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Preface

The aim of the Advances of Biochemical Engineering/Biotechnology is to keep
the reader informed on the recent progress in the industrial application of
biology. Genetical engineering, metabolism ond bioprocess development includ-
ing analytics, automation and new software are the dominant fields of interest.
Thereby progress made in microbiology, plant and animal cell culture has been
reviewed for the last decade or so.

The Special Issue on the History of Biotechnology (splitted into Vol. 69 and 70)
is an exception to the otherwise forward oriented editorial policy. It covers a time
span of approximately fifty years and describes the changes from a time with
rather characteristic features of empirical strategies to highly developed and
specialized enterprises. Success of the present biotechnology still depends on
substantial investment in R&D undertaken by private and public investors,
researchers, and enterpreneurs. Also a number of new scientific and business
oriented organisations aim at the promotion of science and technology and the
transfer to active enterprises, capital raising, improvement of education and
fostering international relationships. Most of these activities related to modern
biotechnology did not exist immediately after the war. Scientists worked in
small groups and an established science policy didn’t exist.

This situation explains the long period of time from the detection of the anti-
biotic effect by Alexander Fleming in 1928 to the rat and mouse testing by Brian
Chain and Howart Florey (1940). The following developments up to the produc-
tion level were a real breakthrough not only biologically (penicillin was the first
antibiotic) but also technically (first scaled-up microbial mass culture under
sterile conditions). The antibiotic industry provided the processing strategies
for strain improvement (selection of mutants) and the search for new strains
(screening) as well as the technologies for the aseptic mass culture and down-
stream processing. The process can therefore be considered as one of the major
developments of that time what gradually evolved into “Biotechnology” in the
late 1960s. Reasons for the new name were the potential application of a “new”
(molecular) biology with its “new” (molecular) genetics, the invention of elec-
tronic computing and information science. A fascinating time for all who were
interested in modern Biotechnology.

True gene technology succeeded after the first gene transfer into Escherichia
coli in 1973. About one decade of hard work and massive investments were
necessary for reaching the market place with the first recombinant product.
Since then gene transfer in microbes, animal and plant cells has become a well-
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established biological technology. The number of registered drugs for example
may exceed some fifty by the year 2000.

During the last 25 years, several fundamental methods have been developed.
Gene transfer in higher plants or vertebrates and sequencing of genes and entire
genomes and even cloning of animals has become possible.

Some 15 microbes, including bakers yeast have been genetically identified.
Even very large genomes with billions of sequences such as the human genome
are being investigated. Thereby new methods of highest efficiency for sequenc-
ing, data processing, gene identification and interaction are available representing
the basis of genomics - together with proteomics, a new field of biotechnology.

However, the fast developments of genomics in particular did not have just
positive effects in society. Anger and fear began. A dwindling acceptance of
“Biotechnology” in medicine, agriculture, food and pharma production has
become a political matter. New legislation has asked for restrictions in genome
modifications of vertebrates, higher plants, production of genetically modified
food, patenting of transgenic animals or sequenced parts of genomes. Also
research has become hampered by strict rules on selection of programs,
organisms, methods, technologies and on biosafety indoors and outdoors.

As a consequence process development and production processes are of a high
standard which is maintained by extended computer applications for process
control and production management. GMP procedures are now standard and
prerequisites for the registation of pharmaceuticals. Biotechnology is a safe tech-
nology with a sound biological basis, a high-tech standard, and steadily improving
efficiency. The ethical and social problems arising in agriculture and medicine are
still controversial.

The authors of the Special Issue are scientists from the early days who are
familiar with the fascinating history of modern biotechnology. They have success-
fully contributed to the development of their particular area of specialization
and have laid down the sound basis of a fast expanding knowledge. They were
confronted with the new constellation of combining biology with engineering.
These fields emerged from different backgrounds and had to adapt to new
methods and styles of collaboration.

The historical aspects of the fundamental problems of biology and engineering
depict a fascinating story of stimulation, going astray, success, delay and satis-
faction.

I would like to acknowledge the proposal of the managing editor and the
publisher for planning this kind of publication. It is his hope that the material
presented may stimulate the new generations of scientists into continuing the re-
warding promises of biotechnology after the beginning of the new millenium.

Zirich, August 2000 Armin Fiechter
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Secondary metabolites, including antibiotics, are produced in nature and serve survival func-
tions for the organisms producing them. The antibiotics are a heterogeneous group, the func-
tions of some being related to and others being unrelated to their antimicrobial activities.
Secondary metabolites serve: (i) as competitive weapons used against other bacteria, fungi,
amoebae, plants, insects, and large animals; (ii) as metal transporting agents; (iii) as agents
of symbiosis between microbes and plants, nematodes, insects, and higher animals; (iv) as
sexual hormones; and (v) as differentiation effectors. Although antibiotics are not obligatory
for sporulation, some secondary metabolites (including antibiotics) stimulate spore forma-
tion and inhibit or stimulate germination. Formation of secondary metabolites and spores are
regulated by similar factors. This similarity could insure secondary metabolite production
during sporulation. Thus the secondary metabolite can: (i) slow down germination of spores
until a less competitive environment and more favorable conditions for growth exist; (ii) pro-
tect the dormant or initiated spore from consumption by amoebae; or (iii) cleanse the im-
mediate environment of competing microorganisms during germination.
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History of Secondary Metabolism

