end products, as illustrated in Fig. 1.1. Thus, the term fermentation has been used
in a strict biochemical sense to mean an energy-generation process in which organic
compounds act as both electron donors and terminal electron acceptors.

The production of ethanol by the action of yeast on malt or fruit extracts has been
carried out on a large scale for many years and was the first “industrial” process for
the production of a microbial metabolite. Thus, industrial microbiologists have ex-
tended the term fermentation to describe any process for the production of product by
the mass culture of a microorganism. Brewing and the production of organic solvents
may be described as fermentation in both senses of the word but the description of an
aerobic process as a fermentation is obviously using the term in the broader, micro-
biological, context and it is in this sense that the term is used in this book.

THE RANGE OF FERMENTATION PROCESSES

There are five major groups of commercially important fermentations:
1. Those that produce microbial cells (or biomass) as the product.

2. Those that produce microbial enzymes.

Principles of Fermentation Technology
Copyright © 2017 Elsevier Ltd. All rights reserved.
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FIGURE 1.1 Bacterial Fermentation Products of Pyruvate

Pyruvate formed by the catabolism of glucose is further metabolized by pathways which
are characteristic of particular organisms and which serve as a biochemical aid to
identification. End products of fermentations are italicized (Dawes & Large, 1982).

A, Lactic acid bacteria (Streptococcus, Lactobacillus); B, Clostridium propionicum; C, Yeast,
Acetobacter, Zymomonas, Sarcina ventriculi, Erwinia amylovora; D, Enterobacteriaceae
(coli-aerogenes); E, Clostridia; F, Klebsiella; G, Yeast; H, Clostridia (butyric, butylic
organisms); |, Propionic acid bacteria.

3. Those that produce microbial metabolites.

4. Those that produce recombinant products.

5. Those that modify a compound that is added to the fermentation—the
transformation process.

The historical development of these processes will be considered in a later section
of this chapter, but it is first necessary to include a brief description of the five groups.
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MICROBIAL BIOMASS

The commercial production of microbial biomass may be divided into two major
processes: the production of yeast to be used in the baking industry and the produc-
tion of microbial cells to be used as human food or animal feed (single-cell protein).
Bakers’ yeast has been produced on a large scale since early 1900s and yeast was
produced as human food in Germany during the First World War. However, it was
not until the 1960s that the production of microbial biomass as a source of food
protein was explored to any great depth. As a result of this work, reviewed briefly in
Chapter 2, a few large-scale continuous processes for animal feed production were
established in the 1970s. These processes were based on hydrocarbon feedstocks,
which could not compete against other high protein animal feeds, resulting in their
closure in the late 1980s (Sharp, 1989). However, the demise of the animal feed bio-
mass fermentation was balanced by ICI plc and Rank Hovis McDougal establishing a
process for the production of fungal biomass for human food. This process was based
on a more stable economic platform and has been a significant economic success
(Wiebe, 2004).

MICROBIAL ENZYMES

Enzymes have been produced commercially from plant, animal, and microbial
sources. However, microbial enzymes have the enormous advantage of being able
to be produced in large quantities by established fermentation techniques. Also, it
is infinitely easier to improve the productivity of a microbial system compared with
a plant or an animal one. Furthermore, the advent of recombinant DNA technology
has enabled enzymes of animal origin to be synthesized by microorganisms (see
Chapter 12). The uses to which microbial enzymes have been put are summarized
in Table 1.1, from which it may be seen that the majority of applications are in the
food and related industries. Enzyme production is closely controlled in microorgan-
isms and in order to improve productivity these controls may have to be exploited or
modified. Such control systems as induction may be exploited by including induc-
ers in the medium (see Chapter 4), whereas repression control may be removed by
mutation and recombination techniques. Also, the number of gene copies coding for
the enzyme may be increased by recombinant DNA techniques. Aspects of strain
improvement are discussed in Chapter 3.

MICROBIAL METABOLITES

The growth of a microbial culture can be divided into a number of stages, as dis-
cussed in Chapter 2. After the inoculation of a culture into a nutrient medium there is
a period during which growth does not appear to occur; this period is referred as the
lag phase and may be considered as a time of adaptation. Following a period during
which the growth rate of the cells gradually increases, the cells grow at a constant
maximum rate and this period is known as the log, or exponential, phase. Eventu-
ally, growth ceases and the cells enter the so-called stationary phase. After a further

L
3



|
4

CHAPTER 1 An introduction to fermentation processes

Table 1.1 Commercial Applications of Enzymes

Industry

Baking and
milling

Brewing

Cereals

Chocolate and
cocoa

Coffee

Confectionery

Cotton
Corn syrup

Dairy

Eggs, dried
Fruit juices

Laundry
Leather

Meat

Paper
Pharmaceutical

Application

Reduction of dough viscosity,
acceleration of fermentation,
increase in loaf volume,
improvement of crumb softness,
and maintenance of freshness

Improvement of dough texture,
reduction of mixing time, increase
in loaf volume

Mashing
Chill proofing
Improvement of fine filtration

Precooked baby foods, breakfast
foods

Manufacture of syrups

Coffee bean fermentation

Preparation of coffee
concentrates

Manufacture of soft center
candies

Low temperature processing
Manufacture of high-maltose
Syrups

Production of low D.E. syrups
Production of glucose from corn
syrup

Manufacture of fructose syrups

Manufacture of protein
hydrolysates

Stabilization of evaporated milk

Production of whole milk
concentrates, ice cream, and
frozen desserts

Curdling milk

Glucose removal
Clarification

Oxygen removal
Detergents

Dehairing, baiting
Tenderization

Removal of wood waxes
Digestive aids

Enzyme

Amylase

Protease

Amylase
Protease
B-Glucanase
Amylase

Amylase

Pectinase

Pectinase,
hemicellulase

Invertase,
pectinase

Pectate lyase
Amylase

Amylase
Amyloglycosidase

Glucose
isomerase

Protease

Protease
Lactase

Protease
Glucose oxidase
Pectinases
Glucose oxidase
Protease, lipase
Protease
Protease

Lipase

Amylase,
protease

Source

Fungal

Fungal/bacterial

Fungal/bacterial
Fungal/bacterial
Fungal/bacterial
Fungal

Fungal/bacterial

Fungal
Fungal

Fungal/bacterial

Fungal
Fungal

Bacterial
Fungal

Bacterial
Fungal/bacterial

Fungal
Yeast

Fungal/bacterial
Fungal

Fungal

Fungal

Bacterial
Fungal/bacterial
Fungal

Fungal

Fungal
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Table 1.1 Commercial Applications of Enzymes (cont.)

Industry Application Enzyme Source
Antiblood clotting Streptokinase Bacterial
Various clinical tests Numerous Fungal/bacterial
Biotransformations Numerous Fungal/bacterial
Photography Recovery of silver from spent fim | Protease Bacterial
Protein Manufacture Proteases Fungal/bacterial
hydrolysates
Soft drinks Stabilization Glucose oxidase, | Fungal
catalase
Textiles Desizing of fabrics Amylase Bacterial
Vegetables Preparation of purees and soups | Pectinase, Fungal
amylase, cellulase

Modlified from Boing (1982).

period of time, the viable cell number declines as the culture enters the death phase.
As well as this kinetic description of growth, the behavior of a culture may also be
described according to the products that it produces during the various stages of
the growth curve. During the log phase of growth, the products produced are either
anabolites (products of biosynthesis) essential to the growth of the organism and in-
clude amino acids, nucleotides, proteins, nucleic acids, lipids, carbohydrates, etc. or
are catabolites (products of catabolism) such as ethanol and lactic acid, as illustrated
in Fig. 1.1. These products are referred as the primary products of metabolism and
the phase in which they are produced (equivalent to the log, or exponential phase) as
the trophophase (Bu’Lock et al., 1965).

Many products of primary metabolism are of considerable economic importance
and are being produced by fermentation, as illustrated in Table 1.2. The synthesis of
anabolic primary metabolites by wild-type microorganisms is such that their produc-
tion is sufficient to meet the requirements of the organism. Thus, it is the task of the
industrial microbiologist to modify the wild-type organism and to provide cultural
conditions to improve the productivity of these compounds. This has been achieved
very successfully, over many years, by the selection of induced mutants, the use of
recombinant DNA technology, and the control of the process environment of the pro-
ducing organism. This is exemplified by the production of amino acids where pro-
ductivity has been increased by several orders of magnitude. However, despite these
spectacular achievements, microbial processes have only been able to compete with
the chemical industry for the production of relatively complex and high value com-
pounds. In recent years, this situation has begun to change. The advances in metabol-
ic engineering arising from genomics, proteomics, and metabolomics have provided
new powerful techniques to further understand the physiology of “over-production”
and to reengineer microorganisms to “over-produce” end products and intermediates
of primary metabolism. Combined with the rising cost of petroleum and the desir-
ability of environmentally friendly processes these advances are now facilitating the
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Table 1.2 Some Primary Products of Microbial Metabolism and Their
Commercial Significance

Primary Metabolite Commercial Significance

Ethanol “Active ingredient” in alcoholic beverages
Used as a motor-car fuel when blended with petroleum

Organic acids Various uses in the food industry

Glutamic acid Flavor enhancer

Lysine Feed supplement

Nucleotides Flavor enhancers

Phenylalanine Precursor of aspartame, sweetener

Polysaccharides Applications in the food industry
Enhanced oil recovery

Vitamins Feed supplements

development of economic microbial processes for the production of bulk chemicals
and feedstocks for the chemical industry (Otero & Nielsen, 2010; Van Dien, 2013).
These aspects are considered later in this chapter and in Chapter 3.

During the deceleration and stationary phases, some microbial cultures synthesize
compounds which are not produced during the trophophase and which do not appear
to have any obvious function in cell metabolism. These compounds are referred to as
the secondary compounds of metabolism and the phase in which they are produced
(equivalent to the stationary phase) as the idiophase (Bu’Lock et al., 1965). It is im-
portant to realize that secondary metabolism may occur in continuous cultures at low
growth rates and is a property of slow-growing, as well as nongrowing cells. When it
is appreciated that microorganisms grow at relatively low growth rates in their natu-
ral environments, it is tempting to suggest that it is the idiophase state that prevails in
nature rather than the trophophase, which may be more of a property of microorgan-
isms in culture. The interrelationships between primary and secondary metabolism
are illustrated in Fig. 1.2, from which it may be seen that secondary metabolites
tend to be elaborated from the intermediates and products of primary metabolism.
Although the primary biosynthetic routes illustrated in Fig. 1.2 are common to the
vast majority of microorganisms, each secondary product would be synthesized by
only a relatively few different microbial species. Thus, Fig. 1.2 is a representation of
the secondary metabolism exhibited by a very wide range of different microorgan-
isms. Also, not all microorganisms undergo secondary metabolism—it is common
amongst microorganisms that differentiate such as the filamentous bacteria and fungi
and the sporing bacteria but it is not found, for example, in the Enterobacteriaceae.
Thus, the taxonomic distribution of secondary metabolism is quite different from that
of primary metabolism. It is important to appreciate that the classification of micro-
bial products into primary and secondary metabolites is a convenient, but in some
cases, artificial system. To quote Bushell (1988), the classification “should not be
allowed to act as a conceptual straitjacket, forcing the reader to consider all products
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FIGURE 1.2 The Interrelationships Between Primary and Secondary Metaholism

Primary catabolic routes are shown in heavy lines and secondary products are italicized
(Turner, 1971).

as either primary or secondary metabolites.” It is sometimes difficult to categorize a
product as primary or secondary and the kinetics of synthesis of certain compounds
may change depending on the cultural conditions.

The physiological role of secondary metabolism in the producer organism in its
natural environment has been the subject of considerable debate and their functions
include effecting differentiation, inhibiting competitors, and modulating host physi-
ology. However, the importance of these metabolites to the fermentation industry is
the effects they have on organisms other than those that produce them. Many second-
ary metabolites have antimicrobial activity, others are specific enzyme inhibitors,
some are growth promoters and many have pharmacological properties (Table 1.3).
Thus, the products of secondary metabolism have formed the basis of a major section

Table 1.3 Some Secondary Products of Microbial Metabolism and Their
Commercial Significance

Secondary Metabolite Commercial Significance
Penicillin, cephalosporin, streptomycin Antibiotics

Bleomycin, mitomycin Anticancer agents
Lovastatin Cholesterol-lowering agent
Cyclosporine A Immunosuppressant
Avermectins Antiparasitic agents

7
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of the fermentation industry. As in the case for primary metabolites, wild-type micro-
organisms tend to produce only low concentrations of secondary metabolites, their
synthesis being controlled by induction, quorum sensing, growth rate, feedback sys-
tems, and catabolite repression, modulated by a range of effector molecules (van
Wezel & McDowall, 2011). The techniques which have been developed to improve
secondary metabolite production are considered in Chapters 3 and 4.

RECOMBINANT PRODUCTS

The advent of recombinant DNA technology has extended the range of potential
fermentation products. Genes from higher organisms may be introduced into mi-
crobial cells such that the recipients are capable of synthesizing “foreign” proteins.
These proteins are described as “heterologous” meaning “derived from a different
organism.” A wide range of microbial cells has been used as hosts for such systems
including Escherichia coli, Saccharomyces cerevisiae, and filamentous fungi. Ani-
mal cells cultured in fermentation systems are also widely used for the production of
heterologous proteins. Although the animal cell processes were based on microbial
fermentation technology, a number of novel problems had to be solved—animal cells
were considered extremely fragile compared with microbial cells, the achievable cell
density is very much less than in a microbial process and the media are very com-
plex. These aspects are considered in detail in Chapters 4 and 7. Products produced
by such genetically engineered organisms include interferon, insulin, human serum
albumin, factors VIII and IX, epidermal growth factor, calf chymosin, and bovine
somatostatin. Important factors in the design of these processes include the secretion
of the product, minimization of the degradation of the product, and control of the
onset of synthesis during the fermentation, as well as maximizing the expression of
the foreign gene. These aspects are considered in more detail later in this chapter and
in Chapters 4 and 12.

TRANSFORMATION PROCESSES

Microbial cells may be used to convert a compound into a structurally related, finan-
cially more valuable, compound. Because microorganisms can behave as chiral cata-
lysts with high positional specificity and stereospecificity, microbial processes are
more specific than purely chemical ones and enable the addition, removal, or modifi-
cation of functional groups at specific sites on a complex molecule without the use of
chemical protection. The reactions, which may be catalyzed include dehydrogenation,
oxidation, hydroxylation, dehydration and condensation, decarboxylation, animation,
deamination, and isomerization. Microbial processes have the additional advantage
over chemical reagents of operating at relatively low temperatures and pressures
without the requirement for potentially polluting heavy-metal catalysts. Although
the production of vinegar is the oldest established microbial transformation process
(conversion of ethanol to acetic acid), the majority of these processes involve the pro-
duction of high-value compounds including steroids, antibiotics, and prostaglandins.
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However, the conversion of acetonitrile to acrylamide by Rhodococcus rhodo-
chrous is an example of the technology being used in the manufacturing of a bulk
chemical—20,000 metric tons being produced annually (Demain & Adrio, 2008).

A novel application of microbial transformation is the use of microorganisms to
mimic mammalian metabolism. Humans and animals will metabolize drugs such
that they may be removed from the body. The resulting metabolites may be biologi-
cally active themselves—either eliciting a desirable effect or causing damage to the
organism. Thus, in the development of a drug it is necessary to determine the activity
of not only the administered drug but also its metabolites. These studies may require
significant amount of the metabolites and while it may be possible to isolate them
from tissues, blood, urine, or faeces of the experimental animal, their concentration
is often very low resulting in such approaches being time-consuming, expensive, and
far from pleasant. Sime (2006) discussed the exploitation of the metabolic ability of
microorganisms to perform these biotransformations. Thus, drug metabolites have
been produced in small-scale fermentation, facilitating the investigation of their bio-
logical activity and/or toxicity.

The anomaly of the transformation fermentation process is that a large biomass
has to be produced to catalyze a single reaction. Thus, many processes have been
streamlined by immobilizing either the whole cells, or the isolated enzymes, which
catalyze the reactions, on an inert support. The immobilized cells or enzymes may
then be considered as catalysts, which may be reused many times.

THE CHRONOLOGICAL DEVELOPMENT
OF THE FERMENTATION INDUSTRY

The chronological development of the fermentation industry may be represented as
five overlapping stages as illustrated in Table 1.4. The development of the industry
prior to 1900 is represented by stage 1, where the products were confined to potable
alcohol and vinegar. Although beer was first brewed by the ancient Egyptians, the
first true large-scale breweries date from the early 1700s when wooden vats of 1500
barrels capacity were introduced (Corran, 1975). Even some process control was at-
tempted in these early breweries, as indicated by the recorded use of thermometers in
1757 and the development of primitive heat exchangers in 1801. By the mid-1800s,
the role of yeasts in alcoholic fermentation had been demonstrated independently
by Cagniard-Latour, Schwann, and Kutzing but it was Pasteur who eventually con-
vinced the scientific world of the obligatory role of these microorganisms in the
process. During the late 1800s, Hansen started his pioneering work at the Carlsberg
brewery and developed methods for isolating and propagating single yeast cells to
produce pure cultures and established sophisticated techniques for the production of
starter cultures. However, use of pure cultures did not spread to the British ale brew-
eries and it is true to say that many of the small, traditional, ale-producing breweries
still use mixed yeast cultures at the present time but, nevertheless, succeed in produc-
ing high quality products.



Table 1.4 The Stages in the Chronological Development of the Fermentation Industry

Stage

1
Pre-1900

2
1900-1940

3
1940-date

Main Products

Alcohol

Vinegar

Bakers’ yeast glycerol,
citric acid, lactic acid
and acetone/butanol

Penicillin, streptomycin,
other antibiotics,
gibberellin, amino
acids, nucleotides,
transformations,
enzymes

Vessels

Wooden, up to 1500
barrels capacity
Copper used in later
breweries

Barrels, shallow trays,
trickle filters

Steel vessels of up to

200 m? for acetone/butanol
Air spargers used for
bakers’ yeast

Mechanical stirring used in
small vessels
Mechanically aerated
vessels, operated
aseptically —true
fermenters

Process
Control

Use of
thermometer,
hydrometer
and heat
exchangers

pH electrodes
with off-line
control
Temperature
control

Sterilizable pH
and oxygen
electrodes.
Use of control
loops which
were later
computerized

Culture
Method

Batch

Batch

Batch and
fed-batch
systems

Batch and
fed-batch
common

Continuous
culture
introduced for
brewing and
some primary
metabolites

Quality
Control

Virtually il

Virtually nil

Virtually nil

Very
important

Pilot
Plant
Facilities

Nil

Nil

Virtually nil

Becomes
common

Strain
Selection

Pure yeast
cultures used at
the Carlsberg
brewery (1886)

Fermentations
inoculated with
‘good’ vinegar
Pure cultures
used

Mutation and
selection
programmes
essential

o1
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4
1964—-date

5
1982—-date

6
2000-date

Single-cell protein using
hydrocarbon and other
feedstocks

Production of
heterologous proteins
by microbial and animal
cells

Monoclonal antibodies
produced by animal cells

Use of “synthetic
bioclogy” to improve
established
fermentations and
develop new bulk
chemical processes

Pressure cycle and
pressure jet vessels
developed to overcome
gas and heat exchange
problems

Fermenters developed in
stages 3 and 4. Animal cell
reactors developed

Fermenters developed in
stages 3 and 4

Use of
computer
linked control
loops

Control and
sensors
developed
in stages 3
and 4

Control and
sensors
developed
in stages 3
and 4

Continuous
culture with
medium
recycle

Batch, fed-
batch or
continuous
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Vinegar was originally produced by leaving wine in shallow bowls or partially
filled barrels where it was slowly oxidized to vinegar by the development of a natu-
ral flora. The appreciation of the importance of air in the process eventually led to
the development of the “generator” which consisted of a vessel packed with an inert
material (such as coke, charcoal, and various types of wood shavings) over which
the wine or beer was allowed to trickle. The vinegar generator may be considered
as the first “aerobic” fermenter to be developed. By the late 1800s to early 1900s,
the initial medium was being pasteurized and inoculated with 10% good vinegar
to make it acidic, and therefore resistant to contamination, as well as providing a
good inoculum (Bioletti, 1921). Thus, by the beginning of the twentieth century the
concepts of process control were well established in both the brewing and vinegar
industries.

Between the years 1900 and 1940, the main new products were yeast biomass,
glycerol, citric acid, lactic acid, acetone, and butanol. Probably the most important
advances during this period were the developments in the bakers’ yeast and solvent
fermentations. The production of bakers’ yeast is an aerobic process and it was soon
recognized that the rapid growth of yeast cells in a rich medium (or wort) led to oxy-
gen depletion that in turn, resulted in ethanol production at the expense of biomass
formation. The problem was minimized by restricting the initial wort concentration,
such that the growth of the cells was limited by the availability of the carbon source
rather than oxygen. Subsequent growth of the culture was then controlled by add-
ing further wort in small increments. This technique is now called fed-batch cul-
ture and is widely used in the fermentation industry to avoid conditions of oxygen
limitation. The aeration of these early yeast cultures was also improved by the intro-
duction of air through sparging tubes, which could be steam cleaned (De Becze &
Liebmann, 1944).

The development of the acetone—butanol fermentation during the First World
War by the pioneering efforts of Weizmann at Manchester University led to the
establishment of the first truly aseptic fermentation. All the processes discussed
so far could be conducted with relatively little contamination provided that a good
inoculum was used and reasonable standards of hygiene employed. However, the
anaerobic butanol process was susceptible to contamination by aerobic bacteria in
the early stages of the fermentation, and by acid-producing anaerobic ones, once
anaerobic conditions had been established in the later stages of the process. The
fermenters employed were vertical cylinders with hemispherical tops and bottoms
constructed from mild steel. They could be steam sterilized under pressure and
were constructed to minimize the possibility of contamination. Two-thousand-
hectoliter fermenters were commissioned which presented the problems of inocu-
lum development and the maintenance of aseptic conditions during the inoculation
procedure. The techniques developed for the production of these organic solvents
were a major advance in fermentation technology and paved the way for the suc-
cessful introduction of aseptic aerobic processes in the 1940s. In the late 1940s,
fermentation still provided 65% of butanol and 10% of acetone produced in the
United States of America (Jackson, 1958). However, the solvent fermentations
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became uneconomic with the development of competing processes based on the
petrochemical feedstocks and they ceased to exist. It is interesting to note that
approximately one hundred years after the development of the solvent fermenta-
tions that the competitiveness of fermentation and petrochemical processes for the
production of some bulk chemicals may be reversed. As discussed earlier in this
chapter, the rising cost of crude oil, the attractiveness of environmentally friendly
processes, and the advances in metabolic engineering may lead to the resurrection
of modern versions of these old processes.

The third stage of the development of the fermentation industry arose in the
1940s as a result of the wartime need to produce penicillin in submerged culture
under aseptic conditions. The production of penicillin is an aerobic process that
is very vulnerable to contamination. Thus, although the knowledge gained from
the solvent fermentations was exceptionally valuable, the problems of sparging a
culture with large volumes of sterile air and mixing a highly viscous broth had to
be overcome. Also, unlike the solvent fermentations, penicillin was synthesized
in very small quantities by the initial isolates and this resulted in the establish-
ment of strain-improvement programs, which became a dominant feature of the
industry in subsequent years. Process development was also aided by the intro-
duction of pilot-plant facilities, which enabled the testing of new techniques on
a semi-production scale. The development of a large-scale extraction process for
the recovery of penicillin was another major advance at this time. The technology
established for the penicillin fermentation provided the basis for the development
of a wide range of new processes. This was probably the stage when the most
significant changes in fermentation technology (as compared with genetic tech-
nology) took place resulting in the establishment of many new processes over the
period, including other antibiotics, vitamins, gibberellin, amino acids, enzymes,
and steroid transformations. From the 1960s onward, microbial products were
screened for activities other than simply antimicrobial properties and screens be-
came more and more sophisticated. These screens have given rise to those operat-
ing today utilizing miniaturized culture systems, robotic automation, and elegant
assays.

While the products described earlier belonging to stage 3 are all biosynthetic
compounds, one catabolic product gained significance in the mid-1970s. Brazil and
the United States of America initiated programs for the manufacturing of ethanol as a
motor fuel in 1975 and 1978 respectively. This was an attempt by both the countries
to lessen their dependency on imported petroleum by using fermentation processes to
convert carbohydrates to ethanol (bioethanol); the Brazilian process being based on
sugarcane and the American process based on maize starch. Forty years after Brazil’s
initiative, energy independence is still the “holy grail” of most governments—the
United States of America produced 56 billion liters of bioethanol in 2015 (Renew-
able Fuels Association, 2016). However, the political and social issues associated
with the diversion of land from food production to fuel are obvious and thus the
development of processes using cellulose and lignin feedstocks rather than sugar and
starch is the next stage in this saga.
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In the early 1960s, the decisions of several multinational companies to investi-
gate the production of microbial biomass as a source of feed protein led to a num-
ber of developments, which may be regarded as the fourth stage in the progress of
the industry. The largest mechanically stirred fermentation vessels developed during
stage 3 were in the range 80,000~150,000 dm’. However, the relatively low selling
price of microbial biomass necessitated its production in much larger quantities than
other fermentation products in order for the process to be profitable. Also, hydrocar-
bons were considered as the potential carbon sources that would result in increased
oxygen demands and high heat outputs by these fermentations (see Chapters 4 and 9).
These requirements led to the development of the pressure jet and pressure cycle fer-
menters that eliminated the need for mechanical stirring (see Chapter 7). Another
feature of these potential processes was that they would have to be operated continu-
ously if they were to be economic. At this time batch and fed-batch fermentations
were common in the industry but the technique of growing an organism continuously
by adding fresh medium to the vessel and removing culture fluid had been applied
only to a very limited extent on a large scale. The brewers were also investigating the
potential of continuous culture at this time, but its application in that industry was
short-lived. Several companies persevered in the biomass field and a few processes
came to fruition, of which the most long-lived was the ICI Pruteen animal feed pro-
cess, which utilized a continuous 3,000,000-dm’ pressure cycle fermenter for the cul-
ture of Methylophilus methylotrophus with methanol as carbon source (Smith, 1981;
Sharp, 1989). The operation of an extremely large continuous fermenter for time
periods in excess of 100 days presented a considerable aseptic operation problem, far
greater than that faced by the antibiotic industry in the 1940s and 1950s. The aseptic
operation of fermenters of this type was achieved as a result of the high standards of
fermenter construction, the continuous sterilization of feed streams, and the utiliza-
tion of computer systems to control the sterilization and operation cycles, thus mini-
mizing the possibility of human error. However, although the Pruteen process was
a technological triumph, it became an economic failure because the product was
out-priced by soybean and fishmeal. Eventually, in 1989, the plant was demolished,
marking the end of a short, but very exciting, era in the fermentation industry.

While biomass is a very low-value, high-volume product, the fifth stage in the
progress of the industry resulted in the establishment of very high-value, low-volume
products; a stage often referred as “new biotechnology.” As mentioned earlier in this
chapter, in vitro recombinant DNA technology enabled the expression of human and
mammalian genes in cultured animal cells and microorganisms, thereby enabling
the development of relatively large-scale fermentation processes for the production
of human proteins, which could then be used therapeutically. These products have
been classified by the regulatory authorities as biologicals, not as drugs, and thus
come under the same regulatory controls as do vaccines, and along with vaccines
are commonly referred as biopharmaceuticals. The exploitation of genetic engineer-
ing coincided approximately with another major development in biotechnology that
influenced the progress of the fermentation industry—the production of monoclonal
antibodies (mabs). The availability of monoclonals opened the door to sophisticated
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analytical techniques and raised hopes for their use as therapeutic agents. Although
the practical use of mabs was initially limited to analytical applications (Webb, 1993),
they are now well-established as therapeutic biopharmaceuticals and are produced in
fermentation systems employing both mammalian cells and microorganisms as pro-
duction agents (Walsh, 2012). Table 1.5 lists a selection of the recombinant proteins
licensed for therapeutic use and the production systems.

In 1982, recombinant human insulin became the first heterologous protein to be
approved for medical use. Eight more products were approved in the 1980s compris-
ing two approvals for human growth hormone, two for interferons, one monoclonal
antibody, one recombinant vaccine for hepatitis B, one for tissue plasminogen activa-
tor, and one for erythropoietin (Walsh, 2012). During this period, the pharmaceutical
industry was also very active in developing “conventional”” microbial processes which
resulted in a number of new microbial products reaching the marketplace in the late
1980s and early 1990s. Buckland (1992) listed four secondary metabolites which
were launched in the 1980s: cyclosporine, an immunoregulant used to control the

Table 1.5 The Major Groups of Recombinant Proteins Developed
as Therapeutic Agents

Therapeutic
Group

Blood factors
Thromobolytics,

Anticoagulants
Hormones

Growth factors

Cytokines

Recombinant
Protein

Factor VIII

Tissue plasminogen
activator

Hirudin
Insulin

Human growth
hormone

Follicle stimulating
hormone

Glucagon
Erythropoietin
Granulocyte-
macrophage colony,
stimulating factor

Granulocyte colony
stimulating

Factor
Interferon-alpha

Interferon-beta

Production
System

Mammalian cells

Mammalian cells,
E.coli

S. cerevisiae
E.coli, S. cerevisiae
E.coli, S. cerevisiae

Mammalian cells

E.coli, S. cerevisiae
Mammalian cells
E.coli

E.coli, mammalian
cells

E.coli

E.coli,

Clinical Use,
Treatment of

Anemia
Clot lysis

Anticoagulant
Diabetes
Hypopituitary dwarfism

Infertility

Type 2 diabetes
Anemia

Bone marrow
transplantation

Cancer

Cancers, hepatitis B
leukemia

Cancers, amytotrophic
lateral sclerosis, genital
warts

L
15

Modified from Dykes (1993) and Walsh (2012).
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rejection of transplanted organs; imipenem, a modified carbapenem, which had the
widest antimicrobial spectrum of any antibiotic; lovastatin, a drug used for reducing
cholesterol levels, and ivermectin, an antiparasitic drug which has been used to pre-
vent “African River Blindness” as well as in veterinary practice. The sale of these four
products added together exceeded that of the totality of recombinant proteins at that
time. However, the developments over the last twenty years have resulted in biophar-
maceuticals reaching annual sales of 100 billion dollars—representing one third of
the global pharmaceutical market (Nielsen, 2013). In 2010, thirty biopharmaceuticals
recorded sales of more than 1 billion dollars each (Walsh, 2012).

By the end of 2012, approximately 220 biopharmaceuticals had been approved
(Berlec & Strukelj, 2013; Reader, 2013) with 31% being produced in E. coli, 15% in
yeast, 43% in mammalian cells (mainly Chinese Hamster Ovarian cell lines, CHO),
the remaining 11% being produced by hybridoma cells, insect cells, and transgen-
ic animals and plants. One of the 2012 recombinant products, Elelyso, (a human
taliglucerase alfa, used for the treatment of the lysosomal storage disorder, Gaucher’s
disease) was approved to be produced in plant cell culture. This was the first approval
of this production system and may pave the way for future processes. Whereas the
approved products in the 1980s were predominantly hormones and cytokines, the
approvals over the 2005—12 period were dominated by antibody-based products and
engineered proteins, that is, proteins which have been modified postsynthesis. These
modifications include:

* Antibody-drug conjugates in which, for example, anticancer drugs are linked
to monoclonal antibodies which bind to the tumor, thus directing the drug to its
target.

* Modifications which extend the half-life of the therapeutic protein in the body.

*  Modifications which alter the pharmacokinetic properties of the therapeutic
protein.

The commercial exploitation of recombinant proteins has necessitated the con-
struction of production facilities designed to contain the engineered producing
organism or cell culture. Thus, these processes are drawing on the experience of
vaccine fermentations where pathogenic organisms have been grown on relatively
large scales. Also, as indicated earlier, recombinant proteins are classified as biologi-
cals, not as drugs, and thus come under the same regulatory authorities as do vac-
cines. The major difference between the approval of drugs and biologicals is that the
process for the production of a biological must be precisely specified and carried out
in a facility that has been inspected and licensed by the regulatory authority, which
is not the case for the production of drugs (antibiotics, for example) (Bader, 1992).
Thus, any changes that a manufacturer wishes to incorporate into a licensed process
must receive regulatory approval. For drugs, only major changes require approval
prior to implementation. The result of these containment and regulatory require-
ments is that the cost of developing a recombinant protein process is extremely high.
Farid (2007) collated industry data which suggests that the investment costs for a
20,000 dm’ plant was $60 M and that for a 200,00 dm’ plant was $600 M, with
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validation costs accounting for approximately 10-20% of this expenditure. Earlier
in the development of the heterologous protein sector Buckland (1992) claimed that
it cost as much to build a 3000 dm” scale facility for Biologics as for a 200,000 dm’
scale facility for an antibiotic.

While the development of recombinant DNA technology facilitated the produc-
tion of heterologous proteins, the advances in genomics, proteomics, and metabolic
flux analysis are the basis of the sixth stage in the progress of the industry. The
sequencing of the complete genomes of a wide range of organisms and the develop-
ment of computerized systems to store and access the data has enabled the compari-
son of genomes and the visualization of gene expression in terms of both mRNA
and protein profiles, the transcriptome and proteome respectively. Metabolic flux
analysis examines the flux (or flow) of intermediates through a pathway (or path-
ways) and enables the construction of mathematical models mimicking the metabolic
networks of the cell. The combination of these approaches has enabled workers to
take a more holistic view of the workings of an organism, such that the outlook of
the molecular biologist and biochemist have coincided with that of the physiologist
in attempting to understand the functioning of the whole organism rather than simply
its component parts. The term given to this rediscovery of physiology is “systems
biology” and its application to biotechnology, “synthetic biology.” The adoption of a
systems biology approach by fermentation scientists has enabled them to build upon
established fermentation processes and take them to a further level. For example,
Ikeda, Ohnishi, Hayashi, and Mitsuhashi (2006) compared the genome sequence of
a lysine-producing industrial strain of Corynebacterium glutamicum with that of the
wild type. The industrial strain had been manipulated by many rounds of mutation
and directed selection (see Chapter 3) such that it contained not only the lesions
giving overproduction but also undesirable mutations which had been inadvertently
coselected during strain development. This comparison enabled the construction of
a strain containing only the desirable lesions. Becker, Zelder, Hafner, Schroder, and
Wittmann (2011) further developed this approach by constructing a lysine-producing
strain by modifying the wild-type to optimize precursor supply, feedback control,
metabolic flux, and NADPH supply.

Thus the goal of synthetic biology is to maximize the yield of the desired product
while minimizing that of unwanted or unnecessary metabolites. Obviously, this has
always been the goal of the fermentation scientist but the tools of synthetic biol-
ogy may make this goal a reality. An exciting application of the approach is in the
production of bulk chemicals and feedstocks for the chemical industry, in competi-
tion with the petrochemicals. Such products would be low value, high volume (as
were the ill-fated biomass processes) necessitating very high yields. The USA com-
pany Genomatica has claimed a viable process for the production of 1,4-butanediol,
an important chemical intermediate, from a manipulated strain of E. coli, a strain
developed using the synthetic biology approach (Yim, Hasselbeck, Niu, & Pujol-
baxley, 2011). The success of such processes will depend upon their economic
competitiveness and it will be interesting to see whether they thrive or go the way of
the biomass processes.



18

CHAPTER 1 An introduction to fermentation processes

THE COMPONENT PARTS OF A FERMENTATION PROCESS

Regardless of the type of fermentation (with the possible exception of some transforma-
tion processes) an established process may be divided into six basic component parts:

1. The formulation of media to be used in culturing the process organism during
the development of the inoculum and in the production fermenter.

2. The sterilization of the medium, fermenters, and ancillary equipment.

3. The production of an active, pure culture in sufficient quantity to inoculate the
production vessel.

4. The growth of the organism in the production fermenter under optimum

conditions for product formation.

The extraction of the product and its purification.

. The disposal of effluents produced by the process.

o o

The interrelationships between the six component parts are illustrated in Fig. 1.3.

However, one must also visualize the research and development program which
is designed to gradually improve the overall efficiency of the fermentation. Before a
fermentation process is established a producer organism has to be isolated, modified
such that it produces the desired product in commercial quantities, its cultural re-
quirements determined and the plant designed accordingly. Also, the extraction pro-
cess has to be established. The development program would involve the continual im-
provement of the process organism, the culture medium, and the extraction process.

The subsequent chapters in this book consider the basic principles underlying the
component parts of a fermentation. Chapter 2 considers growth, comprehension of
which is crucial to understanding many aspects of the process, other than simply the
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FIGURE 1.3 A Generalized Schematic Representation of a Typical Fermentation Process
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growth of the organism in the production fermenter. The isolation and improvement
of commercial strains is considered in Chapter 3 and the design of media in Chapter 4.
The sterilization of the medium, fermenters, and air is considered in Chapter 5 and
the techniques for the development of inocula are discussed in Chapter 6. Chap-
ters 7, 8 and 9 consider the fermenter as an environment for the culture of micro-
organisms; Chapter 7 considers the design and construction of fermenters including
contained systems and animal cell fermenters, Chapter 8 discusses the instrumenta-
tion involved in monitoring and maintaining a controlled environment in a fermenter,
while the provision of oxygen to a culture is investigated in Chapter 9. The recovery
of fermentation products is dealt with in Chapter 10 and the environmental impact
of fermentation processes and the regulatory framework in which they must oper-
ate is addressed in Chapter 11. Finally, the production of heterologous proteins is
discussed in Chapter 12. Throughout the book examples are drawn from a very wide
range of fermentations to illustrate the applications of the techniques being discussed
but it has not been attempted to give detailed considerations of specific processes as
this is well covered elsewhere, for example, in the Comprehensive Biotechnology
series edited by Moo-Young (2011). We hope that the approach adopted in this book
will give the reader an understanding of the basic principles underlying the commer-
cial techniques used for the large-scale production of microbial products.
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CHAPTER

Microbial growth kinetics

As outlined in Chapter 1, fermentations may be carried out as batch, continuous, and
fed-batch processes. The mode of operation is, to a large extent, dictated by the type
of product being produced. This chapter will consider the kinetics and applications
of batch, continuous, and fed-batch processes.

BATCH CULTURE

Batch culture is a closed culture system that contains an initial, limited amount of
nutrient. The inoculated culture will pass through a number of phases, as illustrated
in Fig. 2.1. After inoculation there is a period during which it appears that no growth
takes place; this period is referred to as the lag phase and may be considered as a
time of adaptation. In a commercial process, the length of the lag phase should be
reduced as much as possible and this may be achieved by using a suitable inoculum,
and cultural conditions as described in depth in Chapter 6.

EXPONENTIAL PHASE

Following a period during which the growth rate of the cells gradually increases,
the cells grow at a constant, maximum rate and this period is known as the log, or
exponential, phase and the increase in biomass concentration will be proportional to
the initial biomass concentration.

dx

E o< X
where x is the concentration of microbial biomass (g dm™), ¢ is time (h), d is a small
change.

This proportional relationship can be transformed into an equation by introduc-

ing a constant, the specific growth rate (1), that is, the biomass produced per unit of
biomass and takes the unit per hours. Thus:

dx

== 2.1
o @D

Principles of Fermentation Technology 2 1
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FIGURE 2.1 Growth of a Typical Microbial Culture in Batch Conditions

On integration Eq. (2.1) gives:
x, = x,e" 2.2)

where x, is the original biomass concentration, x, is the biomass concentration after
the time interval, 7 hours, e is the base of the natural logarithm.
On taking natural logarithms, Eq. (2.2) becomes:

Inx, =Inx, + ut (2.3)

Thus, a plot of the natural logarithm of biomass concentration against time should
yield a straight line, the slope of which would equal to y. During the exponential
phase nutrients are in excess and the organism is growing at its maximum specific
growth rate, 1 . It is important to appreciate that the g, value is the maximum
growth rate under the prevailing conditions of the experiment, thus the value of y
will be affected by, for example, the medium composition, pH, and temperature.
Typical values of 4, for a range of microorganisms are given in Table 2.1.

It is easy to visualize the exponential growth of single celled organisms that rep-
licate by binary fission. Indeed, animal and plant cells in suspension culture will
behave very similarly to unicellular microorganisms (Griffiths, 1986; Petersen &

Alfermann, 1993). However, it is more difficult to appreciate that mycelial organisms,
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Table 2.1 Some Representative Values of y,,, (Obtained Under the
Conditions Specified in the Original Reference) for a Range of Organisms

Organism Ui (A7) References

Vibrio natriegens 4.24 Eagon (1961)

Methylomonas methanolytica 0.53 Dostalek et al. (1972)
Aspergillus nidulans 0.36 Trinci (1969)

Penicillium chrysogenum 0.12 Trinci (1969)

Fusarium graminearum Schwabe 0.28 Trinci (1992)

Plant cells in suspension culture 0.01-0.046 Petersen and Alfermann (1993)
Animal cells 0.01-0.05 Lavery (1990)

which grow only at the apices of the hyphae, also grow exponentially. The filamentous
fungi and the filamentous bacteria (particularly the genus Streptomyces) are signifi-
cant fermentation organisms and thus an understanding of their growth is important.
Plomley (1959) was the first to suggest that filamentous fungi have a “growth unit”
that is replicated at a constant rate and is composed of the hyphal apex (tip) and a short
length of supporting hypha. Trinci (1974) demonstrated that the total hyphal length
of a mycelium and the number of tips increased exponentially at approximately the
same rate indicating that a branch is initiated when a certain hyphal length is reached.
Robinson and Smith (1979) demonstrated that it is the volume of a fungal hypha rath-
er than simply the length, that is, the branch initiation factor and Riesenberger and
Bergter (1979) confirmed the same observation for Streptomyces hygroscopicus. Thus,
branching in both fungi and streptomycetes is initiated when the biomass of the hyphal
growth unit exceeds a critical level. This is equivalent to the division of a single celled
organism when the cell reaches a critical mass. Hence, the rate of increase in hyphal
mass, total length, and number of tips is dictated by the specific growth rate and:

oy
ar M

dH

—=uH,
dt #
dA

= UA
dt s

where H is total hyphal length and A is the number of growing tips. Although the
growth of both filamentous fungi and streptomycetes are described by identical
kinetics, the mechanisms associated with apical growth differ. The movement of
materials to the fungal growing tip is dependent on a microtubule-based transport
system (Egan, McClintock, & Reck-Peterson, 2012), whereas that in Streptomyces
is facilitated by the coiled coil protein DivIVA that recruits other proteins to the
growing site forming multiprotein assemblies termed polarisomes (Flardh, Richards,
Hempel, Howard, & Butner, 2012).
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FIGURE 2.2 Morphological Forms of Aspergillus sp

(a) profile view of conidiophores (diameter 200 um) on solid agar medium, (b) single
spore, (c) spore package (spore diameter 5 um), (d) germinated tube (length approx.
250 um), (e) coagulated type of mycel, in which single ungerminated spores adhere

to germinated hyphal tubes (length approx. 100 um), (f) dispersed mycel, (g) exposed
hyphae of a pellet (pellet hair) (length approx. 100 um), (h) pellet slice (diameter approx.
1000 um), (i) hairy biopellet (pellet diameter approx. 1000 um), and (j) submerged
biopellets. (Krull et al., 2013)

In submerged liquid culture (shake flask or fermenter), a mycelial organism may
grow as dispersed hyphal fragments or as pellets (as shown in Fig. 2.2) and whether
the culture is filamentous or pelleted can have a significant influence on the products
produced by a mycelial organism (Krull et al., 2013). As discussed in more detail in
Chapter 6, the key factors influencing hyphal morphology in submerged culture are
the concentration of spores in the inoculum, medium design, and shear conditions.
The influence of morphology on culture rheology and oxygen supply is discussed in
Chapter 9. The growth of pellets will be exponential until the density of the pellet
results in diffusion limitation. Under such limitation, the central biomass of the pellet
will not receive a supply of nutrients, nor will potentially toxic products diffuse out.
Thus, the growth of the pellet proceeds from the outer shell of biomass that is the
actively growing zone and was described by Pirt (1975) as:

M" =kt+M)”

where M, and M are the mycelium mass at time O and ¢, respectively. Thus, a plot
of the cube root of mycelial mass against time will give a straight line, the slope of
which equals £.
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It is possible for new pellets to be generated by the fragmentation of old pellets
and, thus, the behavior of a pelleted culture may be intermediate between exponential
and cube root growth.

DECELERATION AND STATIONARY PHASES

Whether the organism is unicellular or mycelial, the foregoing equations predict that
growth will continue indefinitely. However, growth results in the consumption of nu-
trients and the excretion of microbial products; events which influence the growth of
the organism. Thus, after a certain time the growth rate of the culture decreases until
growth ceases. The cessation of growth may be due to the depletion of some essential
nutrient in the medium (substrate limitation), the accumulation of some autotoxic
product of the organism in the medium (toxin limitation) or a combination of the two.

The nature of the limitation of growth may be explored by growing the organ-
ism in the presence of a range of substrate concentrations and plotting the biomass
concentration at stationary phase against the initial substrate concentration, as shown
in Fig. 2.3. From Fig. 2.3 it may be seen that over the zone A to B an increase in
initial substrate concentration gives a proportional increase in the biomass produced
at stationary phase, indicating that the substrate is limiting. The situation may be
described by the equation:

x=Y(S,—s) (2.4)

where x is the concentration of biomass produced, Y is the yield factor (g biomass
produced g substrate consumed), S, is the initial substrate concentration, and s is
the residual substrate concentration.

Over the zone A to B in Fig. 2.3, s equals zero at the point of cessation of growth.
Thus, Eq. (2.4) may be used to predict the biomass that may be produced from a
certain amount of substrate. Over the zone C to D an increase in the initial substrate
concentration does not give a proportional increase in biomass. This may be due to
either the exhaustion of another substrate or the accumulation of toxic products. Over

B |IC D
|

Biomass concentration
at stationary phase

|
Initial substrate concentration

FIGURE 2.3 The Effect of Initial Substrate Concentration on the Biomass Concentration at the
Onset of Stationary Phase, in Batch Culture
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the zone B to C the utilization of the substrate is deleteriously affected by either the
accumulating toxins or the availability of another substrate.

The yield factor (Y) is a measure of the efficiency of conversion of any one sub-
strate into biomass and it can be used to predict the substrate concentration required
to produce a certain biomass concentration. However, it is important to appreciate
that Y is not a constant—it will vary according to growth rate, pH, temperature, the
limiting substrate, and the concentration of the substrates in excess.

The decrease in growth rate and the cessation of growth, due to the depletion of
substrate, may be described by the relationship between i and the residual growth-
limiting substrate, represented in Eq. (2.5) and in Fig. 2.4 (Monod, 1942):

u=pu, s/I(K +s) (2.5)

Where, s is the substrate concentration in the presence of the organism, K is the
substrate utilization constant, numerically equal to substrate concentration, when £t is
half ¢ and is a measure of the affinity of the organism for its substrate.

The zone A to B in Fig. 2.4 is equivalent to the exponential phase in batch cul-
ture where substrate concentration is in excess and growth is at 4, .. The zone C
to A in Fig. 2.4 is equivalent to the deceleration phase of batch culture where the
growth of the organism has resulted in the depletion of substrate to a growth-limiting
concentration which will not support £ . If the organism has a very high affinity
for the limiting substrate (a low K| value), the growth rate will not be affected until
the substrate concentration has declined to a very low level. Thus, the deceleration
phase for such a culture would be short. However, if the organism has a low affin-
ity for the substrate (a high K| value) the growth rate will be deleteriously affected
at a relatively high substrate concentration. Thus, the deceleration phase for such a
culture would be relatively long. Typical values of K for a range of organisms and

C | A B
|

Specific growth rate (i)

Residual limiting substrate concentration
FIGURE 2.4 The Effect of Residual Limiting Substrate Concentration on the Specific Growth
Rate of a Hypothetical Bacterium
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Table 2.2 Some Representative Values of K, for a Range of Microorganisms
and Substrates

Organism Substrate K, (mg dm™) References

Escherichia coli Glucose 6.8 x 107 Shehata and Marr (1971)
Saccharomyces Glucose 25.0 Pirt and Kurowski (1970)
cerevisiae

Pseudomonas sp. Methanol 0.7 Harrison (1973)

substrates are shown in Table 2.2, from which it may be seen that such values are
usually very small and the affinity for substrate is high. It will be appreciated that
the biomass concentration at the end of the exponential phase is at its highest and,
thus, the decline in substrate concentration will be very rapid so that the time period
during which the substrate concentration is close to K is very short. While the con-
cept of K| facilitates the quantitative description of the relationship between specific
growth rate and substrate concentration it should not be regarded as a true constant.
There are many cases in the literature of microorganisms expressing different en-
zyme systems, achieving the same metabolic end point, depending on the concentra-
tion of substrate. Harder and Dijkhuizen’s review (1983) and that of Ferenci (1999)
cite many such examples for carbon and nitrogen metabolism in which high affinity
(low K)) systems are expressed under limitation and low affinity systems (high K)
expressed under nutrient excess conditions, thus enabling organisms to “scavenge”
for substrate under conditions of nutrient stress.

The stationary phase in batch culture is that point where the growth rate has
declined to zero. However, it is important to appreciate that the cessation of growth
is not the microbiological equivalent of a car running out of fuel. Although the two
situations may be the result of fuel limitation, microorganisms have evolved strate-
gies that avoid the consequences of coming to a halt in the fast lane. The kinetic de-
scriptions discussed so far ignore the physiological adaptations that microorganisms
undergo during a period of declining growth rate—adaptations that equip them to
survive periods of nutrient starvation. Stationary phase cells are not simply exponen-
tial phase cells that have stopped growing—they are physiologically different.