The practice of industrial microbiology (and biotechnology) has its roots deep
in antiquity [1]. Long before their discovery, microorganisms were exploited to
serve the needs and desires of humans, i.e., to preserve milk, fruit, and vege-
tables, and to enhance the quality of life with the resultant beverages, cheeses,
bread, pickled foods, and vinegar. In Sumeria and Babylonia, the oldest biotech-
nology know-how, the conversion of sugar to alcohol by yeasts, was used to make
beer. By 4000 BC, the Egyptians had discovered that carbon dioxide generated
by the action of brewer’s yeast could leaven bread, and by 100 BC, ancient Rome
had over 250 bakeries which were making leavened bread. Reference to wine,
another ancient product of fermentation, can be found in the Book of Genesis,
where it is noted that Noah consumed a bit too much of the beverage. Wine was
made in Assyria in 3500 BC As a method of preservation, milk was converted to
lactic acid to make yoghurt, and also into kefir and koumiss using Kluyveromyces
species in Asia. Ancient peoples made cheese with molds and bacteria. The use
of molds to saccharify rice in the Koji process dates back at least to 700 AD By
the 14th century AD, the distillation of alcoholic spirits from fermented grain, a
practice thought to have originated in China or The Middle East, was common
in many parts of the world. Interest in the mechanisms of these processes result-
ed in the later investigations by Louis Pasteur which not only advanced micro-
biology as a distinct discipline but also led to the development of vaccines and
concepts of hygiene which revolutionized the practice of medicine.

In the seventeenth century, the pioneering Dutch microscopist Antonie van
Leeuwenhoek, turning his simple lens to the examination of water, decaying
matter, and scrapings from his teeth, reported the presence of tiny “animal-
cules”, i.e., moving organisms less than one thousandth the size of a grain of
sand. Most scientists thought that such organisms arose spontaneously from
nonliving matter. Although the theory of spontaneous generation, which had
been postulated by Aristotle among others, was by then discredited with respect
to higher forms of life, it did seem to explain how a clear broth became cloudy via
growth of large numbers of such “spontaneously generated microorganisms”
as the broth aged. However, three independent investigators, Charles Cagniard
de la Tour of France, Theodor Schwann, and Friedrich Traugott Kiitzing of
Germany, proposed that the products of fermentation, chiefly ethanol and
carbon dioxide, were created by a microscopic form of life. This concept was
bitterly opposed by the leading chemists of the period (such as Joéns Jakob
Berzelius, Justus von Liebig, and Friedrich Wéhler), who believed fermentation
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was strictly a chemical reaction; they maintained that the yeast in the fermenta-
tion broth was lifeless, decaying matter. Organic chemistry was flourishing at the
time, and these opponents of the living microbial origin were initially quite
successful in putting forth their views. It was not until the middle of the nine-
teenth century that Pasteur of France and John Tyndall of Britain demolished
the concept of spontaneous generation and proved that existing microbial life
comes from preexisting life. It took almost two decades, from 1857 to 1876, to
disprove the chemical hypothesis. Pasteur had been called on by the distillers of
Lille to find out why the contents of their fermentation vats were turning sour.
He noted through his microscope that the fermentation broth contained
not only yeast cells but also bacteria that could produce lactic acid. One of his
greatest contributions was to establish that each type of bioprocess is mediated
by a specific microorganism. Furthermore, in a study undertaken to determine
why French beer was inferior to German beer, he demonstrated the existence of
strictly anaerobic life, i.e., life in the absence of air.

The field of biochemistry originated in the discovery by the Buchners
that cell-free yeast extracts could convert sucrose into ethanol. Later, Chaim
Weizmann of the UK applied the butyric acid bacteria, used for centuries for
the retting of flax and hemp, for production of acetone and butanol. His use of
Clostridium during World War I to produce acetone and butanol was the first
nonfood bioproduct developed for large-scale production; with it came the
problems of viral and microbial contamination that had to be solved. Although
use of this process faded because it could not compete with chemical means
for solvent production, it did provide a base of experience for the development
of large scale cultivation of fungi for production of citric acid after the First
World War, an aerobic process in which Aspergillus niger was used. Not too many
years later, the discoveries of penicillin and streptomycin and their commercial
development heralded the start of the antibiotic era.

For thousands of years, moldy cheese, meat, and bread were employed in
folk medicine to heal wounds. It was not until the 1870s, however, that Tyndall,
Pasteur, and William Roberts, a British physician, directly observed the antago-
nistic effects of one microorganism on another. Pasteur, with his characteristic
foresight, suggested that the phenomenon might have some therapeutic poten-
tial. For the next 50 years, various microbial preparations were tried as medi-
cines, but they were either too toxic or inactive in live animals. The golden era
of antibiotics no doubt began with the discovery of penicillin by Alexander
Fleming [2] in 1929 who noted that the mold Penicillium notatum Xkilled his
cultures of the bacterium Staphylococcus aureus when the mold accidentally
contaminated the culture dishes. After growing the mold in a liquid medium and
separating the fluid from the cells, he found that the cell-free liquid could inhibit
the bacteria. He gave the active ingredient in the liquid the name “penicillin”
but soon discontinued his work on the substance. The road to the development
of penicillin as a successful drug was not an easy one. For a decade, it remained
as a laboratory curiosity - an unstable curiosity at that. Attempts to isolate
penicillin were made in the 1930s by a number of British chemists, but the
instability of the substance frustrated their efforts. Eventually, a study began in
1939 at the Sir William Dunn School of Pathology of the University of Oxford by



4 A.L.Demain - A. Fang

Howard W. Florey, Ernst B. Chain, and their colleagues which led to the success-
ful preparation of a stable form of penicillin and the demonstration of its remark-
able antibacterial activity and lack of toxicity in mice. Production of penicillin
by the strain of Penicillium notatum in use was so slow, however, that it took over
a year to accumulate enough material for a clinical test on humans [3]. When the
clinical tests were found to be successful, large-scale production became essen-
tial. Florey and his colleague Norman Heatley realized that conditions in wartime
Britain were not conducive to the development of an industrial process for
producing the antibiotic. They came to the US in the summer of 1941 to seek
assistance and convinced the US Department of Agriculture in Peoria, Illinois,
and several American pharmaceutical companies, to develop the production of
penicillin. Heatley remained for a period at the USDA laboratories in Peoria to
work with Moyer and Coghill.

Penicillin was originally produced in surface culture, but titers were very low.
Submerged culture soon became the method of choice. The use of corn-steep
liquor as an additive and lactose as carbon source stimulated production
further. Production by a related mold, Penicillium chrysogenum, soon became a
reality. Genetic selection began with Penicillium chrysogenum NRRL 1951, the
well-known isolate from a moldy cantaloupe obtained in a Peoria market. It was
indeed fortunate that the intense development of microbial genetics began in
the 1940s when the microbial production of penicillin became an international
necessity due to World War I. The early basic genetic studies concentrated
heavily on the production of mutants and the study of their properties. The ease
with which “permanent” characteristics of microorganisms could be changed by
mutation and the simplicity of the mutation technique had tremendous appeal to
microbiologists. Thus began the cooperative “strain-selection” program among
workers at the U.S. Department of Agriculture in Peoria, the Carnegie Institu-
tion, Stanford University, and the University of Wisconsin, followed by the
extensive individual programs that still exist today in industrial laboratories
throughout the world. By the use of strain improvement and medium modifica-
tions, the yield of penicillin was increased 100-fold in 2 years. The penicillin
improvement effort was the start of a long “engagement” between genetics and
industrial microbiology which ultimately proved that mutation is the major
factor involved in the hundred- to thousand-fold increases obtained in produc-
tion of microbial metabolites.

Strain NRRL 1951 of P. chrysogenum was capable of producing 60 pg/ml of
penicillin. Cultivation of spontaneous sector mutants and single-spore isola-
tions led to higher-producing cultures. One of these, NRRL 1951 -1325, produc-
ed 150 mg/ml. It was next subjected to X-ray treatment by Demerec of the
Carnegie Institute at Cold Spring Harbor, New York, and mutant X-1612 was
obtained, which formed 300 mg/ml. This tremendous cooperative effort among
universities and industrial laboratories in England and the United States lasted
throughout the war. Further clinical successes were demonstrated in both
countries; finally in 1943 penicillin was used to treat those wounded in battle.
Workers at the University of Wisconsin isolated ultraviolet-induced mutants of
Demerec’s strain. One of these, Wis. Q-176, which produced 550 mg/ml, is the
parent of most of the strains used in industry today. The further development of
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the “Wisconsin Family” of superior strains from Q-176 [4] led to strains produc-
ing over 1800 mg/ml. The new cultures isolated at the University of Wisconsin
and in the pharmaceutical industry did not produce the yellow pigment which
had been so troublesome in the early isolation of the antibiotic.

The importance of penicillin was that it was the first successful chemothera-
peutic agent produced by a microbe. The tremendous success attained in the
battle against disease with this compound not only led to the Nobel Prize being
awarded to Fleming, Florey,and Chain, but to a new field of antibiotics research,
and a new antibiotics industry. Penicillin opened the way for the development of
many other antibiotics, and yet it still remains the most active and one of the
least toxic of these compounds. Today, about 100 antibiotics are used to combat
infections to humans, animals, and plants.

The advent of penicillin, which signaled the beginning of the antibiotics era,
was closely followed by the discoveries of Selman A. Waksman, a soil micro-
biologist at Rutgers University. He and his students, especially H. Boyd Woodruff
and Hubert Lechevalier, succeeded in discovering a number of new antibiotics
from the the filamentous bacteria, the actinomycetes, such as actinomycin D,
neomycin and the best-known of these new “wonder drugs”, streptomycin. After
its discovery in 1944, streptomycin’s use was extended to the chemotherapy of
many Gram-negative bacteria and to Mycobacterium tuberculosis. Its major
impact on medicine was recognized by the award of the Nobel Prize to Waksman
in 1952. As the first commercially successful antibiotic produced by an actino-
mycete, it led the way to the recognition of these organisms as the most prolific
producers of antibiotics. Streptomycin also provided a valuable tool for study-
ing cell function. After a period of time, during which it was thought to act by
altering permeability, its interference with protein synthesis was recognized as
its primary effect. Its interaction with ribosomes provided much information on
their structure and function; it not only inhibits their action but also causes mis-
reading of the genetic code and is required for the function of ribosomes in
streptomycin-dependent mutants.