Sigma factors are bacterial protein transcription factors that facilitate promoter
recognition by RNA polymerase, thus enabling gene transcription and, ultimately,
gene expression. Each RNA polymerase molecule consists of one sigma factor and a
core enzyme (consisting of several units)—the nature of the sigma factor dictates the
promoters that may be recognized. All bacteria have one sigma factor that recognizes
the promoters of “housekeeping” genes enabling growth. However, they also have
a range of sigma factors that recognize the promoters of other genes that may be
switched on under specific circumstances. Thus, the deployment of particular sigma
factors under specific prevailing circumstances enables the organism to adapt to its
environment and change its gene expression profile and hence its phenotype. E. coli
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has seven sigma factors (see Table 2.3) one of which, 0™° or 0°, recognizes genes tran-
scribed uniquely during the stationary phase (Landini, Egli, Wolf, & Lacour, 2014).
Bacteria have been shown to modify their physiology in response to both growth
rate and biomass concentration. The response to biomass concentration is referred
to as “quorum sensing”—a phenomenon in which the expression of certain genes
only occurs when the culture reaches a threshold biomass. In this system, each cell
produces a signal molecule, the concentration of which in the environment is then
dependent on the number of bacteria producing it. Thus, as biomass concentration
increases so does that of the signal molecule, until it reaches the threshold level and
specific genes are induced. The nature of the signal molecules and some of the pro-
cesses controlled by quorum sensing are shown in Table 2.4. An example of quorum
sensing in the induction of secondary metabolism is discussed in detail in Chapter 6.
However, in an elegant continuous culture experiment (see in later sections), [hssen
and Egli (2004) demonstrated that the level of @° in E. coli is controlled by growth

Table 2.3 The Sigma Factors of Escherichia coli

Sigma Factor Function
o”® or ° (RpoD) Housekeeping sigma factor—recognizes genes required for
growth
o' or @ (Fecl) The ferric citrate sigma factor, recognizes the fec gene for iron
transport
* or * (RpoE) Regulates and responds to extracytoplasmic functions
% or o (RpoF) Control of flagella and pilli synthesis
2 or ¢ (RpoH) Controls the production of heat shock proteins
% or 0° (RpoS) Controls the general stress response of cells entering the
stationary phase
o™ or " (RpoN) Controls the response to nitrogen limitation

Table 2.4 Quorum Sensing Systems
Signal Molecule Controlled Property Taxonomic Group

Gamma-butyrolactones Initiation of secondary metabolism | Streptomyces spp.
and morphological differentiation

Acyl homoserine Bacterial bioluminescence Gram negative bacteria
lactones Virulence
Antibiotic synthesis
Oligopeptides Biofilm formation Gram positive bacteria
Competence
Sporulation

Virulence
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rate and not by biomass concentration with @° levels being enhanced at low growth
rates—that is, under conditions of nutrient depletion or toxin accumulation akin to
the deceleration and stationary phases. The expression of the genes recognized by 0°
results in the expression of a raft of phenotypes, protecting the cells from a range of
stresses that may be experienced in the stationary phase. The range of ¢° influenced
characteristics include:

» cell size—stationary phase cells are smaller than those from the exponential
phase, thus increasing the surface area to volume ratio and facilitating the
enhanced uptake of limiting nutrients;

e production of detoxifying enzymes such as catalase and superoxide dismutase;

e repair and protection systems including DNA repair and protein protection by
chaperonins;

e resistance to osmotic stress;

e resistance to high temperatures;

* resistance to adverse pH.

The 0° governed responses involve approximately 500 genes, accounting for 10%
of the genome and the overall process has been termed the “general stress response”
(Hengge-Aronis, 1996). However, only about 140 genes are expressed simply as a re-
sult of enhanced G° levels—the control of the remainder is mediated by both ° and
specific environmental stresses. Such an orchestrated wide-reaching process would
have a significant energy demand—a requirement that is at odds with the energy
status of stationary phase organisms. Landini et al. (2014) discusses the “general
stress response” as an immediate reaction to nutrient deprivation by cells which still
have the metabolic activity to take the necessary action to protect themselves from
impending stress—that is, cells which have not yet entered the stationary phase but
are experiencing growth rates less than the maximum. The ubiquitous nature of the
response means that the organism is then protected against a range of adverse condi-
tions that may develop. The control of G° synthesis and activity is a complex inter-
action of initiation of transcription, modulation of the mRNA transcripts and their
translation and the regulation of the degradation of @° and its affinity for promoters.
Landini et al. (2014) summarize these control systems in their excellent review.

While E. coli responds to nutrient limitation by modulating its physiology, other
bacteria respond more dramatically by undergoing complex differentiation process-
es that enable the production of cell types capable of surviving adverse conditions.
Bacillus subtilis produces a range of cell types including endospores (dormant cells),
cannibal cells that prey on vegetative cells (of the same species), and thus over-
come nutrient limitation, matrix producing cells that form biofilms and motile cells
bearing flagella. The streptomycetes (filamentous bacteria) produce aerial hyphae
bearing exospores. As in E.coli, sigma factors also play key controlling roles in the
transition from exponential growth to stationary phase in these differentiating organ-
isms. In Bacillus subtilis, there are at least 17 alternative sigma factors with sigma-H
being paramount in a transcription cascade controlling the development of the endo-
spore. Sigma-H has been shown to control the expression of 87 genes in B. subtilis
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(Britton et al., 2002). While the “stationary phase response” in E.coli has been attrib-
uted to the organism’s titration of its decreasing growth rate (due to nutrient limita-
tion), in B. subtilis the transition to sporulation and other morphological types is a
response to the complex interaction of the detection of both biomass level (quorum
sensing) and nutrient limitation (Lazazzera, 2000; Britton et al., 2002). The degree
of nutrient limitation modulates the quorum sensing response, again enabling the
organism to undergo a series of energy-dependent transformations to adapt to im-
minent starvation conditions before the source of that energy is completely depleted.

The production of aerial hyphae and sporulation by the streptomycetes under
nutrient limitation is a highly complex process that is responding to environmental
conditions and accompanied by other stress responses such as protection against free
radicals. Streptomyces coelicolor has 63 different sigma factors (Hopwood, 2007),
49 of which belong to the ECF family (extracytoplasmic function) and detect envi-
ronmental change, including nutrient limitation and oxidative stress. It is interesting
to note that morphological differentiation in Streptomyces griseus is governed by
quorum sensing whereas that in S. coelicolor is not. Thus, closely related organisms
have evolved different mechanisms to accomplish the same end point. The filamen-
tous fungi also produce a range of taxonomically dependent spore types, again re-
sponding to environmental signals. However, it is important to appreciate that many
fungi and streptomycetes will not undergo complete differentiation in submerged
liquid culture, as this is not their natural habitat. Sporulation of mycelial organisms
in submerged culture is considered in Chapter 6 (inoculum development) from which
it can be appreciated that it has been observed far more frequently for fungal systems
than for streptomycete ones. The differentiation of Streptomyces spp. has been stud-
ied extensively in the last 10 years and has been shown to involve a programmed cell
death (PCD) process. As the name suggests, PCD is a carefully controlled process
resulting in cell death that is actually beneficial to the development and survival of
the colony as a whole. Although PCD is more associated with eukaryotic organisms
(see later) it has been observed in a number of prokaryotes, particularly when grown
on solidified medium enabling the development of defined colonies (Tanouchi, Pai,
Buchler, & You, 2012). The development of Streptomyces antibioticus on solidified
medium involves a number of distinct stages (Manteca, Fernandez, & Sanchez, 2005;
Yague, Lopez-Garcia, Rioseras, Sanchez, & Manteca, 2012, 2013):

* Compartmentalized young mycelium (termed MI) develops from germinated
spores.

* Selected compartments of the MI mycelium die, controlled by a highly ordered
process; the remaining viable segments then develop into a multinucleated second
(MII) mycelium, presumably utilizing substrate from the “sacrificed” cells.

* The MII mycelium develops in the agar medium until it undergoes a second
PCD event and the surviving MII express the synthesis of an outer hydrophobic
layer and grow into the air. Again, aerial mycelium develops at the expense of
the dead cells.

e The aerial mycelium produces aerial spores.
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Manteca, Alvarez, Salazar, Yague, and Sanchez, 2008; Manteca, Sanchez, Jung,
Schwammle, and Jensen, 2010 demonstrated that S. coelicolor differentiated in sub-
merged liquid culture from MI mycelium to MII, as a result of PCD. However, the
MII mycelium did not develop a hydrophobic layer and sporulation did not occur.
Interestingly, secondary metabolism was only expressed in MII mycelium. Thus,
contrary to previous expectations, differentiation did occur in submerged culture and
this was associated with secondary metabolism.

As indicated earlier, animal cell cultures also follow the same basic pattern of
growth as microbial cultures and enter a stationary phase. Although cells may be
physically damaged by extreme culture conditions, resulting in necrosis, the more
common explanation of cessation of growth is apoptosis or PCD. This is a regulated
cellular process in response to nutrient deprivation or metabolite accumulation. The
phenomenon can be limited by the addition of fresh medium (see later discussion of
continuous and fed-batch culture) or by supplementing the medium with antiapop-
totic additives such as insulin growth factor (Butler, 2005, 2012). Chon and Zarbis-
Papastoitsis (2011) reported that the development of media free of animal-derived
components has resulted in significantly increased viable cell densities—with reports
of more than 1.5 X 107 cells cm ™’ being achieved. Cell lines may also be geneti-
cally modified by inserting antiapoptotic genes, thus reducing the expression of the
programmed cell death cascade (Butler, 2005, 2012). These aspects are discussed in
Chapters 4 and 12.

The concept of stationary phase cells being physiologically different from those
in exponential phase is reinforced by the phenomenon of secondary metabolite
production. The nature of primary and secondary metabolites was introduced in
Chapter 1 and the point was made that microorganisms capable of differentiation are
often, also, prolific producers of secondary metabolites, compounds not produced
during the exponential phase. Bull (1974) pointed out that the stationary phase is
a misnomer in terms of the physiological activity of the organism, and suggested
that this phase be termed as the maximum population phase. The metabolic activity
of the stationary phase has also been recognized in the physiological descriptions
of microbial growth presented by Borrow et al. (1961) and Bu’Lock et al. (1965).
Borrow et al. (1961) investigated the biosynthesis of gibberellic acid by Gibberella
Sfujikuroi and divided the growth of the organism into several phases:

1. The balanced phase; equivalent to the early to middle exponential phase.

2. The storage phase; equivalent to the late exponential phase where the increase in
mass is due to the accumulation of lipid and carbohydrate.

3. The maintenance phase; equivalent to the stationary phase.

Gibberellic acid (a secondary metabolite) was synthesized only toward the end
of the storage phase and during the maintenance phase. As discussed in Chapter 1,
Bu’Lock et al. (1965) coined the terms trophophase, to refer to the exponential
phase, and idiophase to refer to the stationary phase where secondary metabolites are
produced. The idiophase was depicted as the period subsequent to the exponential
phase in which secondary metabolites were synthesized. However, it is now obvious
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that the culture conditions may be manipulated to induce secondary metabolism dur-
ing logarithmic growth, for example, by the use of carbon sources, which support a
reduced maximum growth rate (see Chapter 4).

Pirt (1975) has discussed the kinetics of product formation by microbial cultures
in terms of growth-linked products and nongrowth linked products. Growth-linked
may be considered equivalent to primary metabolites, which are synthesized by grow-
ing cells and nongrowth linked may be considered equivalent to secondary metabo-
lites. The formation of a growth-linked product may be described by the equation:

dp
@ _ . (2.6)
a
where p is the concentration of product, and g, is the specific rate of product forma-
tion (mg product g biomass h™").
Also, product formation is related to biomass production by the equation:

dap _

2 Yon 2.7

where Y, is the yield of product in terms of biomass (g product ¢ biomass).
Multiply Eq. (2.7) by dx/dt, then:

dx dp _, dx
dt dx " dr

and

d_p_ dx

dr " dr
dx
But Z = ux and therefore:

dp
a =Y, Ux

and

dp
—=q,x
dt U

and therefore:

q, X= Yp/x - lx,

2.8
q,=Y, -1 2:8)

From Eq. (2.8), it may be seen that when product formation is growth associated,
the specific rate of product formation increases with specific growth rate. Thus, pro-
ductivity in batch culture will be greatest at . and improved product output will be
achieved by increasing both ¢ and biomass concentration. Nongrowth linked product
formation is related to biomass concentration and, thus, increased productivity in
batch culture should be associated with an increase in biomass. However, it should be
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remembered that nongrowth related secondary metabolites are produced only under
certain physiological conditions—primarily under limitation of a particular substrate
so that the biomass must be in the correct “physiological state” before production
can be achieved. The elucidation of the environmental conditions, which create the
correct “physiological state” is extremely difficult in batch culture and this aspect is
developed in a later section.

Thus, batch fermentation may be used to produce biomass, primary metabolites,
and secondary metabolites. For biomass production, cultural conditions supporting
the fastest growth rate and maximum cell population would be used; for primary
metabolite production conditions to extend the exponential phase accompanied by
product excretion and for secondary metabolite production, conditions giving a short
exponential phase and an extended production phase, or conditions giving a decreased
growth rate in the log phase resulting in earlier secondary metabolite formation.

CONTINUOUS CULTURE

Exponential growth in batch culture may be prolonged by the addition of fresh me-
dium to the vessel. Provided that the medium has been designed such that growth
is substrate limited (ie, by some component of the medium), and not toxin limited,
exponential growth will proceed until the additional substrate is exhausted. This ex-
ercise may be repeated until the vessel is full. However, if an overflow device was
fitted to the fermenter such that the added medium displaced an equal volume of cul-
ture from the vessel then continuous production of cells could be achieved (Fig. 2.5).
If medium is fed continuously to such a culture at a suitable rate, a steady state is

Nutrient reservoir

Pump (Flow rate F dm*h ')

Fermenter vessel,
volume V dm’

Wasle receiver

FIGURE 2.5 A Schematic Representation of a Continuous Culture
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achieved eventually, that is, formation of new biomass by the culture is balanced by
the loss of cells from the vessel. The flow of medium into the vessel is related to the
volume of the vessel by the term dilution rate, D, defined as:

D=— 2.9
v (2.9)
where F is the flow rate (dm® h™) and V is the volume (dm?).
Thus, D is expressed in the unit h™.
The net change in cell concentration over a time period may be expressed as:

@ = growth — output
a g p
or

— = ux—Dx.
d H (2.10)

Under steady-state conditions the cell concentration remains constant, thus
dx/dt = 0 and:

ux=Dx (2.11)
and
u=D. (2.12)

Thus, under steady-state conditions the specific growth rate is controlled by the
dilution rate, which is an experimental variable. It will be recalled that under batch
culture conditions, an organism will grow at its maximum specific growth rate and,
therefore, it is obvious that a continuous culture may be operated only at dilution
rates below the maximum specific growth rate. Thus, within certain limits, the dilu-
tion rate may be used to control the growth rate of the culture.

The growth of the cells in a continuous culture of this type is controlled by the
availability of the growth limiting chemical component of the medium and, thus, the
system is described as a chemostat. The mechanism underlying the controlling effect
of the dilution rate is essentially the relationship expressed in Eq. (2.5), demonstrated
by Monod in 1942:

M=l ST (K +5)
At steady state, 4 = D, and, therefore,
D=u,, 5/(K,+5)
where s is the steady-state concentration of substrate in the chemostat, and

K.D
(:umax - D)

s =

(2.13)
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Eq. (2.13) predicts that the substrate concentration is determined by the dilution
rate. In effect, this occurs by growth of the cells depleting the substrate to a concen-
tration that supports the growth rate equal to the dilution rate. If substrate is depleted
below the level that supports the growth rate dictated by the dilution rate, the follow-
ing sequence of events takes place:

1. The growth rate of the cells will be less than the dilution rate and they will be
washed out of the vessel at a rate greater than they are being produced, resulting
in a decrease in biomass concentration.

2. The substrate concentration in the vessel will rise because fewer cells are left in
the vessel to consume it.

3. The increased substrate concentration in the vessel will result in the cells
growing at a rate greater than the dilution rate and biomass concentration will
increase.

4. The steady state will be reestablished.

Thus, a chemostat is a nutrient-limited self-balancing culture system that may be
maintained in a steady state over a wide range of submaximum specific growth rates.

The concentration of cells in the chemostat at steady state is described by the
equation:

X=Y(S,-7%) (2.14)

Where, X is the steady-state cell concentration in the chemostat.
By combining Eqgs. (2.13) and (2.14), then:

x=Y|S —{71(30 }
R (2.15)

Thus, the biomass concentration at steady state is determined by the operational
variables, S, and D. If S, is increased, X will increase but s, the residual substrate
concentration in the chemostat at the new steady state, will remain the same. If D
is increased, ¢ will increase (¢ = D) and the residual substrate at the new steady
state would have increased to support the elevated growth rate; thus, less substrate
will be available to be converted into biomass, resulting in a lower biomass steady
state value.

An alternative type of continuous culture to the chemostat is the turbidostat,
where the concentration of cells in the culture is kept constant by controlling the
flow of medium such that the turbidity of the culture is kept within certain, narrow
limits. This may be achieved by monitoring the biomass with a photoelectric cell and
feeding the signal to a pump-supplying medium to the culture such that the pump is
switched on if the biomass exceeds the set point and is switched off if the biomass
falls below the set point. Systems other than turbidity may be used to monitor the
biomass concentration, such as CO, concentration or pH in which case it would be
more correct to term the culture a biostat. The chemostat is the more commonly used
system because it has the advantage over the biostat of not requiring complex control

L
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systems to maintain a steady state. However, the biostat may be advantageous in
continuous enrichment culture in avoiding the total washout of the culture in its early
stages and this aspect is discussed in Chapter 3.

The kinetic characteristics of an organism (and, therefore, its behavior in a che-
mostat) are described by the numerical values of the “constants” ¥,y , and K . It is
important to recall the earlier discussion that Y and K| are not true constants and their
values may vary depending on cultural conditions. The value of Y affects the steady-
state biomass concentration; the value of . affects the maximum dilution rate that
may be employed and the value of K affects the residual substrate concentration
(and, hence, the biomass concentration) and also the maximum dilution rate that may
be used. Fig. 2.6 illustrates the continuous culture behavior of a hypothetical bacte-
rium with a low K| value for the limiting substrate, compared with the initial limiting
substrate concentration. With increasing dilution rate, the residual substrate concen-
tration increases only slightly until D approaches x,, when s increases significantly.
The dilution rate at which x equals zero (ie, the cells have been washed out of the
system) is termed as the critical dilution rate (D) and is given by the equation:

HinsnS

cril:(KSJ’_SR) (2.16)

Thus, D, is affected by the constants, 1, and K, and the variable, S,; the larger
Sy the closeris D to . . However, y cannot be achieved in a simple steady state
chemostat because substrate limited conditions must always prevail.

Fig. 2.7 illustrates the continuous culture behavior of a hypothetical bacterium
with a high K| for the limiting substrate compared with the initial limiting substrate
concentration. With increasing dilution rate, the residual substrate concentration
increases significantly to support the increased growth rate. Thus, there is a gradual

Steady state residual substrate
cancentration

Steady state biomass concentration

Dilution rate
FIGURE 2.6 The Effect of Dilution Rate on the Steady-State Biomass and Residual Substrate
Concentrations in a Chemostat Culture of a Microorganism with a Low K, Value for the
Limiting Substrate, Compared with the Initial Substrate Concentration

, Steady-state biomass concentration; — — —, Steady-state residual substrate
concentration.
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Steady state biomass
concentration
Steady state residual
substrate concentration

Dilution rate

FIGURE 2.7 The Effect of Dilution Rate on the Steady-State Biomass and Residual Substrate
Concentrations in a Chemostat of a Microorganism with a High K, Value for the Limiting
Substrate, Compared with the Initial Substrate Concentration

, Steady-state biomass concentration; — — —, Steady-state residual substrate
concentration.

increase in s and a decrease in x as D approaches D . Fig. 2.8 illustrates the effect
of increasing the initial limiting substrate concentration on x and 5. As S, is in-
creased, so x increases, but the residual substrate concentration is unaffected. Also,
D, increases slightly with an increase in S,.

The results of chemostat experiments may differ from those predicted by the fore-
going theory. The reasons for these deviations may be anomalies associated with the
equipment or the theory not predicting the behavior of the organism under certain

X at SR3

Steady state residual substrate
concentration

Steady state biomass concentration

Dilution rate

FIGURE 2.8 The Effect of the Increased Initial Substrate Concentration on the Steady-State
Biomass and Residual Substrate Concentrations in a Chemostat

, Steady-state biomass concentration; — — —, Steady-state residual substrate
concentration. Sg;, Sg,, and Sg, represent increasing concentrations of the limiting
substrate in the feed medium.




38

CHAPTER 2 Microbial growth kinetics

circumstances. Practical anomalies include imperfect mixing and wall growth. Imper-
fect mixing would cause an increase in the degree of heterogeneity in the fermenter
with some organisms being subject to nutrient excess while others are under severe
limitation. This phenomenon is particularly relevant to very low dilution rate systems
when the flow of medium is likely to be very intermittent. This problem may be over-
come by the use of feedback systems, as discussed later in this chapter. Wall growth is
another commonly encountered practical difficulty in which the organism adheres to
the inner surfaces of the reactor resulting, again, in an increase in heterogeneity. The
immobilized cells are not subject to removal from the vessel but will consume sub-
strate resulting in the suspended biomass concentration being lower than predicted.
Wall growth may be limited by coating the inner surfaces of the vessel with Teflon.

A frequent observation in carbon and energy limited chemostats is that the bio-
mass concentration at low dilution rates is lower than predicted. This phenomenon
has been explained by the concept of “maintenance”—defined by Pirt (1965) as en-
ergy used for functions other than the production of new cell material. Thus, non-
growth related energy consumption is used to maintain viability—that is, viability is
maintained by the consumption of a “threshold” level of energy source before further
production of biomass is possible—a process also termed “endogenous metabolism”
(Herbert, 1958). Under extreme carbon and energy limitation at very low growth
rates (dilution rates), the proportion of carbon used for maintenance is greater than
at higher dilution rates resulting in a lower biomass yield. The processes that would
account for energy consumption in this context would be:

e osmoregulation,

e maintenance of the optimum internal pH,

e cell motility,

* defense mechanisms, for example, against oxygen stress,

e proofreading,

* synthesis and turnover of macromolecules such as RNA and proteins.

This concept of maintenance has been described by several kinetic “constants”
accounting for the diversion of substrate from growth-related activities. Herbert
(1958) proposed “endogenous metabolism,” (a with units of h™"), also termed the
specific maintenance rate by Marr, Nilson, and Clark (1963):

dx/dt=(u—a)x

In this relationship the term ax represents the loss of biomass through mainte-
nance which Pirt (1965) described as an artificial concept. Pirt built an analysis of
maintenance on previous work by Schulze and Lipe (1964) who defined maintenance
in terms of substrate consumed to maintain the biomass. Thus:

Overall rate of substrate use = Rate of substrate use for maintenance + rate of

substrate use for growth
ds ( ds ) ( ds )
- = = +| —
dt \dt)y \dt)g
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The overall observed yield factor (ie, including substrate consumed for mainte-
nance) is given by the term Y, , thus —(ds/dt).Y,, = dx/dr; remembering that dx/dt = pix,
then:

ds_—px
e Y,
The conversion of substrate into biomass excluding maintenance is then given by
the “true” growth yield Y, and:

(ﬁj __bx 2.17)
i), 1,

The substrate consumed for maintenance can then be represented using the term
m (maintenance coefficient) that represents the substrate consumed per unit of bio-

mass per hour, that is,
(%)
i
dt )y

Eq. 2.17 then reduces to:

The limitations of these models have been discussed by van Bodegom (2007). He
emphasized that the accumulation of storage products, extracellular losses and changes
in metabolic pathways (resulting in changed efficiency) will all affect energy utiliza-
tion, and hence biomass yield, but do not fit the concept of maintenance as “‘endogenous
metabolism”. Furthermore, cell death, while not being a component of “maintenance,”
would also contribute to a decrease in yield if it were not constant with growth rate. The
consideration of maintenance as a constant, independent of growth rate, is also at odds
with current knowledge of slow growing organisms. Stouthamer, Bulthius, and van
Versveld (1990) showed that growth was energetically more expensive at low growth
rates and thus the maintenance and the true growth yield were not biological constants.
Indeed, a consideration of the progression of E. coli into the stationary phase (described
earlier in this chapter) reveals additional resource expenditure involved in the initiation
of the “general stress response”—approximately 10% of the genome being under the
control of 0" which is produced in response to low growth rates.

van Bodegom (2007) developed a conceptual model of maintenance m, that in-
corporated all the components that may contribute to a decline in conversion of car-
bon source to biomass:

—+m

x
<=
=

O | 1=dl,



40

CHAPTER 2 Microbial growth kinetics

where d is relative death rate; y is relative growth rate or the growth rate attributed
to active cells, Yj; is the true growth yield, and m, is the physiological maintenance
requirement.

This equation shows that m,, is not a constant, but is a nonlinear function of all
the component variables. While it is difficult to allocate values to some of these
variables, the approach highlights the complexity underlying a “steady-state” and
that a variation in yield cannot be accounted for by a simple interpretation of the
maintenance concept—it is influenced by the changes in the physiological state of an
organism at different growth rates.

The basic chemostat may be modified in a number of ways, but the most common
modifications are the addition of extra stages (vessels) and the feedback of biomass
into the vessel.

MULTISTAGE SYSTEMS

A multistage system is illustrated in Fig. 2.9. The advantage of a multistage chemo-
stat is that different conditions prevail in the separate stages. This may be advanta-
geous in the utilization of multiple carbon sources and for the separation of biomass
production from metabolite formation in different stages, for example, in production
of secondary metabolites and biofuels. Harte and Webb (1967) demonstrated that
when Klebsiella aerogenes was grown on a mixture of glucose and maltose only the
glucose was utilized in the first stage and maltose in the second. Secondary metabo-
lism may occur in the second stage of a dual system in which the second stage acts
as a holding tank where the growth rate is much smaller than that in the first stage.
Li et al. (2014) reported the use of an 11 stage continuous process for bioethanol
production, each vessel having a capacity of 480,000 dm”’. The first fermenter was
aerated and thus enabled rapid biomass development while the remaining fermenters

Medium inlet

—r_It._P

Culture effluent

=
o> Culture effluent
to effluent
collection or to
subseguent stages
—_—

FIGURE 2.9 A Multistage Chemostat
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were operated anaerobically, facilitating ethanol production. An earlier example of
the industrial application of the technique is in continuous brewing which is de-
scribed in a later section.

FEEDBACK SYSTEMS

A chemostat incorporating biomass feedback has been modified such that the bio-
mass in the vessel reaches a concentration above that possible in a simple chemostat,
that is, greater than Y(S,—s). Biomass concentration may be achieved by:

1. Internal feedback. Limiting the exit of biomass from the chemostat such that the
biomass in the effluent stream is less concentrated than in the vessel.

2. External feedback. Subjecting the effluent stream to a biomass separation
process, such as sedimentation or centrifugation, and returning a portion of the
concentrated biomass to the growth vessel.

Pirt (1975) gave a full kinetic description of these feedback systems and this ac-
count summarizes his analysis.

Internal feedback

A diagrammatic representation of an internal feedback system is shown in Fig. 2.10a.
Effluent is removed from the vessel in two streams, one filtered, resulting in a di-
lute effluent stream (and, thus, a concentration of biomass in the reactor) and one

@) (b) Separator
. s
s, hx Stirrer 'y
x=0 s F Fs hx
(1-c) F | s
F-.—* S S, v (1 __(_;) F
| ] 1] cF ( .
x 1 s ‘)5( X —— s gF
[ ax
arg
s
gx

FIGURE 2.10 Diagrammatic Representations of Chemostats with Feedback (Pirt, 1975)

(a) Internal feedback. £, flow rate of incoming medium (dm? A™Y); ¢, fraction of the outflow
which is not filtered; x, biomass concentration in the vessel and in the unfiltered stream;

hx, biomass concentration in the filtered stream (b) External feedback. F, flow rate from the
medium reservoir (dm® A™Y); F, flow rate of the effluent upstream of the separator; x, biomass
concentration in the vessel and upstream of the separator; hx, biomass concentration in the
dilute stream from the separator; g, factor by which the separator concentrates the biomass;
a, proportion of the flow which is fed back to the fermenter; s, substrate concentration in the
vessel and effluent lines; S,, substrate concentration in the medium reservoir.
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unfiltered. The proportion of the outflow leaving via the filter and the effectiveness
of the filter then determines the degree of feedback. The flow rate of incoming me-
dium is designated F(dm® h™") and the fraction of the outflow which is not filtered
is designated c; thus the outflow rate of the unfiltered stream is ¢F and that of the
filtered stream is (1—c)F. The concentration of the biomass in the fermenter and in
the unfiltered stream is x and the concentration of biomass in the filtered stream is /..
The biomass balance of the system is:

Change in biomass = Growth—Output in unfiltered stream—Output in filtered
stream,which may be expressed as:

dx

Ez,ux—cDx—(l—c)th (2.18)

or:

% = ux—D{c(1-h)+h}x.

At steady state dx/dt = 0, thus:
ux=D{c(-h)+h}x.
and
= D(c(1—h)+h)
If the term “c(1—h) + h” is represented by “A,” then:
u=AD (2.19)

When the filtered effluent stream is cell free then 2 =0 and A = c. However, if the
filter removes very little biomass then / will approach 1, and when A = 1 there is no
feedback and A = h. Thus, the range of values of A is ¢ to 4 and when feedback occurs
A is less than 1, which means that g is less than D.

The concentration of the growth limiting substrate in the vessel at steady state is
then given by:

K AD
§=— (2.20)
(umax _AD)
and the biomass concentration at steady state is given by:
A(S,—7%)

External feedback

A diagrammatic representation of an external feedback system is shown in Fig. 2.10b.
The effluent from the fermenter is fed through a separator, such as a continuous
centrifuge or filter, which produces two effluent streams—a concentrated biomass
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stream and a dilute one. A fraction of the concentrated stream is then returned to the
vessel. The flow rate from the medium reservoir is F(dm® h™); the flow rate of the
effluent upstream of the separator is F,(dm’ h™") and the concentration of biomass in
the stream (and in the fermenter) is x; a is the proportion of the flow which is fed back
to the fermenter and g is the factor by which the separator concentrates the biomass.
Biomass balance in the system will be:

Change = growth—output + feedback
or

dx Fx aFgx
=y X A

—= 2.22
dt # |4 |4 ( )
The culture outflow (before separation), F,, from the chemostat is:
F =F+ar,
or
F=-t
(I-a)
substituting F/(I1—a) for F, in Eq. (2.22) and remembering that D = F/V:
dc« _~ Dx + agDx 2.23)

o M aca T aze

If all the cells are returned to the fermenter then biomass will continue to accu-
mulate in the vessel. However, if the feedback is partial then a steady state may be
achieved, dx/dt = 0 and:

1 =BD (2.24)

where B = (1—ag)/(1—a).
The steady-state substrate and biomass concentrations in a fermenter with feed-
back are then given by the following equations:

5—_DBDK, (2.25)
(Max = D)

- Y

¥= Fr) (2.26)

From the equations describing 4, s, and X (2.19-2.21, 2.24-2.26) in a fermenter
with either external or internal feedback it can be appreciated that:

-y

. Dilution rate is greater than growth rate.

2. Biomass concentration in the vessel is increased.

3. The increased biomass concentration results in a decrease in the residual
substrate compared with a simple chemostat.
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The maximum output of biomass and products is increased.
Because D is less than g, the critical dilution rate (the dilution rate at which
washout occurs) is increased.

o

Biomass feedback is applied widely in effluent treatment systems where the ad-
vantages of feedback contribute significantly to the process efficiency. The outlet
substrate concentration is considerably less and the feedback of biomass may im-
prove stability in effluent treatment systems where mixed substrates of varying con-
centration are used. The system will also result in increased productivity of microbial
products as illustrated by Major and Bull (1989) who reported very high lactic acid
productivities in laboratory biomass recycle fermentations. Anaerobic processes are
particularly suited to feedback continuous culture because the elevated biomass is
not susceptible to oxygen limitation.

Feedback systems seem well suited for animal cell culture where low growth
rates and low cell densities limit productivity and while it appears particularly attrac-
tive for immobilized animal cells, the advances in cell separation technology has also
enabled the development of suspended culture processes. The potential for continu-
ous animal-cell processes is considered in the next section of this chapter.

COMPARISON OF BATCH AND CONTINUOUS CULTURE
IN INDUSTRIAL PROCESSES

Biomass productivity

The productivity of a culture system may be described as the output of biomass per
unit time of the fermentation. Thus, the productivity of a batch culture may be rep-
resented as:

(X pax — Xo)
=Tmax 700 2.27
batch (z, + tii) ( )

where R is the output of the culture (g biomass dm™ h™'), x, . is the maximum cell
concentration achieved at stationary phase, x, is the initial cell concentration at in-
oculation, 7, is the time during which the organism grows at 4, , and ¢, is the time
during which the organism is not growing at y  and includes the lag phase, the

deceleration phase and the periods of batching, sterilizing, and harvesting.
The productivity of a continuous culture may be represented as:

t.
R, =Dx|1-
X( T ) (2.28)

where R, is the output of the culture (g biomass dm™ h™"), ¢,; is the time period prior
to the establishment of a steady state and includes vessel preparation, sterilization,
and operation in batch culture prior to continuous operation, and 7'is the time period
during which steady state conditions prevail.

The term DX increases with increasing dilution rate until it reaches a maximum

value, after which any further increase in D results in a decrease in DX, as illustrated
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Biomass productivity (DX)

Dcrit

Dilution rate
FIGURE 2.11 The Effect of Dilution Rate on Biomass Productivity in Steady-State
Continuous Culture

in Fig. 2.11. Thus, maximum productivity of biomass may be achieved by the use of
the dilution rate giving the highest value of Dx .

The output of a batch fermentation described by Eq. (2.27) is an average over the
period of the fermentation and, because the rate of biomass production is dependent
on initial biomass (dx/dt = pix), the vast proportion of the biomass is produced toward
the end of the fermentation. Thus, productivity in batch culture is at its maximum
only toward the end of the process. For a continuous culture operating at the optimum
dilution rate, under steady-state conditions, the productivity will be constant and al-
ways maximum. Thus, the productivity of the continuous system must be greater
than the batch. A continuous system may be operated for a very long time period
(several weeks or months) so that the negative contribution of the unproductive time,
t,» to productivity would be minimal. However, a batch culture may be operated for
only a limited time period so that the negative contribution of the time, #,, would be
very significant, especially when it is remembered that the batch culture would have
to be reestablished many times during the time-course of a continuous run. Thus,
the superior productivity of biomass by a continuous culture, compared with a batch
culture, is due to the maintenance of maximum output conditions throughout the
fermentation and the insignificance of the nonproductive period associated with a
long-running continuous process.

The steady state achievable in a continuous process also adds to the advantage of
improved biomass productivity. Cell concentration, substrate concentration, product
concentration, and toxin concentration should remain constant throughout the fer-
mentation. Thus, once the culture is established the demands of the fermentation, in
terms of process control, should be constant. In a batch fermentation, the demands
of the culture vary during the fermentation—at the beginning, the oxygen demand is
low but toward the end the demand is high, due to the high biomass and the increased
viscosity of the broth. Also, the amount of cooling required will increase during the
process, as will the degree of pH control. In a continuous process oxygen demand,



46

CHAPTER 2 Microbial growth kinetics

cooling requirements and pH control should remain constant. Thus, the use of con-
tinuous culture should allow for the easier introduction of process automation.

A batch process requires periods of intensive labor during medium preparation,
sterilization, batching, and harvesting but relatively little during the fermentation itself.
However, a continuous process results in a more constant labor demand in that medium
is supplied continuously sterilized (see Chapter 5), the product is continuously extract-
ed and the relative time spent on equipment preparation and sterilization is very small.

The argument against continuous biomass processes is that the duration of a
continuous fermentation is very much longer than a batch one so that there is a
greater probability of a contaminating organism entering the continuous process
and a greater probability of equipment failure. However, problems of contamination
and equipment reliability are related to equipment design, construction, and opera-
tion and, provided sufficiently rigorous standards are applied, these problems can
be overcome. In fact, the fermentation industry has recognized the superiority of
continuous culture for the production of biomass and several large-scale processes
have been established. This aspect is considered in more detail in a later section of
this chapter.

Metabolite productivity

Theoretically, a fermentation to produce a metabolite should also be more pro-
ductive in continuous culture than in batch because a continuous culture may be
operated at the dilution rate that maintains product output at its maximum, where-
as in batch culture product formation may be a transient phenomenon during the
fermentation. The kinetics of product formation in continuous culture have been
reviewed by Pirt (1975) and Trilli (1990). Product formation in a chemostat may
be described as:

Change in product concentration = production—output:
or:

dp
—=q,x-D,

dt (2.29)

where p is the concentration of product and g, is the specific rate of product forma-
tion (mg product g”' biomass h™).
At steady state, dp/dt = 0, and thus:

_ g,

P="p" (2.30)
where p is the steady-state product concentration. If g, is strictly related to 4, then
as D increases so will g,; thus, the steady-state product concentration (p) and prod-
uct output (D,) will behave in the same way as x and D,, as shown in Fig. 2.12a.
Thus, the production of a growth-related primary metabolite will be described by
Eq. (2.30). If g, is independent of u then it will be unaffected by D and thus the
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FIGURE 2.12

The effect of D on steady-state product concentration (p) and product output (Dp) when
(a) g, is growth related. (b) g, is independent of growth rate.

concentration will decline with increasing D but output will remain constant, as
shown in Fig. 2.12b. If product formation occurs only within a certain range of
growth rates (dilution rates) then a more complex relationship is produced.

Thus, from this consideration a chemostat process for the production of a product
can be designed to optimize either output (g dm™ h™") or product concentration. How-
ever, as Heijnen, Terwisscha van Scheltinga, and Straathof (1992) explained, when
q, is growth-related the advantage of high productivity obtained at high dilution rates
must be balanced against the disadvantage of low product concentration resulting
in increased downstream processing costs. The other arguments presented for the
superiority of continuous culture for biomass production also hold true for product
synthesis—ease of automation and the advantages of steady state conditions. The
question that then arises is “Why has the fermentation industry not adopted continu-
ous culture for the manufacture of microbial products?” It can be appreciated that
the arguments cited previously against continuous culture (contamination and equip-
ment reliability) are not valid, as these difficulties have been overcome in the large-
scale continuous biomass processes. The answer to the question lies in the highly
selective nature of continuous culture. We have already seen that 1 is determined by
D in a steady state chemostat and that ¢ and D are related to substrate concentration
according to the equation:

Mu...5
D= = max
K (K, +5%)

The effect of substrate concentration on specific growth rate for two organisms,
A and B, is shown in Fig. 2.13. A is capable of growing at a higher specific growth
rate at any substrate concentration. The self-balancing properties of the chemo-
stat mean that the organism reduces the substrate concentration to the value where
1 = D. Thus, at dilution rate X, organism A would reduce the substrate concentration
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Organism A

Organism B
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Z Residual substrate
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FIGURE 2.13 Competition Between two Organisms in a Chemostat

to Z. However, at this substrate concentration, organism B could grow only at a
of Y. Therefore, if organisms A and B were introduced into a chemostat operating
at dilution rate X, A would reduce the substrate concentration to Z at which B could
not maintain a i of X and would be washed out at a rate of (X—Y) and a monoculture
of A would be established eventually. The same situation would occur if A and B
were mutant strains arising from the same organism. Commercial organisms have
been selected and mutated to produce metabolites at very high concentrations (see
Chapter 3) and, as a result, tend to grow inefficiently with low g values and, pos-
sibly, high K| values. Back mutants of production strains produce much lower con-
centrations of product and, thus, grow more efficiently. If such back mutants arise in
a chemostat industrial process, then the production strain will be displaced from the
fermentation as described in the foregoing scenario.

Calcott (1981) described this phenomenon as “contamination from within” and
this type of “contamination” cannot be solved by the design of more “secure” fer-
menters. Thus, it is the problem of strain degeneration that has limited the applica-
tion of large-scale continuous culture to biomass and, to a lesser extent, potable,
and industrial alcohol. The production of alcohol by continuous culture is feasible
because it is a byproduct of energy generation and, thus, is not a drain on the re-
sources of the organism. Indeed, Monte Alegre, Rigo, and Joekes (2003) reported
that 30% of Brazilian bioethanol is produced by continuous culture. However, it
is possible that the technique could be exploited for other products provided strain
degeneration is controlled; this may be possible in certain genetically engineered
strains. Some processes have been developed using chemostat culture but the “in-
dustry standard” for large-scale culture of microbial metabolites is the fed-batch
process, described later in this chapter.

The adoption of continuous culture for animal cell products is even more com-
plex than for microbial systems. Continuous animal cell culture processes were
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considered in the 1980s and 90s and Griffiths (1992) compared the following process
options for producing an animal cell product:

1. Batch culture.

2. Semicontinuous culture where a portion of the culture is harvested at regular
intervals and replaced by an equal volume of medium.

3. Fed-batch culture where medium is fed to the culture resulting in an increase in
volume (see in later sections).

4. Continuous perfusion where an immobilized cell population is perfused with
fresh medium and is equivalent to an internal feedback continuous system.

5. Continuous culture.

The characteristics of all five modes of operation are shown in Table 2.5, from
which it may be seen that the perfusion continuous system appears extremely at-
tractive. However, it had been frequently reported at that time that the practicali-
ties of running a large-scale continuous perfusion system presented considerable
difficulties. The process had to be reliable and able to operate aseptically for the
long periods necessary to exploit the advantage of a continuous process. Also,
the licensing of a continuous process could present some difficulties where a
consignment of product must be traceable to a batch of raw materials. In a long-
term continuous process several different batches of media would have had to
be used which presented the problem of associating product with raw material.
Furthermore, it was difficult to monitor the genetic stability of cells immobilized
in a large reactor system. In a thought-provoking paper Kadouri and Spier (1997)
referred to these issues as “myths” and concluded that there were many examples
of continuous processes that had been licensed at that time which were stable and
engineered such that they were free of contamination. However, over the coming
years the animal cell culture industry followed the route taken by the microbial
fermentation industry and adopted fed-batch culture as its preferred option as
discussed later in this chapter. Nevertheless, feedback continuous cell culture

Table 2.5 Comparison of the Performance of Different Operational Modes
of an Animal Cell Fermentation (After Griffiths, 1992)

Product Yield

Cell No. Length of Run
Operational Mode | (x 10°cm™®) | (mgday™) |(mg month™) | (days)
Batch 3 100 200 7
Semi-continuous 3 200 600 21
Fed-batch 6 200 500 14
Perfusion 30 + 3000 12000 >30

Continuous culture 2 300 1200 >100
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(or perfusion culture) still featured as a production method to combat problems
of low cell density, low product concentration, and product instability (Bonham-
Carter and Shevitz, 2011). A key feature of perfusion culture is the design of
the cell retention device. Early systems used spin filters—centrifugal filtration
systems—Ilocated within the vessel to achieve internal feedback and such an ap-
proach could enable production targets to be met without resorting to large-scale
vessels. However, a spin filter takes up significant space in the fermenter, is dif-
ficult to scale up and its reliability is questionable. Also, improvements in me-
dium design and mammalian cell expression systems for heterologous proteins
resulted in the increases in both cell count and product yield. These developments
undermined the advantages of perfusion culture and made the fed-batch solution
more attractive and scaling-up by increasing fermenter size, economically fea-
sible. Thus, the adoption of perfusion culture has been predominantly influenced
by the developments in the biology of the producing systems and the engineering
of the equipment—the former enabling high productivity to be achieved without
the frailty of the latter. However, two engineering developments in recent years
have now enabled the exploitation of the biological advances in reliable perfu-
sion culture—improved cell retention systems and the adoption of “single use”
vessels.

As the name implies, single use vessels are disposable reactors used for a single
fermentation run. These sterile bag or bottle vessels are available in volumes ranging
from 1 cm’ to 2000 dm’ are constructed from regulatory approved plastics and can in-
corporate mixing and aeration equipment as well as disposable probes (Butler, 2012).
These systems avoid the need for validated cleaning and sterilization regimes, reduce
both risk and high capital investment in the stainless steel fermentation plant, retain
flexibility in process development, and can be attached to perfusion equipment. The
design of disposable bioreactors is considered in more detail in Chapter 7. Pollock,
Ho, and Farid (2013) reviewed the development of industrial perfusion systems and
Table 2.6 from Pollock’s paper summarizes some key continuous perfusion cell cul-
ture processes, from which it can be seen that the retention system changed from the
spin filter to gravity settling and finally alternating tangential flow filtration (ATF).
ATF is a hollow fiber tangential flow filtration system (see Chapter 10) that incor-
porates a back-flushing cleaning process to prevent the filter from fouling. Pollock
et al. (2013) devised a simulation tool to facilitate the choice between perfusion
continuous culture (utilizing either spin filter or ATF technology) and fed-batch cul-
ture. Their model predicted that the spin filter perfusion approach would struggle to
compete on economic, environmental, operational, and reliability criteria. The eco-
nomic advantages of the ATF system, however, outweighed some reliability issues
even based on only a threefold higher cell density than fed-batch culture. However,
if environmental or operational factors were dominant then the fed-batch approach
was preferable.

Continuous brewing and biomass production, which are the major industrial
applications of continuous microbial culture, will now be considered in more
detail.



Table 2.6 Perfusion Cell Culture Processes, Reported by Pollock et al. (2013)

Product
Name

ReoPro®
Cerezyme®
Gonal-f®
Remicade®

Simulect®

Rebif®
Kogenate-FS®
Xigris®
Fabrazyme®
Myozyme®
Simponi®

Stelara®

Protein or Monoclonal
Antibody

mAb-abciximab
Beta-glucocerebrosidase
r.FSH

mAb-infliximab

mADb- basiliximab

Interferon beta-1a
r.Factor VI
r.activated protein C
Algasidase beta
Alglucosidase alfa
mADb-golimumab

mAb-ustekinumab

Clinical Application

Angioplasty
Gaucher disease
Anovulation

Rheumatoid arthritis and
other autoimmune diseases

Transplant rejection

Multiple sclerosis
Haemophilia A
Sepsis

Fabry disease
Pompe disease

Rheumatoid arthritis and
other autoimmune diseases

Psoriasis

Company

Janssen Biotech”
Genzyme
Merck-Serono
Janssen Biotech”

Novartis

Merck-Serono
Bayer

Eli Lilly

Genzyme
Genzyme
Janssen Biotech”

Janssen Biotech”

Date of First
Approval

1994
1994
1997
1998

1998

1998
2000
2001
2003
2006
2009

2009

Perfusion
System

Spin filter
Gravity settler
ND

Spin filter

Rotational sieve
filtration

Fixed bed
Gravity settler
Gravity settler
Gravity settler
Gravity settler
Alternating
tangential flow
Alternating
tangential flow

Reactor
Size (dm°)
500

2,000

500
250

75

1,600
1,600
2,000
4,000

500 and
1000

500

*Microcarrier based process
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Continuous brewing
The brewing industry in the United Kingdom has had a relatively brief “courtship”
with continuous culture. Two types of continuous brewing have been used:

1. The cascade or multistage system.
2. The tower system.

Hough et al. (1976) described the cascade system utilized at Watneys’ Mortlake
brewery in London. The process utilized three vessels, the first two for fermentation
and the third for separation of the yeast biomass. The specific gravity of the wort was
reduced from 1040 to 1019 in the first vessel and from 1019 to 1011 in the second
vessel. The residence time for the system was 15-20 h, using wort in the specific grav-
ity range of 1035-1040, and it could be run continuously for 3 months. However, it
is believed that the system was abandoned due to problems of excessive biomass pro-
duction. This process appears to have been used widely in New Zealand with greater
success (Kirsop, 1982), but apparently newer installations are of the batch type.

A typical tower fermenter for brewing is illustrated in Fig. 2.14. The system is
partially closed in that relatively little yeast leaves the fermenter due to the highly
flocculent nature of the strains employed. Thus, the system is a type of internal feed-
back. Wort is introduced into the base of the tower and passes through a porous plug
of yeast. As the wort rises through the vessel it is progressively fermented and leaves
the fermenter via a yeast-separation zone, which is twice the diameter of the rest of
the tower. Hough et al. (1976) described the protocol employed in the establishment
of a yeast plug in the tower and the subsequent operating conditions. Prior to the
fermentation, the tower is thoroughly cleaned and steam sterilized, aseptic operation
being more important for the continuous process than the batch one. The vessel is
filled partially with sterile wort and inoculated with a laboratory culture. The initial
stages are designed to encourage high biomass production by the periodical addi-
tion of wort over about a 9-day period. A porous plug of yeast develops at the base
of the tower. The flow rate of the wort is then gradually increased over a further
9-12 days, by which time an approximate steady state may be achieved. Following
the establishment of a high biomass in the fermenter the system is operated such that
the wort is converted to beer with the formation of approximately the same amount
of yeast as would be produced in the batch process. The beer produced during the
3-week start-up period is usually below specification and would have to be blended
with high-quality beer. Thus, more than 3 months’ continuous operation is necessary
to compensate for the initial losses of the process.