The development of penicillin fermentation in the 1940s marked the true
process beginning of what might be called the golden age of industrial micro-
biology, resulting in a large number of microbial primary and secondary
metabolites of commercial importance. Primary metabolism involves an inter-
related series of enzyme-mediated catabolic,amphibolic, and anabolic reactions
which provide biosynthetic intermediates and energy, and convert biosynthetic
precursors into essential macromolecules such as DNA, RNA, proteins, lipids,
and polysaccharides. It is finely balanced and intermediates are rarely accu-
mulated. The most important primary metabolites in the bio-industry are amino
acids, purine nucleotides, vitamins, and organic acids. Of all the traditional prod-
ucts made by bioprocess, the most important to human health are the secondary
metabolites (idiolites). These are metabolites which: (i) are often produced in a
developmental phase of batch culture (idiophase) subsequent to growth; (ii)
have no function in growth; (iii) are produced by narrow taxonomic groups of
organisms; (iv) have unusual and varied chemical structures; and (v) are often
formed as mixtures of closely related members of a chemical family. Bu’Lock [5]
interpreted secondary metabolism as a manifestation of differentiation which
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accompanies unbalanced growth. In nature, their functions serve the survival
of the strain, but when the producing microorganisms are grown in pure
culture, the secondary metabolites have no such role. Thus, production ability in
industry is easily lost by mutation (“strain degeneration”). In general, both the
primary and the secondary metabolites of commercial interest have fairly low
molecular weights, i.e., less than 1500 daltons. Whereas primary metabolism is
basically the same for all living systems, secondary metabolism is mainly carried
out by plants and microorganisms and is usually strain-specific. The best-
known secondary metabolites are the antibiotics. More than 5000 antibiotics
have already been discovered, and new ones are still being found at a rate of
about 500 per year. Most are useless; they are either too toxic or inactive in living
organisms to be used. For some unknown reason, the actinomycetes are amaz-
ingly prolific in the number of antibiotics they can produce. Roughly 75% of all
antibiotics are obtained from these filamentous prokaryotes, and 75% of those
are in turn made by a single genus, Streptomyces. Filamentous fungi are also very
active in antibiotic production. Antibiotics have been used for purposes other
than human and animal chemotherapy, such as the promotion of growth of
farm animals and plants and the protection of plants against pathogenic micro-
organisms.

Cooperation on the development of the penicillin and streptomycin pro-
ductions into industrial processes at Merck & Co., Princeton University,
and Columbia University led to the birth of the field of biochemical engineer-
ing. Following on the heels of the antibiotic products was the development
of efficient microbial processes for the manufacture of vitamins (riboflavin,
cyanocobalamine, biotin), plant growth factors (gibberellins), enzymes (amylases,
proteases, pectinases), amino acids (glutamate, lysine, threonine, phenylalanine,
aspartic acid, tryptophan), flavor nucleotides (inosinate, guanylate), and poly-
saccharides (xanthan polymer),among others. In a few instances, processes have
been devised in which primary metabolites such as glutamic acid and citric acid
accumulate after growth in very large amounts. Cultural conditions are often
critical for their accumulation and in this sense, their accumulation resembles
that of secondary metabolites.

Despite the thousands of secondary metabolites made by microorganisms,
they are synthesized from only a few key precursors in pathways that comprise
a relatively small number of reactions and which branch off from primary
metabolism at a limited number of points. Acetyl-CoA and propionyl-CoA are
the most important precursors in secondary metabolism, leading to polyketides,
terpenes, steroids, and metabolites derived from fatty acids. Other secondary
metabolites are derived from intermediates of the shikimic acid pathway, the tri-
carboxylic acid cycle, and from amino acids. The regulation of the biosynthesis
of secondary metabolites is similar to that of the primary processes, involving
induction, feedback regulation, and catabolite repression [6].

There was a general lack of interest in the penicillins in the 1950s after the
exciting progress made during World War II. By that time, it was realized that
P. chrysogenum could use additional acyl compounds as side-chain precursors
(other than phenylacetic acid for penicillin G) and produce new penicillins,
but only one of these, penicillin V (phenoxymethylpenicillin), achieved any
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commercial success. Its commercial application resulted from its stability to acid
which permitted oral administration, an advantage it held over the accepted
article of commerce, penicillin G (benzylpenicillin). Research in the penicillin
field in the 1950s was mainly of an academic nature, probing into the mechanism
of biosynthesis. During this period, the staphylococcal population was building
up resistance to penicillin via selection of penicillinase-producing strains and
new drugs were clearly needed to combat these resistant forms. Fortunately,
two developments occurred which led to a rebirth of interest in the penicillins
and related antibiotics. One was the discovery by Koichi Kato [7] of Japan in
1953 of the accumulation of the “penicillin nucleus” in P. chrysogenum broths
to which no side-chain precursor had been added. In 1959, Batchelor et al. [8]
isolated the material (6-aminopenicillanic acid) which was used to make “semi-
synthetic” (chemical modification of a natural product) penicillins with the
beneficial properties of resistance to penicillinase and to acid, plus broad-
spectrum antibacterial activity. The second development was the discovery of
“synnematin B” in broths of Cephalosporium salmosynnematum by Gottshall et
al. [9] in Michigan, and that of “cephalosporin N” from Cephalosporium sp. by
Brotzu in Sardinia and its isolation by Crawford et al. [10] at Oxford. It was soon
found that these two molecules were identical and represented a true penicillin
possessing a side-chain of p-a-aminoadipic acid. Thus, the name of this anti-
biotic was changed to penicillin N. Later, it was shown that a second antibiotic,
cephalosporin C, was produced by the same Cephalosporium strain producing
penicillin N [11]. Abraham, Newton, and coworkers found the new compound to
be related to penicillin N in that it consisted of a f-lactam ring attached to a side
chain of p-a-aminoadipic acid. It differed, however, from the penicillins in con-
taining a six-membered dihydrothiazine ring in place of the five-membered
thiazolidine ring of the penicillins.

Although cephalosporin C contained the f-lactam structure, which is the
site of penicillinase action, it was a poor substrate and was essentially not
attacked by the enzyme, was less toxic to mice than penicillin G, and its mode
of action was the same; i.e., inhibition of cell wall formation. Its disadvantage
lied in its weak activity; it had only 0.1% of the activity of penicillin G against
sensitive staphylococci, although its activity against Gram-negative bacteria
equaled that of penicillin G. However, by chemical removal of its b-a-amino-
adipidic acid side chain and replacement with phenylacetic acid, a penicillinase-
resistant semisynthetic compound was obtained which was 100 times as active
as cephalosporin C. Many other new cephalosporins with wide antibacterial
spectra were developed in the ensuing years, making the semisynthetic cephalo-
sporins the most important group of antibiotics. The stability of the cephalos-
porins to penicillinase is evidently a function of the dihydrothiazine ring since:
(i) the p-a-aminoadipic acid side chain does not render penicillin N immune to
attack; and (ii) removal of the acetoxy group from cephalosporin C does not
decrease its stability to penicillinase. Cephalosporin C competitively inhibits
the action of penicillinase from Bacillus cereus on penicillin G. Although it does
not have a similar effect on the Staphylococcus aureus enzyme, certain of its
derivatives do. Cephalosporins can be given to some patients who are sensitive
to penicillins.
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The antibiotics form a heterogeneous assemblage of biologically active mole-
cules with different structures [12, 13] and modes of action [14]. Since 1940, we
have witnessed a virtual explosion of new and potent molecules which have
been of great use in medicine, agriculture, and basic research. Over 50,000 tons
of these metabolites are produced annually around the world. However, the
search for new antibiotics continues in order to: (i) combat naturally resistant
bacteria and fungi, as well as those previously susceptible microbes that have
developed resistance; (ii) improve the pharmacological properties of antibiotics;
(iii) combat tumors, viruses, and parasites; and (iv) discover safer, more potent,
and broader spectrum antibiotics. All commercial antibiotics in the 1940s were
natural, but today most are semisynthetic. Indeed, over 30,000 semisynthetic
P-lactams (penicillins and cephalosporins) have been synthesized.

The selective action that microbial secondary metabolites exert on patho-
genic bacteria and fungi was responsible for ushering in the antibiotic era, and
for 50 years we have benefited from this remarkable property of these “wonder
drugs.” The success rate was so impressive that secondary metabolites were
the predominant molecules used for antibacterial, antifungal, and antitumor
chemotherapy. As a result, the pharmaceutical industry screened secondary
metabolites almost exclusively for such activities. This narrow view temporarily
limited the application of microbial metabolites in the late 1960s. Fortunately,
the situation changed and industrial microbiology entered into a new era in
the 1970-1980 period in which microbial metabolites were studied for diseases
previously reserved for synthetic compounds, i.e., diseases that are not caused
by other bacteria, fungi or tumors [15].

With great vision, in the 1960s Hamao Umezawa began his pioneering efforts
to broaden the scope of industrial microbiology to low molecular weight secon-
dary metabolites which had activities other than, or in addition to, antibacterial,
antifungal, and antitumor action. He and his colleagues at the Institute of Micro-
bial Chemistry in Tokyo focused on enzyme inhibitors [16] and over the years
discovered, isolated, purified, and studied the in vitro and in vivo activity of
many of these novel compounds. Similar efforts were conducted at the Kitasato
Institute in Tokyo led by Satoshi Omura [17]. The anti-enzyme screens led to
acarbose, a natural inhibitor of intestinal glucosidase, which is produced by an
actinomycete of the genus Actinoplanes and which decreases hyperglycemia
and triacylglycerol synthesis in adipose tissue, liver, and the intestinal wall of
patients with diabetes, obesity, and type IV hyperlipidaemia. Even more impor-
tant enzyme inhibitors which have been well accepted include those for medicine
(clavulanic acid, lovastatin) and agriculture (polyoxins, phosphinothricins).
Clavulanic acid is a penicillinase inhibitor which is used in combination with
penicillinase-sensitive penicillins. Lovastatin (mevinolin) is a remarkably success-
ful fungal product which acts as a cholesterol-lowering agent in animals. It is
produced by Aspergillus terreus and, in its hydroxyacid form (mevinolinic acid),
is a potent competitive inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A
reductase from liver.

Broad screening led to the development of ergot alkaloids for various medical
uses (uterocontraction, migraine headaches, etc.), monensin as a coccidiostat,
gibberellins as a plant growth stimulators, zearelanone as an estrogenic agents
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in animals, phosphinothricins as herbicides, spinosyns as insecticides, and
cyclosporin as an immunosuppressant. Cyclosporin A virtually revolutionized
the practice of organ transplantation in medicine. Broad screening allowed
the polyether monensin to take over the coccidiostat market from synthetic
compounds and avermectin to do the same with respect to the antihelmintic
market. Direct in vivo screening of reaction mixtures against nematodes in
mice led to the major discovery of the potent activity of the avermectins against
helminths causing disease in animals and humans. Avermectin’s antihelmintic
activity was an order of magnitude greater than previously developed synthetic
compounds. The above successes came about in two ways: (i) broad screening of
known compounds which had failed as useful antibiotics; and (ii) screening of
unknown compounds in process media for enzyme inhibition, inhibition of
a target pest, or other activities. Both strategies had one important concept in
common, i.e., that microbial metabolites have activities other than, or in addi-
tion to, inhibition of other microbes. Today’s screens are additionally searching
for receptor antagonists and agonists, antiviral agents, anti-inflammatory drugs,
hypotensive agents, cardiovascular drugs, lipoxygenase inhibitors, antiulcer
agents, aldose reductase inhibitors, antidiabetes agents, and adenosine deaminase
inhibitors, among others.