The major advantage of the continuous tower process was that the wort residence
time could be reduced from about 1 week to 4-8 h as compared with the batch sys-
tem. However, the development of the cylindro-conical vessel (initially described
by Nathan, 1930, but not introduced until the 1970s, see also Chapter 7) led to the
shortening of the batch fermentation time to approximately 48 h. Although this is
still considerably longer than the residence time in a tower fermenter, it should be
remembered that beer conditioning and packaging takes considerably longer than the
fermentation stage, so that the difference in the overall processing time between the



Continuous culture 53

CO; outlet
= Beer outlet

Claritying
tube U

i

o

: il Attemporator

| || jacket

| |
Temperature-...th
indicators [~

|

Baffle!| Attemporator
|| jacket
|

| Sight glass
B;;“FIe —t=1 Sample points
X

FIGURE 2.14 A Schematic Representation of a Tower Fermenter for the Brewing of Beer
(Royston, 1966)

tower and the cylindro-conical batch process is not sufficient to justify the disadvan-
tages of the tower. The major disadvantages of the tower system are the long start-up
time, the technical complexity of the plant, the requirement for more highly skilled
personnel than for a batch plant, the inflexibility of the system in that a long time
delay would ensue between changing from one beer fermentation to another, and fi-
nally, the difficulty in matching the flavor of the continuously produced product with
that of the traditional batch product. Thus, the continuous-tower system has fallen
from use, with virtual universal adoption of the cylindro-conical batch process. How-
ever, there is evidence of the possible use of continuous processes for the production
of alcohol free-beer employing immobilized yeast cells (Branyik et al., 2012).

Continuous culture and biomass production

Microbial biomass that is produced for human or animal consumption is referred to
as single cell protein (SCP). Although yeast was produced as food on a large scale
in Germany during the First World War (Laskin, 1977), the concept of utilizing
microbial biomass as food was not thoroughly investigated until the 1960s. Since
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the 1960s, a large number of industrial companies have explored the potential of
producing SCP from a wide range of carbon sources. Almost without exception,
these investigations have been based on the use of continuous culture as the growth
technique.

As discussed previously, continuous culture is the ideal method for the production
of microbial biomass. The superior productivity of the technique, compared with that
of batch culture, may be exploited fully and the problem of strain degeneration is not
as significant as in the production of microbial metabolites. The selective pressure
in the chemostat would tend to work to the advantage of the industrialist producing
SCP, in that the most efficient strain of the organism would be selected, although this
is not necessarily the case for mycelial processes. The development of SCP processes
generated considerable research into large-scale chemostat design and the behavior
of the production organism in these very large vessels. Many “novel” fermenters
have been designed for SCP processes and these are considered in more detail in
Chapter 7.

A very wide range of carbon sources have been investigated for the production
of SCP. Whey has been used as a carbon source for biomass production since the
1940s and such fermentations have been shown to be economic in that they provide
a high-grade feed product, while removing an, otherwise, troublesome waste product
of the cheese industry (Meyrath & Bayer, 1979). Cellulose has been investigated
extensively as a potential carbon source for SCP production and this work has been
reviewed by Callihan and Clemmer (1979) and Woodward (1987). The major dif-
ficulty associated with the use of cellulose as a substrate is its recalcitrant nature.

An enormous amount of research has been conducted into the use of hydrocar-
bons as sources of carbon for biomass processes; the hydrocarbons investigated
being methane, methanol, and n-alkanes. A large number of commercial firms were
involved in this research field but very few created viable, commercial processes
based on SCP production from hydrocarbons because of the economic difficulties
involved (Sharp, 1989). At the start of this research, hydrocarbons were relatively
cheap but, following the 1973 Middle East War, oil prices escalated and transformed
the economic basis of biomass production from petroleum sources. ICI were suc-
cessful in developing a commercial process for the production of bacterial biomass
(Pruteen) from methanol at an annual rate of 54,000-70,000 tons. The process uti-
lized a novel air-lift, pressure cycle fermenter, of 3000 m’ capacity, and was the first
commercial process to produce SCP from methanol (King, 1982). The fermenta-
tion was run successfully for periods in excess of 100 days without contamination
(Howells, 1982). Regrettably, the economics of the process were such that when the
price of soya and fishmeal declined, Pruteen could not compete as an animal feed.
Selling in bulk ceased in 1985 (Sharp, 1989) and the 3000 m’ vessel was eventually
demolished.

The expertize developed by ICI during the Pruteen project and RHM’s research
into the use of a fungus, Fusarium graminearum, for the production of human food
formed the basis of a joint venture between the two companies. Because the prod-
uct was a human food rather than an animal feed, the process was economically
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viable. The ICI pressure cycle pilot-plant was used to produce the fungal biomass
(mycoprotein, marketed as Quorn) in continuous culture. The advantage of fungal
biomass is that it may be processed to give a textured protein that is acceptable for
human consumption. The low shear properties of the air-lift vessel conserve the de-
sirable morphology of the fungus. The process is operated at a dilution rate of be-
tween 0.17 and 0.20 h™' (i, is 0.28 h™'). The phenomenon of mutation and intense
selection in the chemostat has proved to be problematical in mycoprotein fermenta-
tion, because highly branched mutants have arisen in the vessel resulting in the loss
of the desirable morphology. However, the process was routinely operated in chemo-
stat culture for 1000 h on the full scale and the isolation of morphologically stable
mutants using continuous culture systems eventually enabled the system to be run for
much longer periods (Trinci, 1992).

COMPARISON OF BATCH AND CONTINUOUS CULTURE
AS INVESTIGATIVE TOOLS

Although the use of continuous culture on an industrial scale is limited, it is an
invaluable investigative technique. The principle characteristic of batch culture is
change. Even during the log phase, cultural conditions are not constant and it is only
the constant maximum specific growth rate that gives the semblance of stability—
biomass concentration, substrate concentration, and microbial products all change
exponentially. During the deceleration phase, the onset of nutrient limitation causes
the growth rate to decline from its maximum to zero in a very short time, so it
is virtually impossible to study the physiological effects of nutrient limitation in
batch culture. As Trilli (1990) pointed out, adaptation of an organism to change is
not instantaneous, so that the activity of a batch culture is not in equilibrium with
the composition of its environment. Physiological events in a batch culture may
have been initiated by a change in the environment that took place some significant
time before the change was observed. Thus, it is very difficult to relate “cause and
effect.” The major feature of continuous culture, on the other hand, is “the steady
state”—biomass, substrate, and product concentration should remain constant over
very long periods of time. Specific growth rate is controlled by dilution rate and
growth is nutrient limited. However, it is important not to exaggerate the signifi-
cance of the steady state because a constant biomass level does not necessarily
indicate that the culture is physiologically stable (Malek, Votruba, & Ricica, 1988).
Indeed, Ferenci (2006, 2008) emphasized that the concentration of limiting nutri-
ent in an apparent “steady state” system can continue to decline for hundreds of
hours. Also, a stable biomass concentration does not necessarily imply a genetically
homogeneous population—nor a population genetically identical to the inoculum.
The earlier discussions of competition in the chemostat, and the difficulty in its
industrial-scale use, stressed the highly selective nature of the continuous culture
environment that can result in the selection of mutants better adapted to the operat-
ing conditions. Thus, it is important to monitor the genetic variation of the culture
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and avoid extended culture periods when the study of mutant evolution is not the
purpose of the investigation.

Provided the potential “pitfalls” of chemostat culture are appreciated and experi-
ments designed accordingly, it is possible to separate the effects of growth rate and
other environmental conditions, for example, temperature, pH, and dissolved oxygen
concentration. Furthermore, because any of a wide range of substrates may be used
to limit growth in the chemostat the effects of 1, limiting substrate concentration, and
biomass concentration may be distinguished from each other. Although the “golden
age” of continuous culture was in the 1960s and 1970s, a core of microbial physiolo-
gists continued to appreciate the unique contribution that the chemostat could make
to the elucidation of the physiology of industrially relevant systems. An excellent
example is the effect of growth rate and limiting substrate on metabolite forma-
tion. The interpretation of secondary metabolites as compounds produced in the id-
iophase of batch culture may lead one to suppose that the specific production rates
(g,) of such compounds are inversely linked to specific growth rate (). The testing
of this supposition may be achieved in chemostat culture and it has been shown to be
correct for cephamycin and thienamycin synthesis by Streptomyces cattleya (Lilley,
Clark, & Lawrence, 1981) and gibberellin by Gibberella fujikuroi (Bu’lock, Detroy,
Hostalek, & Munim-al-Shakarchi, 1974). However, different relationships have been
demonstrated in other systems. Pirt and Righelato (1967) and Ryu and Hospodka
(1980) showed that the g, of penicillin is positively correlated with 4 up to a specific
growth rate of 0.013 h™', after which it is independent of 4. Pirt (1990) suggested that
the apparent negative correlation may be related to penicillin degradation. These ob-
servations indicate that the growth rate in a commercial penicillin process should not
decline below 0.013 h™'. Positive correlations between u and g, have been obtained
for Chlortetracycline production by Streptomyces aureofaciens (Sikyta, Slezak, &
Herold, 1961), Oxytetracycline by Streptomyces rimosus (Rhodes, 1984) and eryth-
romycin A by Streptomyces erythraeus (Trilli, Crossley, & Kontakou, 1987).

In recent years, continuous culture experimentation has again become fashion-
able and its use has increased significantly. This is due to the need for reproducible,
homogeneous and fully controlled culture systems to exploit the advances in biosci-
ence technology as we enter “the post-genomic era” (Hoskisson & Hobbs, 2005 and
Bull, 2010).

The key advances that have been developed are:

e The sequencing of whole genomes, enabling comparison of microbial genomes
and the preparation of DNA microarrays.

e The use of DNA microarrays to examine gene expression in growing organisms.

e The development of two dimensional gel electrophoresis for the separation of
proteins and their identification using matrix assisted laser desorption ionization
(MALDI) mass spectrometry.

e The development of metabolic flux analysis which uses stoichiometric models
of metabolism, based on enzyme kinetics data, and C" labeling to construct
metabolic networks between biochemical pathways.
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* The development of bioinformatics computer systems to store, access, and
compare data generated from the above.

Thus, microbiologists now have the tools to investigate the mRNA, protein
and metabolite profiles of whole organisms and, more importantly, how these pro-
files change under different physiological conditions—that is, the relationship be-
tween gene expression, phenotype, and the environment. The chemostat “steady
state” is the ideal environment in which to examine these global changes—an
environment in which the growth rate, limiting nutrient, nutrients in excess, and
physical conditions can all be maintained at fixed, predetermined levels. Equally,
the chemostat is ideal to investigate adaptation at a molecular level to changes in
the environment of the organism—such as shifts in growth rate, substrate con-
centration, and physical conditions—when the transition from one steady state to
another can be followed at the molecular level. The study of these processes in
batch culture would be difficult in the extreme due to the variation in the cultural
conditions and growth either at the maximum rate (in the exponential phase) or at
rates continually diminishing to zero (in the deceleration phase). Both Hoskisson
and Hobbs (2005) and Bull (2010) have reviewed the renaissance of the chemo-
stat in the postgenomic era and cite literature that has significantly advanced our
understanding of microbial physiology. Two studies will be discussed here as
exemplars of these approaches.

Tai et al. (2005) argued that if transcriptional change could be reliably related to
the fermenter environment then the detection of such change may be used to titrate
the physiological state of the fermentation. Furthermore, the identification of key
transcripts (termed “‘signature transcripts”) related to specific, industrially significant,
parameters would enable both process monitoring and optimization to be achieved
by recording the change in gene expression of the process organism itself. However,
changes in transcription may be due to more than one environmental parameter
that, in batch culture, would be occurring simultaneously. The choice of continu-
ous culture to explore this scenario enabled these workers to expose Saccharomyces
cerevisiae, an important industrial model organism, to both aerobic and anaerobic
conditions under various limitations at a fixed growth rate. Of the 877 genes that were
differentially expressed in response to anaerobiosis, only 155 responded to oxygen
deprivation regardless of nutrient limitation, that is, consistently linked to anaerobic
conditions. Thus, continuous culture experimentation enabled the identification of
transcripts reliably linked to a single environmental parameter.

Semisynthetic cephalosporin production by Penicillium chrysogenum requires
supplementation of the growth medium with adipic acid, a side chain precursor.
However, adipic acid is also used by the organism as a carbon and energy source
resulting in loss of conversion to cephalosporin. Veiga et al. (2012) cultured the
producer strain in a glucose-limited chemostat at a low (secondary metabolism
enabling) dilution rate and compared the transcriptome in the presence and ab-
sence of adipic acid. This enabled the identification of upregulated genes coding
for acyl-CoA oxidases and dehydrogenases, enzymes catalyzing the first step in
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the beta-oxidation pathway. Deletion of these genes from the production strain
resulted in the redirection of adipic acid to cephalosporin synthesis giving an in-
creased yield.

The fiercely selective nature of the chemostat, which is its major disadvantage
for industrial production, makes it an excellent tool for the isolation and improve-
ment of microorganisms. The use of continuous culture in this context is considered
in Chapter 3, from which it may be seen that continuous enrichment culture offers
considerable advantages over batch enrichment techniques and that continuous cul-
ture may be used very successfully to select strains producing higher yields of certain
microbial enzymes.

FED-BATCH CULTURE

Yoshida, Yamane, and Nakamoto (1973) introduced the term fed-batch culture to
describe batch cultures which are fed continuously, or sequentially, with medium,
without the removal of culture fluid. A fed-batch culture is established initially in
batch mode and is then fed according to one of the following feed strategies:

1. The same medium used to establish the batch culture is added, resulting in an
increase in volume.

2. A solution of the limiting substrate at the same concentration as that in the
initial medium is added, resulting in an increase in volume.

3. A concentrated solution of the limiting substrate is added at a rate less than in
(1) and (2), resulting in an increase in volume.

4. A very concentrated solution of the limiting substrate is added at a rate less than
in (1), (2), and (3), resulting in an insignificant increase in volume.

Fed-batch systems employing strategies (1) and (2) are described as variable vol-
ume, whereas a system employing strategy (4) is described as fixed volume. The use
of strategy (3) gives a culture intermediate between the two extremes of variable and
fixed volume.

The kinetics of the two basic types of fed-batch culture, variable volume, and
fixed volume, will now be described.

VARIABLE VOLUME FED-BATCH CULTURE

The kinetics of variable volume fed-batch culture have been developed by Dunn and
Mor (1975) and Pirt (1974, 1975, 1979). The following account is based on that of
Pirt (1975). Consider a batch culture in which growth is limited by the concentration
of one substrate; the biomass at any point in time will be described by the equation:

X, =x,+Y(Sz—5) (2.31)

where x, is the biomass concentration after time, # hours, and x, is the inoculum con-
centration.
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The final biomass concentration produced when s = 0 may be described as x
and, provided that x, is small compared with x,:

max

X Y-S, (2.32)

If, at the time when x = x,, a medium feed is started such that the dilution rate
is less than ., virtually all the substrate will be consumed as fast as it enters the
culture, thus:

FS, 41(),) (2.33)
where F is the flow rate of the medium feed, and X is the total biomass in the culture,
described by X = xV, where V is the volume of the culture medium in the vessel at
time £.

From Eq. (2.33) it may be concluded that input of substrate is equalled by con-
sumption of substrate by the cells. Thus, (ds/dt) = 0. Although the total biomass in
the culture (X) increases with time, cell concentration (x) remains virtually constant,
that is, (dx/dt) = 0 and therefore ¢ = D. This situation is termed a quasi steady state.
As time progresses, the dilution rate will decrease as the volume increases and D will
be given the expression:

- (2.34)
(Vy+Ft)

where V,, is the original volume. Thus, according to Monod kinetics, residual sub-
strate should decrease as D decreases resulting in an increase in the cell concentra-
tion. However, over most of the range of y that will operate in fed-batch culture, S,
will be much larger than K| so that, for all practical purposes, the change in residual
substrate concentration would be extremely small and may be considered as zero.
Thus, provided that D is less than g, and K, is much smaller than S,, a quasi
steady state may be achieved. The quasi steady state is illustrated in Fig. 2.15a.
The major difference between the steady state of a chemostat and the quasi steady
state of a fed-batch culture is that u is constant in the chemostat but decreases in
the fed-batch.

Pirt (1979) has expressed the change in product concentration in variable volume
fed-batch culture in the same way as for continuous culture (see Eq. 2.29):

dpldt =q,x— Dp.

Thus, product concentration changes according to the balance between produc-
tion rate and dilution by the feed. However, in the genuine steady state of a chemo-
stat, dilution rate and growth rate are constant whereas in a fed-batch quasi steady
state they change over the time of the fermentation. Product concentration in the che-
mostat will reach a steady state, but in a fed-batch system the profile of the product
concentration over the time of the fermentation will be dependent on the relationship
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FIGURE 2.15 Time Profiles of Fed-Batch Cultures
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U, specific growth rate; x, biomass concentration; S(GLS), growth limiting substrate;
S,, any other substrate than S(GLS). (a) Variable volume fed-batch culture. (b) Fixed
volume fed-batch culture (Pirt, 1979).

FIGURE 2.16

(a)

(b)

Time

Time

Product Concentration (p) in Fed-Batch Culture When g, is Growth Related (------- ) or
Nongrowth Related, that is, g, Constant (——). (a) Variable volume fed-batch culture.
(b) Fixed volume fed-batch culture.

between g, and u (hence D). If g, is strictly growth related then it will change as u
changes with D and, thus, the product concentration will remain constant. However,
if g, is constant and independent of 4, then product concentration will decrease at the
start of the cycle when D, is greater than g,x but will rise with time as D decreases
and g,x becomes greater than D,. These relationships are shown in Fig. 2.16a. If g, is
related to & in a complex manner, then the product concentration will vary according
to that relationship. Thus, the feed strategy of a fed-batch system would be optimized

Modified from Pirt, 1979

according to the relationship between g, and 4.
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FIXED VOLUME FED-BATCH CULTURE

Pirt (1979) described the kinetics of fixed volume fed-batch culture as follows. Con-
sider a batch culture in which the growth of the process organism has depleted the
limiting substrate to a limiting level. If the limiting substrate is then added in a con-
centrated feed such that the broth volume remains almost constant, then:

& _gy 2.35)
dt
where G is the substrate feed rate (g dm™ h™') and Y is the yield factor.
But dx/dt = ux, thus substituting for dx/dt in Eq. (2.35) gives:
Ux = GY, and thus:

U= (2.36)
X
Provided that GY/x does not exceed L, then the limiting substrate will be con-
sumed as soon as it enters the fermenter and ds/dt = 0. However, dx/dt cannot be
equated to zero, as in the case of variable volume fed-batch, because the biomass
concentration, as well as the total amount of biomass in the fermenter, will increase
with time. Biomass concentration is given by the equation:

X, =x. +GYt (2.37)

where x, is the biomass after operating in fed batch for # hours and x. is the biomass
concentration at the onset of fed-batch culture. ‘

As biomass increases then the specific growth rate will decline according to Eq.
(2.36). The behavior of a fixed volume fed-batch culture is illustrated in Fig. 2.15b
from which it may be seen that y declines (according to Eq. 2.36), the limiting sub-
strate concentration remains virtually constant, biomass increases and the concentra-
tions of the nonlimiting nutrients decline.

Pirt (1979) described the product balance in a fixed volume fed-batch system as:

dap _

= X
dt 9

but substituting for x from Eq. (2.37) gives:

% =q, (x{; +GYr)

If g, is strictly growth-rate related then product concentration will rise linear-
ly as for biomass. However, if g, is constant then the rate of increase in product
concentration will rise as growth rate declines, that is, as time progresses and x
increases. These relationships are shown in Fig. 2.16b. If g, is related to £ in a com-
plex manner then the product concentration will vary according to that relationship.
As in the case of variable volume fed-batch the feed profile would be optimized ac-
cording to the relationship between g, and 4.

L
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FED-BATCH CULTURE AT A CONSTANT SPECIFIC GROWTH RATE

It is possible to operate both a variable volume and a fixed volume fed-batch culture
at a constant specific growth rate by increasing the feed rate exponentially over the
period of the fermentation. Lee (1996) gave the following equation, which can be
used to program the control system:

G,:E.S[:(Yim)x,.vr

x/s

where G, is the mass flow rate of the feed at time 7 (z h™') F, is the volumetric flow
rate at time 7 (dm’ h™"), S, is the substrate concentration in the feed medium at time
t (g dm™), u is the specific growth rate (h™"), Y, is the yield factor (g substrate g
biomass), m is the maintenance coefficient (g substrate g~' biomass h™"), x, is the
biomass concentration at time 7 (g dm™), and V. is the volume of culture in the fer-
menter at time # (dm”).

During growth at the constant specific growth rate (1), the total amount of bio-
mass in the fermenter (x,-V,) increases exponentially with time according to the
equation:

_ wt
xt"/t_ x()"/().e

where x, is the initial concentration of the biomass, ¢ is the time, and Vj, is the initial
volume of the culture. Thus:

The application of this equation assumes that the yield factor and maintenance
energy are constant, an assumption which does not always hold true, as discussed
earlier. If the maintenance energy is very low then this has been disregarded in the
equation by some workers (Salehmin, Annuari, & Chisti, 2014).

CYCLIC FED-BATCH CULTURE

The life of a variable volume fed-batch fermentation may be extended beyond the
time it takes to fill the fermenter by withdrawing a portion of the culture and using
the residual culture as the starting point for a further fed-batch process. The decrease
in volume results in a significant increase in the dilution rate (assuming that the flow
rate remains constant) and thus, eventually, in an increase in the specific growth rate.
The increase in g is then followed by its gradual decrease as the quasi steady state
is reestablished. Such a cycle may be repeated several times resulting in a series of
fed-batch fermentations. Thus, the organism would experience a periodic shift-up in
the growth rate followed by a gradual shift-down. This periodicity in growth rate
may be achieved in fixed volume fed-batch systems by diluting the culture when the
biomass reaches a concentration that cannot be maintained under aerobic conditions.
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Dilution results in a decline in x and, thus, according to Eq. (2.36) an increase in /.
Subsequently, as feeding continues, the growth rate will decline gradually as biomass
increases and approaches the maximum sustainable in the vessel once more, at which
point the culture may be diluted again. Dilution would be achieved by withdrawing
culture and refilling to the original level with sterile water or medium not containing
the feed substrate.

APPLICATION OF FED-BATCH CULTURE

The use of fed-batch culture by the fermentation industry takes advantage of the
fact that the concentration of the limiting substrate may be maintained at a very low
level, thus avoiding both the repressive and toxic effects of high substrate concen-
tration. Furthermore, the fed-batch system also gives control over the organisms’
growth rate, which is related to a wide range of industrially important physiologi-
cal properties including product formation, intracellular storage levels, RNA and
protein levels, plasmid stability, overflow metabolite production (such as acetate
and lactate), the substrate consumption rate, the specific oxygen uptake rate, and
the specific product production rate (Schuler and Marison, 2012). Both variable and
fixed volume systems result in low limiting substrate concentrations and growth
rate control, and while the quasi steady state of the variable volume system has
the advantage of maintaining the concentrations of the biomass and the nonlimit-
ing nutrients constant, most commercial processes involve the addition of concen-
trated feeds resulting in the biomass concentration increasing with time. However,
Pirt (1979) emphasized that the concentrations of substrates other than those, which
limit growth can have a significant effect on biomass composition and product for-
mation and this aspect needs to be recognized in the design of processes employing
concentrated feeds.

The obvious advantage of cyclic fed-batch culture is that the productive phase of
a process may be extended under controlled conditions. However, a further advantage
lies in the controlled periodic shifts in growth rate that may provide an opportunity to
optimize product synthesis. Dunn and Mor (1975) pointed out that changes in the rates
of chemical processes can give rise to increases in intermediate concentrations and
similar effects may be possible in microbial systems. This observation is particularly
relevant to secondary metabolite production that is maximal in batch culture during
the deceleration phase. Bushell (1989) suggested that optimum conditions for second-
ary metabolite synthesis may occur during the transition phase after the withdrawal
of a volume of broth from the vessel and before the reestablishment of the steady-
state following the resumption of the nutrient feed. During this period the dilution rate
will be greater than the growth rate but, according to Bushell, the rate of uptake of
the growth-limiting substrate should respond immediately to the increased substrate
concentration. Thus, an imbalance results between the substrate uptake rate and the
specific growth rate—this imbalance then contributing to a diversion of intermediates
into secondary metabolism.
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The advantages of cyclic fed-batch culture must be weighed against difficulties
inherent in the system. It is pertinent to remember Pirt’s cautionary comments (1979)
regarding high concentration feeds, reiterated by Queener and Swartz (1979), that
care has to be taken in the design of cyclic fed-batch processes to ensure that toxins
do not accumulate to inhibitory levels and that nutrients other than those incorpo-
rated into the feed medium become limiting. Also, a prolonged series of fed-batch
cycles may result in the accumulation of nonproducing or low-producing variants, as
described for continuous culture.

The early fed-batch systems that were developed did not incorporate any form of
feedback control of medium addition rate and relied on the inherent kinetics of the
process to maintain stability. These systems were either based on a fixed feed rate (re-
sulting in a decline in g with time) or on a predetermined feed rate profile, based on
knowledge of the process, such that the growth rate could, ostensibly, be maintained
constant or varied during the fermentation (see the earlier section on “fed-batch cul-
ture at a constant specific growth rate”). However, the use of concentrated feeds re-
sulting in very high biomass concentrations and the development of more sophisticat-
ed feeding programs has necessitated the introduction of feedback control techniques
so that any perturbations in the process can be rectified. In such feedback controlled
fermentations, a process parameter directly related to the organism’s physiological
state is monitored continuously by an online sensor, or intermittently by an offline
assay process, necessitating the assay of a culture sample. The value generated by the
sensor or assay may then be used per se in a control loop (see Chapter 8) to control
the medium feed rate, or processed to calculate a derived value which may, in turn,
be used in a control loop. In their 2012 review, Schuler and Marison explained that,
ideally, the specific growth rate itself should be used as the derived value to achieve
control. Parameters that have been utilized as control signals in their own right, or
as a means of calculating y include online measurements such as dissolved oxygen
concentration, pH, and effluent gas composition; and offline measurements such as
biomass, product concentration, and limiting substrate concentration. The beauty of
online detection is that the value is being determined continuously, enabling direct
control whereas the assay of samples is a discontinuous process resulting in intermit-
tent control and the likelihood that the value of the control parameter has changed
before the control intervention is activated. When it is considered that the period be-
tween sampling may be hourly (or longer) then it is appreciated that the effectiveness
of the control may be seriously compromised by offline analysis (Soons et al., 2006).
The “holy grail” of fermentation control is the ability to reliably and directly mea-
sure, online, the concentrations of biomass, substrate, and product, thereby making
the real-time assessment of process performance a reality. While online detection of
dissolved oxygen, pH and oxygen, and carbon dioxide in the effluent gas stream are
routinely used for the indirect estimation of biomass. The use of dielectric, Fourier
transform infrared (FTIR) and near-infrared (NIR) spectroscopy offer considerable
potential for the online monitoring of not only biomass, but substrates and product as
well. These approaches are considered in more detail in Chapter 8, and are reviewed
by Schuler and Marison (2012) and Marison et al. (2013).
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EXAMPLES OF THE USE OF FED-BATCH CULTURE

Fed-batch culture has been used in two major ways by the fermentation industry:

» To control the oxygen uptake rate of the process organism such that its oxygen
demand does not exceed the oxygen supply capacity of the fermenter.
* To control the specific growth rate at an optimum value for product formation.

Both approaches can also feature in a single process, for example, if growth rate
is controlled by the addition of a concentrated feed then biomass increases over time.
As a result, oxygen demand increases and the fermentation is in danger of becoming
oxygen-limited. Low dissolved oxygen concentration can then be used as an alarm
signal to decrease the growth rate such that the oxygen demand is restrained to within
the supply capacity of the fermenter (Nunez, Garelli, & De Battista, 2013).

The earliest example of the control of oxygen demand is given in the fed-batch
process for the production of bakers’ yeast in 1915. It was recognized that an excess
of malt in the medium would lead to too high a growth rate resulting in an oxygen
demand in excess of that which could be met by the equipment. This resulted in the
development of anaerobic conditions and the formation of ethanol at the expense of
biomass production (Reed & Nagodawithana, 1991). Thus, the organism was grown
in an initially weak medium to which additional medium was added at a rate less
than the maximum rate at which the organism could use it. The resulting process
fulfilled the criteria stipulated in Pirt’s (1975) kinetic description for the establish-
ment of a quasi steady state, that is, a substrate limited culture and the use of a feed
rate equivalent to a dilution rate less than g . It is now recognized that bakers’
yeast is very sensitive to free glucose and respiratory activity may be repressed at
a concentration of about 5 ug dm~—a phenomenon known as the Crabtree effect
(Crabtree, 1929). Thus, a high glucose concentration represses respiratory activity
as well as giving rise to a high growth rate, the oxygen demand of which cannot be
met. In modern fed-batch processes for yeast production feedback-control strategies
have been introduced according to the principles discussed earlier. Fiechter (1982)
described the feed of molasses being controlled by the automatic measurement of
traces of ethanol in the exhaust gas of the fermenter. Although such systems may
result in low growth rates, the biomass yield is near the theoretical maximum obtain-
able. Cannizzaro, Valentinotti, and von Stockar (2004) extended this approach by
developing a control algorithm to control the flow rate (and hence growth rate and
oxygen demand) such that the ethanol concentration was maintained at a minimum
level. Several workers have utilized the derived variable, respiratory quotient (RQ)
which is the ratio of carbon dioxide produced to oxygen consumed. The stoichiom-
etry of aerobic carbohydrate utilization is:

(CH,0)+0, =CO, +H,0

and, thus, the RQ should be 1.0. An RQ above 1.0 indicates that system is oxygen-
limited and some of the carbohydrate is being consumed anaerobically. The RQ
may be calculated by comparing the composition of the inlet and outlet gasses.
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Hussain and Ramachandran (2002) and Kiran and Jana (2009) used neural network
control systems to link the growth rate to the difference between the specific oxygen
uptake rate (m moles oxygen gram ' biomass h™') and the specific carbon dioxide
(m moles carbon dioxide gram ' biomass h™') production rate, an approach claimed
to give stronger control than utilizing the RQ itself.

It is interesting to note that the production of recombinant (heterologous) proteins
from yeast may be achieved using fed-batch culture techniques very similar to that
developed for the bakers’ yeast fermentation. Gu, Park, and Kim (1991) reported
the production of hepatitis B surface antigen (HBsAg) in a 0.9 dm’ fed-batch reactor
where the feed rate was increased exponentially to maintain a relatively high growth
rate. HBsAg production was growth associated in this strain and good productivity
was achieved by maintaining a high growth rate while keeping the glucose concen-
tration below that which would repress respiratory activity. Ibba, Bonarius, Kuhla,
Smith, and Kuenzi (1993) reported a cyclic fed-batch process for recombinant hi-
rudin from S. cerevisiae, under the control of a constitutive promoter. The cyclic
fed-batch process gave three times the hirudin activity of a continuous fermentation,
the superior productivity being due to increased transcription although a genetic ex-
planation of the results could not be offered. More recently, a number of investi-
gators have devised fed-batch processes maximizing the biomass concentration in
S. cerevisiae heterologous protein processes—concentrations ranging from 100-
130 g dm ™ have been reported. Biener, Steinkamper, and Horn (2012) maintained
such a fed-batch process at a constant growth rate by using calorimetric data as the
control algorithm. Anane, van Ensburg, and Gorgens (2013) explored the production
of recombinant alpha-glucuronidase by S. cerevisiae using the fed-batch approach to
maintain a constant growth rate below the point at which oxygen limitation occurs.
At growth rates below 0.12 h™' a yield coefficient was achieved of 0.4 g biomass g~
glucose consumed, close to the theoretical maximum of 0.51 g biomass g '

Pichia pastoris is a methanol-utilizing yeast, which has been used as a host for
heterologous protein production with fed-batch culture again being the preferred fer-
mentation protocol. The expression of the heterologous protein is under the control
of the promoter of the alcohol oxidase gene (AOX1), the expression of which is
induced by methanol thereby giving a convenient system to switch on product forma-
tion. The process involves three stages (Potvin, Ahmad, & Zhang, 2012):

1. Batch culture with glycerol as the carbon source.
2. Fed-batch culture with glycerol as the carbon source.
3. Fed-batch culture with methanol as the carbon source.

Biomass is accumulated during the first two phases and the heterologous protein
is synthesized in the third phase—thus growth and product formation are separated.
Methanol is a highly reduced substrate and thus its utilization results in a high oxy-
gen demand. Several strategies have been adopted to control the fed-batch fermenta-
tion including maintaining a constant growth rate by exponential feeding, controlling
the oxygen uptake rate by limiting the growth rate and maintaining a constant metha-
nol concentration by controlling the feed rate.
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The penicillin fermentation provides an excellent example of the use of feed sys-
tems in the production of a secondary metabolite. The fermentation may be divided
into two phases—the “rapid-growth” phase, during which the culture grows at 4,
and the “slow-growth” or “production” phase. Glucose feeds may be used to control
the metabolism of the organism during both phases. During the rapid-growth phase,
an excess of glucose causes an accumulation of acid and a biomass oxygen demand
greater than the aeration capacity of the fermenter, whereas glucose starvation may
result in the organic nitrogen in the medium being used as a carbon source, resulting
in a high pH and inadequate biomass formation (Queener & Swartz, 1979). In early
versions of the penicillin fermentation, the accumulation of hexose was prevented by
the use of a slowly hydrolyzed carbohydrate such as lactose in simple batch culture
(Matelova, 1976). Considerable increase in productivity were then achieved by the
use of computer controlled feeding of glucose during the rapid growth phase, such
that the dissolved oxygen or pH was maintained within certain limits. Both control
parameters essentially measure the same activity in that both oxygen concentration
and pH will fall when glucose is in excess, due to an increased respiration rate and
the accumulation of organic acids when the respiration rate exceeds the aeration ca-
pacity of the fermenter. Both systems appeared to work well in controlling feed rates
during the rapid-growth phase (Queener & Swartz, 1979).

During the production phase of the penicillin fermentation, the feed rates utilized
should limit the growth rate and oxygen consumption such that a high rate of penicil-
lin synthesis is achieved, and sufficient dissolved oxygen is available in the medium.
The control factor in this phase is normally dissolved oxygen because pH is less re-
sponsive to the effect of dissolved oxygen on penicillin synthesis than on growth. As
the fed-batch process proceeds then the total biomass, viscosity, and oxygen demand
increase until, eventually, the fermentation is oxygen limited. However, limitation
may be delayed by reducing the feed rate as the fermentation progresses and this
may be achieved by the use of computer-controlled systems. A number of workers
have developed mathematical models of the penicillin process enabling more pre-
cise control of the fed-batch process (Rodrigues & Filho, 1996; Patnaik, 1999, 2000;
Pico-Marco, Pico, & De Battista, 2005; Almquist, Cvijovic, Hatzimanikatis,
Nielsen, & Jirstrand, 2014).

Many enzymes are subject to catabolite repression, where enzyme synthesis is
prevented by the presence of rapidly utilized carbon sources (Aunstrup, Andresen,
Falch, & Nielsen, 1979). It is obvious that this phenomenon must be avoided in en-
zyme fermentations and fed-batch culture is the major technique used to achieve
this. Concentrated medium is fed to the culture such that the carbon source does not
reach the threshold for catabolite repression. For example, Waki, Luga, and Ichikawa
(1982) controlled the production of cellulase by Trichoderma reesei in fed-batch cul-
ture utilizing CO, production as the control factor and Suzuki, Mushiga, Yamane, and
Shimizu (1988) achieved high lipase production from Pseudomonas fluorescens also
using CO, production to control the addition of an oil feed. Salehmin et al. (2014)
achieved success in optimizing the production of lipase by the yeast Candida rugosa.
They employed fed-batch culture with an exponentially increasing feed rate of palm
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oil to achieve a fixed growth rate. Maximum enzyme yield was seen at a low specific
growth rate of 0.05 h ™', the authors speculating that at higher values of , carbon would
be diverted to support the higher growth rate at the expense of enzyme production.

Significant success has been achieved in growing E. coli at high cell densities
in fed-batch culture for the production of heterologous proteins. A wide range of
approaches have been used including constant rate feeding, programmed feeding,
exponential feeding, and feedback control commonly utilizing pH and dissolved
oxygen as the control parameter. The key issues are the avoidance of overflow me-
tabolism, and hence acetate excretion at the expense of the carbon source. Relatively
low specific growth rates (between 0.2 and 0.35 h™') have been recommended to
avoid acetate accumulation. Another feature of these processes is the separation of
the growth phase from the protein production phase. Thus, the growth phase can be
optimized to facilitate a high biomass concentration before the heterologous protein
is induced. High heterologous protein levels can induce the stationary phase stress
responses described earlier in this chapter and thus it is desirable to produce a large
biomass before the fermentation is vulnerable to this type of perturbation (Lee, 1996;
Choi, Keum, & Lee, 2006; Rosano & Ceccarelli, 2014).

Mammalian cell cultures have been extensively used for heterologous protein pro-
duction and, although perfusion culture is increasing in popularity, fed-batch is still
the most common process (Lu et al., 2013). As just described for E. coli, the whole
range of fed-batch approaches have been pressed into service in mammalian cell
culture—from simple processes in which feeding may range from manual intermit-
tent (so-called bolus feeding) feeding to dynamic systems involving feedback control
utilizing a range of feeding algorithms. However, Lu et al. (2013) commented that
while dynamic systems have resulted in successful processes, the majority of systems
rely on a predetermined feeding strategy rather than one that responds to the culture’s
changing requirements. It appears that the much lower rates of metabolism associ-
ated with mammalian cells has encouraged a perception that adequate control can be
achieved using basic fed-batch approaches. Lu et al. (2013) used two CHO (Chinese
hamster ovary) cell lines producing different IgG antibodies. Feedback control of the
cultures was based on either capacitance measurements (of cell density) or automated
glucose assay (of the limiting substrate). While one cell line more than doubled pro-
ductivity under dynamic control, the other showed more modest improvement and the
process had to be integrated with a medium development program.
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CHAPTER

The isolation and
improvement of
industrially important
microorganisms

ISOLATION OF INDUSTRIALLY IMPORTANT MICROORGANISMS

The remarkable biochemical diversity of microorganisms has been exploited by the
fermentation industry by isolating strains from the natural environment able to pro-
duce products of commercial value. The so-called “golden era” of antibiotic dis-
covery in the 1950s and 1960s, culturing soil microorganisms and screening their
products, yielded the key groups of antibiotics currently in use (Davies, 2011).
However, the lack of success in isolating producers of novel compounds in the late
1980s and 1990s led the pharmaceutical industry to the conclusion that the pool of
microbial potential had been “overfished” and, as a result, the major policy decision
was taken to cease this activity. The industry then looked to its chemists to produce
the next generation of small molecule pharmaceuticals and put its faith in the new
field of combinatorial chemistry—which enables the synthesis of many thousands
of compounds in a single process. The organic chemist’s prayer is attributed to John
Bu’Lock, a chemist turned microbiologist, who made a major contribution to natural
product science:

“Lord, I fall upon my knees
And pray that all my syntheses
Will prove superior

To those produced by bacteria.”

Unfortunately, the application of combinatorial chemistry was not the answer
to this prayer and the industry gained relatively little from enormous effort and ex-
penditure. The details of this scenario will be considered in a later section as well as
the contribution that microbial genomics made to the next stage of natural product
exploration. However, the “golden age” gave rise to much of the industry and it
should be remembered that antibiotics are not the only natural products produced by
microorganism isolated from soil. Thus, the basic principles of strain isolation will
be considered to give an appreciation of the origin of many current industrial produc-
ers and the basis of future developments.

The first stage in the screening for microorganisms of potential industrial ap-
plication is their isolation. Isolation involves obtaining either pure or mixed cultures

Principles of Fermentation Technology 7 5
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followed by their assessment to determine which carry out the desired reaction or
produce the desired product. In some cases it is possible to design the isolation pro-
cedure in such a way that the growth of potential producers is encouraged or that
they may be recognized at the isolation stage, whereas in other cases organisms must
be isolated and producers recognized at a subsequent stage. However, it should be
remembered that the isolate must eventually carry out the process economically and
therefore the selection of the culture to be used is a compromise between the produc-
tivity of the organism and the economic constraints of the process. Bull, Ellwood,
and Ratledge (1979) cited a number of criteria as being important in the choice of
organism:

1. The nutritional characteristics of the organism. Depending on the value of
the product, a process may have to be carried out using a cheap medium or a
predetermined one, for example, the use of methanol as an energy source. These
requirements may be met by the suitable design of the isolation medium.

2. The optimum temperature of the organism. The use of an organism having an
optimum temperature above 40°C considerably reduces the cooling costs of
a large-scale fermentation and, therefore, the use of such a temperature in the
isolation procedure may be beneficial.

3. The reaction of the organism with the equipment to be employed and the

suitability of the organism to the type of process to be used.

The stability of the organism and its amenability to genetic manipulation.

The productivity of the organism, measured in its ability to convert substrate

into product and to give a high yield of product per unit time.

6. The ease of product recovery from the culture.

o

Points 3, 4, and 6 would have to be assessed in detailed tests subsequent to isola-
tion and the organism most well suited to an economic process chosen on the basis
of these results. However, before the process may be put into commercial operation
the toxicity of the product and the organism has to be assessed.

The aforementioned account implies that cultures must be isolated, in some way,
from natural environments. However, the industrial microbiologist may also “iso-
late” microorganisms from culture collections. A selection of the major collections is
given in Table 3.1. Such collections may provide organisms of known characteristics
but may not contain those possessing the most desirable features, whereas the envi-
ronment contains a myriad of organisms, very few of which may be satisfactory. It is
certainly cheaper to buy a culture than to isolate from nature, but it is also true that
a superior organism may be found after an exhaustive search of a range of natural
environments. However, it is always worthwhile to purchase cultures demonstrating
the desired characteristics, however weakly, as they may be used as model systems
to develop culture and assay techniques that may then be applied to the assessment
of natural isolates.

The ideal isolation procedure commences with an environmental source (fre-
quently soil) which is highly probable to be rich in the desired types, is so designed
as to favor the growth of those organisms possessing the industrially important
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Table 3.1 Major Culture Collections
Culture Collection

National Collection of Type Cultures (NCTC)

National Collection of Industrial Food and
Marine Bacteria (NCIMB Ltd)

National Collection of Yeast Cultures (NCYC)
UK National Collection of Fungus Cultures
The British Antarctic Survey Culture Collection

National Collection of Plant Pathogenic
Bacteria

American Type Culture Collection (ATCC)

Deutsche Sammlung von Mikroorganismen
und Zelkulturen (DSMZ2)

Centraalbureau voor Schimmelcultures (CBS)
Czech Collection of Microorganisms (CCM)
Collection Nationale de

Website

http://www.phe-culturecollections.org.uk
http://www.ncimb.com

http://www.ncyc.co.uk
http://www.cabi.org
http://www.cabi.org
http://ncppb.fera.defra.gov.uk

http://www.lgcstandards-atcc.org/?geo_
country=gb
https://www.dsmz.de

http://www.cbs.knaw.nl
http://www.sci.muni.cz/ccm/index.html
http://www.pasteur.fr/recherche/unites/
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Cultures de Microorganismes (CNCM) Cnecmvindex-en.html

Japan Collection of Microorganisms (JCM) http://jcm.brc.riken.jp/en/

characteristic (ie, the industrially useful characteristic is used as a selective factor)
and incorporates a simple test to distinguish the most desirable types. Selective pres-
sure may be used in the isolation of organisms that will grow on particular sub-
strates, in the presence of certain compounds or under cultural conditions adverse to
other types. However, if it is not possible to apply selective pressure for the desired
character, it may be possible to design a procedure to select for a microbial taxon
which is known to show the characteristic at a relatively high frequency, for ex-
ample, the production of antibiotics by streptomycetes. Alternatively, the isolation
procedure may be designed to exclude certain microbial “weeds” and to encourage
the growth of more novel types. Indeed, as pointed out by Bull, Goodfellow, and
Slater (1992), for screening programs to continue to generate new products, it is be-
coming increasingly more important to concentrate on lesser known microbial taxa
or to utilize very specific screening tests to identify the desired activity. During the
1980s significant advances were made in the establishment of taxonomic databases
describing the properties of microbial groups and these databases have been used
to predict the cultural conditions that would select for the growth of particular taxa.
Thus, the advances in the taxonomic description of taxa have allowed the rational
design of procedures for the isolation of strains that may have a high probability
of being productive or are representatives of unusual groups. Furthermore, whole-
genome sequencing of microorganisms (developed in the 2000s) can give an insight
into their cultural requirements (de Macedo Lemos, Alves, & Campanharo, 2003).
The sequence can be used to construct a metabolic map and thus identify nutrients
that the organism cannot synthesize (Song et al., 2008), thereby enabling the design
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of a defined medium. To assist this approach, Richards et al. (2014) constructed a
database (MediaDB) of defined media that have been used for the cultivation of
organisms with sequenced genomes. The advances in pharmacology and molecular
biology have also enabled the design of screening tests to identify productive strains
among the isolated organisms. However, as will be discussed later, this approach did
not live up to expectations in the identification of novel antibiotics.

ISOLATION METHODS UTILIZING SELECTION
OF THE DESIRED CHARACTERISTIC

In this section we consider methods that take direct advantage of the industrially
relevant property exhibited by an organism to isolate that organism from an environ-
mental source. Isolation methods depending on the use of desirable characteristics as
selective factors are essentially types of enrichment culture. Enrichment culture is a
technique resulting in an increase in the number of a given organism relative to the
numbers of other types in the original inoculum. The process involves taking an envi-
ronmental source (usually soil) containing a mixed population and providing condi-
tions either suitable for the growth of the desired type, or unsuitable for the growth
of the other organisms, for example, by the provision of particular substrates or the
inclusion of certain inhibitors. Prior to the culture stage it is often advantageous to
subject the soil to conditions that favor the survival of the organisms in question. For
example, air-drying the soil will favor the survival of actinomycetes.

Enrichment liquid culture

Enrichment liquid culture is frequently carried out in shake flasks. However, the
growth of the desired type from a mixed inoculum will result in the modification of
the medium and therefore changes the selective force which may allow the growth
of other organisms, still viable from the initial inoculum, resulting in a succession.
The selective force may be reestablished by inoculating the enriched culture into
identical fresh medium. Such subculturing may be repeated several times before the
dominant organism is isolated by spreading a small inoculum of the enriched culture
onto solidified medium. The time of subculture in an enrichment process is critical
and should correspond to the point at which the desired organism is dominant.

The prevalence of an organism in a batch enrichment culture will depend on its
maximum specific growth rate compared with the maximum specific growth rates
of the other organisms capable of growth in the inoculum. Thus, provided that the
enrichment broth is subcultured at the correct times, the dominant organism will
be the fastest growing of those capable of growth. However, it is not necessarily
true that the organism with the highest specific growth rate is the most useful, for
it may be desirable to isolate the organism with the highest affinity for the limiting
substrate.

The problems of time of transfer and selection on the basis of maximum specific
growth rate may be overcome by the use of a continuous process where fresh me-
dium is added to the culture at a constant rate. Under such conditions, the selective



Isolation of industrially important microorganisms 79

force is maintained at a constant level and the dominant organism will be selected on
the basis of its affinity for the limiting substrate rather than its maximum growth rate.
The basic principles of continuous culture are considered in Chapter 2 from
which it may be seen that the growth rate in continuous culture is controlled by the
dilution rate and is related to the limiting substrate concentration by the equation:

M= M SIK +5). (3.1)

Eq. (3.1) is represented graphically in Fig. 3.1. A model of the competition be-
tween two organisms capable of growth in a continuous enrichment culture is repre-
sented in Fig. 3.2. Consider the behavior of the two organisms, A and B, in Fig. 3.2.
In continuous culture the specific growth rate is determined by the substrate con-
centration and is equal to the dilution rate, so that at dilution rates below point Y
in Fig. 3.2 strain B would be able to maintain a higher growth rate than strain A,
whereas at dilution rates above Y strain A would be able to maintain a higher growth
rate. Thus, if A and B were present in a continuous enrichment culture, limited by
the substrate depicted in Fig. 3.2, strain A would be selected at dilution rates above

P2 L e B

Vel max

I Ks

Residual substrate concentration

FIGURE 3.1 The Effect of Substrate Concentration on the Specific Growth Rate of a
Microorganism

Residual substrate concentration

FIGURE 3.2 The Effect of Substrate Concentration on the Specific Growth Rates of Two
Microorganisms A and B
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Y and strain B would be selected at dilution rates below Y. Thus, the organisms that
are isolated by continuous enrichment culture will depend on the dilution rate em-
ployed and may result in the isolation of organisms not so readily recovered by batch
techniques.

Continuous enrichment techniques are especially valuable in isolating organisms
to be used in a continuous-flow commercial process. Organisms isolated by batch
enrichment and purification on solid media frequently perform poorly in continuous
culture (Harrison, Wilkinson, Wren, & Harwood, 1976), whereas continuous enrich-
ment provides an organism, or mixture of organisms, adapted to continuous culture.
The enrichment procedure should be designed such that the predicted isolate meets
as many of the criteria of the proposed process as possible and both Johnson (1972)
and Harrison (1978) have discussed such procedures for the isolation of organisms
to be used for biomass production. Johnson emphasized the importance of using
the carbon source to be employed in the subsequent commercial process as the sole
source of organic carbon in the enrichment medium, and that the medium should be
carbon limited. The inclusion of other organic carbon sources, such as vitamins or
yeast extract, may result in the isolation of strains adapted to using these, rather than
the principal carbon source, as energy sources. The isolation of an organism capable
of growth on a simple medium should also form the basis of a cheaper commercial
process and should be more resistant to contamination—a major consideration in the
design of a commercial continuous process. The use of as high as possible an isola-
tion temperature should also result in the isolation of a strain presenting minimal
cooling problems in the subsequent process.

The main difficulty in using a continuous-enrichment process is the washout of
the inoculum before an adapted culture is established. Johnson (1972) suggested that
the isolation process should be started in batch culture using a 20% inoculum and as
soon as growth is observed, the culture should be transferred to fresh medium and the
subsequent purification and stabilization of the enrichment performed in continuous
culture. The continuous system should be periodically inoculated with soil or sew-
age that may not only be a source of potential isolates but should also ensure that the
dominant flora is extremely resistant to contamination.