Recombinant DNA technology has been applied to the production of anti-
biotics. Many genes encoding individual enzymes of antibiotic biosynthesis
have been cloned and expressed at high levels in heterologous microorganisms.
Continued efforts in the application of recombinant DNA technology to bio-
engineering have led to overproduction of limiting enzymes of important
biosynthetic pathways, thereby increasing production of the final products. In
addition, a large number of antibiotic-resistance genes from antibiotic-producing
organisms have been cloned and expressed. Some antibiotic biosynthetic path-
ways are encoded by plasmid-borne genes (e.g., methylenomycin A). Even when
the antibiotic biosynthetic pathway genes of actinomycetes are chromosomal
(the usual situation), they are clustered, which facilitates transfer of an entire
pathway in a single manipulation. The genes of the actinorhodin pathway,
normally clustered on the chromosome of Streptomyces coelicolor, were trans-
ferred en masse on a plasmid to Streptomyces parvulus and were expressed in
the latter organism. Even in fungi, pathway genes are sometimes clustered, such
as the penicillin genes in Penicillium or the aflatoxin genes in Aspergillus. For the
discovery of new or modified products, recombinant DNA techniques have been
used to introduce genes coding for antibiotic synthetases into producers of
other antibiotics or into nonproducing strains to obtain modified or hybrid
antibiotics. Gene transfer from a streptomycete strain producing the iso-
chromanequinone antibiotic actinorhodin into strains producing granaticin,
dihydrogranaticin, and mederomycin (which are also isochromanequinones) led
to the discovery of two new antibiotic derivatives, mederrhodin A and dihydro-
granatirhodin [18]. Since that development, many novel polyketide secondary
metabolites have been obtained by cloning DNA fragments from one polyketide
producer into various strains of other streptomycetes [19].

For many years, basic biologists were uninterested in secondary metabolism.
There were so many exciting discoveries to be made in the area of primary
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metabolism and its control that secondary metabolism was virtually ignored;
study of this type of non-essential (“luxury”) metabolism was left to industrial
scientists and academic chemists and pharmacognocists. Today, the situation
is different. The basic studies on Escherichia coli and other microorganisms
elucidated virtually all of the primary metabolic pathways and most of the
relevant regulatory mechanisms; many of the enzymes were purified, and the
genes encoding them isolated, cloned, and sequenced. The frontier of expanding
knowledge is now secondary metabolism which poses many questions of
considerable interest to science: What are the functions of idolites in nature?
How are the pathways controlled? What are the origins of secondary metabolism
genes? How is it that the same genes, enzymes, and pathways exist in organisms
as different as the eukaryote Cephalosporium acremonium and the prokaryote,
Flavobacterium sp.2 What are the origins of the resistance genes which produc-
ing organisms use to protect themselves from suicide? Are these the same genes
as those found in clinically-resistant bacteria? The use of microorganisms
and their antibiotics as tools of basic research is mainly responsible for the
remarkable advances in the fields of molecular biology and molecular genetics.
Fortunately, molecular biology has produced tools with which to answer these
questions. It is clear that basic mechanisms controlling secondary metabolism
are now of great interest to many academic (and industrial) laboratories through-
out the world.

Natural products have been an overwhelming success in our society. It has
been stated that the doubling of the human life span in the twentieth century is
due mainly to the use of plant and microbial secondary metabolites [20]. They
have reduced pain and suffering and revolutionized medicine by allowing the
transplantation of organs. They are the most important anticancer agents. Over
60% of approved and pre-NDA (new drug applications) candidates are either
natural products or related to them, even when not including biologicals such as
vaccines and monoclonal antibodies [21]. Almost half of the best-selling
pharmaceuticals are natural or related to natural products. Often, the natural
molecule has not been used itself, but served as a lead molecule for manipula-
tion by chemical or genetic means. Natural product research is at its highest level
as a consequence of unmet medical needs, the remarkable diversity of natural
compound structures and activities, their use as biochemical probes, the devel-
opment of novel and sensitive assay methods, improvements in the isolation,
purification, and characterization of natural products, and new production
methods [22].1tis clear that, although the microbe has contributed greatly to the
benefit of mankind, we have merely scratched the surface of the potential of
microbial activity.

2
Secondary Metabolites Have Functions in Nature

It was once popular to think that secondary metabolites were merely laboratory
artifacts but today there is no doubt that secondary metabolites are natural
products. Over 40% of filamentous fungi and actinomycetes produce antibiotics
when they are freshly isolated from nature.In a survey of 111 coprophilous fungal
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species (representing 66 genera) colonizing dung of herbivorous vertebrates, over
30% were found to produce antifungal agents [23]. Foster et al. [24] reported that
77 % of soil myxobacteria produced antibiotic activity against Micrococcus luteus.
This confirms the earlier figure of 80% by Reichenbach et al. [25]. Many of these
myxobacteria showed antifungal activity and a few were active against Gram-
negative bacteria. In an extensive survey of gliding bacteria done between 1975
and 1991, it was found that bioactive metabolites were made by 55% of bacterio-
lytic myxobacteria, 95 % of the cellulolytic myxobacteria (genus Sorangium),21 %
of the Cytophaga-like bacteria, and 21% of Lysobacter [26].