Harrison (1978) proposed two solutions to the problem of early washout in con-
tinuous isolation processes: The first uses a turbidostat and the second uses a two-
stage chemostat (see Chapter 2). A turbidostat is a continuous-flow system provided
with a photoelectric cell to determine the turbidity of the culture and maintain the tur-
bidity between set points by initiating or terminating the addition of medium. Thus,
washout is avoided, as the medium supply will be switched off if the biomass falls
below the lower fixed point. The use of a turbidostat will result in selection on the ba-
sis of maximum specific growth rate as it operates at high levels of limiting substrate.
Thus, although the use of the turbidostat removes the danger of washout it is not as
flexible a system as the chemostat that may be used at a range of dilution rates. The
two-stage chemostat described by Harrison (1978) is very similar to Johnson (1972)
procedure. The first stage of the system was used as a continuous inoculum for the
second stage and consisted of a large bottle containing a basic medium inoculated
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with a soil infusion. Continuous inoculation was employed until an increasing absor-
bance was observed in the second stage. Bull et al. (1992) advocated the use of feed-
back continuous systems for the isolation of strains with particularly high affinity for
substrate and this approach would also guard against premature washout.

The use of continuous enrichment culture has frequently resulted in the selection
of stable, mixed cultures presumably based on some form of symbiotic relationship.
It is extremely unlikely that such mixed, stable systems could be isolated by batch
techniques so that the adoption of continuous enrichment may result in the develop-
ment of novel, mixed culture fermentations. Harrison, Topiwala, and Hamer (1972)
isolated a mixed culture using methane as the carbon source in a continuous enrich-
ment and demonstrated that the mixture contained one methylotroph and a number of
nonmethylotrophic symbionts. The performance of the methylotroph in pure culture
was invariably poorer than the mixture in terms of growth rate, yield, and culture
stability.

Continuous enrichment has also been used for the isolation of organisms to be
used in systems other than biomass production; Rowley and Bull (1977) used the
technique to isolate an Arthrobacter sp. producing a yeast lysing enzyme complex.
The technique has been used widely for the isolation of strains capable of degrading
environmental pollutants. For example, Futamata, Nagano, Watanabe, and Hiraishi
(2005) isolated a number of Variovax strains able to degrade trichloroethylene.

Enrichment cultures using solidified media

Solidified media have been used for the isolation of certain enzyme producers and
these techniques usually involve the use of a selective medium incorporating the
substrate of the enzyme that encourages the growth of the producing types. Aunstrup,
Outtrup, Andresen, and Dambmann (1972) isolated species of Bacillus producing
alkaline proteases. Soils of various pHs were used as the initial inoculum and, to a
certain extent, the number of producers isolated correlated with the alkalinity of the
soil sample. The soil samples were pasteurized to eliminate nonsporulating organ-
isms and then spread onto the surface of agar media at pH 9-10, containing a disper-
sion of an insoluble protein. Colonies that produced a clear zone due to the digestion
of the insoluble protein were taken to be alkaline protease producers. The size of the
clearing zone could not be used quantitatively to select high producers, as there was
not an absolute correlation between the size of the clearing zone and the production
of alkaline protease in submerged culture. However, this example demonstrates the
importance of choice of starting material, the use of a selective force in the isolation
and the incorporation of a preliminary diagnostic test, albeit of limited use.

ISOLATION METHODS NOT UTILIZING SELECTION OF THE
DESIRED CHARACTERISTIC—FROM THE “WAKSMAN PLATFORM”
TO THE 1990s

It is exceptionally difficult to construct an enrichment isolation procedure that can
give the producer of a secondary metabolite a selective advantage. Therefore, a pool
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of organisms is isolated and subsequently tested for the desired characteristic in a
separate screening process. Waksman was the first to use extensive screening in his
discovery of streptomycin in which the antibacterial activity of streptomycete isolates
was assayed by detecting the inhibition of the growth of pathogenic bacteria as clear
zones on an overlay plate (Schatz, Bugie, & Waksman, 1944). This approach, known
as the Waksman platform, was adopted by pharmaceutical companies throughout the
world and gave rise to the “golden age” of antibiotic discovery referred to earlier.
However, the effectiveness of the platform declined as it resulted in the reisolation
of strains that had already been screened many times before. However, this “reinven-
tion of the wheel” syndrome has been minimized in two major ways:

1. Developing procedures to favor the isolation of unusual taxa that are less likely
to have been screened previously.

2. Identifying selectable features correlated with the unselectable industrial trait
thus enabling an enrichment process to be developed.

A very wide range of techniques have been developed to increase the probability
of isolating novel organisms, including the pretreatment of soil (drying, heat-
treatment, supplementation with substrates, irradiation, and ultrasonic waves, Tiwari
& Gupta, 2013). An interesting approach is the use of a collection of bacteriophage
as a pretreatment technique to eliminate common organisms or the detection of en-
vironmental bacteriophage as indicators of unusual actinomycetes (Kurtboke, 2011).
Much use has been made of numerical taxonomic databases to design media selec-
tive for particular taxa. For example, Williams’ group at Liverpool University (U.K.)
used such databases to design isolation media to either encourage the growth of
uncommon streptomycetes or to discourage the growth of Streptomyces albidoflavus
(Vickers, Williams, & Ross, 1984; Williams & Vickers, 1988). Several groups of
workers took advantage of the antibiotic sensitivity information stored in taxonomic
databases to design media selective for particular taxa, as shown in Table 3.2. The
incorporation of particular antibiotics into isolation media may result in the selec-
tion of the resistant taxa. Such techniques have been reviewed by Goodfellow and
O’Donnell (1989); Bull et al. (1992); Goodfellow (2010); and Tiwari and Gupta
(2013). The isolates from an isolation procedure would be screened for activity and
then the growth requirements of the positive cultures determined. This knowledge
can then be used to optimize the isolation medium and the cycle begins again.

While taxonomic databases are a convenient source of information, it is impor-
tant to appreciate the observation made by Huck, Porter, and Bushell (1991) that
these systems were designed to provide information for taxonomic differentiation
within a group. Thus, some of the diagnostic data may not be applicable to isolation
systems. More significantly, the reactions of organisms outside the taxon in question
would not be listed. Of course, an environmental sample contains a vast variety of
organisms and the design of isolation media based on knowledge of only one taxon
may inadvertently result in the preferential isolation of undesirable types. Huck et al.
(1991) used the statistical stepwise discrimination analysis (SDA) technique to de-
sign media for the positive selection of antibiotic producing soil isolates. This was
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Table 3.2 Antibacterial Compounds Used in Selective Media for the
Isolation of Actinomycetes (Goodfellow & O’Donnell, 1989)

Selective Agent Target Organism References

Bruneomycin Micromonospora Preobrazhenskaia et al. (1975)

Dihydroxymethylfuratriazone Microtetraspora Tomita et al. (1980)

Gentamycine Micromonospora Bibikova, Ivanitskaya, and
Singal (1981)

Kanamycin Actinomadura Chormonova (1978)

Nitrofurazone Streptomyces Yoshiokova (1952)

Novobiocin Micromonospora Sveshnikova, Chormonova,
Lavrova, Trekhova, and
Preobrazhenskaya (1976)

Tellurite Actinoplanes Willoughby (1971)

Tunicamycin Micromonospora Wakisaka et al. (1982)
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Table 3.3 Selective Substrates for the Isolation of Actinomycetes
and Antibiotic-Producing Actinomycetes (Huck et al., 1991)

Substrates Selective for Actinomycetes

Proline

Glucose (1.0%)
Glycerol

Starch

Humic acid (0.1%)
Propionate (0.1%)
Methanol

Nitrate

Calcium

Substrates Selective for
Antibiotic-Producing Actinomycetes

Proline
Glucose (1.0%)
Glycerol

Starch

Humic acid (0.1%)
Zinc

Alanine
Potassium
Vitamins
Cobalt (0.05%)
Phenol (0.01%)
Asparagine

achieved by characterizing a collection of eubacterial and actinomycete soil isolates
according to 43 physiological and nutritional tests. Certain features were identified
which, when used as selective factors, enhanced the probability of either isolating
actinomycetes or antibiotic-producing actinomycetes. These features are shown in
Table 3.3. Using this approach several media were developed which enhanced the

isolation of antibiotic producers.

The most desirable isolation medium would be one that selects for the desired
types and also allows maximum genetic expression. Cultures grown on such media
could then be used directly in a screen. However, it is more common that, once
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Table 3.4 Guidelines for “Overproduction Media” (Nisbet, 1982)

1. | Prepare a range of media in which different types of nutrients become growth-limiting,
for example, C, N, P, O.

2. | For each type of nutrient depletion use different forms of the growth-sufficient nutrient.
Use a polymeric or complexed form of the growth-limiting nutrient.

4. | Avoid the use of readily assimilated forms of carbon (glucose) or nitrogen (NH,") that
may cause catabolite repression.

5. | Ensure that known cofactors are present (Co*, Mg, Mn*, Fe?).
6. | Buffer to minimize pH changes.

w

isolated, the organisms are grown on a range of media designed to enhance pro-
ductivity. Nisbet (1982) put forward some guidelines for the design of such media
and these are summarized in Table 3.4. Although the issue of maximizing gene ex-
pression has been a guiding principle in drug discovery its significance was fully
appreciated when the model streptomycete, Streptomyces coelicolor, was completely
sequenced. It was discovered that its genome coded for twenty secondary metabo-
lites, yet the organism is only credited with producing three antimicrobials (Bentley,
Chater, & Cerdeno-Tarranga, 2002). Similarly the genome sequence of Streptomyces
avermitilis revealed thirty secondary metabolite gene clusters (Ikeda, Ishikawa, &
Hanamoto, 2003).

The difficulties of isolating novel organisms and avoiding the “rediscovery” of
microbial products were compensated by the development of sophisticated screening
methods to make the most of the potential hidden in both microbial broths and syn-
thesized chemical compounds. The next section addresses the design of such screens
and also puts into context the policy decisions taken by the pharmaceutical industry,
faced with diminishing returns from exceptionally expensive discovery programs.
We will then consider the recent advances in the isolation of novel organisms and the
way forward in the development of the next generation “discovery platform.”

SCREENING METHODS AND HIGH THROUGHPUT SCREENING

The early screening strategies based on the Waksman platform were empirical, labor
intensive and showed diminishing success rates, as the number of commercially im-
portant compounds isolated increased. Thus, new screening methods were developed
that were more precisely targeted to identify the desired activity.

Antibiotics were initially detected by growing the potential producer on an agar
plate in the presence of an organism (or organisms) against which antimicrobial ac-
tion was required. Production of the antibiotic was detected by inhibition of the test
organism(s). Alternatively, the microbial isolate could be grown in liquid culture and
the cell-free broth tested for activity. This approach was extended by using a range of
organisms to detect antibiotics with a defined antibacterial spectrum. For example,
Zahner (1978) discussed the use of test organisms to detect the production of anti-
biotics with confined action spectra. The use of Bacillus subtilis and Streptomyces
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viridochromogenes or Clostridium pasteurianum allowed the identification of anti-
biotics with a low activity against B. subtilis and a high activity against the other test
organisms. Such antibiotics may be new because they would not have been isolated
by the more common tests using B. subtilis alone. The kirromycin group of antibiot-
ics was discovered using methods of this type.

In the 15 years prior to 1971, no novel naturally occurring B-lactams were discov-
ered (Nisbet & Porter, 1989). However, the advances made in the understanding of
cell-wall biosynthesis and the mode of action of antibiotics allowed the development
of mode of action screens in the 1970s that resulted in a very significant increase in
the discoveries of new B-lactam antibiotics. Nagarajan et al. (1971) discovery of the
cephamycins was based on the detection of compounds that induced morphological
changes in susceptible bacteria. The appreciation that the mode of action of penicillins
was the inhibition of the transpeptidase enzyme crosslinking mucopeptide molecules
led to the development of enzyme inhibitor assays, which were particularly attractive
because they could be automated. Fleming, Nisbet, and Brewer (1982) described the
development of an automated screen for the detection of carboxypeptidase inhibitors
that led to the detection of several novel cephamycin and carbapenem compounds.

The increasing frequency of penicillin and cephalosporin resistance among clini-
cal bacteria led to the development of mechanism-based screens for the isolation of
more effective antibacterials. The logic of the Beechams Pharmaceuticals group of
Brown et al. (1976) was to search for a compound that would inhibit B-lactamase
and could be incorporated with ampicillin as a combination therapeutic agent. Sam-
ples were tested for their ability to increase the inhibitory effect of ampicillin on a
B-lactamase-producing Klebsiella aerogenes and this strategy resulted in the discov-
ery of clavulanic acid, produced by Streptomyces clavuligerus. Clavulanic acid was
combined with amoxicillin (a semisynthetic penicillin) and marketed as “augmentin”
which Lewis described in 2013 as “one of the most successful antibiotics on the
market.” This approach has also resulted in recent success with the approval in 2015
of the AstraZeneca/Actavis drug, avibactam, which protects ceftazidime (a third gen-
eration cephalosporin) from degradation by B-lactamases (Ehmann et al., 2012).

The concept of using the inhibition of enzymes as a screening mechanism was
pioneered by Umezawa (1972) in his search for microbial products inhibiting key
enzymes of human metabolism. His approach was based on the logic that if a com-
pound inhibits a key human enzyme in vitro, it may have a pharmacological action in
vivo. Such screens have been applied to a wide range of pharmacological targets and
have resulted in the isolation of several important drugs. Endo, Kurooda, and Tsujita
(1976), of the Japanese pharmaceutical company Sankyo, screened fungal cultures
for inhibitors of cholesterol synthesis—specifically, hydroxy-methyl-glutaryl-CoA
reductase, the rate-limiting enzyme in the biosynthesis of sterols. They isolated
“compactin” but, although it was highly effective in reducing cholesterol levels in
patients with hypercholesterolemia, it was discontinued due to safety fears. Merck,
in association with Sankyo, screened for similar compounds and Alberts et al. (1980)
isolated mevinolin (later called lovastatin) from Aspergillus terreus. This was the first
statin to reach the clinic and resulted in the development of a range of semisynthetic
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Table 3.5 Enzyme Inhibitors Produced by Members of the Actinobacteria

(Manivasagan et al., 2014)
Inhibited Enzyme Group

a-Amylase

B-Glucosidase
Serine proteases
Aspartic proteases

Calpain—a cysteine proteases

Pyroglutamyl peptidase

Use/Potential Use of Inhibitors

Controlling blood glucose and serum insulin
levels

Antiviral; control of obesity

Antifungal

Control of gastroesophageal reflux disease
(GERD)

Potential in control of neurodegenerative
disorders

Elucidation of the mechanism of diseases
caused by pyroglutamyl peptidase

Angiotensin converting enzyme (ACE) Antihypertensive
Chitinase Antifungal

Lipase Antiobesity
Monoamine oxidase Antidepressant
Tyrosinase Skin whitener cosmetic

and synthetic statins, the total worldwide sales of which have been predicted to reach
a trillion US dollars by 2020 (Ioannidis, 2014). Bull et al. (1992) listed the following
clinical situations in which microbial products have been shown to inhibit key en-
zymes: hypercholesterolaemia, hypertension, gastric inflammation, muscular dystro-
phy, benign prostate hyperplasia, and systemic lupus erythematosus. Manivasagan,
Venkatesan, Sivakumar, and Kim (2014) reviewed the extensive range of enzyme
inhibitors produced from the Actinobacteria, summarized in Table 3.5. An interesting
specific example is provided by the work of Hashimoto, Mural, Ezaki, Morikawa,
and Hatanaka (1990). The activity of carbapenem antibiotics is lost in therapy due to
renal dehydropeptidase activity. These workers isolated microbial products capable
of inhibiting the enzyme that could then be administered along with the antibiotic to
maintain its clinical activity.

The detection of pharmacological agents by receptor ligand binding assays has
been developed rapidly by pharmaceutical companies (Fang, 2012). These are ex-
tensions of the enzyme inhibitor approach but agents that block receptor sites are
likely to be more effective at very low concentrations. The gastrointestinal hormone
cholecystokinin (CCK) controls a range of digestive activities such as pancreatic
secretion and gall bladder contraction. Receptor screening identified a fungal me-
tabolite, aperlicin (from Aspergillus alliaceus) that had a very high affinity for CCK
receptors. Although the fungal product did not prove to be a suitable drug it was used
as a model for the design of analogs which were receptor binders and pharmacologi-
cally acceptable.

The progress in molecular biology, genetics, and immunology also contributed
extensively to the development of innovative screens in the 1990s, by enabling the
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construction of specific detector strains, increasing the availability of enzymes and
receptors, and constructing extremely sensitive assays. Furthermore, these advances
were paralleled by the development of robotic automation systems that facilitated
an enormous increase in the rate of screening. Thus, combination of sensitive as-
says with robotic automation gave rise to what has become know as high through-
put screening (HTS). The process is usually carried out using microtiter plates that
have been scaled-up from the original 96 well devices to 384, 1536, or 3456 wells.
Obviously, the considerable investment in such HTS systems can only be justified if
there are sufficient potential agents to test. Agents for testing would include micro-
bial cell-free broths and synthesized chemical compounds. As mentioned previously,
the diminishing returns from microbial cultures and a belief that the microbial world
had been “over—fished” for pharmaceuticals led the industry to concentrate on com-
pounds synthesized using combinatorial chemistry. Such compounds were available
in sufficient numbers to feed the high throughput screens and were deemed a better
investment than the isolation of microorganisms and their associated culture and pu-
rification of their products.

The determination of the complete gene sequence of Haemophilus influenzae in
1995, followed by the sequencing of other key pathogens, gave a means of identifying
potential antibiotic targets at a genome level. Payne, Gwynn, Holmes, and Pompliano
(2008) provided an invaluable insight into the rationale of GlaxoSmithKline’s (GSK)
use of this technology in selecting screening targets for antibiotic discovery. GSK
scientists hypothesized that a gene that was highly conserved in a range of both Gram
negative and positive bacteria was highly likely to be essential to microbial growth.
Thus, they compared the genomes of H. influenza, Moraxella catarrhalis (both Gram-
negative), Streptococcus pneumoniae, Staphylococcus aureus, and Enterococcus fae-
calis (all Gram-positive) and identified genes that were not only highly conserved
but present as only single copies (to reduce the probability of resistance) and had no
human homologues (to focus on bacterial-specific genes). To test the hypothesis that
these genes were essential for growth, the genes were replaced (using allelic replace-
ment mutagenesis) with an antibiotic resistance marker. Failure of the mutant to grow
strongly suggested (but did not guarantee) the essential nature of the gene. However,
growth in the absence of the gene indicated it to be nonessential and thus did not
merit further consideration. A gene had to be shown to be essential in at least two of
the Gram-positive species to be considered a target as well as its level of expression
(when artificially modulated) being commensurate with strain viability. More than
350 potential target genes were identified from the genome sequence analyses of
which 127 were judged as essential by the allelic replacement test. The next step in
the process was to clone each target gene into a bacterial host to express their protein
that could then be purified and incorporated into a high throughput screen. Most
of the proteins were enzymes, the assays of which were available in the literature
and only 10% of the targets failed due to an inability to develop a screening assay.
Between 1995 and 2001, 67 high-throughput screens were run against the company’s
compound library of up to half a million compounds, predominantly synthesized
chemicals. Only 16 of the screens gave positive results (hits) and of these only 5
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Table 3.6 GSK High Throughput Screens Generating Antibacterial Lead
Compounds (Payne et al., 2008)

Target Protein Function in the Bacterium
B-Keto-acyl carrier protein synthase lll (FabH) Fatty acid synthesis
Enoyl-acyl carrier protein reductase (Fab1) Fatty acid synthesis

Peptide deformylase Protein modification
Methionyl-tRNA synthetase tRNA synthetase
Phenylalanine-tRNA synthetase tRNA synthetase

gave rise to “lead” compounds (Table 3.6). Leads were defined as hits that also had
antibacterial activity along with evidence that the mode of action was commensurate
with the inhibition of the target protein. In all cases, the lead was produced by chemi-
cal modification of the hit compound. Of the successful screens shown in Table 3.6,
only the two related to fatty acid synthesis are actually novel targets, the others are
proven targets for antibiotics produced by actinomycetes and fungi. Each of the 16
high-throughput screens cost approximately US $1 million. The workers concluded:
“The level of success was unsustainably low in relation to the large effort invested.”

GSK were not alone in their lack of success in screening for antibacterials—
Chan, Holmes, and Payne (2004) reported that more than 125 antibacterial screens,
using 60 different targets, were operated by 34 different companies between 1996
and 2004, with no promising candidates coming anywhere near fruition. It is im-
portant to appreciate that the HTS approach has been extremely successful in the
discovery of drugs affecting human targets. Thus, why was it so difficult to discover
novel antibiotics? A number of reviewers have addressed this anomaly (Baltz, 2008;
Lewis, 2013, 2015; Demain, 2014) and two key issues have been identified:

1. The high-throughput antibiotic screens relied predominantly on enzyme assays
rather than viable bacteria and one of the major issues in the effectiveness of
an antibiotic is its ability to be taken up by the bacterium. This is particularly
relevant for Gram negative organisms, which have an outer membrane of
negatively charged lipopolysaccharide, thereby blocking access to hydrophobic
compounds, and an inner membrane which blocks the uptake of hydrophilic
ones. Furthermore, if a compound does pass both barriers, they may be
“deported” by multidrug pumps. Thus, the most common reason for the later
failure of a “hit” molecule in an in vitro screen is its inability to penetrate the
bacterial cell.

2. In their analysis of GSK’s genomics-driven HTS, Payne et al. (2008) cited the
lack of chemical diversity of its compound library as a major contributory factor
to the lack of success. Berdy (2012) estimated that 1.6% of the approximately
70,000 known microbial products have given rise to drugs whereas only 0.005%
of the 8—10 million synthetic compounds have done so. The explanation for
this difference is that the microbiological molecules are the result of evolution
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and natural selection such that nature has already done the prescreening and
provided us with a “prescreened” library. Synthetic libraries not only contain
a less diverse range of compounds compared with natural products but they
have also been compiled to facilitate their eventual use as orally administered
drugs. In an elegant analysis, Lipinski, Lombardo, Dominy, and Feeney
(2001) formulated a set of “rules” (the rule of 5) to define the physicochemical
characteristics that define the solubility and permeability of potential drugs
that can be administered by mouth: Poor absorption is more likely when a
compound has more than 5 hydrogen donors, more than 10 hydrogen bond
acceptors, a molecular weight of greater than 500 Da and a CLogP (a measure
of hydrophilicity) greater than 5. However, obeying the rule of 5 does not define
a compound that will penetrate a prokaryote and thus an antibiotic HTS based
on a chemical library obeying the rule is operating at a disadvantage.

In addition to these issues of discovery, the search for new antibiotics has ob-
viously been influenced by the economics of the process. The clinical dose of an
oral antibiotic is in the range 250-1000 mg administered up to 3 times daily for
the period of the infection—this is approximately two to three orders of magnitude
greater than the dose for a drug targeted at a human receptor. Thus, not only must
the antibiotic be manufactured in larger quantities it is also more likely than other
drugs to fail toxicity testing in the development. Drugs that control or prevent physi-
ological (chronic) disease are also taken over a very long period compared with the
short duration of antibiotic therapy. Furthermore, a novel antibiotic would be kept
“in reserve” and only used against multiply resistant strains. As a result, the pre-
dicted financial returns of an antibiotic are far less favorable than other drugs. For
example, Lewis (2013) quoted the annual sales of the cholesterol-lowering statin,
atorvastatin, as $12 billion whereas that of the best-selling antibiotic, levofloxacin,
is $2.5 billion. The time period from the initiation of a discovery program for a drug
through to the marketplace is estimated as 14-21 years (Demain, 2014) and between
1999 and 2003, the total cost rose from $500-600 million to $900 million. In Europe
and the United States of America, a patent gives the inventor protection for 20 years.
However, the patent application must be made long before the drug is marketable,
thus the effective protected time is often only 7—12 years. Thus, the economics of
operating an antibiotic discovery program is at odds with the importance of the com-
pounds to humankind. The development of antibiotic resistance necessitates the in-
troduction of new antibiotics and there is a real fear of the world returning to the
“preantibiotic era” in which an apparently minor infection could develop into a life-
threatening situation. This raises questions of the role of government in commercial
research funding. However, antibiotic resistance and the quest for new compounds is
an international problem requiring governmental cooperation on a world stage. The
Ebola virus outbreak in 2014/15 precipitated what has been called a “minor miracle”
of public and private sector collaboration (Keller, 2015). The threat of a global
Ebola pandemic running out of control in Africa eventually led to a World Health
Organization initiative involving major governments, pharmaceutical companies and
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regulatory agencies to take an effective vaccine to human trials in less than a year
(Henao-Restrepo, Longini, Egger, & Dean, 2015). It may take a similar initiative to
gain the upper hand over the evolution of bacterial antibiotic resistance.

RETURN OF NATURAL PRODUCTS

It is all very well to quote the proportion of microbial products that have given rise to
drugs compared with synthetic compounds but it must be remembered that the indus-
try was faced with the very real decline in successful hits from microbial sources. As
discussed previously, rediscovery was a major problem as well as the complexity of
culture broths and the frequency of false-positives. Thus, a return to natural product
screening must address these issues to make it an economic proposition. It has been
well known for many years that the number of microbial taxa cultured from environ-
mental samples represents the “tip of the iceberg” of microbial communities (Bull
et al., 1992). However, the perceived size of the “tip” has been decreasing as a fuller
understanding of natural microbial communities has emerged. This understanding is
a result of what Bull, Ward, and Goodfellow (2000) described as a “paradigm shift”
in search and discovery strategies—attributed to the development of metagenomics,
the study of genetic material recovered directly from environmental samples. The
process involves the extraction of DNA from an environmental sample (eg, soil)
followed by PCR amplification of 16s ribosomal RNA genes using 16s rRNA gene
primers. The amplified fragments are cloned into E. coli, thereby generating a library
of 16s RNA genes representative of the microbial community in the sampled envi-
ronment. Such approaches have shown that the diversity of the environmental 16s
rRNA genes far exceeds that shown by such genes from organisms cultured from the
same environment, with Overmann (2013) suggesting that cultured bacterial spe-
cies may represent only 0.1-0.001% of the actual total number. This compares with
previous estimates of 1-20%. Thus, the problem of natural product discovery is not
that the pool has been overfished but that we have been fishing in a very small pond.
The extent of this untapped resource is exemplified by the existence of “candidate
divisions”—Ilineages of prokaryotes which have not been cultured but their existence
has been demonstrated by 16s rRNA metagenomics. The Bacteria and Archaea do-
mains are composed of at least 60 major taxons (phyla or divisions), approximately
half of which are candidate divisions, that is, no representatives have been cultured
(Gasc, Ribiere, Parisot, Beugnot, & Defois, 2015). It will be recalled that whole
genome sequencing of two streptomycetes (S. coelicolor and S. avermitilis) revealed
that these organisms were capable of synthesizing far more secondary metabolites
than had previously been realized. Thus, not only has screening hardly scratched the
surface of the potential range of microorganisms but the individual repertoires of
those isolated has also been under-exploited.

A number of approaches have been proposed to take advantage of this new ap-
preciation of microbial diversity: the exploration of different environments and the
development of new culture techniques to isolate novel organisms, thus broaden-
ing the base of the discovery process; increasing the gene expression of isolated
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organisms such that their full potential can be realized; screening for the genes cod-
ing for products rather than screening for the products themselves; developing novel
screens to detect activity; and minimizing the anomalies previously associated with
natural product screening. Obviously, these approaches are not mutually exclusive
and their combination may give rise to synergy in discovery.

BROADENING THE BASE OF THE DISCOVERY PROCESS
AND MAXIMIZING GENE EXPRESSION

The strategy of searching unusual environments for novel microorganisms is hardly
a new approach but the development of the methodologies and an extension of the
screened environments still have significant potential in product discovery. Tiwari
and Gupta (2013) cited the discovery of 11 new families and 120 new genera of
actinomycetes between 2001 and 2013. Notably productive searches have isolated
strains from desert soils, marine environments, and from plant-microbe associations,
as reviewed by Tiwari and Gupta (2013). A fuller appreciation of microbial ecology
has begun to reveal the extent of the interactions between organisms in their natural
environment that may be exploited in their isolation. Kaeberlein, Lewis, and Epstein
(2002) developed a cultural system that simulated the natural marine environment.
Microorganisms present in the upper layer of intertidal marine sediment were sepa-
rated from the sediment, serially diluted and mixed with warm agar made with sea-
water. The agar, containing the organisms was placed in the center of a ring sitting on
a 0.03 um pore-size polycarbonate membrane and another membrane placed on the
top—thus entrapping the embedded organisms in a diffusion membrane sandwich.
The diffusion chamber was then incubated in a seawater aquarium. Thus, nutrients
from the seawater were able to diffuse into the chamber creating an oligotrophic
environment. As a result, microcolonies developed on the surface of the agar. This
system was miniaturized such that 384 X1.25 uL diffusion chambers could be ac-
commodated on a 72 by 19 mm plate, termed an isolation chip or “ichip,” as shown
in Fig. 3.3 (Nichols et al., 2010). The ichip was dipped in warm agar containing a
diluted suspension of organisms such that there was a high probability that each
chamber contained one cell. As before, the plate containing the chambers (the ichip)
was incubated in its simulated natural environment, in this case either seawater or a
soil suspension. After incubation for two weeks, the mini agar plugs in each cham-
ber could be examined for microcolony growth. A control using 500 UL volumes of
seeded agar (the same volume contained in an ichip) in a 24 well cell culture plate
was incubated conventionally. Organisms were identified using 16s rRNA gene se-
quencing. There was virtually no overlap of species isolated from the ichip with
those from the culture dish, thus indicating the very different environment provided
in the diffusion system. Ling, Schneider, Peoples, and Spoering (2015) used the ichip
methodology to isolate strains that were then cultured in conventional systems and
screened for antibacterial activity. A new species of [-proteobacteria, Eleftheria
terrae, was shown to produce a novel antibiotic (named teixobactin) active against
Gram-positive bacteria by binding to lipid precursors of the cell wall components,
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FIGURE 3.3 Isolation Chip, or Ichip, for High-Throughput Microbial Cultivation in Situ

The iChip (a) consists of a central plate (b) which houses growing microorganisms,
semi-permeable membranes on each side of the plate, which separate the plate from the
environment, and two supporting side panels (c). The central plate and side panels have
multiple matching through-holes. When the central plate is dipped into suspension of

cells in molten agar, the through-holes capture small volumes of this suspension, which
solidify in the form of small agar plugs. Alternatively, molten agar can be dispensed into the
chambers. The membranes are attached and the iChip is then placed in soil from which
the sample originated.

Ling et al. (2015)

peptidoglycan and teichoic acid, the same site of action as vancomycin. The com-
pound is a nonribosomal depsipeptide (contains an ester bond as well as peptide
bonds, Fig. 3.4) composed of nonprotein amino acids and was effective in animal
infection models and nontoxic in preliminary trials. Crucially, it took 30 years before
vancomycin resistance was detected, which is thought to have originated from the
Gram-positive producer organism (Amycolatopsis orientalis), indicating the robust
nature of the target site. Ling et al. (2015) failed to develop teixobactin resistance in
Gram-positive organisms and resistance in Gram-negatives is due to the imperme-
ability of the outer membrane, a mechanism that cannot be transferred to Gram-posi-
tive bacteria. E. terrae is a Gram-negative bacterium and thus its resistance to its own
antibiotic is also due to its outer membrane, thus eliminating a possible mechanism
of teixobactin resistance equivalent to that of vancomycin. Thus, the isolation of nov-
el organisms using an isolation technique that mimicked their natural environment
resulted in the detection of a novel molecule with a mode of action that precludes the
rapid development of resistance.

The recognition of “silent” antibiotic genes referred to earlier has stimulated re-
search into the development of cultural techniques that will switch them on and thus
realize the potential of isolates (Zhu, Sandiford, & van Wezel, 2014). The differ-
entiation of streptomycetes involves a complex process of programmed cell death
in which the autolysis of vegetative mycelium provides substrates for the develop-
ment of aerial, spore-bearing hyphae, as discussed in Chapter 2. This differentiation



Isolation of industrially important microorganisms 93

O
0 :"“OH

FIGURE 3.4 The Structure of Teixobactin

corresponds with the onset of secondary metabolism and antibiotic production, thus
inhibiting the growth of bacteria competing for the released nutrients. Thus, the in-
clusion of molecules that result from the degradation of polymers may mimic this
situation and stimulate antibiotic synthesis. For example, N-acetylglucoseamine
(a peptidoglycan component) has been shown to be a key regulator of the strepto-
mycete transcription factor DasR, a pleiotropic regulator orchestrating the control of
primary and secondary metabolism. The presence of N-acetylglucoseamine in poor
growth conditions has been shown to stimulate secondary metabolism. Interestingly,
the rare earth metals scandium and lanthanum are also known to enhance antibiotic
synthesis and their inclusion in screening media may also be beneficial.

The recognition of microbial interaction in natural ecosystems has led to the in-
vestigation of signaling between different organisms as well as between members of
the same species with Romero, Traxler, Lopez, and Kolter (2011) debating the con-
cept of antibiotics as signal molecules in their natural environment. Thus, cocultiva-
tion of different organisms has resulted in the expression of previously unexpressed
systems. The first report by Watanabe, Okubo, Suzuki, and Izaki (1992) related to the
discovery of the polyketide enacyloxin that was produced by a Gluconobacter sp. in
combination with either Neurospora crassa or Aspergillus oryzae. The field has ex-
panded considerably with the huge improvement in analytical techniques (Wu, Kim,
van Wezel, & Choi, 2015a). For example, Wu et al. (2015b) grew S. coelicolor and
Aspergillus niger together in submerged liquid culture and identified their products
using NMR analysis. A. niger formed 100-500 wm pellets to which the streptomy-
cete adhered and eventually covered. As a result of the interaction, A. niger produced
a cyclic dipeptide, cyclo(-Phe-Phe) and 2-hydroxyphenylacetic acid. Interestingly,



94

CHAPTER 3 Industrially important microorganisms

A. niger could produce these compounds when cultured in the cell-free broth of the
Streptomyces, indicating that the mechanism involved signaling or the provision of
precursors rather than physical contact. Furthermore, biotransformation studies with
o-coumaric acid and caffeic acid yielded a number of novel products. This work
demonstrates the potential of such studies and may be valuable to further exploit the
biosynthetic potential of established secondary metabolite producers.

The identification of quorum sensing type signal molecules as initiators of sec-
ondary metabolism in the actinomycetes has opened another possible approach to
awaken silent genes (discussed in more detail later in this chapter). The discovery of
A-factor in the control of streptomycin synthesis in Streptomyces griseus soon result-
ed in a wider appreciation of the role of y-butyrolactones in secondary metabolism.
Thus the inclusion of such molecules in culture systems may result in stimulation of
secondary metabolite gene expression.

The approaches to gene awakening considered so far involve manipulating the
environment of the organism in an attempt to maximize its gene expression without
necessarily knowing which genes are present. These approaches have been described
as “looking harder” rather than “looking differently.” The “look differently” philoso-
phy has exploited the advances in genome sequencing and bioinformatics to search
directly for the genes of secondary metabolism, a process termed genome mining.
Two approaches have been used to exploit this approach: (1) the production of the
product in the organism encoding the genes and (2) the heterologous production of
the product, that is, the incorporation of the genes into a host producer (Bachmann,
Van Lanen, & Baltz, 2014). The most well studied secondary metabolism genes and
associated enzyme systems are those for the synthesis of the polyketides and nonri-
bosomal peptides. Both groups are synthesized by multimodular enzyme complexes,
the polyketide synthases (PKSs) and the nonribosomal peptide synthases (NRPSs),
respectively. The genes for each product group are grouped together in a tight locus
and the enzyme complexes are composed of enzyme modules, each module catalyz-
ing a particular reaction. Some of the modules are universal while others are “op-
tional extras” resulting in a huge range of potential products depending on the precise
composition of the complex. Knowing the PKS or NRPS genes in an organism al-
lows the prediction of the enzyme complex and thus the structure that the complex
will synthesize. The first example of this approach is the discovery of the novel
polyketide antifungal farnesylated benzodiazepinone by Ecopia Bioscience (McAl-
pine et al., 2005). These workers identified promising, but unexpressed, gene clus-
ters in Streptomyces aizunensis using genome scanning, a shotgun DNA sequencing
method in which DNA fragments were cloned into a cosmid library and screened
with genome sequence tags of known biosynthetic genes. The identified genes could
then be completely sequenced which enabled the prediction of the product structure.
Expression of the polyketide was achieved by growing the organism in almost fifty
different media. Thus, the use of genome mining identified an organism that had
the capacity to produce a novel compound and justified the devotion of resources to
unlock its synthesis. The advances in DNA sequencing superseded the early tech-
niques of genome scanning and it is now possible to sequence the whole genome of
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an organism both rapidly and economically. Equally, the advances in bioinformatics
have also revolutionized the processing of sequence information. The development
of the “antibiotics and secondary metabolism analysis shell” (antiSMASH) software
(Medema et al., 201 1b; Weber et al., 2015) not only enabled the rapid identification
of secondary metabolism genes but also the partial prediction of the chemical struc-
tures for which they coded (Helfrich, Eiter, & Piel, 2014).

As the understanding of the control of secondary metabolism has increased, the
approaches to gene awakening have become more sophisticated. Most secondary me-
tabolism genes are controlled by regulator genes, both negative and positive (Zotchev,
Sekura, & Katz, 2012), and thus the removal of repressors or the over production of
positive regulators may stimulate gene expression. Laureti et al. (2011) identified
a 150 kb span in the genome sequence of Streptomyces ambofaciens comprising
25 genes commensurate with polyketide synthesis. Bioinformatic analysis revealed
that the predicted product was unknown and also demonstrated the presence of three
potential regulatory genes. Cloning of one of these genes and its over expression on
a plasmid in S. ambofaciens resulted in the production of a group of very closely
related 51-membered macrolides, which they named stambomycins. Biological ac-
tivity screening revealed that the stambomycins had potential as anticancer lead com-
pounds. However, not all organisms bearing the gifts of silent genes are amenable
to this type of genetic manipulation and a solution to this problem is the expression
of the genes in a heterologous host; Gomez-Escribano and Bibb (2011) modified
S. coelicolor for precisely this purpose. The model streptomycete was modified by
deleting its four endogenous antibiotic gene clusters and introducing point mutations
into two pleiotropic genes. These manipulations ensured that a heterologous pathway
did not have to compete with endogenous secondary metabolite pathways for precur-
sors; endogenous products did not complicate the purification of the heterologous
products; and the heterologous product was produced at a high level.

The genome mining discussed so far relates to the analysis of cultured organisms
and the expression of silent genes. However, this strategy does not address the issue of
the untapped potential of the microbial population that remains uncultured. The field
of metagenomics was referred to earlier in this discussion in the context of screening
DNA extracted from the environment for 16sRNA gene sequences in an attempt to
assess the true extent and diversity of uncultured microorganisms. Metagenomics has
also been applied to the discovery of natural products by searching DNA extracted
from the environment (environmental DNA or eDNA) for secondary metabolism
genes and cloning these genes into a heterologous host, thus bypassing the need for
cultivation. Two approaches have been used, termed function-based and sequence-
based (Milshteyn, Schneider, & Brady, 2014). The function-based approach involves
the direct screening of metagenomic clones for desired, new biological activity while
the sequence-based approach involves the sequencing and bioinformatic analysis of
eDNA to identify potential secondary metabolism genes. The aim of the functional
approach is to provide culture broths for activity screening. The first novel mol-
ecule discovered by this approach was that of Wang et al. (2000) who expressed
a soil DNA library in Streptomyces lividans (1020 clones) and isolated terragine
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A using an HPLC detection system. However, much simpler screens are required to
process large libraries and workers have tended to use antibacterial activity or pig-
ment production to focus on clones of potential interest. A number of refinements of
the function-based approach are needed to fully realize its potential—the cloning of
larger fragments such that the probability of incorporating a whole secondary me-
tabolism gene cluster into a clone is increased; the development of a wider range of
hosts to facilitate efficient expression; and the enrichment of the libraries to facilitate
screening (Milshteyn et al., 2014).

The most promising sequence-based approach has involved a PCR-based
“sequence tag” methodology focusing on the secondary metabolite classes incorpo-
rating the most diversity, primarily the polyketides and the nonribosomal peptides
(Milshteyn et al., 2014). This philosophy relies upon a homology-based screen in
which gene sequences in eDNA are recognized as similar to known sequences of
secondary metabolism genes, for example, polyketide synthesis. The process uses
PCR amplification based on degenerative primers designed to recognize the desired
gene. A degenerative primer is a mixture of primers each of which has a slightly
different sequence; thereby extending the range of sequences that may be ampli-
fied. The amplified DNA may not only be cloned into a host to produce the product
but also sequenced thus enabling an in silico search to predict the structure using
bioinformatics databases. This approach has been used to screen DNA both from
relatively restricted microbial populations and eDNA from soil or marine samples.
For example, Wilson, Mori, Ruckert, and Uria (2014) used this approach to demon-
strate that virtually the entire spectrum of secondary metabolites produced by the
sponge, Theonella swinhoei, was actually produced by a single bacterial endosymbi-
ont Entotheonella factor TSY1.

The development of novel approaches to screening natural products has been
discussed by Lewis (2013) and Harvey, Edrada-Ebel, and Quinn (2015). The first
problem to be addressed in a natural product screening program is the removal of
compounds that cause artifacts, for example, polyphenols that give positive results
against a wide range of screens. Separating a crude extract into fractions and test-
ing each separately may not only reduce interference in an assay but may also en-
able the earlier elimination of “rediscovery.” The Wyeth pharmaceutical company
developed a fractionation scheme in which the microbial cultures were first screened
for secondary metabolites using liquid chromatography linked to mass spectrometry
employing an infinity diode array detector and an infinity evaporative light scatter-
ing detector (LCMS-DAD-ELSD) (Wagenaar, 2008). Those cultures that produced
secondary metabolites were then methanol extracted and fractionated using reverse-
phase HPLC. Early fractions contained media ingredients and highly polar com-
pounds while late fractions contained lipophilic compounds, both of which were
discarded. Ten middle-order HPLC fractions were retained and subjected to screen-
ing and compared with the screening of the crude extract. Interestingly, 80% of the
active cultures only showed the activity in the fractionated extracts.

As discussed earlier, the lack of success in screening synthetic chemical libraries
for antibiotic activity may be due to the limitation of their diversity by the application
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of Lipinski’s “rule of five.” While these rules describe the characteristics required for
an orally administered drug they are not commensurate with compounds that must
be accessible to prokaryotic cells. Lewis (2013) argued that an empirical analysis of
the physicochemical properties of known antibacterials would give the broad charac-
teristics of a molecule that would penetrate a prokaryotic cell. Multidrug resistance
efflux is an active transport system in which a wide range of structurally unrelated
antibiotics may be pumped out of a bacterium. These pumps are particularly effec-
tive against hydrophobic cations but not against anions and hydrophilic compounds.
Relatively hydrophilic compounds with a molecular mass of less than 600 Da pen-
etrate prokaryotes well as do ones containing atoms rarely found in natural products,
such as fluorine and boron. Interestingly, fluoroquinones, the only successful syn-
thetic antibiotic group, are hydrophilic, small and have both an anionic group and
a fluoride atom. A wider examination of antimicrobials may enable the formulation
of set of characteristics to select relevant members of a synthetic chemical library.

Wang, Soisson, and Young (2006) and Young, Jayasuriya, and Ondeyka (2006) of
Merck Research Laboratories assessed inhibitors of bacterial type II fatty-acid syn-
thesis as potential antibiotics. These workers developed S. aureus strains that were
either downregulated or upregulated in FabF protein production; FabF being a key
enzyme in type II fatty acid synthesis. Both strains were challenged with natural
products in a well-diffusion assay to identify those that inhibited only the downregu-
lated strain. Such activity predicted the mode of action to be the inhibition of FabF.
This approach resulted in the discovery of a new class of antibiotics, the platensimy-
cins, following a screen of 250,000 fermentation broths. The broths tested were not
new and had been tested previously in a variety of screens. However, the discrimi-
natory nature of the whole cell assay could not only identify specific inhibitors but,
crucially, also do so at low concentrations, due to the debilitated nature of the FabF
downregulated strain.

Lewis (2013) also raises the interesting issue of the search for broad-spectrum an-
tibiotics. Many screens were designed to identify compounds that would inhibit both
Gram positive and Gram-negative organisms and thus those that only inhibited Gram
positives were discarded. A broad-spectrum antibiotic is beneficial if the identity of
the pathogen is unknown but also have significant side effects by inhibiting the natu-
ral gut flora of the patient. The discovery of more specific antibiotics, directed at par-
ticular pathogens, might be an easier task than finding agents that are active against
a broad range of pathogens. However, such products would only be appropriate in
the clinic if the identity of the pathogen were known. Thus, it would require a change
of practice in the diagnostic laboratory—the replacement of cultural techniques with
much more rapid molecular methods.

Richard Baltz has been active and influential in industrial microbiology for
over 40 years and in his authoritative review (2016) he predicted that we are en-
tering a “New Golden Age” for natural product discovery and development. He
based this prediction on three major advances, coupled with the developments in
bioinformatics and mass spectrometry: the discovery, due to inexpensive gene se-
quencing, of an “unprecedented” number of secondary metabolism gene clusters;
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the revelation by metagenomics of the extent of microbial diversity yet to be ex-
ploited; and the increased understanding of the biosynthesis of polyketides and
nonribosomal proteins.

IMPROVEMENT OF INDUSTRIAL MICROORGANISMS

Natural isolates usually produce commercially important products in very low concen-
trations and therefore every attempt is made to increase the productivity of the chosen
organism. Increased yields may be achieved by optimizing the culture medium and
growth conditions, but this approach will be limited by the organism’s maximum abil-
ity to synthesize the product. The potential productivity of the organism is controlled
by its genome and, therefore, the genome must be modified to increase the potential
yield. The cultural requirements of the modified organism would then be examined to
provide conditions that would fully exploit the increased potential of the culture, while
further attempts are made to beneficially change the genome of the already improved
strain. Thus, the process of strain improvement involves the continual genetic modifi-
cation of the culture, followed by reappraisals of its cultural requirements.

Genetic modification may be achieved by selecting natural variants, by select-
ing induced mutants and by selecting recombinants. There is a small probability of
a genetic change occurring each time a cell divides and when it is considered that a
microbial culture will undergo a vast number of such divisions, it is not surprising
that the culture will become more heterogeneous. The heterogeneity of some cultures
can present serious problems of yield degeneration because the variants are usually
inferior producers compared with the original culture. However, variants have been
isolated which are superior producers and this has been observed frequently in the
early stages in the development of a natural product from a newly isolated organism.
An explanation of this phenomenon for mycelial organisms may be that most new
isolates are probably heterokaryons (contain more than one type of nucleus) and the
selection of the progeny of uninucleate spores results in the production of homokary-
ons (contain only one type of nucleus) that may be superior producers. However, the
phenomenon is also observed with unicellular isolates that are certainly not hetero-
karyons. Therefore, it is worthwhile to periodically plate out the producing culture
and screen a proportion of the progeny for productivity; this practice has the added
advantage that the operator tends to become familiar with morphological character-
istics associated with high productivity and, by selecting “typical” colonies, a strain
subject to yield degeneration may still be used with consistent results.

Therefore, selection of natural variants may result in increased yields but it is
not possible to rely on such improvements, and thus techniques have been em-
ployed to increase the chances of improving the culture. The first approach used in
strain improvement was the induction and isolation of mutants, an approach that
was enormously successful (Baltz, 2016) and was combined with the exploitation of
recombination systems such as protoplast fusion. The development of recombinant
DNA technology increased the armory of the industrial microbiologist such that



Improvement of industrial microorganisms 929

more directed approaches to strain improvement could be applied and also opened
the door to the production of heterologous products. Genome sequencing and the
development of computer systems to store and access data gave rise to the “postge-
nomic” era. The influence of these powerful tools led to the development of “new”
subject areas—"systems biology” and its application to biotechnology, “synthetic
biology”; effectively new terms for the discipline of microbial physiology enhanced
by the availability of very powerful tools. At this point it is important to appreciate
that the chronological development of techniques and knowledge did not entirely
replace previous approaches, but built upon them. The industrial strains developed
by mutation and selection were the starting point for the application of both recom-
binant DNA technology and genomics to strain improvement and these strains are
the basis of many of those used in current processes.

These tools for strain improvement have been used for the development of both
primary and secondary metabolite fermentations. However, there are some funda-
mental differences in the ways in which the tools have been applied, which is due to
both the nature of the products and the knowledge of the pathways concerned. Thus,
the improvement of primary product biosynthesis will be considered separately from
that of secondary metabolite biosynthesis.

IMPROVEMENT OF STRAINS PRODUCING PRIMARY
BIOSYNTHETIC PRODUCTS

Primary biosynthetic pathways convert the intermediates of carbon catabolic path-
ways to end products required for the production of biomass. These pathways are
regulated such that the supply of end products is commensurate with the needs of
the organism and are generally reductive in nature resulting in the consumption of
NADPH. The improvement in the yield of these products has been achieved pre-
dominantly by targeting three sites:

e The control of the terminal pathway
* The supply of precursors from central metabolism
* The supply of NADPH by the recycling of NADP.

The targeting of these three sites corresponds approximately to the chronological
development of the strain improvement process. The first approach was the induc-
tion and selection of mutants, which focused primarily on the removal of the control
of the terminal pathway. The supply of precursors was addressed by recombinant
DNA technology and the upregulation of NADP recycling was achieved using a
systems biology approach. This is a simplification of the developments over more
than 50 years because there was considerable overlap between the application of the
evolving technologies to the three target sites and other targets were also relevant to
strain improvement. The evolution of the strain improvement process as applied to
primary metabolism will now be reviewed by considering the selection of mutants,
the application of recombination (natural systems, protoplast fusion, and recombi-
nant DNA technology) and finally the developments in the postgenomic era.
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FIGURE 3.5 The Spread in Productivity of Chortetracycline of Natural Variants
of Streptomyces viridifaciens (Dulaney & Dulaney, 1967)

Selection of induced mutants synthesizing improved levels
of primary metabolites
An example from secondary metabolism helps to place in context the challenge of
the isolation of hyper-producing mutants. Dulaney and Dulaney (1967) compared the
spread in productivity of chlortetracycline of natural variants of Streptomyces viridi-
faciens with the spread in productivity of the survivors of an ultraviolet treatment. The
results of their comparison are shown in Figs. 3.5 and 3.6, from which it may be seen
that although there are more inferior producers among the survivors of the ultravio-
let treatment there are also strains producing more than twice the parental level, far
greater than the best of the natural variants. The use of ultraviolet light is only one of
a large number of physical or chemical agents that increase the mutation-rate—such
agents are termed mutagens. The reader is referred to Baltz (1986) and Birge (1988)
for accounts of the modes of action of mutagens. The vast majority of induced mu-
tations are deleterious to the yield of the desired product but, as shown in Fig. 3.6,
a minority is more productive than the parent. The problem of obtaining the high-
yielding mutants has been addressed by designing cultural techniques that enable the
separation of the few desirable types from the large number of mediocre producers.
The separation of desirable mutants from the other survivors of a mutation treat-
ment is similar to the isolation of desirable organisms from nature. Where possible,
the mutant isolation procedure should use the improved characteristic of the desired
mutant as a selective factor. Presumably, superior productivity is a result of a di-
version of precursors into the product and/or a modification of the control mecha-
nisms limiting the level of production. Thus, knowledge of the biosynthetic route
and the mechanisms of control of the biosynthesis of the product should enable the
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FIGURE 3.6 The Spread in Chlortetracycline Productivity of the Survivors of a UV-Treated
Population of Streptomyces viridifaciens (Dulaney & Dulaney, 1967)

prediction of a “blueprint” of the desirable mutant. Such a “blueprint” might then en-
able the design of isolation techniques that would give the desired mutants a selective
advantage over the other types present. Knowledge of biosynthetic routes and control
mechanisms are more detailed for primary metabolites and, therefore, the use of se-
lective pressure in mutant isolation is common in the fields of amino acid, nucleotide,
and vitamin production. Before considering the methods used for the selection of
mutants producing improved levels of primary metabolites, it is necessary to study
the mechanisms of control of their biosynthesis such that the “blueprints,” referred
to earlier, may be drawn accurately. The levels of primary metabolites in bacteria
are regulated by feedback control systems such that, when the product is present
in sufficient quantity its biosynthesis is switched off. The major systems involved
are feedback inhibition, feedback repression, and attenuation. Feedback inhibition
is the situation where the end product of a biochemical pathway inhibits the activ-
ity of an enzyme catalyzing one of the reactions (normally the first reaction) of the
pathway. Inhibition acts by the end product binding to the enzyme at an allosteric
site that results in interference with the attachment of the enzyme to its substrate.
Feedback repression acts at the gene level and is the situation where the end product
of a biochemical pathway acts as a corepressor. The aporepressor is coded by the
regulator gene but is only active when combined with the corepressor (the pathway
end product). The active complex of co- and aporepressor will bind to the operator
site and prevents the transcription of messenger RNA by RNA polymerase, thus re-
pressing the synthesis of an enzyme (or enzymes) catalyzing a reaction (or reactions)
of the pathway. Attenuation occurs in the control of the biosynthesis of some amino
acids and also acts on transcription, but the controlling factor is not the end product
(amino acid) but the charged tRNA molecule (the amino acid chemically bonded to
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its transfer RNA) that delivers the amino acid to the ribosome in the synthesis of a
protein. The ratio of charged/uncharged tRNA acts as a means to measure the level
of the amino acid. Although transcription will be initiated regardless of the charged/
uncharged tRNA levels, it will be terminated if there are a significant number of
tRNA molecules in the charged state (ie, there is sufficient amino acid present).
Termination occurs between the operator and the first structural gene. Attenuation
controls the synthesis of threonine, isoleucine, valine, leucine, phenylalanine, and
histidine, while tryptophan is controlled by both attenuation and repression. Attenua-
tion acts first, responding to an increasing level of tryptophan, followed by repression
as the amino acid becomes in excess (Yanofsky, Kelley, & Horn, 1984).

Feedback inhibition and repression/attenuation frequently act in concert in the
control of biosynthetic pathways, where inhibition may be visualized as a rapid con-
trol that switches off the biosynthesis of an end product and repression/attenuation as
a mechanism to then switch off the synthesis of temporarily redundant enzymes. The
control of pathways giving rise to only one product (ie, unbranched pathways) is nor-
mally achieved by the first enzyme in the sequence being susceptible to inhibition by
the end product and the synthesis of all the enzymes being susceptible to repression/
attenuation by the end product, as shown in Fig. 3.7.

The control of biosynthetic pathways giving rise to a number of end products
(branched pathways) is more complex than the control of simple, unbranched se-
quences. The end products of the same, branched biosynthetic pathway are rarely
required by the microorganism to the same extent, so that if an end product ex-
erts control over a part of the pathway common to two, or more, end products then
the organism may suffer deprivation of the products not participating in the control.
Thus, mechanisms have evolved which enable the level of end products of branched
pathways to be controlled without depriving the cell of essential intermediates. The
following descriptions of these mechanisms are based on the effect of the control,
which may be arrived at by inhibition, repression, or a combination of both systems.

Concerted or multivalent feedback control. This control system involves the
control of the pathway by more than one end product—the first enzyme of the
pathway is inhibited or repressed only when all end products are in excess, as
shown in Fig. 3.8.

. Feedback inhibition

~T 1" Feedback repression - = — Feedback contral
FIGURE 3.7 The Control of a Biosynthetic FIGURE 3.8 The Control of a Biosynthetic
Pathway Converting precursor A to End Pathway by the Concerted Effects of Products

Product E Via the Intermediates B, C, and D D and F on the First Enzyme of the Pathway
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FIGURE 3.9 The Control of a Biosynthetic Pathway by the Cooperative Control by End
Products D and F

Cooperative feedback control. The system is similar to concerted control except
that weak control may be effected by each end product independently. Thus,

the presence of all end products in excess results in a synergistic repression

or inhibition. The system is illustrated in Fig. 3.9 and it may be seen that for
efficient control to occur when one product is in excess there should be a further
control operational immediately after the branch point to the excess product.
Thus, the reduced flow of intermediates will be diverted to the product that is
still required.

Cumulative feedback control. Each of the end products of the pathway inhibits
the first enzyme by a certain percentage independently of the other end
products. In Fig. 3.10 both D and F independently reduce the activity of the first
enzyme by 50%, resulting in total inhibition when both products are in excess.
As in the case of cooperative control, each end product must exert control
immediately after the branch point so that the common intermediate, B, is
diverted away from the pathway of the product in excess.

Sequential feedback control. Each end product of the pathway controls the
enzyme immediately after the branch point to the product. The intermediates
that then build up as a result, control earlier enzymes in the pathway.
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FIGURE 3.10 The Control of a Biosynthetic Pathway by the Cumulative Control of Products
D and F
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FIGURE 3.11 The Control of a Biosynthetic (Catalyzing the Conversion of A to B) by End
Pathway by Sequential Feedback Control Products D and F

Thus, in Fig. 3.11, D inhibits the conversion of B to C, and F inhibits the
conversion of B to E. The inhibitory action of D, F, or both, would result in an
accumulation of B, which, in turn, would inhibit the conversion of A to B. This
control is common in the genus Bacillus.

Isoenzyme control. Isoenzymes are enzymes that catalyze the same reaction

but differ in their control characteristics. Thus, if a critical control reaction

of a pathway is catalyzed by more than one isoenzyme, then the different

isoenzymes may be controlled by the different end products. Such a control

system should be very efficient, provided that control exists immediately after
the branch point so that the reduced flow of intermediates is diverted away from
the product in excess. An example of the system is shown in Fig. 3.12 and is
commonly found in members of the Enterobacteriaceae.

Thus, the levels of microbial metabolites may be controlled by a variety of

mechanisms, such that end products are synthesized in amounts not greater than

those required for growth. However, the ideal industrial microorganism should
produce amounts far greater than those required for growth and, as suggested
earlier, an understanding of the control of production of a metabolite may enable
the construction of a “blueprint” of the most useful industrial mutant, that is,
one where the production of the metabolite is not restricted by the organism’s
control system. Such postulated mutants may be modified in three ways:

1. The organism may be modified such that the end products that control the
key enzymes of the pathway are lost from the cell due to some abnormality
in the permeability of the cell membrane.

2. The organism may be modified such that it does not produce the end
products that control the key enzymes of the pathway.

3. The organism may be modified such that it does not recognize the presence
of inhibiting or repressing levels of the normal control metabolites.

Isolation of Corynebacterium glutamicum and the role of permeability

in the glutamate fermentation

The birth of the amino acid fermentation industry occurred in 1957 with the isolation
of the glutamic acid producing bacterium, Corynebacterium glutamicum (Kinoshita,
Udaka, and Shimono, 1957a). Dashi is one of the fundamental ingredients of washoku
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(Japanese cuisine) and is a stock made from konbu, an edible seaweed (Laminaria
saccharina), and bonito flakes (dried fish). The distinct flavor of dashi is due to a
combination of glutamate extracted from the Laminaria and inosine monophosphate,
a nucleotide extracted from the bonito. Tkeda (1909) identified the sodium salt of
glutamic acid as one of the flavor ingredients and it was produced commercially
by the acid hydrolysis of wheat gluten, a process that established the Ajinomoto
Company. The increasing demand for glutamate resulted in a race for a chemical
or fermentation method to produce monosodium glutamate and this was won by
Kyowa Hakko Kagyo Ltd and reported by Kinoshita et al. (1957a). Kinoshita’s group
isolated a biotin-requiring, glutamate-producing organism, subsequently named C.
glutamicum. Thus, C. glutamicum is a natural biotin auxotroph and provided that
the level of biotin in the production medium was below 5 pg dm™ then the organ-
ism would excrete glutamate, but at concentrations of biotin optimum for growth it
produced lactate (Kinoshita & Nakayama, 1978).

Biotin is a cofactor of acetyl-CoA carboxylase, a key enzyme in the synthesis of
fatty acids. Thus, the effect of biotin limitation was attributed to a partial disruption
of the cell membrane’s permeability resulting in the passive excretion of glutamate
from the cell—the “leak model.” Glutamate controls its own biosynthesis by the
feedback repression of phosphoenolpyruvate carboxylase and citrate synthase and
both repression and inhibition of NADP-glutamate dehydrogenase with glutamate
being maintained at a level of 25-36 ug mg ™' dry weight of cells in the presence
of excess biotin. However, under biotin limitation loss of glutamate from the cell
prevents its accumulation to inhibiting and repressing levels, resulting in glutamate
accumulation in the medium up to a level of 50 g dm ™ (Demain & Birnbaum, 1968).
Further evidence of the permeability hypothesis is provided by the observations
of Somerson and Phillips (1961) that penicillin would induce glutamate excretion
under excess biotin, as would the surfactant polyoxyethylene sorbitan monooleate
(Tween 80) (Udagawa, Abe, & Kinoshita, 1962). The effect of penicillin on growing
cells is to weaken the cell wall and thus impart a physical stress on the cell membrane
and Tween 80 would also cause a physical abuse of the cell envelope, thus explaining
the effect of both conditions on glutamate production in terms of membrane function.
Glycerol auxotrophs of corynebacteria have also been shown to over produce gluta-
mate under glycerol limitation. Despite this portfolio of evidence the “leak model”
was challenged by the discovery that glutamate excretion occurs via a special efflux
carrier system (Hoischen & Kraemer, 1989; Gutmann, Hoischen, & Kramer, 1992)
and would not “leak” from the cells in a passive manner. Furthermore, it is difficult to
explain the high glutamate production of 60—-80 g dm° by this model simply in terms
of the balance of intra- and extracellular glutamate (Shimizu & Hirasawa, 2007).
However, the evidence all falls into place in the light of an elegant piece of work
by Nakamura, Hirano, Ito, and Wachi (2007) who demonstrated that the glutamate
efflux system is a mechanosensitive channel. Such channels are membrane proteins
that can respond to mechanical stress and have been implicated in bacteria as safety
valves to prevent lysis. This finding is entirely compatible with the effects of bio-
tin limitation, penicillin, Tween, and glycerol on glutamate production all of which
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cause changes in membrane tension. As a result, the channel responds to the me-
chanical stress, opens due to a conformational change in the protein and releases
glutamate from the cell.

o-Ketoglutarate is the branch point between the TCA cycle and glutamate bio-
synthesis (Fig. 3.13). The enzyme o-ketoglutarate dehydrogenase (0KGDH) con-
verts o-ketoglutarate to succinyl coenzyme A in the TCA cycle and it was originally
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FIGURE 3.13 Glycolysis and the TCA and Glyoxylate Cycles and Glutamate Biosynthesis in
Corynebacterium glutamicum

PEP, Phosphenol pyruvate; * inactive a-ketobutyrate dehydrogenase.
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thought that C. glutamicum was deficient in this enzyme and thus o-ketoglutarate
would be diverted to glutamate. However, Shiio and Ujigawa-Takeda (1980) demon-
strated the presence of 0« KDH in the glutamate producer and this raised the question
of the control of the enzyme and its role in glutamate synthesis. Niebisch, Kabus,
Schultz, Weil, and Bott (2006) identified a novel protein, Odhl, as a regulator of
oKDH. The influence of Odhl on oKDH depends on its phosphorylated state—the
unphosphorylated form binds to a subunit of € KDH and inhibits its activity whereas
the phosphorylated form will not bind. Phosphorylation is catalyzed by a protein
kinase G and dephosphorylation is catalyzed by a phospho-serine/threonine protein
phosphatase. Proteome analysis showed a significant increase in Odhl after penicil-
lin exposure, that is, a treatment that induces glutamate synthesis. In their review of
amino acid production, Ikeda and Takeno (2013) put forward an outline scenario for
glutamate over production:

* Biotin limitation, penicillin or Tween 80 exposure induces the synthesis of the
regulator Odhl in its unphosphorylated form.

* Unphosphorylated Odhl inhibits 0 KDH, diverting o-ketoglutarate to glutamic
acid.

* Biotin limitation etc. also causes an increase in membrane tension resulting
in the opening of the mechanosensitive channel, which allows the export of
glutamate, thus avoiding it reaching inhibiting or repressing intracellular levels.

The mechanisms linking the environmental conditions with Odhl synthesis and
the control of its phosphorylation/dephosphorylation have still to be established at
the time of writing.

It is important to appreciate that C. glutamicum is a natural biotin auxotroph that
was isolated from the natural environment and was not an artificially induced and
selected mutant. However, C. glutamicum is an exceptionally important fermenta-
tion organism that is used not only for the commercial production of glutamic acid
but also for the production of many other primary metabolites. The significance of
C. glutamicum is exemplified by its use to produce in excess of 2 million metric
tons of monosodium glutamate and almost 1 million metric tons of lysine per year
(Sanchez & Demain, 2008).

Isolation of mutants that do not produce feedback inhibitors or repressors
Mutants that do not produce certain feedback inhibitors or repressors have proved
useful for the production of intermediates of unbranched pathways; and interme-
diates and end products of branched pathways. Demain (1972) presented several
“blue-prints” of hypothetical mutants producing intermediates and end products of
biosynthetic pathways and these are illustrated in Fig. 3.14. The mutants illustrated
in Fig. 3.14 do not produce some of the inhibitors or repressors of the pathways
considered and, thus, the control of the pathway is lifted, but, because the control
factors are also essential for growth, they must be incorporated into the medium at
concentrations that will allow growth to proceed but will not evoke the normal con-
trol reactions.
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FIGURE 3.14 Overproduction of Primary Metaholites by Decreasing the Concentration of a
Repressing or Inhibiting End Product (Demain, 1972)

In the case of Fig. 3.14(1) the unbranched pathway is normally controlled by
feedback inhibition or repression of the first enzyme of the pathway by the end prod-
uct, E. However, the organism represented in Fig. 3.14(1) is auxotrophic for E due to
the inability to convert C to D so that control of the pathway is lifted and C will be
accumulated provided that E is included in the medium at a level sufficient to main-
tain growth but insufficient to cause inhibition or repression.

Fig. 3.14(2) is a branched pathway controlled by the concerted inhibition of the
first enzyme in the pathway by the combined effects of E and G. The mutant il-
lustrated is auxotrophic for E due to an inability to convert C to D, resulting in the
removal of the concerted control of the first enzyme. Provided that E is included
in the medium at a level sufficient to allow growth but insufficient to cause inhibition
then C will be accumulated due to the control of the end product G on the conversion
of C to F. The example shown in Fig. 3.14(3) is similar to that in Fig. 3.14(2) except
that it is a double auxotroph and requires the feeding of both E and G. Fig. 3.14(4) is,
again, the same pathway and illustrates another double mutant with the deletion for
the production of G occurring between F and G, resulting in the accumulation of F.
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Fig. 3.14(5) illustrates the accumulation of an end product of a branched path-
way that is normally controlled by the feedback inhibition of the first enzyme in the
pathway by the concerted effects of E and I. The mutant illustrated is auxotrophic for
I and G due to an inability to convert C to F and, thus, provided G and I are supplied
in quantities which will satisfy growth requirements without causing inhibition, the
end product, E, will be accumulated.

All the hypothetical examples discussed earlier are auxotrophic mutants and, un-
der certain circumstances, may accumulate relatively high concentrations of inter-
mediates or end products. Therefore, the isolation of auxotrophic mutants may result
in the isolation of high-producing strains, provided that the mutation for auxotrophy
occurs at the correct site, for example, between C and D in Figs. 3.14(1) and (2). The
recovery of auxotrophs is a simpler process than is the recovery of high producers,
as such, so that the best approach is to design a procedure to select relevant auxotrophs
from the survivors of a mutation and subsequently screen the selected auxotrophs
for productivity. Productive strains among the auxotrophs may be detected by over-
layering colonies of the mutants with agar suspensions of bacteria auxotrophic for
the required product. The high-producing mutants may be identified by the growth of
the overlay around the producer. The most commonly used methods for the recovery
of auxotrophic mutants are the use of some form of enrichment culture or the use of
a technique to visually identify the mutants.

The enrichment processes employed are based on the provision of conditions
that adversely affect the prototrophic cells but do not damage the auxotrophs. Such
conditions may be achieved by exposing the population, in minimal medium, to an
antimicrobial agent that only affects dividing cells and should result in the death
of the growing prototrophs but the survival of the nongrowing auxotrophs. Several
techniques have been developed using different antimicrobials suitable for use with
a range of microorganisms.

Davis (1949) developed an enrichment technique utilizing penicillin as the inhibi-
tory agent. The survivors of a mutation treatment were first cultured in liquid complete
medium, harvested by centrifugation, washed, and resuspended in minimal medium
plus penicillin. Only the growing prototrophic cells were susceptible to the penicillin
and the nongrowing auxotrophs survived. The cells were harvested by centrifugation,
washed (to remove the penicillin and products released from lysed cells) and resus-
pended in complete medium to allow the growth of the auxotrophs, which could then be
purified on solidified medium. The nature of the auxotrophs isolated may be determined
by the design of the so-called complete medium; if only one addition is made to the
minimal medium then mutants auxotrophic for the additive should be isolated. Weiner,
Voll, and Cook (1974) developed a very similar method utilizing nalidixic acid as the
selective agent and showed it to be a useful alternative for bacteria resistant to penicillin.

Abe (1972) described the use of Davis’ technique to isolate auxotrophic mutants
of the glutamic acid producing organism C. glutamicum. The procedure is outlined
in Fig. 3.15.

Advantage has also been taken of the fact that the ungerminated spores of some
organisms are more resistant to certain compounds than are the germinated spores.
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FIGURE 3.15 The Use of the Penicillin Selection Method for the Isolation of Auxotrophic
Mutants of C. glutamicum (Abe, 1972)

Thus, by culturing mutated spores in minimal medium only the prototrophs will ger-
minate and subsequent treatment of the spore suspension with a suitable compound
would kill the germinated prototrophic spores but leave the ungerminated auxotrophic
spores unharmed. The auxotrophic spores may then be isolated by washing, to remove
the inhibitor, and cultured on supplemented medium. Ganju and Iyengar (1968) de-
veloped a technique of this type using sodium pentachlorophenate against the spores
of Penicillium chrysogenum, Streptomyces aureofaciens, S. olivaceus, and B. subtilis.

The mechanical separation of auxotrophic and prototrophic spores of fila-
mentous organisms has been achieved by the “filtration enrichment method”
(Catcheside, 1954). Liquid minimal medium is inoculated with mutated spores and
shaken for a few hours, during which time the prototrophs will germinate but the
auxotrophs will not. The suspension may then be filtered through a suitable medium,
such as sintered glass, which will tend to retain the germinated spores resulting in a
concentration of auxotrophic spores in the filtrate.

The visual identification of auxotrophs is based on the alternating exposure of
suspected colonies to supplemented and minimal media. Colonies that grow on
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supplemented media, but not on minimal, are auxotrophic. The alternating exposure
of colonies to supplemented and minimal medium has been achieved by replica plat-
ing (Lederberg & Lederberg, 1952). The technique consists of allowing the survivors
of a mutation treatment to develop colonies on petri dishes of supplemented medium
and then transferring a portion of each colony to minimal medium. The transfer pro-
cess may be “mechanized” by using some form of replicator. For bacteria the replica-
tor is a sterile velvet pad attached to a circular support and replication is achieved by
inverting the petri dish on to the pad, thus leaving an imprint of the colonies on the
pad which may be used to inoculate new plates by pressing the plates on to the pad. It
may be possible to replicate fungal and streptomycete cultures using a velvet pad, but,
if unsatisfactory results are obtained, a steel pin replicator may be more appropriate.

Visual identification of auxotrophs has also been achieved by the so-called
“sandwich technique.” The survivors of a mutation treatment are seeded in a layer of
minimal agar in a petri dish. The plate is incubated for 1 or 2 days and the colonies
developed are marked on the base of the plate, after which a layer of supplemented
agar is poured over the surface. The colonies that then appear after a further incuba-
tion period are auxotrophic, as they were unable to grow on the minimal medium.

Many auxotrophic mutants have been produced from C. glutamicum for the syn-
thesis of both amino acids and nucleotide related compounds. As discussed previ-
ously, C. glutamicum is a biotin-requiring organism that will produce glutamic acid
under biotin-limited conditions but it is important to remember that mutants of this
organism, employed for the production of other amino acids, must be supplied with
levels of biotin optimum for growth. Biotin-limited conditions will result in these
mutants producing glutamate and not the desired amino acid.

Auxotrophic mutants of C. glutamicum have been used for the production of
lysine. The control of the production of the aspartate family of amino acids in
C. glutamicum is shown in Fig. 3.16. Aspartokinase, the first enzyme in the pathway
(1inFig. 3.16), is controlled by the concerted feedback inhibition of lysine and threo-
nine. Homoserine dehydrogenase (2 in Fig. 3.16) is subject to feedback inhibition by
threonine and repression by methionine. The first enzyme in the route from aspartate
semialdehyde to lysine is not subject to feedback control. Thus, the control system
found in C. glutamicum is a relatively simple one. Nakayama, Kituda, and Kinoshita
(1961) selected a homoserine auxotroph of C. glutamicum, by the penicillin selection
and replica plating method, which produced lysine in a medium containing a low
level of homoserine, or threonine plus methionine. The mutant lacked homoserine
dehydrogenase that allowed aspartic semialdehyde to be converted solely to lysine
and the resulting lack of threonine removed the concerted feedback inhibition of
aspartokinase. Kinoshita and Nakayama (1978) quoted the homoserine auxotroph,
C. glutamicum 901, as producing 44 g dm™ lysine and Sanchez and Demain refer to
such mutants producing up to 70 g dm .

The control of the production of arginine in C. glutamicum is shown in Fig. 3.17.
The major control of the pathway is the feedback inhibition of the second enzyme
in the sequence, acetylglutamic acid phosphorylating enzyme, although the first en-
zyme may also be subject to regulation. Kinoshita, Nakayama, and Udaka (1957b)
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FIGURE 3.16 The Control of the Aspartate Family of Amino Acids in C. glutamicum

1, Aspartokinase; 2, homoserine dehydrogenase; 3, threonine deaminase.

isolated a citrulline requiring auxotroph of C. glutamicum that would accumu-
late ornithine at a molar yield of 36% from glucose, in the presence of limiting
arginine and excess biotin. The mutant lacked the enzyme converting ornithine to ci-
trulline that resulted in the cessation of arginine synthesis and, therefore, the removal
of the control of the pathway.

Inosine monophosphate (IMP) was identified as a flavor-enhancing agent, along
with glutamate, in dashi (Japanese stock), as discussed earlier. Whereas glutamate
originated from the Laminaria used to prepare the stock, IMP came from the other
ingredient in dashi, bonito flakes. The combination of glutamate and IMP results
in a synergistic flavor enhancement 30 times that of glutamate alone (Sanchez and
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Demain, 2008). IMP is produced commercially by the chemical phosphorylation of
inosine (Shibai, Enei, & Hirose, 1978) that is produced from auxotrophic strains of
B. subtilis. The control of the production of purine nucleotides is shown in Fig. 3.18.
The main sites of control shown in Fig. 3.18 are:

1. Phosphoribosyl pyrophosphate (PRPP) amidinotransferase (the first enzyme in
the sequence) is feedback inhibited by AMP but only very slightly by GMP.

2. The synthesis of PRPP amidinotransferase is repressed by the cooperative
action of AMP and GMP, as are the syntheses of the other enzymes in the
pathway to IMP all of which are coded by the pur operon in B. subtilis.

3. IMP dehydrogenase is feedback inhibited and repressed by GMP.

4. Adenylosuccinate synthase is repressed by AMP but is not significantly inhibited.

Mutants that are auxotrophic for AMP or doubly auxotrophic for AMP and GMP
have been isolated which will excrete inosine at levels of up to 15 g dm™ (Sanchez
and Demain, 2008). AMP auxotrophs, lacking adenylosuccinate synthase activity, re-
quire the feeding of small quantities of adenosine but will accumulate inosine due to
the removal of the inhibition and cooperative repression of PRPP amidinotransferase,
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FIGURE 3.18 Control of the Biosynthesis of the Purine Nucleotides in Bacillus subtilis

1, Reaction catalyzed by PRPP amidinotransferase; 2, reaction catalyzed by IMP
dehydrogenase; 3, reaction catalyzed by adenylosuccinate synthase; AMP, adenosine
monophosphate; /IMP, inosine monophosphate; XMP, xanthine monophosphate;
GMP, guanosine monophosphate.

as shown in Fig. 3.19. AMP and GMP double auxotrophs will produce inosine due to
the removal of the controls normally imposed by the two end products, as illustrated
in Fig. 3.20. Such double auxotrophs require the feeding of both adenosine and gua-
nosine, in small concentrations.

Isolation of mutants that do not recognize the presence of inhibitors
and repressors

The use of auxotrophic mutants has resulted in the production of many microbial
products in large concentrations, but, obviously, such mutants are not suitable for the
synthesis of products that control their own synthesis independently. A hypothetical
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FIGURE 3.21 The Control of the Production of an End Product P

example is shown in Fig. 3.21 where the end product P controls its own biosynthesis
by feedback inhibition of the first enzyme in the pathway. If it is required to produce
the intermediate F in large concentrations then this may be achieved by the isolation
of a mutant auxotrophic for P, blocked between F and P. However, if P is required to
be synthesized in large concentrations it is quite useless to produce an auxotrophic



116 CHAPTER 3 Industrially important microorganisms

mutant. The solution to this problem is to modify the organism such that the first en-
zyme in the pathway no longer recognizes the presence of inhibiting levels of P. The
isolation of mutants altered in the recognition of control factors has been achieved
principally by the use of two techniques:

1. The isolation of analog resistant mutants.
2. The isolation of revertants.

An analog is a compound that is very similar in structure to another compound.
Analogs of amino acids and nucleotides are frequently growth inhibitory, and their
inhibitory properties may be due to a number of possible mechanisms. For example,
the analog may be used in the biosynthesis of macromolecules resulting in the pro-
duction of defective cellular components. In some circumstances the analog is not
incorporated in place of the natural product but interferes with its biosynthesis by
mimicking its control properties. For example, consider the pathway illustrated in
Fig. 3.21 where the end product, P, feedback inhibits the first enzyme in the pathway.
If P* were an analog of P (which could not substitute for P in biosynthesis) and were
to inhibit the first enzyme in a similar way to P, then the biosynthesis of P may be
prevented by P* which could result in the inhibition of the growth of the organism.

Mutants may be isolated which are resistant to the inhibitory effects of the analog
and, if the site of toxicity of the analog is the mimicking of the control properties
of the natural product, such mutants may overproduce the compound to which the
analog is analogous. To return to the example of the biosynthesis of P where P* is
inhibitory due to its mimicking the control properties of P; a mutant may be isolated
which may be capable of growing in the presence of P* due to the fact that the first
enzyme in the pathway is no longer susceptible to inhibition by the analog. The
modified enzyme of the resistant mutant may not only be resistant to inhibition by the
analog but may also be resistant to the control effects of the natural end product, P,
resulting in the uninhibited production of P. If the control system were the repression
of enzyme synthesis, then the resistant mutant may be modified such that the enzyme
synthesis machinery does not recognize the presence of the analog. However, the site
of resistance of the mutant may not be due to a modification of the control system;
for example, the mutant may be capable of degrading the analog, in which case the
mutant would not be expected to overproduce the end product. Thus, analog resis-
tant mutants may be expected to overproduce the end product to which the analog is
analogous provided that:

1. The toxicity of the analog is due to its mimicking the control properties of the
natural product.

2. The site of resistance of the resistant mutant is the site of control by the end
product.

Resistant mutants may be isolated by exposing the survivors of a mutation treat-
ment to a suitable concentration of the analog in growth medium and purifying any
colonies that develop. Sermonti (1969) described a method to determine the suitable
concentration. The organism was exposed to a range of concentrations of the toxic
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analog by inoculating each of a number of agar plates containing increasing levels
of the analog with 10°~10” cells. The plates were incubated for several days and ex-
amined to determine the lowest concentration of analog which allowed only a very
few isolated colonies to grow, or completely inhibited growth. The survivors of a
mutation treatment may then be challenged with the predetermined concentration of
the analog on solid medium. Colonies that develop in the presence of the analog may
be resistant mutants.

Szybalski (1952) constructed a method of exposing the survivors of a mutation
to a range of analog concentrations on a single plate. Known as the gradient plate
technique, it consists of pouring 20 cm’ of molten agar medium, containing the ana-
log, into a slightly slanted petri dish and allowing the agar to set at an angle. After
the agar has set, a layer of medium not containing the analog is added and allowed
to set with the plate level. The analog will diffuse into the upper layer giving a con-
centration gradient across the plate and the survivors of a mutation treatment may
be spread over the surface of the plate and incubated. Resistant mutants should be
detected as isolated colonies appearing beyond a zone of confluent growth, as indi-
cated in Fig. 3.22. Whichever method is used for the isolation of analog-resistant
mutants, great care should be taken to ensure that the isolates are genuinely resistant
to the analog by streaking them, together with analog-sensitive controls, on both
analog-supplemented and analog-free media. The resistant isolates should then be
screened for the production of the desired compound by over layering them with a
bacterial strain requiring the compound; producers may then be recognized by a halo
of growth of the indicator strain.

| ] Unsupplemented
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\(ﬂ.—-— Medium supplemented
with analog

Decreasing analog concentration in the upper layer

Side view of an agar plate Frepared for
the isolation of analog-resistant mutants

Zone of 'no growth*
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FIGURE 3.22 The Gradient Plate Technique for the Isolation of Analog-Resistant Mutants
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Sano and Shiio (1970) investigated the use of lysine analog-resistant mutants of
Brevibacterium flavum for the production of lysine. The control of the biosynthesis
of the aspartate family of amino acids in B. flavum is as illustrated for C. glutamicum
in Fig. 3.16. The main control of lysine synthesis is the concerted feedback inhibi-
tion of aspartokinase by lysine and threonine. Sano and Shiio demonstrated that S-
(2 aminoethyl) cysteine (AEC) completely inhibited the growth of B. flavum in the
presence of threonine, but only partially in its absence. Also, the inhibition by AEC
and threonine could be reversed by the addition of lysine. This evidence suggested
that the inhibitory effect of AEC was due to its mimicking lysine in the concerted
inhibition of aspartokinase. AEC-threonine-resistant mutants were isolated by plat-
ing the survivors of a mutation treatment on minimal agar containing 1 mg cm™ of
both AEC and threonine. A relatively large number of the resistant isolates accumu-
lated lysine, the best producers synthesizing more than 30 g dm™. Investigation of
the lysine producers indicated that their aspartokinases had been desensitized to the
concerted inhibition by lysine and threonine.

The development of an arginine-producing strain of B. flavum by Kubota,
Onda, Kamijo, Yoshinaga, and Oka-mura (1973) provides an excellent example
of the selection of a series of mutants resistant to increasing levels of an analog.
The control of the biosynthesis of arginine in B. flavum is similar to that shown for
C. glutamicum in Fig. 3.17. Kubota et al. selected mutants resistant to the arginine an-
alog, 2-thiazolealanine, and the genealogy of the mutants is shown in Fig. 3.23. Strain
number 352 produced 25.3 g dm™ arginine. Presumably, the mutants were altered
in the susceptibility of the second enzyme in the pathway to inhibition by arginine.

The second technique used for the isolation of mutants altered in the recognition
of control factors is the isolation of revertant mutants. Auxotrophic mutants may
revert to the phenotype of the mutant “parent.” Consider the hypothetical pathway
illustrated in Fig. 3.21 where P controls its own production by feedback inhibiting
the first enzyme (a) of the pathway. A mutant does not produce the enzyme, a, and
is, therefore, auxotrophic for P. However, a revertant of the mutant produces large

B. flavum ATCC 14067

X-ray irradiation

No. 33038 (guanine™)

NG treatment, selection with TA at 5 mg dm=2
No. 112 (guanine, TA resistant)

NG treatment, selection with TA at 10 mg dm—2

No. 179 (guanine—, TA resistant) L-arginine producer at 14.3 g dm—3

Diethyl sulphate treatment
No. 352 (guanine, TA resistant) L-arginine producer at 25.3 g dm—3
FIGURE 3.23 The Genealogy of L-Arginine-Producing Mutants of B. flavum
TA, Thiazolealanine; NG, N-methyl-N"-nitro- N-nitroso-guanidine (Kubota et al., 1973).
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concentrations of P. The explanation of the behavior of the revertant is that, with
two mutations having occurred at loci concerned with the production of enzyme a,
the enzyme of the revertant is different from the enzyme of the original prototrophic
strain and is not susceptible to the control by P. Revertants may occur spontane-
ously or mutagenic agents may be used to increase the frequency of occurrence, but
the recognition of the revertants would be achieved by plating millions of cells on
medium which would allow the growth of only the revertants, that is, in the earlier
example, on medium lacking P.

Shiio and Sano, 1969 investigated the use of prototrophic revertants of B. flavum
for the production of lysine. These workers isolated prototrophic revertants from a
homoserine dehydrogenase-defective mutant. The revertants were obtained as small-
colony forming strains and produced up to 23 g dm™ lysine. The overproduction of
lysine was shown to be due to the very low level of homoserine dehydrogenase in the
revertants that presumably, resulted in the synthesis of threonine and methionine in
quantities sufficient for some growth, but insufficient to cause inhibition or repression.

Mutant isolation programs for the improvement of strains producing primary
metabolites did not rely on the use of only one selection technique. Most projects
employed a number of methods including the selection of natural variants and the
selection of induced mutants by a variety of means. The selection of bacteria over-
producing threonine provides a good example of the use of a variety of selection
techniques. Attempts to isolate auxotrophic mutants of C. glutamicum producing
threonine were unsuccessful despite the fact that productive auxotrophic strains of
Escherichia coli had been isolated. Huang (1961) demonstrated threonine produc-
tion at a level of 2-4 g dm™ by a diaminopimelate and methionine double auxotroph
of E. coli. Kase, Tanaka, and Nakayama (1971) isolated a triple auxotrophic mutant
of E. coli that required diaminopimelate, methionine, and isoleucine and produced
between 15 and 20 g dm™ threonine. The control of the production of the aspartate
family of amino acids in E. coli is shown in Fig. 3.24 and that in C. glutamicum in
Fig. 3.16. The mechanism of control in E. coli involves a system of isoenzymes, three
isoenzymic forms of aspartokinase and two of homoserine dehydrogenase, under the
influence of different end products. However, in C. glutamicum control is effected by
the concerted inhibition of a single aspartokinase by threonine and lysine; by the in-
hibition of homoserine dehydrogenase by threonine and the repression of homoserine
dehydrogenase by methionine. Thus, the control of homoserine dehydrogenase may
not be removed by auxotrophy without the loss of threonine production. However, in
E. coli methionine auxotrophy would remove control of the methionine-sensitive ho-
moserine dehydrogenase and aspartokinase that would still allow threonine produc-
tion, despite the control of the threonine-sensitive isoenzymes by threonine. E. coli
mutants also lacking lysine and isoleucine would be relieved of the control of the
lysine-sensitive aspartokinase and the degradation of threonine to isoleucine.

The production of threonine by C. glutamicum was achieved by the use of com-
bined auxotrophic and analog resistant mutants. A good example of the approach
is given by Kase and Nakayama (1972) who obtained stepwise improvements in
productivity by the imposition of resistance to o-amino-f-hydroxyvaleric acid
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C. glutamicum KY 9002 (wild type)

K 9159 (met)

KY 10290 (met-, AHV resistant)
Produced 0.6 g dm3 threonine

l

KY 10484 (met™, AHV resistant)
Produced 2.3 g dm=3 threonine

KY 10440 (met”, AHV resistant,

AEC resistant)
Produced 8.5 g dm~3 threonine

KY 10184 (met™, AHV resistant)
Produced 1.5 g dm-3 threonine

KY 10230 (met™, AHV resistant)
Produced 3.7 g dm-3 threonine

KY 10251 (met~, AHV resistant,

AEC resistant)
Produced 9.0 g dm~2 threonine

121

and 5.5 g dm—2 lysine
FIGURE 3.25 The Genealogy of Mutants of C. glutamicum Producing L-Threonine
or L.-Threonine Plus L-Lysine

AHV, a-Amino-B-hydroxy valeric acid; AEC, S-(B-aminoethy)-L-cysteine (Kase &
Nakayama, 1972).

(a threonine analog) and S-(B-aminoethyl)-L-cysteine (a lysine analog) on a me-
thionine auxotroph of C. glutamicum. The genealogy of the mutants is shown in
Fig. 3.25. The analog-resistant strains were altered in the susceptibility of aspartoki-
nase and homoserine dehydrogenase to control, and the lack of methionine removed
the repression control of homoserine dehydrogenase. The use of transduction and
recombinant DNA technology has resulted in the construction of far more effective
threonine producers and these strains are considered in later sections of this chapter.

The use of recombination systems for the improvement of primary
metabolite production

Transduction, transformation, and protoplast fusion

Hopwood (1979) defined recombination, in its broadest sense, as “any process
which helps to generate new combinations of genes that were originally present in
different individuals.” The early use of recombination in strain improvement was
extremely limited and took little advantage of natural systems (the parasexual pro-
cesses of conjugation, transformation, and transduction in bacteria and sexual and
parasexual processes in fungi). This was mainly due, according to Adrio and De-
main (2010) to the very poor recombination frequencies in industrial microorgan-
isms. However, there are a number of early examples of the use of transduction and
transformation to improve amino acid producers. Komatsubara, Kisumi, and Chi-
bata (1979, 1983) investigated the over production of threonine by Serratia marc-
escens, which is very similar to E. coli K-12 in its control of the aspartate family of
amino acids (Fig. 3.24). Thus, as discussed in the previous section, the control of
this pathway involves three aspartokinase and two homoserine dehydrogenase iso-
enzymes susceptible to control by the different end products as shown in Fig. 3.24.
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These workers isolated three different analog resistant mutants; (1) showing feedback
inhibition-resistance of threonine-sensitive aspartokinase and homoserine dehydro-
genase; (2) showing constitutive synthesis of all threonine synthesizing enzymes
and lack of threonine degradation; (3) showing both feedback inhibition and repres-
sion resistance of lysine-sensitive aspartokinase. Using two transductional crosses,
these characteristics were combined in the one strain that then produced 25 g dm ™’
threonine. A further analog-resistant mutant was isolated that was constitutive for
methionine-sensitive aspartokinase and homoserine dehydrogenase and this muta-
tion was also incorporated into the production strain by another transduction cross.
Thus, all the aspartokinase and homoserine dehydrogenase enzymes in the produc-
tion strain were resistant to both feedback inhibition and repression control and as a
result produced 40 g dm’ threonine. A similar example of the early use of recombi-
nation is provided by Yoneda (1980) who used transformation to assemble five dif-
ferent mutations for superior oi-amylase production into one strain of B. subtilis. The
final strain showed an enhancement of 250-fold compared with the original.

It was the development of protoplast fusion techniques in the 1970s and 1980s that
transformed the landscape of strain improvement and enabled the properties of differ-
ent strains or families of mutants to be combined together (Adrio and Demain, 2010).
Up until this time strain improvement had concentrated on yield improvement—but
often at the expense of other characteristics, particularly the loss of vigor commonly
found in strains that have undergone several generations of mutation and selection.
Protoplasts are cells devoid of their cell walls and may be prepared by subjecting cells
to the action of wall degrading enzymes in isotonic solutions. Thus, lysozyme is used
for the production of bacterial protoplasts and chitinase for fungal. Protoplasts may
regenerate their cell walls and are then capable of growth as normal cells. Cell fusion,
followed by genetic recombination, may occur between protoplasts of strains that
would otherwise not fuse and the resulting fused protoplast may regenerate a cell wall
and grow as a normal cell (Fig. 3.26). Thus, protoplasts may be used to overcome
some recombination barriers. Protoplast fusion has been demonstrated in a large
number of industrially important organisms including Streptomyces spp. (Hopwood,
Wright, Bibb, & Cohen, 1977), Bacillus spp. (Fodor & Alfoldi, 1976), corynebacteria
(Karasawa, Tosaka, Ikeda, & Yoshii, 1986), filamentous fungi (Ferenczy, Kevei, &
Zsolt, 1974), and yeasts (Sipiczki & Ferenczy, 1977). Karasawa et al. (1986) used the
technique to improve the fermentation rates of B. flavum lysine producers developed
using repeated mutation and directed selection. Such strains were good lysine produc-
ers but showed low glucose consumption and growth rates, undesirable features that
had been inadvertently introduced during the mutation and selection program. A pro-
toplast fusion was performed between the lysine producer and a fast growing strain; a
fusant was isolated displaying the desirable characteristics of high lysine production
and high glucose consumption rate resulting in a much faster fermentation. The same
authors used protoplast fusion to produce a superior threonine producing Brevibacte-
rium lactofermentum strain. Lysine auxotrophy was introduced into a threonine and
lysine overproducer by fusing it with a lysine auxotroph—the recombinant produced
higher levels of threonine due to its lysine auxotrophy.
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Strain A Strain B
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Cell wall digestion l
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Protoplast fusion

l Cell wall regeneration

: Recombinant
FIGURE 3.26 Protoplast Fusion Between Two Strains, A and B

Recombinant DNA technology

The work of Komatsubara et al. (1979, 1983), using transduction to combine desir-
able mutations in one strain of S. marcescens, discussed earlier is an example of the
in vivo transfer of DNA between bacteria. The development of in vitro recombinant
DNA technology hugely enhanced the ability to transfer genetic material derived
from one species or strain to another. Transduction techniques make use of phage
particles which will pick up genetic information from the chromosome of one bacte-
rial species, infect another bacterial species and in so doing introduce the genetic
information from the first host. The information from the first host may then be
expressed in the second host. Whereas, transduction depends on vectors collecting
information from one cell and incorporating it into another, the in vitro techniques
involve the insertion of the information into the vector by in vitro manipulation fol-
lowed by the insertion of the carrier and its associated “extra” DNA into the recipient
cell. Because the DNA is incorporated into the vector by in vitro methods the source
of the DNA is not limited to that of the host organism of the vector. Thus, DNA from
human or animal cells may be introduced into the recipient cell. The basic require-
ments for the in vitro transfer and expression of foreign DNA in a host microorgan-
ism as follows:

1. A “vector” DNA molecule (plasmid or phage) capable of entering the host cell
and replicating within it. Ideally the vector should be small, easily prepared and
must contain at least one site where integration of foreign DNA will not destroy
an essential function.

2. A method of splicing foreign genetic information into the vector.
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3. A method of introducing the vector/foreign DNA recombinants into the host cell
and selecting for their presence. Commonly used simple characteristics include
drug resistance, immunity, plaque formation, or an inserted gene recognizable
by its ability to complement a known auxotroph.

4. A method of assaying for the “foreign” gene product of choice from the
population of recombinants created.

The initial work focused on E. coli but subsequently techniques have been devel-
oped for the insertion of foreign DNA into a range of bacteria, yeasts, filamentous
fungi, and animal cells. The range of vectors has been discussed by Whitehouse
(2015) and Harbron (2015) for bacteria, Curran and Bugeja (2015) for yeasts, Kieser,
Bibb, Butner, Chater, and Hopwood (2000) for streptomycetes, Zhang, Daubaras,
and Suen (2004) for filamentous fungi, Twyman and Whitelaw (2010) for mam-
malian cells, and Hitchman et al. (2010) for insect cells. The insertion of informa-
tion into the vector molecule is achieved by the action of restriction endonucleases
and DNA ligase. Site-specific endonucleases produce specific DNA fragments that
may be joined to another similarly treated DNA molecule using DNA ligase. The
modified vector is then normally introduced into the recipient cell by transforma-
tion. Because the transformation process is an inefficient one, selectable genes must
be incorporated into the vector DNA so that the transformed cells may be cultured
preferentially from the mixture of transformed and parental cells. This is normally
accomplished by the use of drug-resistant markers so that those cells containing the
vector will be capable of growth in the presence of a certain antimicrobial agent. The
process is shown diagrammatically in Fig. 3.27.

Recombinant DNA technology has been used widely for the improvement of native
microbial products. Frequently, this has involved “self-cloning” work where a chro-
mosomal gene is inserted into a plasmid and the plasmid incorporated into the original
strain and maintained at a high copy number. Thus, this is not an example of recombi-
nation because the engineered strain is altered only in the number of copies of the gene
and does not contain genes that were present originally in a different organism. How-
ever, the techniques employed in the construction of these strains are the same as those
used in the construction of chimeric strains, so it is logical to consider this aspect here.

The first application of gene amplification to industrial strains was for the im-
provement of enzyme production. Indeed, some regulatory mutants isolated by con-
ventional means owed their productivity to their containing multiple copies of the
relevant gene as well as the regulatory lesion. For example, the E. coli -galactosidase
constitutive mutants isolated by Horiuchi, Horiuchi, and Novick (1963) in chemostat
culture also contained up to four copies of the lacZ gene. According to Demain (1990),
during the 1960s and early 1970s, the number of gene copies was increased by using
plasmids or transducing phage in the same species. The production of B-galactosidase,
penicillinase, chloramphenicol transacetylase, and aspartate transcarbamylase were
all increased by transferring plasmids containing the structural gene into recipient
cultures, especially when the plasmid replicated faster than the host chromosome. The
advent of recombinant DNA technology increased the applicability of this approach
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Both plasmid vector and foreign DNA are cut by the restriction endonuclease, EcoRl,
producing linear double-stranded DNA fragments with single-stranded cohesive
projections. EcoRI recognizes the oligonucleotide sequence e and will cut any
double-stranded DNA molecule to yield fragments with the same cohesive ends ¢, |.,.¢.
On mixing vector and foreign DNA, hybrids form into circular molecules which can be
covalently joined using DNA ligase. Transformation of E. coli results in the low-frequency
uptake of hybrid molecules whose presence can be detected by the ability of the plasmid
to confer drug resistance on the host (Atherton, Byrom, & Dart, 1979).

by allowing the construction of vectors containing the desired gene and enabling the
transfer of DNA to other species. Adrio and Demain (2010, 2014) summarized the
following uses of recombinant DNA technology in enzyme manufacture:

* Production of enzymes in industrial microorganisms that were originally
produced in organisms that were difficult to grow, difficult to genetically
manipulate or were pathogenic or toxigenic.
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* Increasing the yield by the use of multiple gene copies, strong promoters, and
efficient signal sequences.

* The use of protein engineering to improve the stability, activity or specificity of
an enzyme.

The use of multicopy plasmids in the 1980s resulted in the development of a num-
ber of strains producing elevated enzyme levels. The development of the first commer-
cial recombinant lipase for use in washing powders was achieved by Novo Nordisk
(Sharma, Christi, & Banerjee, 2001). A lipase was isolated from Humicola lanuginosa
(formerly Thermomyces lanuginosus) that was unsuitable as an industrial organism.
A cDNA clone coding for the lipase was prepared and transformed into the industrial
fungus A. oryzae. The recombinant Aspergillus produced the lipase at high levels. As
well as achieving high levels of production and production in a heterologous host,
microbial enzymes have been modified to improve their catalytic characteristics. For
example, van den Burg, Vriend, Veltman, Venema, and Eijsink (1998) modified a
protease from Bacillus (now Geothermus) stearothermophilus using site-directed mu-
tagenesis such that it was active at 100°C in the presence of denaturing agents.