Secondary metabolites are mainly made by filamentous microorganisms
undergoing complex schemes of morphological differentiation, e. g., molds make
17% of all described antibiotics and actinomycetes make 74% [27]. Members
of the unicellular bacterial genus Bacillus are also quite active in this respect.
Some species are prolific in secondary metabolism: strains of Streptomyces
hygroscopicus produce over 180 different secondary metabolites [28]. Estimates
of the number of microbial secondary metabolites thus far discovered vary from
8000 up to 50,000 [12, 17, 26,29-31]. Many secondary metabolites are made by
plants. Unusual chemical structures of microbial and plant metabolites include
P-lactam rings, cyclic peptides, and depsipeptides containing “unnatural” and
non-protein amino acids, unusual sugars and nucleosides, unsaturated bonds
of polyacetylenes and polyenes, covalently bound chlorine and bromine; nitro-,
nitroso-, nitrilo-, and isonitrilo groups, hydroxamic acids, diazo compounds,
phosphorus as cyclic triesters, phosphonic acids, phosphinic acids, and phos-
phoramides, 3-,4- and 7-membered rings, and large rings of macrolides,
macrotetralides, and arisamycines. Their enormous diversity includes 22,000
terpenoids [32].

Soil, straw, and agricultural products often contain antibacterial and anti-
fungal substances. These are usually considered to be “mycotoxins,” but they
are nevertheless antibiotics. Indeed, one of our major public health problems is
the natural production of such toxic metabolites in the field and during storage
of crops. The natural production of ergot alkaloids by the sclerotial (dormant
overwintering) form of Claviceps on the seed heads of grasses and cereals has
led to widespread and fatal poisoning ever since the Middle Ages [33]. Natural
soil and wheat-straw contain patulin [34] and aflatoxin is known to be produced
on corn, cottonseed, peanuts, and tree nuts in the field [35]. These toxins cause
hepatotoxicity, teratogenicity, immunotoxicity, mutation, cancer, and death [36].
Corn grown in the tropics or semitropics always contains aflatoxin [37]. At least
five mycotoxins of Fusarium have been found to occur naturally in corn: moni-
liformin, zearalenone, deoxynivalenol, fusarin C, and fumonisin [38]. Tricho-
thecin is found in anise fruits, apples, pears, and wheat [39]. Sambutoxin produc-
ed by Fusarium sambucinum and Fusarium oxysporum was isolated from rotten
potato tubers in Korea [40]. Microbially produced siderophores have been found
in soil [41] and microcins (enterobacterial antibiotics) have been isolated
from human fecal extracts [42]. The microcins are thought to be important in
colonization of the human intestinal tract by Escherichia coli early in life. Cyano-
bacteria cause human and animal disease by producing cyclic heptapeptides
(microcystins by Microcystis) and a cyclic pentapeptide (nodularin by Nodularia)
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in water supplies [43]. Antibiotics are produced in unsterilized, unsupplemented
soil, in unsterilized soil supplemented with clover and wheat straws, in mustard,
pea, and maize seeds, and in unsterilized fruits [44]. A further indication of natu-
ral antibiotic production is the possession of antibiotic-resistance plasmids by
most soil bacteria [45]. Nutrient limitation is the usual situation in nature result-
ing in very low bacterial growth rates, e.g., 20 days in deciduous woodland soil
[46]. Low growth rates favor secondary metabolism.

The widespread nature of secondary metabolite production and the preserva-
tion of their multigenic biosynthetic pathways in nature indicate that secondary
metabolites serve survival functions in organisms that produce them. There are
amultiplicity of such functions, some dependent on antibiotic activity and others
independent of such activity. Indeed in the latter case, the molecule may possess
antibiotic activity but may be employed by a producing microorganism for an
entirely different purpose. Some useful reviews on secondary metabolism have
appeared in recent years [23,47 -49]. Examples of marine secondary metabolites
playing a role in marine ecology have been given by Jensen and Fenical [50].

The view that secondary metabolites act by improving the survival of the pro-
ducer in competition with other living species has been expressed more and
more in recent years [51, 52]. Arguments are as follows:

1. Only organisms lacking an immune system are prolific producers of these
compounds which act as an alternative defense mechanism.

2. The compounds have sophisticated structures, mechanisms of action, and
complex and energetically expensive pathways [53].

3. Soil isolates produce natural products, most of which have physiological
properties.

4. They are produced in nature and act in competition between microorga-
nisms, plants and animals [44, 54].

5. Clustering of biosynthetic genes, which would only be selected for if the
product conferred a selective advantage, and the absence of non-functional
genes in these clusters.

6. The presence of resistance and regulatory genes in these clusters.

. The clustering of resistance genes in non-producers.

8. The temporal relationship between antibiotic formation and sporulation [53,
55] due to sensitivity of cells during sporulation to competitors and the need
for protection when a nutrient runs out.
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Williams and coworkers call this “plieotropic switching,” i.e., a way to express
concurrently both components of a two-pronged defense strategy when survival
is threatened. They contend that the secondary metabolites act via specific
receptors in competing organisms. According to Gloer [23], fungal secondary
metabolites function in plant disease, insect disease, poisoning of animals, re-
sistance to infestation and infection by other microbes, and antagonism between
species.