The first successful application of genetic engineering techniques to the produc-
tion of amino acids was obtained in threonine production with E. coli. Debabov
(1982) investigated the production of threonine by a threonine analog resistant mu-
tant of E. coli K12. The entire threonine operon was introduced into a plasmid that
was then incorporated into the organism by transformation. The plasmid copy num-
ber in the cell was approximately twenty and the activity of the threonine operon en-
zymes (measured as homoserine dehydrogenase activity) was increased 40-50 times.
The manipulated organism produced 30 g dm™ threonine, compared with 2-3 g dm™
by the nonmanipulated strain. Miwa et al. (1983) utilized similar techniques in con-
structing an E. coli strain capable of synthesizing 65 g dm™ threonine. It is important
to appreciate that the genes which were amplified in these production strains were
already resistant to feedback repression so that the multicopies present in the modi-
fied organism were expressed and not subject to control. Thus, the recombinant DNA
techniques built on the achievements made with directed mutant isolation.

The application of genetic engineering to the industrially important corynebac-
teria was hampered for some years by the lack of suitable vectors. However, vectors
have been constructed from corynebacterial plasmids and transformation and selec-
tive systems developed. The first patents for suitable vectors were registered by the
two Japanese companies Ajinomoto (1983) and Kyowa Hakko Kogyo (1983) and now
arange of vectors is available with kanamycin, chloramphenicol, and hygromycin as
common selectable resistance markers. This subject has been reviewed in detail by
Patek and Nesvera (2013). C. glutamicum—E. coli shuttle vectors have been devel-
oped and these are maintained in C. glutamicum at 10-50 copies per chromosome.
Thus, these plasmids are especially useful in enabling increased product formation
due to the higher gene dosage. Much of the work published in the early 1990s used
this approach (see examples later in the text). Integrating vectors are essential for the
disruption and replacement of C. glutamicum genes and these have been based on
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E. coli plasmid vectors that do not replicate in C. glutamicum. As well as plasmid
copy number, the efficiency of expression of a cloned gene will determine the level
of product. Thus, C. glutamicum expression vectors are available in which promoter
and ribosome binding sites are positioned just before the restriction sites (for gene
insertion) thus placing the inserted gene under the control of the plasmid promoter.
Most of the E. coli—C. glutamicum shuttle vectors incorporate this feature, for ex-
ample, using the inducible lactose promoter such that expression can be induced by
the addition of the gratuitous inducer, isopropyl-f-D-thiogalactopyranoside (IPTG).
Although useful as a laboratory technique, IPTG induction is usually considered too
expensive to use on a production scale and thus a temperature-sensitive repressor is
frequently incorporated. In this system, the repressor binds to the promoter/operator
(thus preventing expression) but at 40°C the binding becomes unstable and expres-
sion occurs. Expression is therefore induced by a heat shock. Transformation was
originally first achieved in C. glutamicum using protoplasts but subsequently elec-
troporation techniques were developed to introduce the required DNA (Dunican &
Shivnan, 1989). These systems have enabled not only the use of recombinant DNA
technology for strain improvement but have also facilitated the detailed investigation
of the molecular biology of these important amino acid and nucleotide producers.

It is not surprising that the improvement of threonine production was the first
reported use of recombinant DNA technology with amino acid producing coryne-
bacteria (Shiio & Nakamori, 1989). It may be recalled from the discussion of the
development of the early threonine producers that C. glutamicum was not particu-
larly amenable for threonine over production using auxotrophs and analog resistant
mutants. Over production was achieved by incorporating a DNA fragment coding
for homoserine dehydrogenase from a B. lactofermentum threonine producer into
a plasmid and introducing the modified plasmid back into the Brevibacterium. A
similar approach was used for homoserine kinase and a strain was developed with
remarkably increased homoserine kinase and dehydrogenase activities that produced
33 g dm™ threonine (Morinaga et al., 1987).

The application of recombinant DNA technology to the development of trypto-
phan producing strains has been particularly valuable. Relatively low productivity
was achieved using the classical mutation/selection approach despite attempts over
a 40-year period (Ikeda, 2006). The control of the aromatic family of amino acids
in C. glutamicum is shown in Fig. 3.28. The first step of the pathway is catalyzed
by two isoenzymic forms of 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase
(DS); one susceptible to feedback inhibition by tyrosine (product of the aro I gene)
and the other by concerted feedback inhibition by both tyrosine and phenylalanine
(product of the aro II gene). The tyrosine and phenylalanine sensitive DS forms a
protein complex with chorismic mutase, the first enzyme after the branch point to
phenylalanine and tyrosine. Each of the three end products controls its own biosyn-
thesis by inhibiting the first enzyme of its pathway. Additionally, the synthesis of all
the enzymes for tryptophan synthesis is repressed by attenuation control.

The manipulation of C. glutamicum became possible with the development of
cloning vectors in the 1980s. Earlier attempts had involved the stepwise isolation of
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FIGURE 3.28 Control of the Aromatic Family of Amino Acids in C. glutamicum

---=, Feedback inhibition control; AS, anthranilate synthase; CM, chorismate mutase;
DS, DAHP synthase; P. dehyd, prephenate dehydratase; —, feedback repression;
P. dehydrog, prephenate dehydrogenase.

auxotrophic mutants for phenylalanine and tyrosine and/or resistance to structural
analogs of tryptophan, phenylalanine, and tyrosine (Hagino & Nakayama, 1975).
Using a mutation and selection approach, Shiio, Sugimoto, and Kawamura (1984)
also added resistance to the sulfonamide antibiotic, sulfaguanidine, to the organ-
ism’s portfolio of mutations and increased productivity of tryptophan to 19 g dm™>.
The logic of sulfonamide resistance is that the antibiotic inhibits the production of
folic acid that is synthesized from para-aminobenzoic acid that, in turn, is produced
from chorismate. Mutants resistant to sulfonamides were known to over-produce
chorismate and thus such mutants may also have had the potential for tryptophan
production. Shiio’s strain produced 19.5 g dm ™’ tryptophan and also over-produced
chorismate, as predicted by the rationale of the selection process.

Katsumata and Ikeda (1993) used Shiio’s strain as a basis for a recombinant DNA
approach and cloned the first enzyme of the pathway (DS) and the tryptophan operon
into a plasmid that was maintained at a high copy number in the producing organism.
This strain yielded 43 g dm™’ tryptophan, a 54% increase over the parent. However,
two problems were encountered with the engineered strain—sugar utilization and vi-
ability declined late in the fermentation and the plasmid was lost from the cells in the
absence of selective pressure. Although antibiotic selective pressure could have been
used to maintain plasmid stability, this would have been a problematic approach for
a large-scale fermentation. The loss of viability was attributed to the accumulation of
indole in the culture broth. The final step in tryptophan synthesis is the combining to-
gether of indole and serine. Thus, the accumulation of indole appeared to be due to the
lack of sufficient serine to match the increased flux of indole through the tryptophan
pathway from chorismate. The addition of serine to the fermentation led to a decline
in indole, enhanced sugar utilization and increased viability. This observation gave
rise to the development of a new plasmid that addressed both the problem of plasmid
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stability as well as serine availability. The serA gene, coding for phosphoglycerate
dehydrogenase, the first enzyme in the serine pathway, was added to the plasmid. The
host strain was then mutated to loss of serA, thus making the organism auxotrophic
for serine and dependent on the presence of the plasmid for serine synthesis. This
strain produced 50 g dm™’ tryptophan and the new multicopy plasmid was stably
maintained. Further modification of this strain concentrated on engineering central
metabolism as it was predicted that limitation could have been due to the supply of the
pathway’s precursors, phophoenolpyruvate (from glycolysis) and erythrose-4-phos-
phate (from the pentose phosphate pathway). Incorporation of the pentose-phosphate
pathway gene for phophoketolase into the C. glutamicum plasmid resulted in a further
increase in tryptophan yield to 58 g dm . Thus, the elegant application of recombi-
nant DNA technology developed a traditionally mutated strain into one in which the
modifications to the final tryptophan pathway were integrated with changes in precur-
sor supply that could sustain the increased potential of the industrial organism.

The application of recombinant DNA technology to the development of processes
for the production of phenylalanine is an excellent illustration of the interrelationship
between mutant development and genetic engineering. Phenylalanine is a precursor
of the sweetener, aspartame, and is thus an exceptionally important fermentation
product. Backman et al. (1990) described the rationale used in the construction of an
E. coli strain capable of synthesizing commercial levels of phenylalanine. E. coli was
chosen as the producer because of its rapid growth, the availability of recombinant
DNA techniques and the extensive genetic database.

The control of the biosynthesis of the aromatic family of amino acids in E. coli
is shown in Fig. 3.29. The first step in the pathway is catalyzed by three isoenzymes
of dihydroxyacetone phosphate (DAHP) synthase, each being susceptible to one of
the three end products of the aromatic pathway, phenylalanine, tyrosine, or trypto-
phan. Control is achieved by both repression of enzyme synthesis and inhibition
of enzyme activity. Within the common pathway to chorismic acid, the production
of shikimate kinase is also susceptible to repression. The conversion of chorismic
acid to prephenic acid is catalyzed by two isoenzymes of chorismate mutase, each
being susceptible to feedback inhibition and repression by one of either tyrosine or
phenylalanine. Each isoenzyme also carries an additional activity associated with
either the phenylalanine or tyrosine branch. The tyrosine sensitive isoenzyme carries
prephenate dehydrogenase activity (the next enzyme in the route to tyrosine) while
the phenylalanine sensitive enzyme carries prephenate dehydratase (the next enzyme
in the route to phenylalanine).

The regulation of gene expression was modified by:

1. Both tyrosine sensitive and phenylalanine sensitive DAHP synthase and
shikimic kinase are regulated by the repressor protein coded by the fyrR gene.
The ryrR gene had been cloned and was subjected to in vitro mutagenesis and
the wild type gene replaced. This one mutation then resulted in the derepression
of both tyrosine and phenylalanine DAHP synthase as well as shikimic kinase.

2. The chorismic mutase/prephenate dehydratase protein is under both repression
and attenuation control by phenylalanine. These controls were eliminated
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FIGURE 3.29 Control of the Aromatic Amino Acid Family in E. coli

---=, Feedback inhibition control; AS, anthranilate synthase; CM, chorismate mutase;
DS, DAHP synthase; P. dehyd, prephenate dehydratase; —., feedback repression;
P. dehydrog, prephenate dehydrogenase; SK, shikimate kinase.

by replacing the normal promoter with one not containing the regulatory
sequences, thus giving a 10 times increase in gene expression.

The regulation of enzyme inhibition was modified by:

1. Chorismic mutase/prephenate dehydratase is subject to feedback inhibition by
phenylalanine. It was shown that a certain tryptophan residue was particularly
important in the manifestation of feedback inhibition. In vitro mutagenesis was
used to delete the tryptophan codon and the modified gene introduced along
with the substituted promoter referred to earlier. The enzyme produced by the
modified gene was no longer susceptible to phenylalanine.

2. The rationale was to limit the availability of tyrosine such that the tyrosine-
sensitive DAHP synthase isoenzyme would not be inhibited. Although the other
two isoenzymes would still be susceptible to phenylalanine and tryptophan
inhibition, sufficient DAHP would be synthesized by the third isoenzyme (in the
absence of tyrosine) to facilitate overproduction of phenylalanine. Traditionally,
this objective would have been achieved by using a tyrosine auxotroph fed
with limiting tyrosine. However, these workers developed an excision vector
system. An excision vector is a genetic element that can carry a cloned gene and
can both integrate into, and be excised from, the bacterial chromosome. The
vector is based on the bacteriophage lambda and the technology is explained
in Fig. 3.30. The excision of the vector can be induced by a temperature
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An excision vector is represented as a line between two boxes. Above the line and boxes
are indicated those genes from bacteriophage lambda that are carried on the vector.

oRpR is required for the expression of a repressor determined by cl. This repressor binds
to oRpR and oLpL to prevent the expression of other lambda genes. The other genes
collectively act to form a recombination activity that allows the vector to integrate into

or excise from the bacterial chromosome at the sites (indicated by the boxes) named

att. Other genes, such as tyrA (indicated below the excision vector), can be cloned into
the excision vector prior to its introduction into a target cell and can thereby be present

or absent in the cell in coordination with the vector. Upon entering a cell, the genes for
recombination (N, xis, and int) are expressed because there is not yet any repressor. As
repressor accumulates, it shuts off the expression of those genes. In a fraction of the
recipient cells, the recombination enzymes cause the vector to integrate into the cell
chromosome before those enzymes decay away. That cell and all of its progeny inherit the
vector and any gene it might carry (such as tyrA). If the repressor is inactivated, such as by
high temperature, new recombination enzymes are formed that excise the vector from the
chromosome. In such a cell and all of its progeny, the vector and the gene(s) it might carry
are lost (Backman et al., 1990).

shock. Thus, when the vector is excised the progeny of the cell will lose the
inserted DNA. The ryrA gene was deleted from the production strain, inserted
into the excision vector and transformed back into the organism where the
vector became integrated into the chromosome. The fermentation could then

be conducted using a cheap medium (the organism was not auxotrophic at
inoculation) and allowing growth to an acceptable density. A heat shock

may then be used to initiate vector excision, tyrosine auxotrophy and, hence,
phenylalanine synthesis.

These efforts should have generated a high-producing strain. However, the
tyrosine-sensitive DAHP synthase was susceptible to inhibition by high
concentrations of phenylalanine. It will be recalled that the flow of DAHP was
intended to come from the deregulated tyrosine sensitive isoenzyme. Thus,

the final step in the development of the strain was to render this isoenzyme
resistant to phenylalanine inhibition. This was achieved by the selection of
mutants resistant to phenylalanine analogs. Thus, the strain was improved using
a combination of gene cloning, in vitro mutagenesis and analog resistance,
indicating the importance of the contribution of a range of techniques to strain
development. The final strain was capable of producing 50 g dm™ phenylalanine
at a yield of 0.23 g g glucose and 2 g g”' biomass. The organism produced very
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low amounts of the other products and intermediates of the pathway which the
workers claimed was due to the very precise manipulation of the strain which
avoided the concomitant adverse characteristics associated with many highly
mutated organisms.

Ikeda and Katsumata (1992) redesigned a tryptophan producing C. glutamicum
strain such that it overproduced either phenylalanine or tyrosine. The regulation of
the aromatic pathway in C. glutamicum is shown in Fig. 3.28. Phenylalanine pro-
ducers that were resistant to phenylalanine analogs were used as sources of genes
coding for enzymes resistant to control. Thus, a plasmid was constructed containing
genes coding for the deregulated forms of DAHP synthase, chorismate mutase, and
prephenate dehydratase. The vector was introduced into a tryptophan overproducer
having the following features:

1. Chorismate mutase deficient and, therefore, auxotrophic for both tyrosine and
phenylalanine.

2. Wild type DAHP synthase.

3. Anthranilate synthase partially desensitized to inhibition by tryptophan.

The transformed strain was capable of producing 28 g dm™ phenylalanine and
the levels of all three enzymes coded for by the vector were amplified approximately
seven fold. If the original tryptophan producing strain was transformed with a plas-
mid containing only DAHP synthase and chorismate mutase, then tyrosine was over-
produced (26 g dm™). Thus, genetic engineering techniques allowed a tryptophan
producer to be redesigned into either a phenylalanine or tyrosine producer.

A different application of recombinant DNA technology is seen in the modi-
fication of the ICI plc. Pruteen organism, Methylomonas methylotrophus. The
efficiency of the organisms’ ammonia utilization was improved by the incorporation
of a plasmid containing the glutamate dehydrogenase gene from E. coli (Windon
et al.,, 1980). The wild type M. methylotrophus contained only the glutamine
synthetase/glutamate synthase system that although having a lower K value than
glutamate dehydrogenase, consumes a mole of ATP for every mole of NH, incorpo-
rated. Glutamate dehydrogenase, on the other hand, has a lower affinity for ammo-
nia but does not consume ATP. In the commercial process ammonia was in excess
because methanol was the limiting substrate so the expenditure of ATP in the utili-
zation of ammonia was wasteful of energy. The manipulated organism was capable
of more efficient NH,; metabolism, which resulted in a 5% yield improvement in
carbon conversion. However, the strain was not used in the industrial process due to
problems of scale-up.

Postgenomic era—the influence of genomics, transcriptomics,

and fluxomics on the improvement of primary metabolite producers
Application of genomics

Genomics uses the tools of gene sequencing and bioinformatics to study the biology
of an organism at the chromosomal level. The knowledge obtained from a whole
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genome sequence enables the development of a raft of new information on the func-
tioning of an organism both at, and below, the level of the genome itself. Compari-
son of the sequence with gene databases enables the prediction of the role of each
gene and the protein each produces. Thus, the development of information systems,
and the means to interrogate them, has been as crucial to the success of genome
investigation as has been the sequencing science. Three major DNA databases have
been established: GenBank (USA), EMBL-BANK (Europe), and DDBJ (Japan) that
receive information from laboratories, and share it with each other, on a daily basis.
The information stored in these data depositories is available to the public and thus
enables laboratories all over the world to benefit from, and contribute to, the devel-
opment of the subject. The searching of both DNA and protein databases for match-
ing sequences is enabled by a number of algorithms such as BLAST (Basic Local
Allignment Search Tool). Thus, the term in silico has been added to in vivo and in
vitro, describing a new era of biological exploration.

The complete genome sequence of C. glutamicum ATCC 13032 was first eluci-
dated in 2001 by the Japanese company Kyowa Hakko Kogyo Co., Ltd. (Nakagawa
et al., 2001) and deposited in the public database (GenBank NC_003450). Kyowa’s
competitor, Ajinomoto, sequenced the genome of a closely related species, Coryne-
bacterium efficiens, in 2002 (Fudou et al., 2002) and deposited it in 2003 (GenBank
database, NC_004369). Quite independently, Kalinowski et al., 2003 published the se-
quence of C. glutamicum ATCC 13032 in 2003 and in 2007 the sequence of C. glutami-
cum strain R was published by Yukawa, Omumasaba, Nonaka, Kos, and Okai (2007).
Ohnishi et al. (2002) was the first to apply the knowledge of C. glutamicum’s genome
sequence in an attempt to produce a “minimum mutation strain.” Amino acid produc-
ing strains that have been developed by mutation and selection have proved to be
highly successful commercial organisms. However, the selection of desirable traits
using, for example, analog resistance, does not prevent the coselection of other mu-
tations that negatively affect strain performance. Thus, strains that have undergone
multiple mutation/selection procedures may have accumulated a range of undesirable
mutations resulting in their being less vigorous, slower growing, and less resistant
to stressful conditions. Also, the presence of background mutations may confuse the
interpretation of the mechanism of over production that may, in fact, not be due to a
“selected” mutation, thus making further logical, directed strain improvement prob-
lematic. As discussed earlier, protoplast fusion was used in an attempt to remove
deleterious markers by generating recombinants between high producing strains (that
lacked vigor) and wild types that grew well but did not over produce. Ohnishi et al.’s
more direct strategy was to compare key gene sequences of a high lysine producing
strain of C. glutamicum (B6) with that of the fully sequenced wild type to identify
any mutated genes that could be responsible for over production. The influence of
the mutated genes on lysine production could then be assessed by their sequential
introduction into the wild-type by allelic replacement (Fig. 3.31). Ohnishi et al. fo-
cused their initial attention on 16 genes of the terminal lysine pathway (Fig. 3.32) and,
knowing the sequence of the wild-type, were able to prepare PCR primers based on
the nucleotide sequences flanking each intact gene. The PCR products derived from
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FIGURE 3.31 Ohnishi et al.’s Strategy for the Development of a Minimal Mutation L-Lysine
Producing Strain of Corynebacterium glutamicum by the Sequential Addition to the Wild-Type
of Mutations Identified From the Production Strain (Ohnishi et al., 2002)

Minimal mutation strain
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the high producer were then sequenced and compared with the wild type genes. Each
of the following five genes were shown to contain a point mutation:

hom—coding for homoserine dehydrogenase

lysC—coding for aspartokinase

dapE—coding for succinyl-L-diaminopimelate desuccinylase
dapF—coding for diaminopimelate epimerase
pyc—pyruvate carboxylase

The two dap mutations (E and F) were considered negligible because they result-
ed in neither amino acid substitution nor change to a rare codon. It can be seen from
Fig. 3.16 that the control of the aspartate family of amino acids in C. glutamicum is
achieved by the concerted inhibition of aspartokinase by lysine and threonine and
the inhibition of homoserine dehydrogenase by threonine. The mutant alleles of lysC
and hom (designated lysC311 and hom59 respectively) were introduced individu-
ally into the wild type strain by allelic replacement. The presence of lysC311 gave
the phenotype of resistance to the lysine analog S-(2-aminoethyl)-L-cysteine (AEC)
and hom59 resulted in a partial requirement for homoserine, observations commen-
surate with the history of the original producer strain (B6). Analog resistance of
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FIGURE 3.32 L-Lysine Biosynthetic Pathway in C. glutamicum

Enzymes encoded by genes: asd, aspartate semialdehyde dehydrogenase; aspC,
aspartate aminotransferase; dapA, dihydrodipicolinate synthase; dapB, dihydrodipicolinate
reductase; dapC, succinyl-L-diaminopimelate aminotransferase; dapD, tetrahydodip-
icolinate succinylase; dapk, succinyl-L-diaminopimelate desuccinylase; dapf,
diaminopimelate epimerase; ddh, diaminopimelate dehydrogenase; hom, homoserine
dehydrogenase; lysA, diaminopimelate decarboxylase; lysC, aspartokinase; lysE, lysine
exporter; lysG, lysine exporter regulator; ppc, phosphenolpyruvate carboxylase; pyc,
pyruvate carboxylase.

Modified from Ohnishi et al. (2002). Further details are given in Fig. 3.37 and Fig. 3.38.
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aspartokinase may be expected to release feedback inhibition; and partial auxotro-
phy for homoserine would result in depleted threonine, thereby lifting inhibition of
homoserine dehydrogenase. The lysC311 single mutant produced 50 g dm ™ lysine;
the hom59 mutant produced 10 g dm’ lysine whereas a wild type background trans-
formed with both mutations resulted in a synergistic production of 75 g dm’ lysine.
Crucially, this reconstructed strain resembled the wild-type in its high growth rate and
rate of glucose consumption, indicating that the background of deleterious mutations
introduced by the many rounds of mutation and selection had been circumvented.
The final mutation revealed in this work was that of pyc coding for pyruvate car-
boxylase (pyc458), an anaplerotic enzyme fixing carbon dioxide in the synthesis of
oxaloacetate, the immediate precursor of the aspartate family. Previous work on the
lysine fermentation had concentrated on the terminal pathway and had not addressed
the supply of precursors. The further incorporation of pyc458 along with lysC311 and
homS59 into the wild-type resulted in a strain (designated AHP-3) producing 80 g dm
lysine and, importantly, the highest production rate of 3.0 g dm* h™' reported at that
time; the high production rate being due to the high growth rate of the strain. Pyru-
vate carboxylase had not been a target in the strain improvement process used in the
development of strain B6 and no selection mechanism existed for its isolation. Thus,
the mutation had been coselected along with selectable markers during the process,
illustrating that the undefined background of the industrial strain included both desir-
able and undesirable lesions. It may be recalled from our earlier discussion that the
three key focal points for yield improvement are—control of the terminal pathway,
provision of precursors, and the provision of NADPH. Thus, Ohnishi, Katahira, Mit-
suhashi, Kakita, and Ikeda (2005) turned their attention to the supply of NADPH by
investigating the genes associated with the pentose phosphate pathway, the major
source of NADPH. Again, the gene sequence of the wild-type was used to prepare
PCR primers based on the nucleotide sequences flanking each intact gene of the pen-
tose phosphate pathway. Following comparison of the sequences of the PCR prod-
ucts with the wild-type, a point mutation was identified in the gnd gene, coding for
6-phosphogluconate dehydrogenase. Using the same allelic replacement methodol-
ogy described earlier the mutated allele was added to the manipulated wild-type con-
taining pyc458, lysC311, and hom59. The yield of this strain improved by 15% and
again retained the vitality of the wild-type such that the fermentation was completed
in 30 h, compared with 50 for the industrial B6 producer. Thus, this mutation had also
been coselected and its addition to the other three mutations in a background free of
undesirable lesions led to the development of a high-producing vigorous strain.

Application of transcriptomics

Despite the success of the strategy of Ohnishi et al. (2005), the final strain still pro-
duced less lysine than did B6—albeit in a much shorter time. Thus, strain B6 contained
additional, undetected, lesions that had been co-selected and were contributing to its
lysine synthesizing capability. To investigate this phenomenon, the group utilized the
knowledge of the complete gene sequence of the organism to construct a DNA mi-
croarray, thus opening the door to the world of transcriptomics (Hayashi et al., 2006).
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The transcriptome of an organism is its total mRNA profile at a particular time and
under particular conditions. A microarray is a collection of DNA oligonucleotides
(probes), each representative of a single gene, immobilized on a solid surface such as
glass, plastic, or silica. This set of immobilized probes may then be used to hybridize
with another DNA strand to detect the presence of complimentary sequences. The
array may represent the entire genome or it may be limited to a particular range of
genes under investigation. The oligonucleotides can be synthesized and then “spot-
ted” onto the surface using a robotic micropipettting device to create microscop-
ic zones of DNA. Alternatively, the DNA may actually be synthesized in situ on
the surface of the array—a highly sophisticated approach restricted to commercial
manufacture. Total mRNA is extracted from the organism and complementary DNA
(cDNA) prepared from it using reverse transcriptase. The cDNA is then labeled with
a fluorescent dye (a fluorophore, such as cyanine), which enables visualization by
a laser beam at a particular wavelength—commonly Cy2 (fluorescing at 510 nm,
the green zone of the spectrum) or Cy5 (fluorescing at 670 nm, the red zone of the
spectrum). The array is exposed to the labeled DNA, washed and then exposed to
laser excitation at the relevant wavelength. Two transcriptomes can be compared
by labeling each with a different fluorophore (green or red) and exposing the array
to a mixture of the labeled transcriptomes. Thus, transcription of a gene is indicated
by the response of the array spot to laser stimulation—green, red or (if the gene has
been transcribed equally in both transcriptomes) yellow. The relative expression is
indicated by the spectrum of color images, (from green to red) and is visualized and
analyzed using computer software. The process is illustrated in Fig. 3.33.

The comparison of the transcriptome of the lysine industrial strain (B6) with the
wild type enabled the identification of genes that had been upregulated in B6. Three
aspects of the B6 transcriptome stood out—high expression of the pentose phosphate
genes, low expression of the TCA genes and global induction of amino acid biosyn-
thesis genes. The changes in the central metabolic pathways were commensurate
with previous findings on the flux through these pathways—but the upregulation of
the amino acid genes was unexpected. In particular, the expression of lysC (asparto-
kinase) and asd (aspartate semialdehyde dehydrogenase) were significantly elevated
in B6, yet no mechanism was known for the control of the synthesis of these genes.
Arrays comparing the transcriptome of the Ohnishi et al. (2005) AHP-3 strain with
the wild-type did not show the elevated transcription of either central metabolism
or amino acid genes. This result was in line with the modifications incorporated
into AHP-3 as it only carried mutations related to enzyme behavior and not gene
expression. Thus, it appeared that the increased transcription seen in B6 might have
been involved in lysine over production—that is, desirable mutations that had been
co-selected. The changes in the transcription of TCA and pentose phosphate genes
may have enhanced NADPH supply and the global induction of amino acid genes
may have enhanced the flux (flow) to lysine due to the particular effect on lysC and
asd. In E. coli, the expression of amino acid synthesizing genes are globally upregu-
lated when amino acid levels are low—a mechanism termed the stringent response,
initiated by the nucleotide ppGpp. Although such a system has not been found in
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C. glutamicum it appears that a form of global regulation has a significant role to play
in lysine over production.

Application of metabolic flux analysis and a systems biology approach

Metabolism in a microorganism cannot be considered simply as composed of meta-
bolic pathways operating independently because in reality they are combined into a
complex network that has evolved to respond to environmental change and enable
efficient biomass production. Thus, technology that reveals the flow of metabolites
through an organism’s metabolic network can significantly enhance a rational ap-
proach to strain improvement. Metabolic flux analysis (MFA) is a method that has
the potential to achieve this objective as it quantitatively describes the network of
an organism. Although MFA indicates what is happening in a fermentation, it does
not intrinsically explain the control of the system. However, the generated data can
give a valuable insight into the operation of a fermentation and facilitate the design
of a blueprint of an over—producing strain. The first approach to elucidate the flux of
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metabolites through the network was a stoichiometric one that was comprehensively
described in Holms (1997, 2001) excellent reviews on which the following discus-
sion is based. The first requirement is that the metabolic network of the organism is
completely described. This can be assembled form the literature but has been made
very much easier in recent years by the availability of complete genome sequences.
The sequence provides the information to deduce the full enzyme complement of
the organism and thus the reactions that it may potentially catalyze. The next stage
is the complete description of everything that the organism consumes as its carbon
source(s) (the input) and everything that it produces (the output), from which the
metabolic flux can be constructed. This is achieved by growth experiments in which
a variation of the yield factor is calculated, that is, the glucose required to produce a
certain biomass. The biomass is then analyzed to determine its monomer composi-
tion, for example, as described by Mousdale (1997). These monomers are the core
building blocks that have been produced from the central metabolism pathways and
exist predominantly in a cell as polymers—nucleic acids, proteins, carbohydrates,
and lipids and represent the output of metabolism.

Although medium ingredients are normally measured as mass, in MFA it is more
convenient and simple to express amount by moles. Thus, for example, in glycolysis
1 mole of glucose becomes 1 mole of glucose 6-phosphate that is converted to a mole
of each of glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. If this were
expressed in mass then 100 g of glucose would be converted to 144 g of glucose
6-phosphate and a total of 198 g of triose phosphates. The output of the process is
composed of the moles of monomers synthesized and incorporated into biomass.
Both input and output are then expressed as specific units, related to the moles con-
sumed, or produced, by a kilogram dry weight of biomass. Thus, a carbon source
is measured in terms of the moles consumed to generate a kilogram of dry biomass
and the output is measured as the moles of a product produced per kilogram of dry
biomass (moles kg ' dry wt.). Likewise all intermediates between carbon source
and monomer product are described in terms of moles kg~ ' dry weight of biomass.
The progress of the carbon source through the central pathways of the organism
to the eventual monomer products (and thus the production of biomass) is called
“throughput.” The flux through the pathway is the rate at which the carbon source
is consumed and intermediates and products are produced, and it is calculated by
multiplying the throughput by the specific growth rate of the culture (1), measured in
h™". Thus, the units of flux are moles kg ' dry wt. h™".

The central metabolic pathways (CMPs) of an organism are the pathways that
are both catabolic and anabolic (hence amphibolic) and produce both energy and
precursors of anabolism. Thus, in an aerobic organism the CMPs are glycolysis, the
pentose phosphate pathway, phosphoenolpyruvate carboxylase, pyruvate dehydro-
genase, and the TCA cycle. There are approximately 30 intermediates of the CMPs,
between 7 and 9 of which act as precursors for biosynthesis. Having determined the
monomer composition of the organism the next stage in completing a MFA is to
deduce the amount of each precursor that is converted into monomers (and eventu-
ally into biomass). An example of this approach is shown in Table 3.7 for E. coli
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Table 3.7 The Monomer Content of E. co/i ML308 Biomass and the
Precursors Consumed in its Synthesis

Monomer Content of
Biomass (Moles kg™’

dry wt.)

Ala
Arg
Asp
Asn
Cys
Glu
Gin
Gly
His

lle

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr

Val
AMP
dAMP
GMP
dGMP
CMP
dCMP
UMP
dTMP
C,, fatty acid
Glycerophosphate

Carbohydrate as
glucose

Total

0.454
0.252
0.201
0.101
0.101
0.353
0.201
0.430
0.050
0.252
0.403
0.403
0.201
0.151
0.252
0.302
0.252
0.050
0.101
0.302
0.115
0.024
0.115
0.024
0.115
0.024
0.115
0.024
0.280
0.140
1.026

Precursors Used for Biosynthesis (Moles kg™ dry wt.)

G6P

0.050

0.151

0.100
0.101

0.115
0.024
0.115
0.024
0.115
0.024
0.015
0.024

1.026

1.98

TP

0.140

0.14

PG

0.302

0.430

0.302

0.050

0.115

0.024

0.115
0.024

1.36

PEP

0.302

0.050
0.202

0.55

PYR
0.454

0.252
0.806
0.403
0.201°

0.604

2.32

OAA

0.201
0.101

0.252

0.403
0.201

0.252

0.115
0.024
0.115
0.024

1.69

OGA

0.252

0.353
0.201

0.252

1.06

AcCoA

0.404

2.240

2.64

Abbreviations: G6F, glucose 6-phosphate; TR, triose-phosphate; PG, phosphoglycerate; PER,
phosphoenolpyruvate; PYR, pyruvate; OAA, oxaloacetate; OGA, oxoglutarate; AcCoA, acetyl-

coenzyme A.
“Negative

From Holms (1997), with permission of Oxford University Press
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ML308 (Holms, 1997). The monomer content of the biomass (moles kg’l dry wt.) is
shown in the first column followed by the intermediates of central metabolism used
as precursors for these monomers. Thus, remembering the biosynthetic route to each
monomer, it is possible to calculate simply the amount of precursor consumed in
its synthesis. Thus, to produce 0.454 moles of alanine, 0.454 moles of pyruvate (its
sole precursor) will be required. Similarly, 0.201 moles of methionine will require
the consumption of 0.201 moles of both its precursors, pyruvate, and oxaloacetate.
The amount of each precursor that is diverted into biomass can then be obtained by
adding all their contributions to the synthesis of each monomer. For example, phos-
phoenolpyruvate (PEP) is a precursor of the three aromatic amino acids (tyrosine,
tryptophan, and phenylalanine) resulting in 0.55 moles being incorporated into a
kg of biomass. The throughput diagram for E. coli growing on glucose is given in
Fig. 3.34. This shows the uptake of glucose via the posphotransferase system and
its route through the central metabolism pathways. The arrows leading out from the
diagram as “Biomass” are precursors contributing to biosynthesis, thus biomass pro-
duction—for example, PEP giving rise to the aromatic amino acids. Holms (1997)
quoted that E. coli ML308 required 11.24 moles of glucose to produce a kg of bio-
mass (dry weight) in batch culture at a specific growth rate of 0.94 h™'. Thus, this
value is included in Fig. 3.34, as the glucose input. The various “outputs” of the
precursors are now incorporated—for example, 0.55 for phosphoenolpyruvate and
1.69 for oxaloacetate. It will also be noticed that a significant amount of acetate is ex-
creted from the cells. Holms demonstrated that acetate is only excreted in chemostat
culture when the growth rate exceeds 0.72 h™' indicating the flux of carbon through
the pathways is in excess of requirements at higher growth rates. Under the growth-
limiting conditions of lower growth rates, only 8.64 moles of glucose are consumed
in the production of a kg of biomass, compared with 11.24 at higher growth rates.
Thus, growth at the lower growth rate is more efficient than that in batch culture—a
situation also seen in fed-batch culture (see Chapter 2).

The next stage in the construction of the throughput diagram is to connect the
input (glucose) and outputs in Fig. 3.34. E. coli takes up glucose via the glucose
posphotransferase system (PTS), which transfers the phosphate moiety from phos-
phoenolpyruvate to glucose, generating glucose-6-phosphate and pyruvate. Thus,
11.24 moles of glucose give 11.24 moles of glucose-6-phosphate. The outputs
from each precursor (as calculated in Table 3.7) are then included in Fig. 3.34, for
example, 1.98 moles of glucose-6-phosphate, 0.14 moles of triose phosphate, and
1.34 moles of phosphoglycerate. The loss of glucose-6-phosphate to biosynthesis
leaves 9.26 moles entering glycolysis and the production of a total of 18.52 moles of
triose phosphate, 0.14 of which goes to biosynthesis leaving 18.38 to be converted to
3-phosphoglycerate. 1.34 moles of 3-phosphoglycerate are accounted for as precur-
sor leaving 17.04 moles to be converted to phosphoenolpyruvate (PEP). The node
at PEP branches four ways. Biosynthesis accounts for 0.55 moles. The output to
biosynthesis from the TCA cycle is via oxoglutarate and oxaloacetate but this output
must be replaced by anaplerosis—that is, by the conversion of PEP to oxaloacetate
by the carbon dioxide fixing reaction catalyzed by phosphoenolpyruvate carboxylase.
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The total output from the TCA cycle is equivalent to 2.75 moles of PEP, which is thus
introduced into the TCA cycle by its conversion to oxaloacetate. It will be recalled
that 11.24 moles of PEP would have been converted to pyruvate by the PTS system
in the uptake of glucose, thus leaving only a contribution of 2.5 moles of pyruvate to
the pyruvate pool by pyruvate kinase. Of this pyruvate pool, 2.32 moles are diverted
to biosynthesis and 11.42 converted to acetyl-CoA. A three-way node then distrib-
utes acetyl-CoA to biosynthesis (2.64 moles), acetate excretion (5.20 moles), and the
TCA cycle (3.58 moles). This throughput analysis can then be converted to a flux
analysis by multiplying all the throughputs by the specific growth rate.

The throughput analysis shown in Fig. 3.34 represents the broad picture of the
organism’s metabolism with the output from each precursor being bulked together.
Also, the throughput of glucose to the pentose phosphate pathway is bulked together
in the precursor role of glucose-6-phosphate. However, Fig. 3.34 can be expanded to
show every biosynthetic enzyme or to amplify a component part. For example, the
throughput from oxoglutarate to its individual end products is shown in Fig. 3.35.
Carbon dioxide is also shown in the overall throughput diagram and it must be taken
into account in an audit of the carbon balance. The gas is released by the action
of both isocitrate dehydrogenase (isocitrate to oxoglutarate) and oxoglutarate de-
hydrogenase (oxoglutarate to succinyl CoA), the former releasing 3.58 moles kg '
biomass and the latter 2.52 moles kg~ ' biomass. It will also be recalled that the
anaplerotic reaction catalyzed by phosphoenolpyruvate carboxylase produces 2.75
moles kg~ ' oxaloacetate and thus also consumes 2.75 moles kg~' CO,. Thus, the net
production of CO, is 3.35 moles kg ' (3.58 +2.52 —2.75). As well as generating pre-
cursors for biosynthesis, the CMPs are obviously also generating sufficient reducing
power and ATP to convert the precursors into monomers and finally into polymers

Proline =3 Biomass

Glutamine -3 Biomass

Oxoglutarate —M—) Glutamate

Arginine -——3% Biomass

FIGURE 3.35 Throughput Diagram for the Biosynthetic Products of Oxoglutarate
in E. coli ML308

Units are moles kg™ dry weight of biomass. Modified from Holms (1997), with permission of Oxford

University Press.
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and biomass. However, stoichiometric flux analysis does not give a direct appre-
ciation of the provision of ATP and reducing power and relies upon balances for
ATP, NADH, and NADPH and may not represent the true in vivo reality (Becker &
Wittmann, 2013). However, the use of a stoichiometric approach to elucidate flux in
the C. glutamicum lysine fermentation demonstrated high pentose phosphate path-
way activity compared with E. coli, primarily due to the lack of NADH/NADP trans-
hydrogenase in the Corynebacterium (Vallino & Stephanopoulos, 1991; Dominguez,
Nezondet, Lindley, & Cocaign, 1993). Thus, a significant flux of glucose is required
through the pentose phosphate pathway to produce sufficient NADPH for lysine
synthesis.

Some of the limitations of the solely stoichiometric approach to MFA have
been overcome by using substrates labeled with the stable isotope, "C, reviewed
by Wittmann (2007) and Becker and Wittmann (2013, 2014). The procedure is nor-
mally performed on exponentially growing cells and although chemostat cultures
would seem the most desirable, due to their steady-state properties, most work has
employed batch cultures. Also, it is important that the study is done using a defined
medium, that is, lacking any complex carbon source that would confuse the interpre-
tation of the consumption of the labeled substrate. The labeled substrate is taken up
by the organism and assimilated into all its metabolites—the labeling pattern of the
metabolites being dictated by the route taken by the label through the cellular path-
ways (Becker and Wittmann, 2013). Amino acids are derived from a wide range of
metabolic precursors and thus represent the outcome of flux from a carbon substrate
through all the central pathways of an organism. When that carbon substrate is la-
beled then the labeling patterns of the amino acids will be representative of the route
that has given rise to them. As a result, the amino acids from total biomass hydroly-
sates have been widely used as the means to access flux data (Dauner & Sauer, 2000)
with gas chromatography coupled with mass spectrometry (GC-MS) being the most
widely used methodology for analysis (Wittmann, 2007). Gas chromatography sepa-
rates the components of the hydrolysate and mass spectrometry determines the "°C
labeling. The "°C labeled compounds may differ in the number of incorporated heavy
atoms as well as their position, the final labeling of the end products being determined
by the route of their precursors through the metabolic pathways. The labeling will
obviously also be affected by the labeling pattern of the substrate. For example, la-
beling with [1-"C] glucose can distinguish between the flux of glucose-6-phosphate
through glycolysis or the pentose phosphate pathway. The 1-C of glucose is decar-
boxylated in the pentose phosphate pathway and thus pyruvate emanating from this
route is unlabeled, whereas half the pyruvate moieties generated via glycolysis will
be labeled, as shown in Fig. 3.36. The use of a mixture of universally labeled and
unlabeled glucose has been shown to be useful in resolving fluxes downstream of
phosphoenol pyruvate (Wittmann, 2007). The data generated from these studies are
challenging to interpret and, thus, it was this aspect that limited the wider application
of the heavy isotope labeling approach. However, sophisticated computer programs
have now been developed to assist in this analysis. For example, OpenFLUX, devel-
oped by Quek, Wittmann, Nielsen, and Kromer (2009), is open access software that
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Pentose Phosphate Pathway (PPP) as Revealed by Feeding [1-'°C] Glucose

The heavy atom is decarboxylated in the PPP resulting in the production of unlabelled
pyruvate. @ 'C label. Becker and Wittmann (2013).

utilizes a spreadsheet-based interface and is supported by a comprehensive manual.
The program enables the operator to incorporate the complete flux model of the
organism containing all the relevant reactions and quantitative descriptions of the
transfer of °C atoms through each reaction. The software runs a random initial flux
through the model (in silico metabolism) and computes a simulated set of GC-MS
labeling data. These simulated data are then compared with the experimental results
and an optimization algorithm is applied to vary the predicted flux until the in silico
data match the experimental.

Thus, the knowledge generated from genome sequencing gave rise to the devel-
opment of genomics and transcriptomics, contributed to the field of proteomics and
laid a firm foundation on which to base more comprehensive metabolic flux analy-
ses. This explosion of knowledge, combined with the ready availability of enormous
computer power, has resulted in increasingly sophisticated mathematical modeling of
biological systems and given rise to what has been called “systems biology.” Systems
biology is, in effect, the science of the physiologist and considers the organism as a
whole rather than adopting a reductionist approach that concentrates on individual
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aspects of an organism’s performance. An excellent example of the application of
this approach to strain improvement is given by the work of Becker, Zelder, Hafner,
Schroder, and Wittmann (2011) who succeeded in developing a strain of C. glutami-
cum producing the highest published yield of lysine. Rather than start with a high
producing industrial strain which contained both desirable and undesirable genetic
lesions, their rationale was to begin with the wild-type organism and, from a knowl-
edge of its metabolic flux, construct a blueprint of a fully genetically defined lysine
overproducer. The "°C flux analysis of the wild type showed an equal distribution of
carbon from glucose into glycolysis and the pentose phosphate pathway resulting in
high flux through the TCA cycle and efficient energy generation. The following key
modifications were predicted to form the basis of an “ideal” producer:

e Increased flux of aspartate through the lysine biosynthetic pathway and greater
bias toward the diaminopimelate dehydrogenase branch.

* Increased flux through carbon dioxide fixing, anaplerotic reactions that
supplement the level of oxaloacetate—the key lysine precursor.

* Reduced flux through the oxaloacetate decarboxylating reactions associated
with gluconeogenesis.

* Reduced TCA cycle flux.

* Increased pentose phosphate flux, thus enhancing NADH supply.

e Decreased flux through other anabolic routes.

These modifications were achieved by the sequential development of eleven
strains. Modified genes were incorporated using the sacB recombination system
(Jager, Schafer, Puhler, Labes, & Wohlleben, 1992). The control of the biosynthesis
of lysine in C. glutamicum is shown in Fig. 3.16 and the overall route to lysine from
glucose, giving associated enzymes and their coding genes, is shown in Fig. 3.32. The
branch from glycolysis to the pentose phosphate pathway is illustrated in Fig. 3.37
and the inter-relationships between oxaloacetate, glycolysis, gluconeogenesis, and
the TCA cycle are shown in Fig. 3.38. The development of the strains was as follows,
with each subsequent strain retaining the modifications of the previous:

Strain LYS-1. The first point of attack was the introduction of a modification to
the lysC gene coding for aspartokinase, the first enzyme in the route to lysine and the
aspartate family of amino acids. This modification (nucleotide substitution C932T)
had been shown previously to lift the threonine and lysine concerted feedback inhi-
bition of aspartokinase (Cremer, Eggeling, & Sahm, 1991). An alternative approach
would have been to disrupt the synthesis of threonine but this would have resulted in
the production of an auxotroph for threonine, methionine and isoleucine that would
have placed a major limitation on the design of the fermentation medium. This strain
produced a slight increase in lysine production.

Strain LYS-2. As shown in Fig. 3.32, there are two alternative routes for the con-
version of terahydrodipicolinate to meso-diaminopimelate in C. glutamicum, with the
diaminopimelate dehydrogenase (coded for by the ddh gene) route being more effec-
tive (Schrumpf et al., 1991; Melzer, Esfandabadi, Franco-Lara, & Wittmann, 2009).
To facilitate the flux of tetrahydrodipicolinate via the energetically more favorable
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Genes coding for the enzymes at the indicated steps: fbp, fructose bisphosphatase; pfk,
phosphofructokinase; pgl, 6-phosphogluconate dehydrogenase; tal, transaldolase; tkt,
transketolase; zwf, glucose 6-phosphate dehydrogenase

route, a second copy of the ddh gene was introduced. As a result, diaminopimelate
dehydrogenase activity doubled and lysine yield improved by 25%.

Strain LYS-3. Measurement of flux in LYS-2 indicated a complex rearrangement
in the flows through the carboxylating and decarboxylating reactions between oxa-
loacetate, pyruvate, and PEP shown in Fig. 3.38. In particular, the flux through PEP
carboxykinase resulted in a diversion of oxaloacetate away from lysine. Thus, the
gene encoding PEP carboxykinase, pck, was deleted from LYS-2. This resulted in a
30% increase in lysine yield.

Strains LYS-4, 5, 6, and 7. This stage of the improvement process concentrated
on the lysine pathway (Fig. 3.32) and included four sequential modifications. It will
be recalled that LYS-1 was modified by lifting the threonine and isoleucine inhibition
of aspartokinase (lysc gene). The expression of this modified gene was increased by
substituting its promoter with that of the sod (superoxide dismutase) gene. SOD is
a vital antioxidant defensive enzyme and thus its expression is controlled by a very
strong promoter, the characteristics of which make it eminently suitable as a replace-
ment promoter to enable over expression of desirable genes. The intermediates were
diverted to the ddh branch by the increased expression of both dihydrodipicolinate
synthase (dapB) and diaminopimelate decarboxylase (lysA). The former was achieved
by promoter replacement with sod, the latter by incorporating an extra gene copy.
Meso diaminopimelic acid is not only the immediate precursor of lysine but also a
key component of mucopeptide, the cell wall polymer responsible for mechanical

L
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Enzymes encoded by genes: aspc, aspartate amino transferase; icd, isocitrate
dehydrogenase; odx, oxaloacetate decarboxylase; pck, phosphoenolpyruvate
carboxykinase; ppc, phosphoenolpyruvate carboxylase; pyc, pyruvate carboxylase.

strength (Fig. 3.32). Thus, to increase flux to lysine, and divert it away from muco-
peptide synthesis, an extra copy of the lys A gene was incorporated. Finally, the last
stage in this sequence was to address the loss of aspartyl semialdehyde to the threo-
nine pathway due to the action of homoserine dehydrogenase (coded by gene hom).
The modification was based on Ohnishi et al. (2002) finding that a specific nucleotide
exchange within hom gave an enzyme with a reduced affinity for homoserine, thus
favoring the distribution of this intermediate to dihydrodipicolinate. Thus, hom was
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replaced with this modified gene using allelic replacement technology and the addi-
tion of this feature to those of LYS-4, 5, and 6 resulted in an increase in lysine yield
of 18%. Flux analysis of strain LYS-7 indicated that the increased lysine yield was
attributable to a decrease in growth due to the redirection of aspartate semialdehyde
away from threonine and the limitation placed on mucopeptide synthesis by the lack
of meso-diaminopimelate.

Strain LYS-8 and 9. The next steps focused on the manipulation of the pyruvate
node to achieve an elevated flux to oxaloacetate. The major route to oxaloacetate is
via the anaplerotic (CO, fixing) reaction catalyzed by pyruvate carboxylase, coded
for by the gene pyc. The manipulation was twofold; LYS-8, allelic replacement with
a pyc derivative incorporating a nucleotide substitution revealed by Ohnishi et al.
(2002) and LYS-9, the replacement of the wild-type promoter with that of the sod
gene. The former improved the kinetics of the enzyme and the latter enhanced the
expression of pyc. However, these manipulations did not have the desired effect
on lysine yield, with LYS-8 yield actually decreasing. Flux analysis of both strains
showed that the flow to oxaloacetate was increased as predicted but the oxaloacetate
was not directed to aspartate and then to lysine. Oxaloacetate was directed round
the TCA cycle to malate that was then decarboxylated to pyruvate by the malic en-
zyme, thus effectively diverting oxaloacetate back to glycolysis via the TCA cycle
(Fig. 3.38). Removing the malate enzyme was not an option as interplay between
the TCA cycle and glycolysisisrequired and, as the strain lacks PEP carboxykinase, the
malic enzyme is the only remaining route. Thus, the solution was to manipulate the
flux through the TCA cycle in strain LYS-10.

Strain LYS-10. The flux through the TCA cycle was reduced by changing the
start codon of the icd gene, coding for isocitrate dehydrogenase, from ATG to the
rare codon GTG; a technique previously used to downregulate protein synthesis in
C. glutamicum (Becker, Buschke, Bucker, & Wittmann, 2010). Flux analysis of this
strain revealed a reduction in flux to the TCA cycle from 48%—-40% and a 40%
increase in the flux through the anaplerotic (CO, fixing) pyruvate carboxylase to
oxaloacetate. However, flux through the malic enzyme actually increased and this
was attributed to its use as a NADPH generating system to provide sufficient reduc-
ing power for the increased lysine production. The pentose phosphate pathway (PPP)
normally supplies NADPH for biosynthesis (Fig. 3.37) but the glucose flux through
the pathway was consistent at about 60% in strains LYS-2-LYS-9. This observation
suggested that the PPP was limiting the NADPH supply resulting in the activation
of the malic enzyme, the loss of CO, in the conversion of oxaloacetate to pyruvate
and the increased flux of oxaloacetate through the TCA cycle (Fig. 3.38). Thus, the
final stage in the development of the strain was the manipulation of the flux through
the PPP.

Strains LYS-11 and 12. The relationship between the early stages of glycolysis
and the PPP is shown in Fig. 3.37 from which it can be seen that the distribution of
glucose 6-phosphate between glucose 6-phosphogluconate and fructose 6-phosphate
determines the relative fluxes through glycolysis and the PPP. Gluconeogenesis is ef-
fectively the reverse of glycolysis, converting pyruvate to glucose when the organism
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is growing on noncarbohydrate carbon source. The key enzyme in this process is
phosphofructokinase, catalyzing the conversion of fructose 1,6-bisphosphate to fruc-
tose 6-phosphate. Becker, Heinzle, Klopprogge, Zelder, and Wittmann (2005) had
previously demonstrated that flux through the PPP could be stimulated by increasing
the level of fructose 1,6-bisphosphatase, achieved by replacing the promoter of its
gene (fbp) with that of elongation factor tu (eftu). Thus, the level of fructose 6-P is
effectively increased and because the reaction between fructose 6-P and glucose 6-P
is reversible, the balance of the reaction is then in the reverse direction and glucose
6-P is directed into the PPP. This approach was applied to develop strain LYS-11,
which increased lysine production by a further 18%. Finally, strain LYS-12 was de-
veloped by replacing the promoter of the rkr operon (coding for all the genes of the
PPP pathway) with the sod promoter.

Flux through the PPP in strain LYS-12 increased to 85% accompanied by a re-
duction in flux through the TCA cycle and the malic enzyme, increased anaplerotic
production of oxaloacetate via pyruvate carboxylase and increased flux to lysine.
Under fed-batch conditions, the strain was able to produce 120 g dm ™ lysine at a
rate of 4.0 g dm ™ h™', a conversion of glucose to lysine of 55% in a fermentation
lasting only 30 h. The concentration of lysine and the glucose conversion figures
were at least equivalent to the highest reported industrial strains but, crucially, the
genetic modifications that resulted in these remarkable statistics were in a wild-type
background, devoid of inadvertently introduced deleterious mutations. Thus, the or-
ganism still grew vigorously, consumed glucose efficiently and, most importantly,
its genetics and metabolism were fully explained and understood thereby making its
scale-up to an industrial process very much more manageable.

Becker et al.’s work on the lysine pathway in C. glutamicum is an excellent case
study of the application of metabolic engineering to the improvement of fermenta-
tion strains. Further examples are given by Kind, Becker, and Wittmann (2013)—
lysine; Zhang, Zhang, Kang, Du, and Chen (2015)—phenylalanine; Ikeda, Mitsu-
hashi, Tanaka, and Hayahsi (2009)—arginine; and Hasegawa et al. (2012)—valine.

IMPROVEMENT OF STRAINS PRODUCING SECONDARY
BIOSYNTHETIC PRODUCTS

As discussed in Chapters 1 and 2, secondary metabolites have been traditionally de-
scribed as produced by slow-growing or nongrowing microorganisms, limited in their
taxonomic distribution and playing no obvious function in cell growth. However, it
is now appreciated that secondary metabolites have roles in effecting differentiation,
inhibiting competitors, and modulating host physiology. These compounds are syn-
thesized from the intermediates and end products of primary metabolism and exhibit
a diverse range of structure and biological activity—it is the wide range of biological
activity that makes secondary metabolites attractive targets for commercial produc-
tion. For example, polyketides and macrolides are synthesized from acetate moieties,
polyisoprenoids from isoprene units, B-lactams from amino acids and a wide range
of compounds by nonribosomal peptide synthesis (Fig. 3.39). The control of primary
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biosynthetic products is dominated by feedback systems that have evolved to ensure
that the level of synthesis is commensurate with the requirements of growth. How-
ever, the control of secondary metabolism is dominated by systems that switch on
biosynthesis such that, in the natural environment, the products are produced only
when appropriate. In recent years it has become very clear that sophisticated genetic
systems have evolved that initiate these control systems and emphasize the fact that
these compounds are not “waste products” or “evolutionary relics,” but metabolites
central to the life-style of the producer. As discussed earlier in this chapter, each
streptomycete that has been sequenced has been shown to be capable of the produc-
tion of a wide range of secondary metabolites, many of which are antibiotics. This
diverse productivity may be related to the wide range of organisms in soil with which
a producing organism has to compete or to the variety of environmental conditions
that may prevail in soil, thus enabling the producer organism to manufacture differ-
ent defensive compounds should the availability of raw materials change (Challis
& Hopwood, 2003; van Wezel & McDowall, 2011). The ability to respond to the
diverse stimuli of a changing soil environment may also begin to explain the diversity
of systems that control the onset of secondary metabolism.
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The most prolific secondary metabolite producers are the Actinobacteria (the acti-
nomycetes), particularly the genus Streptomyces and much of the material discussed
in this section has come from work on this genus. The genes of secondary metabo-
lism tend to be clustered together and many contain only a single regulatory gene that
processes the signals that stimulate the transcription of their associated genes. These
regulators have been termed “cluster-situated (transcriptional) regulators” or CSRs
(Huang et al., 2003; van Wezel and McDowall, 2011) and it is their protein products
that act as transcription factors and switch on the secondary metabolism cluster. For
example, the actinorhodin gene cluster is controlled by the protein transcription fac-
tor Actll-ORF4 (coded by the gene act/I-ORF4) and the streptomycin gene cluster
by StrR (coded by gene strR), both these CSRs being members of the Streptomyces
Antibiotic Regulatory Protein (SARP) family. The CSRs ultimately respond to an
environmental stimulus relayed to it by a signal molecule via a signaling pathway
and it is common that several CSRs may be under the control of a pleiotropic regula-
tor (one that causes several responses) that is switched on upstream of the CSRs. The
factors that stimulate the onset of secondary metabolism and influence the CSRs are
associated with the shift into substrate limitation, and include the concentration of
biomass, starvation, and growth rate (Barka et al., 2016).

The response to biomass concentration is referred to as quorum sensing—a phe-
nomenon in which expression of certain genes only occurs when the culture reaches
a threshold biomass (see Chapters 2 and 6). The control of antibiotic synthesis by
quorum sensing would result in a “corporate reaction” from the mycelium resulting
in the simultaneous synthesis of an antibiotic resulting in an ecologically signifi-
cant concentration of the antimicrobial. Khokhlov et al. (1967) discovered the first
quorum sensing molecule, a y-butyrolactone named A-factor (Fig. 3.40), which was
synthesized by S. griseus at a very low concentration (10~ M) and was required for
both the production of streptomycin and sporulation. The exceptionally high specific
activity of A-factor suggested it played a “hormonal” role in controlling the differen-
tiation of S. griseus and eventually Beppu and his coworkers at the University of To-
kyo resolved its mode of action (Horinouchi & Beppu, 2007). A-factor is synthesized
by exponential-phase mycelium and its production is amplified as the culture enters
the stationary phase. Miyake, Kuzuyama, Horinouchi, and Beppu (1989) isolated a
protein named A-factor receptor protein (ArpA, coded by the gene arpA) that would
preferentially bind A-factor. The key experimental evidence in elucidating the mode
of action of A-factor was that mutants unable to synthesize the receptor protein pro-
duced elevated levels of streptomycin. The conclusion from this observation was that
the receptor protein was acting as a repressor of gene expression and its binding with
A-factor released its repressive effects, enabling the synthesis of streptomycin. It was
subsequently shown that ArpA represses the expression of the regulator gene, adpA,
and the binding of A-factor to ArpA results in derepression, that is, the transcrip-
tion of the adpA gene and the expression of the AdpA protein. AdpA is a transcrip-
tion factor that enables the transcription of strR, the CSR that, in turn, enables the
transcription of the streptomycin structural genes. However, AdpA not only controls
the expression of strR but also another two families of antibiotics, aerial mycelium
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FIGURE 3.40 The Structure of A Factor, a y-Buturolactone Synthesized hy Streptomyces
griseus

Data deposited in or computed by PubChem. URL: https://pubchem.ncbi.nlm.nih.gov.

formation and sporulation. Thus, AdpA is a pleiotropic regulator, controlling a wide
range of developmental systems in S. griseus, each via a local transcription factor.
However, other factors have been identified that interact with the promoter of strR
(van Wezel and McDowall, 2011)—in particular, AtrA that closely resembles the
cAMP receptor of E. coli. Thus, CSRs may be the focal point of a number of envi-
ronmental stimuli involved in the onset of the synthesis of a secondary metabolite or
group of metabolites.

The behavior of streptomycetes entering the stationary phase was discussed in
Chapter 2 (Microbial Growth Kinetics). Yague, Lopez-Garcia, Rioseras, Sanchez,
and Manteca (2012, 2013) identified two programmed cell death (PCD) events in
S. antibioticus when grown on solidified medium—the first when mycelial segments
of basal mycelium (MI) died and the remaining viable segments gave rise to a sec-
ondary mycelium (MII), presumably growing on substrate from the “sacrificed” cells.
The developing MII mycelium eventually underwent a similar PCD—this time the
cannibalism giving rise to aerial mycelium and spore production. Antibiotic produc-
tion is frequently associated with these stages, presumably to prevent the invasion
of marauding competitors benefitting from the sacrificed mycelium. The stimulus
for antibiotic synthesis (secondary metabolism) under these conditions appears to be
a component of the cell wall, N-acetyl glucosamine (GlcNAc) monomers released
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during the PCD process. However, GIcNAc is also a constituent of chitin, the major
polymer of insect exoskeletons and fungal cell walls and a significant nutrient source
for bacterial growth in the soil. Thus, the uptake of GIcNAc may be indicative of
famine (as a result of PCD) or feast (as a result of feeding on a dead insect). The
distinguishing feature of the origin of the nutrient is that GLcNAc emanating from
external chitin digestion is in the form of a dimer (chitobiose) whereas that produced
by autodigestion is a monomer. The transport of the dimer and monomer through
the cell membrane is via different transporters—the monomer entering via the PEP
dependent phosphotransferase system (PTS), and the dimer via the ABC transport-
ers, DasABC or NgcEFG. Monomers transported via PTS are phosphorylated and
can bind to the GLcNAc-P binding protein (DasR). DasR is known to be a repressor
of actll-ORF4, the CSR of the antibiotic actinorhodin, thereby preventing synthesis
of the antibiotic. However, the Das-R/GLcNAc-P complex will not bind to the CSR,
resulting in antibiotic synthesis (Barka et al., 2016). act/IORF4 is subject to tran-
scription control by a number of repressors and activators, DasR being only one of
them. Thus, the picture emerges of a CSR responding to a variety of environmental
stimuli that may then influence secondary metabolism onset.

The stringent response in E. coli is a reaction in which the nucleotide guano-
sine tetraphosphate (ppGpp) acts as an alarm signal indicating nutrient starva-
tion (Magnusson, Farewell, & Nystrom, 2005; Carneiro, Lourenco, Ferreira, &
Rocha, 2011). The nucleotide is synthesized by two different pathways, named after
the enzymes catalyzing the conversion of GTP and ATP to ppGpp—the RelA (ppGpp
synthetase 1) pathway and the SpoT (ppGpp synthetase II) pathway. RelA is located
at the ribosome and is activated (thus synthesizing ppGpp) when amino acid star-
vation is detected by the binding of uncharged t-RNA. SpoT carries both ppGpp
synthesizing and hydrolyzing activity and is responsible for its synthesis in response
to any nutrient starvation other than amino acid depletion. ppGpp acts by binding to
RNA polymerase and both inhibits the synthesis of stable RNA moieties (rRNA and
tRNA) and stimulates the expression of a large number of stress-related genes. The
process is summarized in Fig. 3.41. S. coelicolor has homologues of both RelA and
SpoT, named RelA and RshA, respectively, which respond broadly in similar ways
to their E. coli counterparts. A number of reports have linked increased ppGpp levels
with both the onset of secondary metabolism and morphological differentiation in
streptomycetes. Clavulanic acid is an unusual antibiotic in that it is produced during
the exponential phase and its production is increased if relA (the gene coding for
RelA) is inactivated, that is, ppGpp lowers clavulanic production (Gomez-Escribano,
Martin, Hesketh, Bibb, & Liras, 2008). Thus, the control of clavulanic acid biosyn-
thesis by ppGpp is commensurate with its phase of production. Although the details
of the mechanism of ppGpp involvement in secondary metabolism are not clear, the
involvement of the nucleotide is very well documented and, as will be discussed
later, is a target for strain improvement.

Further control mechanisms associated with secondary metabolism involve two-
component systems (TCSs). A TCS is a signaling system incorporating a sensor
and a response regulator. The sensor detects environmental information at the outer
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surface of the cell membrane and relays information to the response regulator in the
cytoplasm that can then initiate a change in gene expression. The detection system
is a membrane-bound histidine kinase that phosphorylates itself (using ATP as a
phosphate donor) when activated by its environmental stimulus. The phosphoryl
group is then transferred to an aspartate residue in the response regulator protein.
The activated response regulator may then interact with a specific gene promoter
and initiate, or prevent, transcription. The phosphorylated response regulator may
be dephosphorylated, thereby returning it to its basal state. The half-life of the
phosphorylated response regulator may vary from seconds to hours and thus deter-
mines the sensitivity of the control system. The genome of S. coelicolor contains
67 two-component systems (Martin & Liras, 2010) but the molecular mechanism
of action of most is not known. However, it is well known that high phosphate
levels can repress secondary metabolism and Sola-Landa, Moura, and Martin
(2003) showed that this control in S. lividans is mediated by the PhoR-PhoP two-
component system.
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Probably the most widely reported phenomenon associated with secondary me-
tabolism is its repression by rapidly utilized carbon sources, particularly glucose.
The phenomenon of carbon catabolite repression is a very common characteristic in
bacteria and is manifested when glucose is used preferentially over other, less favor-
able, carbon sources. However, the mechanism of catabolite repression is not well
understood in the streptomycetes. Uptake of glucose by the streptomycetes does not
involve the phosphoenolpyruvate system, despite the fact that this system operates
for the uptake of N-acetylglucoseamine. van Wezel et al. (2005) demonstrated that
glucose uptake by S. coelicolor is facilitated by the permease, GlcP. The key protein
associated with glucose mediated catabolite repression appears to be glucokinase
(catalyzes the phosphorylation of glucose to glucose-6-phosphate) and its mecha-
nism seems to be linked to its interaction with GIcP.

Our consideration of primary metabolites discussed the control of the terminal
pathway, the supply of precursors and the supply of NADPH as targets for strain
improvement. The targeting of these sites corresponded approximately with the de-
velopment of techniques for the directed selection of mutants, the application of
recombinant DNA technology and finally the development of systems biology. The
improvement of secondary metabolite producers has followed a similar trend in that
early advances were due to the isolation of mutants and the application of the more
sophisticated approaches enabled a more focused strategy on key targets to evolve.
However, the nature of secondary metabolites and their different control resulted in
the adoption of different approaches, particularly in the isolation of mutants.

Isolation of mutants producing improved yields of secondary metaholites
The empirical approach

The discussion of the directed selection of mutants considered primary products
whose biosynthesis and control had been sufficiently understood to prepare “blue-
prints” of the desirable mutants that then enabled the construction of suitable selec-
tion procedures. In contrast, important secondary metabolites were being produced
long before their biosynthetic pathways, and certainly the control of those pathways,
had been elucidated. Thus, strain improvement programs had to be developed with-
out this fundamental knowledge that meant that they depended on the random selec-
tion of the survivors of mutagen exposure. Elander and Vournakis (1986) described
these techniques as “hit or miss methods that require brute force, persistence and
skill in the art of microbiology.” However, despite the limited knowledge underly-
ing these approaches they were extremely effective in increasing the yields of an-
tibiotics. Chain’s original Oxford Penicillium notatum isolate produced 5 mg dm >
of penicillin whereas Demain cited commercial strains in 2006 producing over
70 g dm’. More rational approaches have been developed which reduce the empiri-
cal nature of strain-improvement programs. These developments include streamlin-
ing the empirical techniques and the use of more directed selection methods. Before
discussing the attempts at directed selection the empirical approach will be consid-
ered along with the attempts made to improve this approach, including miniaturized
programs.
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The empirical approach to strain improvement involves subjecting a population
of the micro-organism to a mutation treatment, frequently nitrosoguanidine (NTG),
and then screening a proportion of the survivors of the treatment for improved pro-
ductivity. The assessment of the chosen survivors was usually carried out in shake
flasks, resulting in the procedure being costly, both in terms of time and personnel.
According to Fantini (1966) the two questions that arise in the design of such pro-
grams are:

1. How many colonies from the survivors of a mutation treatment should be
isolated for testing?
2. Which colonies should be isolated?

In attempting to answer the first question Fantini dismissed statistical approaches
as impractical and claimed that the number of colonies isolated for testing is deter-
mined by the practical limiting factors of personnel, incubator and shaker space,
and time. However, Davies (1964) demonstrated that a statistical approach could
give valuable guidelines for the efficient utilization of physical resources in strain-
development programs. Davies based a computer simulation of a mutation and
screening program on the availability of 200 shaker spaces and practical results of
error variance and the distribution of yield likely to occur among the mutants. He as-
sumed that the majority of the progeny of a mutation would give a small, rather than
a large increase in productivity and it would, therefore, be more feasible to screen
a small number in the hope of obtaining a small increase rather than screen a large
number in the hope of obtaining a large increase. The major difficulty inherent in
this approach is the error involved in determining small increases, which implies the
replication of screening tests and, therefore, the use of more facilities.

Davies used the computer simulation to investigate the merits of replication in
screening programs and finally proposed the use of a two-stage scheme where mu-
tants were tested singly in the first stage and then the better producers were tested
in quadruplicate in the second stage. Davies concluded that such two-stage schemes
were adequate over a wide range of conditions, although a one-stage screen could
be used if the testing error were small and the frequency of occurrence of favorable
types high, and a three-stage screen if the testing error were high and the frequency
of occurrence of favorable types low. A screening program based on Davies’ propos-
als is shown in Fig. 3.42.

The answer to Fantini’s second question (which colonies should be isolated?) is
extremely difficult in the field of secondary metabolites and in Davies’ scheme the
colonies were chosen at random. The selection of colonies on the basis of changed
morphology has been considered by a number of workers and it appears that this is an
undesirable technique. Elander (1966) demonstrated that it was preferable to isolate
normal morphological types as, although a morphological variant may be a superior
producer, it might require considerable fermentation development to materialize the
increased production. Also, Alikhanian (1962) claimed that the vast majority of mor-
phological mutants of the antibiotic producing actinomycetes tested were inferior
producers. The most common type of shake flask program quoted is similar to that
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of Davies where the choice of colonies is random. However, there are now many
reports of screens that miniaturize the procedure for the improvement of secondary
metabolite producing strains. Such miniaturized systems are designed to enable the
productivity of all (or a significant proportion) of the survivors to be assessed, which
should eliminate (or reduce) the problem of choice of colonies for assessment and
increase the throughput of cultures.

The basis of the miniaturized techniques is to grow the survivors of the muta-
tion treatment either in a very low volume of liquid medium or on solidified (agar)
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medium. If the product is an antibiotic, the agar-grown colonies may be overlayed
with an indicator organism sensitive to the antibiotic produced, allowing the assay
to be done in situ. The level of antibiotic is assessed by the degree of inhibition
of the overlayed indicator. The system is simple to apply to strains producing low
levels of antibiotic but must be modified to allow the screening of high produc-
ers where very large zones of inhibition would be obtained. Also a system should
be used to free the superior producers from contaminating indicator organisms.
Dulaney and Dulaney (1967) used overlay techniques in the isolation of mutants
producing chlortetracycline. Mutated spores were cultured on an agar medium in
petri dishes for 6 days and then covered with pieces of sterile cellophane. An over-
lay of agar containing the indicator organism was then added and the plates incu-
bated overnight. The mutant colonies were kept free from contamination by the
cellophane and the size of the inhibition zone could be controlled by the depth of
the base layer, the age of the colonies when overlayed, the depth of the overlay and
the temperature of incubation. The system was designed such that a single colony
of a nonmutated strain would not produce an inhibition zone but that two adjacent
colonies would. In practice, the depth of the overlay controlled the size of the inhi-
bition zone. Dulaney and Dulaney (1967) obtained a far greater enrichment in the
number of desired phenotypes by the overlay technique than by random selection
and testing in liquid medium.

Ichikawa, Date, Ishikura, and Ozaki (1971) screened for the increased production
of the antibiotic kasugamycin by a Streptomyces sp., using a miniaturized technique
termed the agar piece method. In order to prevent interference between colonies,
mutated spores were grown on plugs of agar that were then placed on assay plates
containing agar seeded with the indicator organism, levels of the antibiotic being de-
termined by the size of inhibition zones. By combining this technique with a medium
improvement program, the authors obtained a tenfold increase in the productivity.
Ichikawa’s method was modified by Ditchburn, Giddings, and MacDonald (1974)
for the isolation of Aspergillus nidulans mutants synthesizing improved levels of
penicillin. These workers obtained promising results using the technique and claimed
that its potential for the recovery of higher-yielding mutants, for a given expenditure
of labor time, was greater than the shake-flask method. The level of production of
penicillin by A. nidulans is very small compared with P. chrysogenum and the tech-
nique would have to be modified considerably for commercial use.

Ball and McGonagle (1978) developed a miniaturized technique suitable for the
assay of penicillin production by “high-yielding” strains of P. chrysogenum (produc-
ing up to 6000 units cm™). These workers highlighted the design of the solidified
medium as a critical factor in the optimization of the method. They claimed that the
growth of a colony on agar-solidified medium would be unlikely to modify the me-
dium to the same extent as the growth of the organism on the same medium in sub-
merged liquid culture. Thus, the nutrient-limiting conditions that favor the onset of
antibiotic production might not be achieved by the growth of the culture on solid me-
dium which would not allow the full production potential of the culture to be detect-
ed. However, nutrient-limiting conditions were achieved in the solidified medium by
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omitting the main carbon source and reducing the corn steep-liquor content. Mutated
spores were plated over the surface of petri dishes of the nutrient limited medium
such that ten to twenty colonies developed per plate. The time of incubation of the
plates was not quoted but “when the colonies were of a size suitable for accurate
measurement,” a pasteurized spore suspension of B. subtilis containing 0.16 units
cm” of penicillinase (to limit the size of the inhibition zones) was dispersed over the
surface of the dish. The plates were then incubated for 18-24 h and the inhibition
zones were examined. Suitable colonies were freed of contaminating B. subtilis by
culturing on nutrient agar containing sodium penicillin and streptomycin sulfate. The
use of this technique enabled three operators to scan 15,000 survivors from ultravio-
let irradiated spore populations in 3 months.

The major disadvantages of the miniaturized solidified medium technique ap-
proach is that productivity expressed on the solid medium may not be expressed
in the subsequent liquid culture and conversely, colonies not showing activity on
solid media may be highly productive in liquid medium. Despite these limitations
the aforementioned workers have demonstrated that the approach has considerable
merit and Ball (1978) claimed that the increase in throughput might be as much as 20
times that of a conventional shake-flask program. Work by Bushell’s group (Pickup,
Nolan, & Bushell, 1993) provides an interesting insight into the problem of certain
streptomycete isolates producing a secondary metabolite on agar but not in liquid
culture. It is important to appreciate that the strains were natural isolates and not the
survivors of mutation treatments but the conclusions do have relevance to mutant
development. Working on the premise that nonproduction in liquid medium may be
due to a more fragmented morphology, these strains were subjected to a filtration
enrichment procedure. Liquid cultures were filtered through a linen filter and the
filtrate and retentate mycelium recultured in fresh medium. The procedure was then
repeated sequentially. The enriched retentate mycelium of several isolates which
were previously unable to produce antibiotic in liquid culture gave rise to stable
filamentous types synthesizing in liquid medium. Although this approach could not
be used routinely in a high-throughput mutant screen it may be applied to a few high-
producing strains which have not fulfilled their promise (detected in an agar screen)
in liquid media.

An excellent example of a miniaturized screening program is given by the work
of Dunn-Coleman et al. (1991) of Genencor International. These workers developed
a low-volume liquid medium system to isolate mutants of A. niger var. awamori
capable of improved secretion of bovine chymosin. The Aspergillus strain had been
constructed using recombinant DNA technology. Mutated spore suspensions were
diluted and inoculated into 96-well microtiter plates using robots. The dilutions were
such that each well should have contained one viable spore. The plates were incu-
bated in a static incubator and then harvested using a robotic pipetting station and as-
sayed for product. Typically, 50-60,000 mutated viable spores were assessed in each
screen. The most promising 10-50 strains from the miniaturized screen were then
tested in shake flask culture. The best producer from the shake-flask screen was then
used as the starter for a further round of mutagenesis. The results of seven rounds of



Improvement of industrial microorganisms 161

Table 3.8 Chymosin Production by NTG Mutated Strains of Aspergillus niger
var. awamori (Dunn-Coleman et al., 1991)

Rounds of NTG Mutagenesis Chymosin Concentration (ug cm™)
and Recurrent Selection Microtiter Plate Shake Flask
Parent 42 286

First 50 273

Second 64 280

Third 136 377

Fourth 170 475

Fifth 200 510

Sixth 256 646

mutation and selection are shown in Table 3.8. Investigation of the improved strains
showed that they were capable of secreting a range of enzymes and, thus, the strains
were presumed to be modified in their secretion mechanisms. It is interesting to note
that an improved secreter of a heterologous protein has been isolated using a tradi-
tional mutation and selection approach that has been miniaturized and automated.

In several cases the examination of randomly selected high-yielding mutants
has indicated that their superiority may have been due to modifications of their
control systems. Goulden and Chataway (1969) demonstrated that a mutant of
P. chrysogenum, producing high levels of penicillin, was less sensitive to the control
of acetohydroxyacid synthase by valine. Valine is one of the precursors of penicil-
lin and its synthesis is controlled by its feedback inhibition of acetohydroxyacid
synthase. Thus, removal of the control of valine synthesis may result in the produc-
tion of higher valine levels and, hence, greater production of penicillin. Pruess and
Johnson (1967) demonstrated that higher-yielding strains of P. chrysogenum also
contained higher levels of acyltransferase, the enzyme that catalyzes the addition of
phenylacetic acid to 6-aminopenicillanic acid. Dulaney (1954) reported that the best
producer of streptomycin among S. griseus mutants was auxotrophic for vitamin B,
and Demain (1973) claimed that this auxotrophic mutation was still a characteristic
of production strains being used in 1969. Thus, it appears that some strains isolated
by random selection, and overproducing secondary metabolites, are altered in ways
similar to those strains isolated by directed selection techniques and overproducing
primary metabolites.

Use of directed selection in the isolation of improved secondary
metabolite producers

There are many examples in the literature where a more directed selection approach
has been adopted for the improvement of secondary metabolite producers. The tech-
niques used include the isolation of auxotrophs, revertants, and analog-resistant
mutants. Although mutation of secondary metabolite producers to auxotrophy for a
primary biosynthetic product frequently results in their producing lower yields, cases
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of improved productivity have also been demonstrated. For example, Alikhanian,
Mindlin, Goldat, and Vladimizov (1959) investigated the tetracycline producing abil-
ities of 53 auxotrophic mutants, all of which produced significantly less tetracycline
than the parent strain in normal production medium. Supplementation of the medium
with the growth requirement resulted in one mutant expressing productivity superior
to that of the parent.

It is sometimes difficult to explain the precise reason for the effect of mutation
to auxotrophy on the production of secondary metabolites, but in the majority of
cases it has been demonstrated to be an effect on the secondary metabolic system
rather than, simply, an effect on the growth of the organism. The simplest explana-
tion for the deleterious effect on secondary metabolite yield is that the auxotroph is
blocked in the biosynthesis of a precursor of the end product, for example, Polsinelli,
Albertini, Cassani, and Cifferi (1965) demonstrated that auxotrophs of Streptomyces
antibioticus which required any of the precursors of actinomycin (isoleucine, valine,
or threonine) were poor producers of the antibiotic.

Many secondary metabolites may be considered as end products of branched
pathways that also give rise to primary metabolites. Thus, a mutation to auxotrophy
for the primary end product may also influence the production of the secondary prod-
uct. In P. chrysogenum, lysine and penicillin share the same common biosynthetic
route to oi-aminoadipic acid, as shown in Fig. 3.43. The role of lysine in the penicillin
fermentation has also led to the investigation of lysine auxotrophs as potential su-
perior penicillin producers. Demain (1957) demonstrated that lysine was inhibitory
to the biosynthesis of penicillin. The explanation of this phenomenon is considered
to be the inhibition of homocitrate synthase by lysine resulting in the depletion of
o-aminoadipic acid required for penicillin synthesis (Demain & Masurekar, 1974). It
may be postulated that lysine auxotrophs blocked immediately after oi-aminoadipic
acid would produce higher levels of penicillin due to the diversion of the intermedi-
ate toward penicillin synthesis and the removal of any control of homocitrate syn-
thase by endogenous lysine. O’Sullivan and Pirt (1973) investigated the production
of penicillin by lysine auxotrophs of P. chrysogenum in continuous culture but were
unable to demonstrate improved productivity in a range of lysine-supplemented me-
dia. Luengo, Revilla, Villanueva, and Martin (1979) examined the lysine regulation
of penicillin biosynthesis in low-producing and industrial strains of P. chrysogenum.
The industrial strain was capable of producing up to 12,000 units cm™ penicillin.
These workers demonstrated that although the onset of penicillin synthesis in the
industrial strain was less sensitive to lysine than in the low-producing strain, the
empirical industrial selection procedures had not completely removed the mecha-
nisms of lysine regulation of penicillin biosynthesis. Luengo et al. (1979) expressed
the possibility that overproduces of penicillin may be obtained by the selection of
mutants to lysine regulation. However, it should be noted that the industrial strain
employed was a representative of only one series of penicillin producers and that
other series may have already been modified with respect to the regulatory effects of
lysine. Nevertheless, this study does indicate the possibility that selection of strains
resistant to lysine control may be overproduces of penicillin.
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It is far more difficult to explain the effect of auxotrophy for factors not associated
with the biosynthesis of the secondary metabolite. Polsinelli et al. (1965) demonstrat-
ed that seven out of 27 auxotrophs of S. griseus produced more actinomycin than did
the prototrophic parent. Dulaney and Dulaney (1967) demonstrated increased chlor-
tetracycline yields in eight out of eleven auxotrophs of S. viridifaciens when grown
in supplemented media. In neither of these cases were the auxotrophic requirements
directly involved in the biosynthesis of the secondary metabolites. Demain (1973)
put forward two possible explanations to attempt to account for the behavior of such
auxotrophs. The first explanation is that the auxotrophic factors were involved in
“cross-pathway” regulation with the secondary metabolite or its precursors. Demain
quoted several examples of cross-pathway regulation in primary metabolism where
the activity of one pathway is affected by the product of an apparently unrelated
sequence. The alternative explanation is that the effect on secondary metabolism is
not due to the auxotrophy but to a second mutation accompanying the auxotrophy,
that is, a double mutation. Demain cited two attempts to determine whether the ef-
fects of auxotrophy on secondary metabolism were due to double mutations or to the
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auxotrophy. MacDonald, Hutchinson, and Gillett (1963) reverted a low-producing
thiosulfate-requiring mutant of P. chrysogenum to thiosulfate independence and ex-
amined penicillin productivity by the revertants. Approximately half of the revertants
reacquired their “grandparents” production level, whereas the other half retained
their poor productivity. Polsinelli et al. (1965) reverted five isoleucine—valine auxo-
trophs of S. antibioticus (which also produced low levels of actinomycin compared
with the parent strain) to prototrophy and discovered that some were returned to nor-
mal production and others to higher production levels than the “grandparent.” Thus,
in the case of Polsinelli et al. (1965) mutants, it is unlikely that the effect on second-
ary metabolism was due to a double mutation, but it is possible that this was the case
for some of MacDonald et al.’s strains. However, it should be remembered that both
these groups of auxotrophs were poor secondary metabolite producers blocked in
routes directly involved with the secondary biosynthetic pathway. It may be more
relevant to examine the nature of auxotrophic strains blocked in apparently unrelated
pathways and produce improved levels of the secondary metabolite. It is not possible
to say whether any of the auxotrophic mutants previously discussed produced supe-
rior levels of the secondary metabolite as a result of double mutations, but it may be
possible to exploit this possibility in the future.

The treatment of bacterial cells with NTG results in clusters of mutations around
the replicating fork of the chromosome (Guerola, Ingraham, & Cerda-Olmedo, 1971).
Thus, if one of the mutations were selectable (eg, auxotrophy) it may be possible to
isolate a strain containing the selectable mutation along with other nonselectable mu-
tations that map close by. The efficient application of this technique would depend
on the accurate mapping of the gene involved in producing the secondary metabolite
so that neighboring mutations may be selected. This technique may be valuable for
the selection of mutants of the bacilli and streptomycetes producing high levels of
antibiotics where mutations affecting synthesis may be mapped for each biosynthetic
step. Comutation by NTG may then be followed by selection for changes to genes
adjacent to those loci known to be involved in production of the particular secondary
metabolite.

The isolation of analog-resistant mutants has already been discussed in the field
of primary metabolism, where the rationale was that a mutant resistant to the inhibi-
tory effects of an analog, which mimics the control characteristics of the natural me-
tabolite, might overproduce the natural metabolite. This approach has been adopted,
or may be adopted, in a number of guises in the field of secondary metabolism. The
most obvious application is the enhancement of the production of a precursor of
the secondary metabolite. This approach was adopted by Elander, Mabe, Hamill,
and Gorman (1971) in the isolation of mutants of Pseudomonas aureofaciens over-
producing the antibiotic pyrrolnitrin. Tryptophan is a precursor of pyrrolnitrin and
although it is stimulatory to production it is uneconomic to use as an additive in
an industrial process. Thus, Elander isolated mutants resistant to tryptophan ana-
logs using the gradient plate technique described previously. A strain was eventu-
ally isolated that produced 2-3 times more antibiotic than the parent and was resis-
tant to feedback inhibition by tryptophan. Addition of tryptophan to the improved
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strain would not result in higher pyrrolnitrin synthesis, indicating that tryptophan
supply was no longer the limiting factor and the organism was producing sufficient
endogenous tryptophan for antibiotic synthesis.

Godfrey (1973) isolated mutants of Streptomyces lipmanii resistant to the valine
analog, trifluoroleucine. These mutants produced higher levels of cephamycin than
the parent strain, and appeared to be deregulated for the isoleucine, leucine, valine
biosynthetic pathway, indicating that valine may have been a rate-limiting step in
cephamycin synthesis.

Methionine has been demonstrated to stimulate the biosynthesis of cephalosporin
by Acremonium chrysogenum and superior producers have been isolated in the form
of methionine analog-resistant mutants (Chang and Elander, 1982). Lysine analog
resistant mutants have yielded a greater frequency of superior -lactam antibiotic
producers compared with random selection (Elander, 1989).

There are many cases in the literature of a secondary metabolite preventing its
own synthesis. Martin (1978) cited the following examples: chloramphenicol, auro-
dox, cycloheximide, staphylomycin, ristomycin, puromycin, fungicidin, candihexin,
mycophenolic acid, and penicillin. The precise mechanisms of these controls are not
clear but they appear to be specific against the synthesis of the secondary metabolite
and not against the general metabolism of the cells. The mechanism of the control
of its own synthesis by chloramphenicol appears to be the repression of arylamine
synthetase (the first enzyme in the pathway from chorismic acid to chloramphenicol)
by chloramphenicol. Jones and Vining (1976) demonstrated that arylamine synthe-
tase was fully repressed by 100 mg dm™ chloramphenicol, a level of antibiotic which
neither affected cell growth nor the activities of the other enzymes of the chloram-
phenicol pathway.

Martin (1978) quoted several examples of correlations between the level of sec-
ondary metabolite accumulation and the level that causes “feedback” control, which
may imply that the factor limiting the yields of some secondary metabolites is the
feedback inhibition by the end product. Much more recently, Liu, Chater, Chandra,
Niu, and Tan (2013) cited evidence of the involvement feedback control of second-
ary metabolism in their review of molecular regulation of antibiotic biosynthesis.
The selection of mutants resistant to feedback inhibition by a secondary metabolite
is a far more difficult task than the isolation of strains resistant to primary metabolic
control. It is extremely unlikely that a toxic analog of the secondary metabolite could
be found where the toxicity lay in the mimicking of the feedback control of the
secondary metabolite, a compound which would not be necessary for growth. How-
ever, the detection of mutants resistant to feedback inhibition by antibiotics may be
achieved by the use of solidified media screening techniques, similar to the miniatur-
ized screening techniques previously described. The technique would involve cultur-
ing the survivors of a mutation treatment on solidified medium containing hitherto
repressing levels of the antibiotic and detecting improved producers by overlaying
the colonies with an indicator organism. The difficulty inherent in this technique is
that the incorporated antibiotic, itself, will inhibit the development of the indicator
organism. This problem may be overcome by adjusting the depth of the overlay or
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the concentration of the indicator such that an inhibition zone could be produced
only by a level of antibiotic greater than that incorporated in the original medium.
However, it is unlikely that this would be a satisfactory solution for the selection of a
high-producing commercial strain. Another approach would be to utilize an analog of
the antibiotic which mimicked the feedback control by the natural product but which
did not have antimicrobial properties. Inhibition of antibiotic synthesis by analogs
has been demonstrated in the cases of aurodox (Liu, McDaniel, & Schaffner, 1972)
and penicillin (Gordee & Day, 1972). An alternative may be to use a mutant indicator
bacterium for the overlay that is only sensitive to levels of the antibiotic in excess
of that originally incorporated into the medium. In cases where it has been demon-
strated that feedback control by the end product plays an important role in limiting
productivity it would probably be worthwhile to design such procedures.

Many secondary metabolites have been shown to be toxic to the producing cell
when it is present in the trophophase (growth phase) (Demain, 1974). Thus, it ap-
pears that a “switch” in the metabolism of the organism in the idiophase enables it
to produce an otherwise “autotoxic” product. Furthermore, it has been demonstrat-
ed that, in some cases, the higher the resistance to the secondary metabolite in the
growth phase, the higher is productivity in the production phase. Dolezilova, Spizek,
Vondracek, Paleckova, and Vanek (1965) demonstrated that the level of production
of nystatin by various strains of S. noursei was related to the resistance of the strain
to the antibiotic in the growth phase; a nonproducing mutant was inhibited by 20
units cm ™, the parent strain produced 6000 units cm™ and was inhibited by 2000
units cm™ in the growth phase and a mutant producing 15,000 units cm™ was found
to be resistant to 20,000 units cm™. The possible relationship between antibiotic
resistance and productivity may be used to advantage in the selection of high-pro-
ducing mutants by culturing the survivors of a mutation treatment in the presence of
a high level of the end product. Those strains capable of growth in the presence of a
high level of the antibiotic may also be capable of high productivity in the idiophase.
This approach has been used successfully for antifungal azasterols (Bu’Lock, 1980),
streptomycin (Woodruff, 1966), and ristomycin (Trenina & Trutneva, 1966) but
without success for novobiocin (Hoeksema & Smith, 1961).

A similar rationale was used by McGuire, Glotfelty, and White (1980) for the
improvement of daunorubicin production, an anthracycline antitumor agent synthe-
sized by the red-pigmented streptomycete Streptomyces peuceticus. The red pigment
is presumably anthracycline, which shares its polyketide origin with daunorubicin.
The directed selection was based on the ability of the antibiotic cerulenin to sup-
press polyketide synthesis. Cerulenin is an antibiotic that targets fatty acid synthase,
thus ultimately disrupting membrane function. Fatty acid synthase and polyketide
synthase are very similar complexes and thus resistance to cerulenin may result in an
associated modification in polyketide synthesis. This was indicated in S. peuceticus
by the lack of the red pigment on cerulenin agar. Thus, mutants that were still ca-
pable of oligoketide synthesis in the presence of the inhibitor would remain red.
Approximately a third of the resistant mutants were superior daunorubicin producers.
Miyake et al. (20006) used a similar approach in isolating cerulenin-resistant mutants
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of Monascus pilosus producing an elevated level of the polyketide lovastatin. Zhang,
Hunter, and Tham (2012) reported that the mechanism of cerulenin resistance was
the production of increased levels of the enzyme that “titrates out” the inhibitor.

A potentially toxic compound may be rendered harmless by an organism convert-
ing it to a secondary metabolite or a secondary metabolite complexing with it. Ions
of heavy metals such as Hg**, Cu® and related organometallic ions are known to
complex with B-lactam antibiotics (Elander and Vournakis, 1986) and such agents
have been used to select resistant mutants. The logic of this selection process is that
overproduction of a B-lactam may be the mechanism for increased resistance to the
heavy metal. Elander and Vournakis (1986) reported that the frequency of superior
cephalosporin C producers was greater amongst mutants resistant to mercuric chlo-
ride than among random samples of the survivors of ultraviolet treatment.

The conversion of the penicillin precursor, phenylacetic acid, to penicillin is
thought to be an example of detoxification by conversion to a secondary metabo-
lite. It appears that strains capable of withstanding higher concentrations of the pre-
cursor may be able to synthesize higher levels of the end product. Polya and Nyiri
(1966) applied this hypothesis in selecting phenylacetic acid-resistant mutants of
P. chrysogenum and demonstrated that 7% of the isolates showed enhanced penicillin
production. Barrios-Gonzalez, Montenegro, and Martin (1993) investigated the same
phenomenon and developed methods for the enrichment of both spores and early
idiophase mycelium resistant to phenyl acetic acid. Of the resistant spore population,
16.7% were superior penicillin producers as compared with 50% of the resistant
idiophase population. This suggests that the selective force may be more “directed”
by using a population already committed to penicillin synthesis. Although the best
mutants contained elevated levels of acyltransferase (the enzyme that directly de-
toxifies PAA), they also showed higher levels of isopenicillin N synthetase (cyclase),
which the authors claimed to be the limiting step. Thus, it was claimed that the
screening method was not specific to select for acyltransferase elevation but could
select for strains having a faster carbon flow through the pathway enabling them to
use PAA faster.

Ball (1978) stressed that the major difficulty in the selection of toxic precursor
resistant mutants is that the site of resistance of a mutant may not result in the organ-
ism overproducing the end product—for example, the resistance may be due to an
alteration in the permeability of the mutant or due to the mutants’ ability to degrade
the precursor to a harmless metabolite unrelated to the desired end product. Barrios-
Gonzalez’s approach of using mycelial fragments already committed to penicillin
synthesis decreases the likelihood of such “false selection” occurring.

The repression of secondary metabolism has been attributed to the high concen-
trations of key nutrients present in the exponential phase—particularly the carbon,
phosphate, and nitrogen sources. Thus, analogs of repressing media components
have been used to select resistant mutants. For example, arsenate and vanadate have
been used as selective agents to isolate phosphate resistant strains (DeWitt, Jackson,
& Paulus, 1989) and deoxyglucose to isolate glucose catabolite repression resistant
strains (Allen, McNally, Lowendorf, Slayman, & Free, 1989). Deoxyglucose is a
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toxic analog of glucose and mutants resistant to the compound having lower glu-
cose uptake rates resulting in the lifting of catabolite repression. Repression by am-
monium ion can be reduced by the isolation of mutants resistant to bialaphos—an
inhibitor of glutamine synthetase, the key enzyme in ammonium ion assimilation
(Zhang et al., 2012).

The involvement of ppGpp in the onset of secondary metabolism is very well
documented, although the details of the mechanism are far from clear. This sce-
nario was debated earlier in our consideration of the control of secondary metabo-
lism. This perceived role of ppGpp has been exploited in strain improvement by the
development of an approach termed “ribosome engineering” (Ochi et al., 2004). The
involvement of the ribosome in ppGpp synthesis caused some workers to explore the
relationship between mutations giving resistance to antibiotics acting at the ribosome
and the production of secondary metabolites. An excellent example of the approach
is given by Wang, Hoasaka, and Ochi’s (2008) investigation of actinorhodin produc-
tion by S. coelicolor. These workers sequentially introduced mutations ultimately
giving resistance to eight different ribosome-acting antibiotics. The process was very
simple and relied on the detection of naturally occurring mutations by plating more
than 10 spores on the surface of agar plates containing antibiotics. Thus, no mu-
tagens or recombinant DNA technology techniques were used. The best producer,
resistant to seven antibiotics, produced 1.63 g dm ™ actinorhodin—a 180-fold in-
crease over the wild type. This elevated productivity was associated with an increase
in ppGpp synthesis and relA transcription and the maintenance of protein synthesis
into the stationary phase compared with the wild type. Importantly, the improved ac-
tinorhodin synthesis was lost in a relA” multiply resistant strain indicating the neces-
sity of ppGpp synthesis for hyper-production. The molecular mechanisms involved
in this process are unclear and the authors pointed out that the ppGpp and ribosome
characteristics did not necessarily occur in each successive mutant strain. However,
remarkable results were achieved in a short time using very simple techniques that
can be easily applied to different secondary metabolite producers.

As discussed in the section on primary metabolites, a mutant may revert to the
phenotype of its “parent,” but the genotype of the revertant may not, necessarily, be
the same as the original “parent.” Some revertant auxotrophs have been demonstrat-
ed to accumulate primary metabolites (Shiio and Sano, 1969) and attempts have been
made to apply the technique to the isolation of mutants overproducing secondary
metabolites. Two approaches have been used in the field of secondary metabolites
with respect to the isolation of revertants:

e The reversion of mutants auxotrophic for primary metabolites that may
influence the production of a secondary metabolite.

* The reversion of mutants that have lost the ability to produce the secondary
metabolite.

As previously discussed, it is difficult to account for some of the effects of auxot-
rophy on secondary metabolism and it appears that some may be due to as yet unre-
solved cross-pathway phenomena and others due to the expression of other mutations



Improvement of industrial microorganisms 169

associated with the auxotrophy. Similarly, revertant mutants may affect secondary
metabolism in a number of ways—direct effects on the pathway, cross-pathway ef-
fects, and effects due to mutations other than the detected reversion.

Dulaney and Dulaney (1967) investigated the tetracycline productivities of
a population of prototroph revertants of S. viridifaciens derived from each of five
auxotrophs. These workers predicted that some revertants might be productive due
to direct influence of the mutations on tetracycline biosynthesis but that others may
be so because they contained other lesions. Superior producers were obtained in all
the prototroph-revertant populations apart from those derived from a homocysteine
auxotroph. However, the frequency of the occurrence of the superior producers was
similar to that obtained by the random selection of the survivors of a mutation treat-
ment in all but one of the populations. The exceptional population was the revertants
of a methionine auxotroph, 98% of which produced between 1.2 and 3.2 times as
much tetracycline as the original prototrophic culture. A possible explanation of the
very favorable titres of the population may be the role of methionine as the methyl
donor in tetracycline biosynthesis and that methionine availability limited the pro-
duction of the secondary metabolite in the original prototroph. However, addition of
exogenous methionine to the prototroph did not result in superior productivity.

Polsinelli et al. (1965) also demonstrated that reversion of five mutants of an ac-
tinomycin producing strain of S. antibioticus blocked in the isoleucine—valine path-
way resulted in the isolation of some superior mutants. Godfrey (1973) reported that
the reversion of a cysteine auxotrophic mutant of S. lipmanii resulted in improved
production of cephamycin. These studies provide promising evidence that the selec-
tion of revertants of auxotrophs of primary metabolites involved in secondary me-
tabolism may yield a high number of productive mutants.

The reversion of nonproducing strains may result in the detection of a high-
producing mutant as that mutant would have undergone at least two mutations asso-
ciated with the production of the secondary metabolite. Dulaney and Dulaney (1967)
plated the progeny of a mutation of a nonproducing strain of S. viridifaciens onto
solidified production medium and screened for superior tetracycline producers by an
overlay technique. A mutant was isolated which produced 9 times the tetracycline
yield of the original “parent.” The major difficulty inherent in this technique is that
nonproducing mutants of high-yielding strains may be incapable of being reverted
due to extreme deficiencies in their metabolism. Indeed, Rowlands (1992) suggested
that strains which are non (or low) producers and illustrate other effects such as poor
growth and sporulation are best discarded, but that revertant mutants not showing
pleiotropic effects are perhaps more likely to possess genuine increases in biosyn-
thetic activity than those produced by any other technique, having been mutated
twice in genes directly affecting product formation.

Use of recombination systems for the improvement of secondary
metabolite production

The vast majority of commercial secondary metabolite producers are either fun-
gi or actinomycetes and recombination has been used for strain improvement in
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both groups. The first approaches used the parasexual cycle in industrial fungi and
conjugation in the streptomycetes (often referred to as spore mating) to achieve
recombination. The development of protoplast fusion significantly increased the
use of recombination for both groups of organisms and the subsequent applica-
tion of recombinant DNA technology resulted in another significant step in strain
development.

The application of the parasexual cycle

Many industrially important fungi do not possess a sexual stage and therefore it would
appear difficult to achieve recombination in these organisms. However, Pontecorvo,
Roper, Hemmons, MacDo-nald, and Bufton (1953) demonstrated that nuclear fusion
and gene segregation could take place outside, or in the absence of, the sexual organs.
The process was termed the parasexual cycle and has been demonstrated in the im-
perfect fungi, A. niger and P. chrysogenum, as well as the sexual fungus A. nidulans.
In order for parasexual recombination to take place in an imperfect fungus, nuclear
fusion must occur between unlike nuclei in the vegetative hyphae of the organism.
Thus, recombination may be achieved only in an organism in which at least two
different types of nuclei coexist, that is, a heterokaryon. The heterozygous diploid
nucleus resulting from the fusion of the two different haploid nuclei may give rise to
a diploid clone and, in rare cases, a diploid nucleus in the clone may undergo an ab-
normal mitosis resulting in mitotic segregation and the development of recombinant
clones which may be either diploid or haploid.

Recombinant clones may be detected by their display of recessive characteristics
not expressed in the heterokaryon. Analysis of the recombinants normally demon-
strates them to be segregant for only one, or a few linked, markers and culture of the
segregants results in the development of clones displaying more recessive characters
than the initial segregant. The process of recombination during the growth of the
heterozygous diploid may occur in two ways: mitotic crossing over, which results
in diploid recombinants, and haploidization, which results in haploid recombinants.

Mitotic crossing over is the result of an abnormal mitosis. The normal mitosis
of a heterozygous diploid cell (where 2n = 2) is shown in Fig. 3.44. During mitosis,
each pair of homologous chromosomes replicate to produce two pairs of chromatids
and a chromatid of one pair migrates to a pole of the cell with a chromatid of the
other pair. Division of the cell at the equator results in the production of two cells,
both of which are heterozygous for all the genes on the chromosome. Mitotic cross-
ing over involves the exchange of distal segments between chromatids of homolo-
gous chromosomes as shown in Fig. 3.45. This process may result in the production
of daughter nuclei homozygous for a portion of one pair of chromosomes and in the
expression of any recessive alleles contained in that portion. Thus, the clone arising
from the partial homozygote will be recombinant and further mitotic crossing over in
the recombinant will result in the expression of more recessive alleles.

Haploidization is a process that results in the unequal distribution of chroma-
tids between the progeny of mitosis. Thus, of the four chromatids of a homologous
chromosome pair, three may migrate to one pole and one to another resulting in the
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FIGURE 3.45 Diagrammatic Representation of Mitesis Including Mitotic Crossing Over

formation of two nuclei, one containing 2n + 1 chromosomes and the other contain-
ing 2n — 1 chromosomes. The 2n — 1 nuclei tend toward the haploid state by the
progressive random loss of further chromosomes. Thus, the resulting haploid nucleus
will contain a random assortment of the homologues of the chromosomes of the or-
ganism. A representation of the process is shown in Fig. 3.46.
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Therefore, the major components of the parasexual cycle are the establishment
of a heterokaryon, vegetative nuclear fusion, and mitotic crossing over or haploidi-
zation resulting in the formation of a recombinant. In practice, the occurrence and
detection of these stages may be enhanced by the use of auxotrophic markers. The
parents of the cross are made auxotrophic for different requirements and cultured
together on minimal medium. The auxotrophs will grow very slightly due to the car-
ryover of their growth requirements from the previous media, but if a heterokaryon is
produced, by anastomoses (mycelial connections) forming between the two parents,
then it will grow rapidly. The frequency of vegetative nuclear fusion in the hetero-
karyon may be enhanced by the use of agents such as camphor vapor or ultraviolet
light; mitotic segregation may be enhanced by the use of agents such as X-rays, nitro-
gen mustard, p-fluorophenylalanine, and ultraviolet light (Sermonti 1969).

The application of the parasexual cycle to industrially important fungi has been
hindered by a number of problems (Elander, 1980). A major difficulty is the influ-
ence of the auxotrophic markers (used for the selection of the heterokaryon) on the
synthesis of the desired product. As discussed earlier, auxotrophic mutations have
been observed to have quite unpredictable results on the production of some second-
ary metabolites. Even conidial color markers have been shown to have deleterious
effects on product synthesis (Elander, 1980). Even when suitable markers are avail-
able, the induction of heterokaryons in some industrial fungi has been demonstrated
to be a difficult process and specialized techniques had to be employed to increase
the probabilities of heterokaryon formation (MacDonald & Holt, 1976). However, the
development of protoplast fusion methods in the late 1970s enabled efficient hetero-
karyon formation to be achieved and removed the major barrier to the application of
the parasexual cycle to strain improvement. These developments are considered in
more detail in the next section on protoplast fusion.

Despite the early difficulties of inducing the parasexual cycle in some industrial
fungi, it was used in two ways to study these organisms. The cycle was used to
investigate the genetics of the producing strains as well as to develop recombinant
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superior producers. Information obtained on the basic genetics of the industrial
fungi using the parasexual cycle included the number of chromosomes (or linkage
groups), the allocation of genes, important in product synthesis, to particular chro-
mosomes, and the mapping of important genes on a chromosome. Sermonti (1969)
and MacDonald and Holt (1976) have described the techniques that were used to
achieve these objectives.

Initial studies on haploid strains of P. chrysogenum derived from parasexual
crosses demonstrated that most of the progeny exhibited the genotype of one of the
parents, that is, no recombination had occurred (MacDonald, 1968). MacDonald sug-
gested that one of the reasons for this lack of success might have been the difference
in gross chromosomal morphology between the parents caused by certain mutagens
used in the development of the strains. Thus, one precaution to be adopted in the de-
velopment of strains that may be used in a parasexual cross is the avoidance of muta-
gens that may cause gross changes in chromosomal morphology. Subsequently, Ball
(1978) suggested that the careful choice of markers and the use of strains giving simi-
lar titers and being “not too divergent” could result in achieving more recombinants.

Although diploids produced by the parasexual cycle are frequently unstable,
stable diploids have been used for the industrial production of penicillin. Elander
(1967) isolated a diploid from a sister cross of P. chrysogenum, which was shown to
be a better penicillin producer than the parents and was morphologically more stable
(a sister cross is one where the two strains differ only in the markers used to induce
the heterokaryon). One explanation of the superior performance of the diploid may
have been its resistance to strain degeneration caused by deleterious recessive muta-
tions. Such mutations would only have been expressed in the diploid if both alleles
had been modified. Calam, Daglish, and McCann (1976) demonstrated that a diploid
strain of P. chrysogenum was more stable than haploid mutants and mutation and
selection of the diploid gave rise to a diploid strain producing higher levels of peni-
cillin than the parents. Ball (1978) claimed that the usefulness of diploids may only
be short term, presumably implying problems of degeneration, and may best be used
as stepping-stones to a recombinant haploid.

The advantages to be gained from the industrial use of parasexual recombinants
are not confined to the amalgamation of different yield improving mutations. Equally
advantageous would be the introduction of characteristics that would make the pro-
cess more economic, for example, low viscosity, sporulation, and the elimination of
unwanted products. The development of these issues will be considered in the next
section on protoplast fusion.

Protoplast fusion

Fusion of fungal protoplasts appears to be an excellent technique to obtain hetero-
karyons between strains where conventional techniques have failed, or, indeed, as the
method of choice. Thus, this approach has allowed the use of the parasexual cycle
for breeding purposes in situations where it had not been previously possible. This
situation is illustrated by the work of Peberdy, Eyssen, and Anne (1977) who suc-
ceeded in obtaining heterokaryons between P. chrysogenum and P. cyaneofulvum and
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demonstrated the formation of diploids which gave rise to recombinants after treat-
ment with p-fluorophenylalanine or benomyl. Although it has been claimed that P,
chrysogenum and P. cyaneofulvum are not different species of Penicillium (Samson,
Hadlock, & Stolk, 1977), Peberdy et al. (1977) still demonstrated that protoplast fu-
sion could be successful where conventional techniques had failed.

A demonstration of the use of protoplast fusion for an industrial fungus is
provided by the work of Hamlyn and Ball (1979) on the cephalosporin producer,
C. acremonium. These workers compared the effectiveness of conventional tech-
niques of obtaining nuclear fusion between strains of C. acremonium with the pro-
toplast fusion technique. The results from conventional techniques suggested that
nuclear fusion was difficult to achieve. Electron microscopic examination of fused
protoplasts indicated that up to 1% underwent immediate nuclear fusion. Recombi-
nants were obtained in both sister and divergent crosses. A cross between an aspo-
rulating, slow-growing strain with a sporulating fast-growing strain, which only
produced one-third of the cephalosporin level of the first strain eventually resulted
in the isolation of a recombinant which combined the desirable properties of both
strains, that is, a strain which demonstrated good sporulation, a high growth rate, and
produced 40% more antibiotic than the higher-yielding parent. Chang and Elander
(1982) utilized protoplast fusion to combine the desirable qualities of two strains of
P. chrysogenum. Protoplasts from two strains, differing in colony morphology and
the abilities to produce penicillin V (the desired product) and OH-V penicillin (an
undesirable product), were fused, followed by plating on a nonselective medium. Out
of 100 stable colonies that were scored, two possessed the desirable morphology,
high penicillin V and low OH-V penicillin productivities.

Lein (1986) reported the penicillin strain improvement program adopted by Pan-
labs, Inc. This program included random and directed selection as well as protoplast
fusion. Table 3.9 illustrates the properties of the two strains used in a protoplast
fusion and one of the recombinants selected. To avoid any adverse effects no selec-
tive genetic markers were used and the regenerated colonies were screened on the
basis of colony morphology and spore color. A total of 238 colonies judged to be
recombinants were screened for penicillin V production and the culture with the best
combination of properties is shown in the table. Thus, the desirable characteristics of
each strain were combined in the recombinant.

Protoplasts are also useful in the filamentous fungi for manipulations other than
cell fusion. Rowlands (1992) suggested that they might be used in mutagenesis of
nonsporulating fungi. Spores are the cells of choice for the mutagenesis of filamen-
tous fungi but this is obviously impossible for nonsporulating strains. Mycelial frag-
ments may be used but these will be multinucleate and very high mutagen doses are
required. Although some protoplasts will be nonnucleate or multinucleate at least
some will be uninucleate, which will express any modified genes after mutation.
Also, protoplasts will take up DNA in in vitro genetic manipulation experiments and
this aspect will be discussed in a later section of this chapter.

Recombination can take place between actinomycetes by conjugation
(Hopwood, 1976) and phage transduction (Studdard, 1979). However, both these
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Table 3.9 The Use of Protoplast Fusion for the Improvement of a Penicillin
V Producer (Lein, 1986)

Characteristics Parent A Parent B Best Recombinant
Spores per slant (x10°) 2.2 2.5 7.5

Germination frequency (%) 99 40 49

Color of sporulating colonies Green Pale green Deep green

Seed growth Good Poor Good

Penicillin V yield (mg cm™) 11.7 18.5 18.0

Phenylacetic oxidation Yes No No

mechanisms involve the transfer of only small regions of the bacterial chromosome.
Furthermore, the low frequencies at which recombination occurs necessitate the use
of selectable genetic markers such as auxotrophy or antibiotic resistance. The intro-
duction of such markers is time-consuming but also they can detrimentally affect
the synthetic capacity of the organism. Protoplast fusion has particular advantages
over conjugation in that the technique involves the participation of the entire ge-
nome in recombination. Also, Hopwood (1979) developed techniques that resulted
in the recovery of a very high proportion of recombinants from the fusion products
of S. coelicolor protoplasts. By subjecting protoplasts to an exposure of ultraviolet
light, sufficient to kill 99% of them prior to fusion, Hopwood claimed a 10-fold
increase in recombinant detection for strains normally giving a low yield of recom-
binants (1%) and a doubling of the recombination frequency for a cross normally
yielding 20% recombinants. Such yields of recombinants means that they would be
detectable by simply screening a random proportion of the progeny of a protoplast
fusion and the use of selectable markers to “force” out the recombinants would not
be necessary. Examples of the application of the technique to actinomycete strain
improvement include cephamycin C yield enhancement in Nocardia lactamdurans
(Wesseling, 1982) and the improvement of lignin degradation in Streptomyces
viridosporus (Petty & Crawford, 1984).

The impact of protoplast fusion was taken to a new level with the development
of a technique given the term “genome shuffling.” Two publications in 2002 used
this approach to improve the acid tolerance of an industrial Lactobacillus strain
(Patnaik et al., 2002) and the production of tylosin by Streptomyces fradiae (Zhang
et al., 2002). The philosophy of this method was to combine mutation and selection
with recombination using protoplast fusion. Zhang et al. (2002) subjected spores of
S. fradiae (strain SF1) to NTG mutagenesis and cultured 22,000 survivors in mi-
crotiter plates, selecting 11 mutants for further study. Protoplasts were prepared from
the mutants, mixed in equal quantities and fused. Fused protoplasts were allowed
to regenerate cell walls and 1,000 progeny screened for tylosin production. Seven
progeny from the fusion process, producing more than the original parent, were se-
lected, protoplasted, fused, regenerated, and screened. A further seven strains with
improved production were selected as before and the best two examined in detail.
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The productivity of the two selected strains were compared with the productivity of
SF1 and strain SF21 that had been produced from SF1 by 20 rounds of conventional
mutagenesis and selection, over a period of 20 years. The results were quite dramat-
ic—the two rounds of genome shuffling, taking 1 year, produced strains giving yields
equivalent to those of mutants produced from 20 rounds of mutation and selection
over a period of 20 years. The random mutagenesis involved over a million assays
whereas the genome shuffling approach involved only 24,000. Yields improved by
eightfold in both systems—but genome shuffling reduced the time involved from
20 years to 1. Thus, the shuffling of genes between multiple parental genomes, an
unusually promiscuous cross, achieved the equivalent of a conventional program in a
20th of the time and, crucially, employed simple techniques requiring no knowledge
of the pathways involved, nor of their control.

The adoption of genome shuffling as a means of achieving whole-genome en-
gineering has been reported for a number of systems, for example, natamycin
production by Streptomyces gilvosporeus (Luo et al., 2012); nosiheptide produc-
tion by Streptomyces actuosus (Wang et al., 2014) and spinosad production by
Saccharopolyspora spinosa (Wang, Xue, He, Peng, & Yao, 2015).

Recombinant DNA technology

The basic principles of the use of recombinant DNA technology has been con-
sidered in the previous section of this chapter dealing with its application to the
improvement of primary metabolite production. The application of in vitro recombi-
nant DNA technology to the improvement of secondary metabolite production may
not be as advanced as it is for primary metabolites, but it has made a very significant
contribution. Techniques have been developed for the genetic manipulation of the
filamentous fungi (Zhang et al., 2004) and the streptomycetes (Kieser et al., 2000
and Bekker, Dodd, Brady, & Rumbold, 2014). As discussed earlier, the genes for the
biosynthesis of a secondary metabolite are clustered both in the streptomycetes and
the fungi. Furthermore, these clusters also contain the genes for regulation, resis-
tance, export, and extracellular processing. Work of this type has not only increased
the basic understanding of the molecular genetics of secondary metabolism, but it
has also facilitated strain improvement to be conducted in a rational manner, with
four broad approaches being used: amplifying the copy number of genes coding
for key enzymes or regulatory elements; increasing precursor availability; removing
competing reactions that divert intermediates away from the desired end product, and
modifying the pathways to produce novel products.

An excellent early example of amplifying gene copy number is provided by the
work of the Lilly Research Laboratories group (Skatrud, 1992) in attempting to in-
crease cephalosporin C synthesis by the fungus, Cephalosporium acremonium. Four
critical stages were involved:

* Identifying the biochemical rate-limiting step in the cephalosporin C industrial
fermentation.
* Cloning the gene coding for the enzyme catalyzing the rate-limiting step.
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* Constructing a vector containing the cloned gene and introducing it into the
production strain.
* Screening the transformants for increased productivity.

The biosynthetic route to cephalosporin C is shown in Fig. 3.47. Analysis of
fermentation broths showed an accumulation of penicillin N that indicated a bottle-
neck at the next reaction, that is, the ring expansion step where the 5-membered
penicillin N ring is expanded to the 6-membered ring of deacetoxycephalosporin C.
This step is catalyzed by deacetoxycephalosporin C synthase (DAOCS, commonly
called expandase) coded for by the gene cefEF (already previously cloned by Samson
et al., 1987). cefEF also codes for the next enzyme in the route, deacetylcephalospo-
rin C synthase (DACS, commonly called hydroxylase). Thus, if the expandase step
were rate limiting, introduction of extra copies of cefEF should relieve the limitation
and eliminate the accumulation of penicillin N.

The production strain of C. acremonium was transformed with a plasmid con-
taining an exact copy of cefEF and the transformants screened for increased pro-
ductivity. Approximately one in four transformants were superior producers and one
produced almost 50% more antibiotic in a laboratory-scale fermentation. Analysis
of the transformant showed that a single copy of the transforming DNA had inte-
grated into chromosome III, whereas native cefEF resides in chromosome II. In pilot
scale fed-batch fermentations the transformant showed a 15% increase in yield, still
a very significant increase for an industrial strain. As predicted, the transformant did
not accumulate penicillin N and the bottleneck appeared to have been relieved. The
superior strain was among the first eight transformants examined, whereas 10,000
survivors of a mutagen exposure rendered no improved types. This work illustrated
the enormous potential of recombinant DNA technology for secondary metabolite
yield improvement.

The amplification of a regulatory gene is exemplified by Perez-Llarena, Liras,
Rodriguez-Garcia, and Martin (1997) work on the gene ccaR of S. clavuligerus. The
protein encoded by the gene resembles those produced by ‘“cluster-situated tran-
scriptional regulators” (CSRs). Disruption of the gene resulted in the loss of both
cephamycin and clavulanic acid; restoration of the gene restored productivity and
amplification gave a two- to threefold increase in production of both compounds.

Malmberg, Hu, and Sherman’s (1993) early application of the technology in the
study of cephamycin synthesis in wild-type S. clavuligerus illustrates the second
approach—increasing precursor availability. The three precursors of cephamycin
synthesis are the three amino acids L-cysteine, D-valine, and o-aminoadipic acid
(0-AAA). However, the synthesis of 0i-AAA is different in the fungi and strepto-
mycetes—in the former, it is a precursor of lysine whereas in the latter it is a cata-
bolic product. The observations that supplementation with o-AAA and resistance
to lysine analogs stimulated cephamycin synthesis led these workers to increase
o-AAA availability by amplifying the copy number of the /at gene, coding for lysine
e-aminotransferase (LAT), the first enzyme in the conversion of lysine to a-AAA. This
was achieved using an engineered plasmid containing the /at gene that integrated into
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FIGURE 3.47 The Biosynthetic Route to Cephalosporin C in Cephalosporium acremonium
(Skatrud, 1992)

Abbreviations: ACV, delta-(L-2-aminoadipyl)-L-cysteinyl-D-valine; cef, Genes coding for
cephalosporin synthesis; DAC, Deacetylcephalosporin C; DACS, DAC synthase (commonly
known as hydroxylase); DAOC, Deacetoxycephalosporin C; DAOCS, DAOC synthase
(commonly known as expandase); IPNS, Isopenicillin-N-synthase.
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the cephamycin C gene cluster. The transformed strain produced 5 times the wild-
type concentration of both cephamycin C and its precursor, O-carbamoyl deacetyl-
cephalosporin C, but crucially in identical proportions, indicating an early influence
on the pathway in the transformant. The increased productivity of the engineered
strain correlated with its elevated activity of LAT.

Li and Townsend’s paper in 2006 also describes increasing the synthesis of a
precursor of a secondary metabolite—this time, the production of clavulanic acid
by S. clavuligerus. The biosynthetic route to clavulanic acid is shown in Fig. 3.48,
from which it can be seen that its two precursors are D-glyceraldehyde 3-phosphate
and L-arginine. Supplementation of the culture with arginine simply increased
the concentration of the arginine pool without stimulating product synthesis while
glycerol supplementation enhanced clavulanic production, suggesting glyceral-
dehyde 3-phosphate as the limiting factor. The key intermediate in the pathway is
D-glyceraldehyde-3-phosphate (D-G3P), located at the three-way branch point to cla-
vulanic acid, glycolysis, and gluconeogenesis, and thus glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is a key enzyme influencing flux at this node. Two dif-
ferent GAPDH enzymes are produced by S. clavuligerus, coded by the genes gap!

Glycerol Aldelhyde
”Y\ hydrugenasemyc dehydrogenase
H b HO OH —= Glycerate
O —OH OH akishyds
I )=/ Glycerol
i N Glycaral kinase
: r
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FIGURE 3.48 The Biosynthesm of Clavulamc Acid by Streptomyces clavuligerus
Where D-G3P is D-glyceraldehyde 3-phosphate (Li & Townsend, 2006).
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and gap2. Each of these genes was inactivated in separate strains by targeted gene
disruption. Clavulanic acid production was doubled as a result of disruption of gap!
but disruption of gap2 had little effect. Supplementation of the gap/-disrupted strain
gave the reverse results seen in the wild type, that is, arginine supplementation stimu-
lated product formation while glycerol did not, indicating a sufficiency of D-G3P
and arginine limitation. Biomass production was unaffected by the manipulation and
thus glycolysis was still operational in the enhanced strain. This could have been due
to the activity of Gap2 or to the alternative glycerol pathway, shown in Fig. 3.48,
involving glycerol hydrogenase, aldehyde dehydrogenase, and glycerate kinase.
The disrupted gene was incorporated into the genome by double-crossover through
homologous recombination and, thus, the construct was stable and not subject to
reversion due to plasmid loss. Further work on this strain (Banos, Perez-Redondo,
Koekman, & Liras, 2009) increased the gene dosage of the glp operon, comprising
the genes coding for glycerol transporter, glycerol kinase, and glycerol-3-phosphate
dehydrogenase. This strain elevated clavulanic acid yield by a further 4.5-fold and
with glycerol supplementation, 7.5-fold.

The ability of individual streptomycetes to produce a range of different second-
ary metabolites has been addressed several times in this chapter. This characteristic
is manifested in two ways—the production of closely related metabolites of the same
pathway and the ability to produce a range of secondary metabolites originating from
different pathways. Paradkar et al. (2001) investigated both aspects in their study of
the production of clavulanic acid by S. clavuligerus. As well as clavulanic acid, this
organism produces a number of closely related compounds that have an inverted
stereochemistry in their ring structure, the antipodal clavams (Fig. 3.49) and the un-
related S-lactam, cephamycin C, produced by a separate biosynthetic pathway. These
workers disrupted both cephamycin C and antipodal clavam synthesis in an industrial
strain of S. clavuligerus by replacing the lat gene and the cvml gene, respectively,
with cloned copies of these genes interrupted by the insertion of an apramycin re-
sistance gene. The double mutant produced about a 10% increase in clavulanic acid
production—a significant result when it is considered that the strain was already pro-
ducing several orders of magnitude more product than the wild-type. However, the
improved production was not the only asset of the modified strain—removal of the
antipodal clavans (that are relatively toxic) is advantageous from a regulatory point
of view and also facilitated the downstream extraction process (Paradkar, 2013).

The isolation of organisms from the natural environment synthesizing commer-
cially useful metabolites is an expensive and laborious process. Therefore, other
approaches have been used to produce novel compounds that may be of some in-
dustrial significance. Probably the most successful alternative approach has been
the semisynthetic one where microbial products have been chemically modified, for
example, the semisynthetic penicillins. The advent of readily available recombina-
tion techniques resulted in attempts to produce novel compounds from recombinants,
particularly streptomycetes. The rationale behind these experiments was that by mix-
ing the genotypes of two organisms, synthesizing different metabolites, then new
combinations of biosynthetic genes, and hence pathways, may be produced. Little
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clavuligerus.

Antipodal clavam (a) and clavulanic acid (b), both synthesized by Streptomyces

Data deposited in or computed by PubChem. URL: https://pubchem.ncbi.nlm.nih.gov.
progress was achieved using protoplast fusion but the exploitation of recombinant
DNA technology yielded some significant successes.

S. coelicolor produces the polyketide actinorhodin (Fig. 3.50) while Streptomyces
sp. AM 7161 produces medermycin. Hopwood et al. (1985) transformed some of the
cloned genes coding for actinorhodin into Streptomyces sp. AM7161. The recombinant
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FIGURE 3.50

(a) Structure of actinorhodin, (b) structure of medermycin, (c) structure of mederrhodin
(Hunter & Baumberg, 1989).

produced another antibiotic, mederrhodin A (Fig. 3.50). The modified strain contained
the acftV gene from S. coelicolor coding for the p-hydroxylation of actinorhodin; the
enzyme was also capable of hydroxylating medermycin. Hopwood et al. (1985) also
introduced the entire actinorhodin gene cluster into Streptomyces violaceoruber that
produces granaticin or dihydrogranaticin (Fig. 3.51). The recombinant synthesized
the novel antibiotic, dihydrogranatirhodin that has the same structure as dihydrogra-
naticin apart from the stereochemistry at one of its chiral centers (Fig. 3.51).

The enzymes responsible for polyketide biosynthesis have been extensive-
ly studied and significant advances have been made in the understanding of both
their biochemistry and genetics. Polyketide synthases (PKSs) are multifunctional
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FIGURE 3.51

(a) Structure of granaticin, (b) structure of dihydrogranaticin, (c) structure of
dihydrogranatirhodin (Hunter & Baumberg, 1989).

enzymes that catalyze repeated decarboxylative condensations between coenzyme
A thioesters and are very similar to the fatty acid synthases. An enormous range of
microbial polyketides is known and the variation is due to the chain length, the nature
of the precursors and the subsequent modification reactions that occur after cycliza-
tion. McDaniel, Ebert-khosla, Hopwood, and Khosla (1993) constructed plasmids
coding for recombinant PKSs and achieved expression in S. coelicolor. Five novel
polyketides were synthesized and the system showed great promise for the produc-
tion of new, potentially valuable, compounds as well as providing carbon skeletons
amenable to derivatization by organic chemists.

A commercially relevant example is provided by the Lilly Research Labo-
ratories group (Beckman, Cantwell, Whiteman, Queener, & Abraham, 1993)
who produced a strain of Penicillium chrysogenum capable of accumulating



184 CHAPTER 3 Industrially important microorganisms

deacetoxycephalosporin C (DAOC), a compound that can be biotransformed into
7-aminodesacetoxycephalosporanic acid (7ADAOC) which is a precursor of at least
three chemically synthesized clinically important cephalosporins. The conventional
route to 7ADAOC is by the chemical ring expansion of benzylpenicillin that is far
more complex than the biotransformation of DAOC. DAOC is produced as an in-
termediate in the synthesis of cephalosporin C by Cephalosporium acremonium, as
shown in Fig. 3.47. However, it would be very difficult to manufacture the compound
from C. acremonium by blocking the conversion of DAOC to deacetylcephalosporin
C because a single bifunctional enzyme catalyzes both the conversion of penicillin N
to DAOC (expandase activity) and the hydroxylation of DAOC to deacetylcephalo-
sporin C (hydroxylase activity). The bifunctional protein is encoded by the gene cef
EF. In S. clavuligerus the expandase and hydroxylase enzymes are separate proteins
encoded by the genes cef E and cef F, respectively. Thus, S. clavuligerus could be
modified for the commercial production of DAOC. However, the Lilly group did
not have a strain capable of producing high cephalosporin levels available to them,
but they did have a P. chrysogenum that overproduced isopenicillin N (IPN) as an
intermediate in phenoxymethylpenicillin synthesis as shown in Fig. 3.52. Thus, to
enable the Penicillium to produce DAOC the insertion of two genes was necessary,
that is, those encoding isopenicillin epimerase and expandase. These workers had
already cloned cefE (coding for expandase) from S. clavuligerus and cefD (coding
for epimerase) from S. lipmanii. Thus, using sophisticated vector technology, a
P. chrysogenum was transformed with a plasmid containing both cefD and cefE. One
of the isolated transformants was capable of synthesizing up to 2.5 g dm~ DAOC and
both the cefD and cefE genes were integrated into the organism’s genome. Thus, the
recombinant produced by the Lilly group contained a branched biosynthetic pathway
giving rise to the two end products, DAOC and phenoxymethylpenicillin.

A novel application of recombinant DNA technology to strain improvement is
the development of reporter-guided mutant selection. Askenazi et al. (2003) were
the first to develop the system that combined random mutagenesis with a directed

L-c-aminoadipic acid + L -cysteine + L -valine
I

L-o-aminoadipyl - L -cysteinyl - D -valine
l

Isopenicillin N
i S
Phenoxymethylpenicillin ~ Penicillin N
i

Deacetoxycephalosporin C

FIGURE 3.52 B-Lactam Biosynthetic Pathway in Wild-Type P. chrysogenum (Pathway in
Non-bold Font) and in P. chrysogenum Transformed with pBOB13 and pZAZ6 (Branched
Pathway Which Includes Steps in Bold Font)

Enzyme steps (non-bold font, top to bottom): ACV synthetase, IPN synthase, acyl
coenzyme A: IPN acyltransferase. Enzyme steps (bold font, top to bottom): IPN epimerase,
penicillin N expandase (= DAOC synthase). (Beckman et al., 1993.)
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selection process based on a reporter gene (Fig. 3.53). As discussed previously, the
control of secondary metabolite pathways involves a regulatory cascade in which a
transcription factor, coded by a regulatory gene, switches on a lower-level regulatory
gene that in turn, enables transcription of the structural genes of a pathway. A plas-
mid is constructed in which a reporter gene (usually antibiotic resistance) is linked
to the promoter of the pathway regulatory gene. Thus, the reporter gene is under the

Mutagenesis and selection
for antibiotic resistance

FIGURE 3.53

Reporter-guided mutant selection representing a bacterial cell showing a portion of the
chromosome (with the target secondary metabolite gene and its promoter (P) controlled by
a transcription factor, TF) and an engineered plasmid containing an antibiotic resistance
gene (R) controlled by the secondary metabolism promoter. Mutagenesis, followed by
selection for antibiotic resistance selects expression for the up-regulated TF via the
expression of the reporter.

Modified from Xiang et al. (2009).
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control of the same cascade as are the secondary metabolism genes. The producer
organism is transformed with the plasmid and subjected to mutagenesis. Mutants that
have been altered in the control cascade such that the regulator gene is over expressed
will also express the reporter gene, resulting in the expression of a selectable char-
acteristic (antibiotic resistance). A disadvantage of the system is the number of false
positive antibiotic-resistant mutants that are generated that are not due to expression
of the reporter gene. Xiang et al. (2009) addressed this problem by linking the de-
sired promoter to two, different, reporter genes. Thus, a false positive could only be
generated by two, unrelated, mutations (Fig. 3.54). The basis of the reporter system is
that the desired mutation is functioning in trans. Thus, a cis mutation in the reporter

_iw -

Mutagenesis and selection for
both reporter phenotypes

FIGURE 3.54 Dual Reporter-Guided Mutant Selection, as for Fig. 3.53 hut With an Additional
Reporter Gene (R2)—See Text for Explanation

Modified from Xiang et al. (2009).
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construct promoter that gives elevated reporter gene expression will also be a false
positive, so it is not possible to fully eliminate the possibility.

Xiang et al. (2009) applied the approach to the improvement of clavulanic acid
production by S. clavuligerus. The reporter construct consisted of the promoter of
the clavulanic acid regulator gene, ccaR, linked to the kanamycin resistance gene,
neo, and xylE, coding for catechol 2,3-dioxygenase. Colonies expressing xy/E con-
vert catechol to its yellow derivative, 2-hydroxymuconic semialdehyde. The advan-
tage of a color-related phenotype is that the degree of expression of the reporter can
be estimated by the intensity of the color reaction. Using this methodology, Xiang
et al. (2009) showed that 90% of mutants selected using the double-reporter system
produced elevated clavulanic acid levels. Interestingly, the mutants were genetically
diverse, thus giving an additional resource in attempting to elucidate the factors con-
trolling productivity.

Postgenomic era—the influence of genomics, transcriptomics, and

proteomics on the improvement of secondary metabolite producers

The impact of genome sequencing on the evolution of industrial strains of
C. glutamicum was considered earlier in this chapter and the reader is referred to
that discussion for an introduction to the basic principles. A complete genome se-
quence not only enables the identification of key mutations in industrial strains but
also opens the door to the fields of transcriptomics, proteomics, and metabolomics.
The progress made in these fields has been made possible by the advances in both
molecular biology and bioinformatics, the latter facilitating the processing of vast
amounts of data and the development of metabolic models. Key contributions to
the understanding of the physiology of secondary metabolism were the complete
genome sequencing of the “model organisms” of secondary metabolism—S. coeli-
color (Bentley et al., 2002) and P. chrysogenum (van den Berg et al., 2008). The
S. coelicolor genome contained the largest number of predicted genes (7825) of any
bacterium sequenced at that time—commensurate, perhaps, with the morphologi-
cal, physiological, and chemical complexity of the organism. A surprisingly large
number of proteins (965) was attributed a regulatory role, with an abundance of
sigma factors (65) and two-component regulators (53 sensor-regulator pairs). Also,
the large number of genes coding for extracellular enzymes is typical of soil mi-
croorganisms. Most surprisingly, and discussed in an earlier section of this chapter
on strain isolation, was the identification of 18 clusters of genes predicted to code
for enzymes of secondary metabolism—a discovery that resuscitated the search for
novel metabolites. Another feature, also shown in other streptomycete genomes, is
the occurrence of several genes coding for proteins with the same activity in central
carbon metabolism (Hiltner, Hunter, & Hoskison, 2015). For example, in our ear-
lier discussion of clavulanic acid production by S. clavuligerus two isoenzymic
forms of glyceraldehyde-3-phosphate dehydrogenase were active. This duplication
of enzyme activity confuses the results of flux analysis as the flux through a reac-
tion is measured as the combined activity of all participating enzymes and may
not reflect the sophisticated control that may be happening. A dedicated database,
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StrepDB, has been developed for the processing of information associated with the
S. coelicolor sequence and its coverage has now been expanded to include a wide
range of streptomycete genomes and products (Lucas et al., 2013). Mining both
fungal and bacterial genomes for secondary metabolism genes has also been facili-
tated by the “antibiotics and secondary metabolism analysis shell” (antiSMASH),
a web server and stand-alone tool for the automatic genomic identification and
analysis of biosynthetic gene clusters, now available in its third iteration (Weber
etal., 2015).

The sequenced P. chrysogenum strain was Wisconsin 54-1255, an early de-
scendent of the original isolate NRRL 1951 (from which all industrial strains were
derived), producing approximately 2000 ug cm penicillin (Barreiro, Martin,
& Garcia-Estrada, 2012). The genome contained 12,943 genes (similar in size to
other filamentous fungi) and, in common with sequenced streptomycetes, contained
secondary metabolism genes other than those coding for its known secondary me-
tabolite products. Interestingly, two penicillin biosynthetic genes, pcbAB and pcbC
lacked introns, suggesting that the penicillin gene cluster originated by horizontal
gene transfer from a prokaryote.

The application of genomics in the field of secondary metabolism includes the
direct comparison of the genomes of high and low producers and the use of both tran-
scriptomics and proteomics to investigate the physiology and molecular biology of
secondary metabolite production. An excellent example of the “omics” approach is the
investigation of the penicillin fermentation. The Wisconsin 54-1255 P. chrysogenum
sequence elucidated by van den Berg et al. enabled the development of a microarray
to investigate gene expression. It was already appreciated that the penicillin gene
cluster was amplified in high producers (Fierro et al., 1995) and van den Berg et al.’s
sequence showed their strain to have only one—thus, the amplification occurred
later in the strain improvement programs. The comparison of the transcriptomes of
Wisconsin 54-1255 with an industrial strain enabled a greater understanding of the
basis of hyper-productivity. The strains were investigated under penicillin producing
conditions and the differential expression of their genes compared. The results are
summarized in Table 3.10. Particularly noteworthy are the increased expression in
the high producer of genes associated with precursor synthesis—valine, cysteine, and
o-aminoadipic acid—and both up- and downregulated genes related to the peroxi-
some. The peroxisome is an important organelle in penicillin synthesis as it is the site
for the final two steps in the pathway.

Further insight into the development of penicillin industrial strains has been giv-
en by Barreiro et al. (2012) review of the comparison of the proteomes of the wild-
type strain, the moderate producer Wisconsin 54-1255 and a high producing strain,
AS-P-78. The following key observations shed light on the changes inherent in high
penicillin producers:

1. Increasing penicillin yield was commensurate with a decrease in the catabolic
pathways and an increase in the biosynthetic pathways of the three precursor
amino acids—valine, cysteine, and oi-aminoadipic acid.
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Table 3.10 Upregulated and Downregulated Genes of P. chrysogenum Under
Penicillin Producing Conditions (van den Berg et al., 2008)

Number of Genes Number of Genes
Gene Group Upregulated Downregulated
Growth and metabolism 106 75
Pathway from precursors to penicillin G 6 1
Penicillin G secretion 13 4
Peroxisome related 2 4
B-Lactam metabolism 4 2
Penylacetic acid metabolism 6 0
Cell differentiating and morphology 14 11
Other 156 174
Total 307 271

2. Despite the fact that AS-P-78 contains up to six copies of the penicillin gene
cluster, the levels of associated proteins were not proportionately increased.
Thus, the superior productivity of AS-P-78 cannot be explained entirely by the
amplification of the gene cluster.

3. The expression of proteins involved in the degradation or modification of
penicillin were downregulated in the high producer.

4. The original wild-type produced a number of proteins involved in pigment
synthesis while this characteristic was absent in the moderate and high
producers. This was an expected observation as the loss of pigmentation was an
early feature in the strain development programs. Also, proteins associated with
the invasion of fruit (the organism’s natural habitat) were expressed at lower
levels in the penicillin producers.

5. Phenylacetic acid (PAA) is fed to the penicillin fermentation, forming
the side chain of penicillin G. However, PAA can be degraded via the
homogentisate pathway, thus making it unavailable for antibiotic synthesis.

The degradatory pathway enzymes were expressed at much lower levels in the
penicillin-producing strains and phenylacetyl-CoA ligase and isopenicillin N
acyltransferase, which catalyze the conversion of isopenicillin N to penicillin G,
were overexpressed. These enzymes are present in the peroxisome as well as a
wide repertoire of ligases, specific for a range of side-chains.

6. The synthesis of one mole of penicillin synthesis requires 8—10 moles of
NADPH (Kleijn et al., 2007). The major source of NADPH is the pentose
phosphate pathway, and the production of key enzymes such as ribose-5-
phosphate isomerase and transketolase were upregulated in the high producer.

No penicillin pathway-specific regulatory genes have been elucidated in the peni-
cillin gene cluster and control appears to be exerted at a global level by regulators
such as VeA and LaeA. The “velvet” morphological mutation was first recorded
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in A. nidulans by Kafer (1965). The name described its velvety appearance due to
its prolific production of conidia (asexual spores). The velvet complex of proteins
consists of VeA, VelB, and LaeA and couple secondary metabolism with differen-
tiation including sexual and asexual reproduction (Palmer et al., 2013). LaeA was
the most recent protein to be added to this group by Butchko, Adams, and Keller
(1999) who isolated A. nidulans mutants that had lost the ability to produce the
secondary metabolite, sterigmatocystin, but retained the ability to sporulate. A gene
named [aeA was shown to complement one of these mutants and its protein prod-
uct, LacA, was shown to be a regulator of secondary metabolism. Deletion of laeA
blocked the expression of secondary metabolism gene clusters (such as sterigmato-
cystin, penicillin, and lovastatin) whereas its over expression increased transcription
of these gene clusters and their biosynthetic products. The combination of VeA-VelB
was required for the production of sexual spores whereas VeA-LaeA was required
for the production of sterigmatocystin. The mode of action has been attributed to
LaeA’s interaction with histone protein that may result in making concealed portions
of the genome accessible to transcription (Bok & Keller, 2004; Sanchez, Somoza,
Keller, & Wang, 2012).

Thus, elucidation of the genome sequence and the accompanying transcriptomic
and proteomic investigations have revealed many key lesions in penicillin high-
yielding strains that contribute to their productivity. However, it is interesting to
note form Table 3.10 that the considerable majority of genes that were differentially
expressed in the low and medium producers were classified under “growth and me-
tabolism” or “other.” Some of these may be making a real contribution to penicillin
synthesis but many will have been introduced during the mutation/selection process
and actually be deleterious in terms of the organism’s vitality.

Lum, Huang, Hutchinson, and Kao (2004) took advantage of the S. coelicolor
DNA array in an early example of the comparison of the transcriptome of a high
producer with that of a wild-type. By adding the erythromycin gene cluster to the
S. coelicolor array they were able to produce a functioning array to investigate eryth-
romycin production by Saccharoployspora erythrea. They demonstrated that pro-
duction of erythromycin was accompanied by the sustained, coordinated expression
of the erythromycin genes suggesting control by a regulator and the absence of clus-
ter-associated regulator genes implied orchestration at a global level. Subsequently,
using DNA binding studies of the promoter regions of the five erythromycin genes,
Chng, Lumm, Vroom, and Kao (2008) identified the regulator protein as BldD
(product of gene bldD). BIdD is a regulator of aerial hyphal development in Strep-
tomyces and acts as a repressor. Transcriptome studies showed bldD expression was
elevated in the production strain and its deletion caused a sevenfold reduction in
erythromycin production and blocked aerial development on solidified medium.

More recently, an example of the application of transcriptomics to the elucida-
tion of potential genetic targets for strain improvement is provided by the work of
Medema et al. (2011a) who elucidated the genome sequence of the clavulanic acid
(CA) producer, S. clavuligerus. Knowing the genome sequence enabled Medema
et al. to construct a DNA array that was then used to compare the transcriptome of
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the wild-type with that of an industrial strain, DS48802, developed using conven-
tional mutation and selection. DS48802 produced CA at approximately 100 times
the level of the wild type. As is typical of secondary metabolite producers, S. clavu-
ligerus produces a range of secondary metabolite products. Thus, as well as CA, it
synthesizes at least four different clavam metabolites, the methionine antimetabolite,
alanylclavam, and cephamycin C. The gene clusters coding for CA and cephamycin
are adjacent on the chromosome and, together, are referred to as a “super-cluster.”
The transcriptome of DS48802 showed the complete super-cluster, including the
regulator genes claR and ccaR, to be upregulated by a factor of two- to eightfold, as
was the two-component system that induced the expression of the alanylclavam clus-
ter. This response suggests that a common ‘“higher-level” regulator was operational,
with AdpA the prime candidate as its transcription was elevated 2.5 times that of the
wild-type. The pathway to CA is given in Fig. 3.48, and was discussed in our ear-
lier consideration of its rational modification by Li and Townsend (2006). Glycerol
uptake and metabolism was upregulated in the industrial strain, while aconitase and
citrate synthase were downregulated, resulting in a reduced flux of the CA precur-
sor, glyceraldehyde-3-phosphate, to the TCA cycle and its diversion to the synthesis
of CA. The outcome of this scenario is very similar to that of Li and Townsend’s
modification of glyceraldehyde-3-phosphate dehydrogenase discussed earlier, but
still enabling reduced TCA flux to facilitate arginine synthesis (the other precur-
sor of CA). Other upregulated primary metabolism genes included glutamine and
glutamate synthetases (possibly involved in the synthesis of arginine via the urea
cycle) and transporters for both ammonia and phosphate. Thus, these insights into
the physiology of the industrial producer reveal potential leads to develop a strain by
molecular engineering, devoid of damaging lesions introduced by the random muta-
tion and selection approach.

The remarkable progress made in sequencing technology, and the associated mas-
sive reduction in cost, has enabled the secondary metabolism community to adopt
the approach as a “routine” methodology and resulted in a “mushrooming” of se-
quenced strains. At the time of writing 229 streptomycete and 659 fungal sequences
had been completed and were publicly available. Thus, it is perfectly feasible to ge-
nome sequence the strains in the family tree of a high producing strain in an attempt
to correlate increased productivity with particular mutations. However, in reality, the
processing of such data would be challenging as each round of mutation is likely to
have introduced multiple mutations, many of which will have no impact on second-
ary metabolism or may damage the vigor of the strain (Baltz, 2016). Nevertheless,
there are examples in the literature of this approach and they are likely to be repre-
sentative of a multitude of confidential “inhouse” studies done in the industry. Peano
et al. (2014) used this methodology to rationalize the productivity of a strain of Amy-
colatopsis mediterranei over producing rifamycin B. Rifamycin B is a polyketide
antibiotic synthesized from an aromatic starter unit, 3-amino-5-hydroxybenzoic
acid (AHBA), extended by two molecules of malonyl CoA and eight molecules of
(s)-methylmalonyl-CoA (Figs. 3.55 and 3.56). Three strains derived from a common
ancestor were sequenced. The highest producer, HP-130, had been produced from
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FIGURE 3.55 The Structure of Rifamycin
Data deposited in or computed by PubChem. URL: https:/pubchem.ncbi.nlm.nih.gov.

its ancestral strain by 12 successive rounds of mutation with UV light and meth-
ylnitronitrosoguanidine (MNNG). Its sequence revealed that the strain, compared
with its ancestor, contained 250 mutations in the coding regions, indicating that each
round of mutagenesis had contributed more than 20 mutations to the genome. Of
the 250 lesions, 109 were unique to HP-130—54 missense, 4 frameshift, 3 non-
sense, 2 in-frame insertions, and 45 silent mutations that did not lead to amino acid
substitutions. Work was then focused on two mutations, in mut B2 and argS2. Gene
mutB2 is one of two mutB paralogs catalyzing the isomerization of succinyl-CoA
to methylmalonyl-CoA, a key precursor of rifamycin B (see Fig. 3.56). The pool
concentration of methylmalonyl-CoA in HP-130 was twice that in a lower producing
strain (S699) whereas S699 had higher succinyl-CoA levels than HP-130. Having
identified this potential target, the hypothesis was tested by disrupting the mutB2
gene in S699, thereby increasing rifamycin B to that of HP-130. Investigation of
the argS2 gene revealed that it coded for one of two arginyl-tRNA synthetases and
this was commensurate with the reduced arginyl-tRNA synthetase activity in HP130
compared with S699, as well as an increased ppGpp level. It will be recalled that pp-
Gpp is a key signal molecule in the control of the onset of secondary metabolism and
its synthesis can be induced by amino acid shortage (the stringent response) detected
by the binding of uncharged tRNA molecules to the ribosome. Thus, it was postulat-
ed that the phenotype of the mutation was manifested by the reduced arginyl-tRNA
synthetase activity resulting in uncharged arginine-tRNA binding at the ribosome,
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initiation of the stringent response and the synthesis of ppGpp. Disruption of
argS2 in S699 resulted in elevated levels of both ppGpp and rifamycin but not to
the extent seen in HP-130.

Thus, the comparison of the genomes of high and low producers of secondary me-
tabolites can reveal key mutations to facilitate strain construction as was exemplified
in Ohnishi’s work on the development of a lysine producing strain of C. glutamicum
(Ohnishi et al., 2002). The next stage in this strategy would be to express mutations
into a wild-type background, as was done by Ohnishi, to eliminate the deleterious
lesions introduced by mutagenesis. However, the challenge is the identification of
mutations that may be relevant to secondary metabolism over production in a system
that has evolved to react to a multitude of environmental stimuli.
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While the advances in genomics have contributed significantly to the improve-
ment of secondary metabolite producers, probably the greatest impact is the revela-
tion of “silent” secondary metabolism gene clusters. The exploitation of this discov-
ery was discussed in the first section of this chapter on the isolation of natural product
producers and a key issue raised was the development of heterologous hosts in which
to express these silent clusters. As more and more fungi and actinomycetes are se-
quenced, more silent clusters will be revealed in organisms already “in captivity.”
Thus, the availability of reliable heterologous expression hosts and the technology to
introduce large DNA sequences is critical to the industry being able to capitalize on
this new resource. Baltz (2016) has addressed both the technology and the range of
available hosts in an authoritative review in which he distinguished the need for two
different host types: discovery hosts, genetically amenable and capable of expressing
a wide range of gene clusters without being affected by the products produced, nor
interfering with expression by producing their own products; manufacturing hosts,
capable of producing high concentrations of product and amenable to the stresses
incurred in large-scale manufacture. Currently, work has focused on the develop-
ment of discovery hosts with the streptomycetes S. avermitilis, S. coelicolor, S. albus
J1074, and S. ambofaciens being the most promising.

SUMMARY

The tasks of both discovering new microbial compounds and improving the synthesis
of known ones have become more and more challenging. Early work on isolation
and improvement relied on a “blunderbuss™ approach yet, due to the ingenuity and
resourcefulness of the individuals involved, resulted in the establishment of a wide
range of highly successful processes. The rational improvement programs developed
in the amino-acid industry pointed the way to the adoption of such approaches for
both secondary metabolite discovery and improvement and the development of min-
iaturized screening systems allowed the industry to take full advantage of robotic sys-
tems to revolutionize screening throughput. However, it is the gigantic developments
in molecular biology that have allowed the industry to enter the next stage in its evo-
lution. Recombinant DNA technology and genome sequencing has enabled not only
the synthesis of industrial strains but also the rebirth of natural product discovery.
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