It has been proposed that antibiotics and other secondary metabolites,
originally produced by chemical (non-enzymatic) reactions, played important
evolutionary roles in effecting and modulating prehistoric reactions (e.g.,
primitive transcription and translation) by reacting with receptor sites in primi-
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tive macromolecular templates made without enzymes [56]. Later on, the small
molecules were thought to be replaced by polypeptides but retained their abilities
to bind to receptor sites in nucleic acids and proteins. Thus, they changed from
molecules with a function in synthesis of macromolecules to antagonists
of such processes, e.g., as antibiotics, enzyme inhibitors, receptor antagonists, etc.
As evidence, Davies [56] cites examples in which antibiotics are known to
stimulate gene transfer, transposition, transcription, translation, cell growth, and
mutagenesis.

3
Functions

3.1
Agents of Chemical Warfare in Nature

According to Cavalier-Smith [57], secondary metabolites are most useful to the
organisms producing them as competitive weapons and the selective forces for
their production have existed even before the first cell. The antibiotics are more
important than macromolecular toxins such as colicins and animal venoms
because of their diffusibility into cells and broader modes of action.

3.1.1
Microbe vs Microbe

One of the first pieces of evidence indicating that one microorganism produces
an antibiotic against other microorganisms and that this provides for survival in
nature was published by Bruehl et al. [58]. They found that Cephalosporium
gramineum, the fungal cause of stripe disease in winter wheat, produces a broad
spectrum antifungal antibiotic of unknown structure. Over a three year period,
more than 800 isolates were obtained from diseased plants, each of which was
capable of producing the antibiotic in culture. On the other hand, ability to
produce the antibiotic was lost during storage on solid medium at 6 °C. Thus,
antibiotic production was selected for in nature but was lost in the test tube,
the selection being exerted during the saprophytic stage in soil. These workers
further showed that antibiotic production in the straw-soil environment aided
in the survival of the producing culture and markedly reduced competition by
other fungi.

Antagonism between competing fungi in nature has been demonstrated in
virtually every type of fungal ecosystem including coprophilous, carbinocolous,
lignicolous, fungicolous, phylloplane, rhizosphere, marine, and aquatic [59]. Of
150 selected coprophilous fungal species representing 68 genera, 60 % displayed
fungal inhibition involving diffusible products.

Gliocladium virens inhibits the growth of Pythium ultimum, a phytopathogen,
in the soil by production of the antibiotic, gliovirin [45]. A nonproducing mutant
was overgrown in culture by P. ultimum and did not protect cotton seedlings
from damping off disease in soil infested with P. ultimum. A superior-producing
mutant was more inhibitory than the parent culture and showed parental
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efficiency in disease suppression even though its growth rate was lower than that
of the parent. Cell walls of the phytopathogenic fungus, Botryitis cinerea, induce
in Trichoderma harzianum the formation of chitinase, -1,3-glucanase, and the
membrane-channeling antibiotics, peptaibols (= trichorzianines). The antibiotics
and enzymes act synergistically in inhibiting spore germination and hyphal
extension in B. cinerea [60].

Another example involves the parasitism of one fungus on another. The
parasitism of Monocillium nordinii on the pine stem rust fungi Cronartium
coleosporioides and Endocronartium harkenssii is due to production of the
antifungal antibiotics monorden and the monocillins [61].

Competition between bacteria is also effected via antibiotics. Agrocin 84, a
plasmid-coded antibiotic of Agrobacterium rhizogenes, is an adenine derivative
which attacks strains of plant pathogenic agrobacteria. It is used commercially
in the prevention of crown gall and acts by killing the pathogenic forms [62].

An interesting relationship exists between myxobacteria and their bacterial
“diet.” Myxobacteria live on other bacteria, and to grow on these bacteria they
require a high myxobacterial cell density. This population effect is primarily due
to the need for a high concentration of lytic enzymes and antibiotics in the local
environment. Thus, Myxococcus xanthus fails to grow on E. coli unless more than
10’ myxobacteria/ml are present [63]. At these high cell concentrations, the
parent grows but a mutant which cannot produce antibiotic TA fails to grow. This
indicates that the antibiotic is involved in the killing and nutritional use of other
bacteria. Between 60% and 80% of myxobacteria produce antibiotics [64]. In
nature, different myxobacteria establish their own territory when they are about
to form fruiting bodies [65]. The same phenomenon can be repeated in the labora-
tory when vegetative swarms of two types come together on a solid surface. Each
type apparently recognizes the other type and establishes its own site by the use of
antagonistic agents. When Myxococcus xanthus was mixed with Myxococcus
virescens, the latter predominated over the former by producing an extracellular
bacteriocin which kills M. xanthus. However, M. xanthus can inhibit the growth
and development of M. virescens by excreting an inhibitory agent.

Antibiotic production was crucial in competition studies carried out in auto-
claved sea water [66]. Four antibiotic-producing marine bacteria and three non-
producing marine bacteria were grown in pairs or three-membered cultures. In
every case of a non-producer and a producer pair, the non-producer disappear-
ed. In five pairs of producer cultures, one producer survived and the other
did not in four of the cases. When non-producers were paired or combined in
three-membered cultures, all survived. In three-membered cultures including
at least one producer, the producer always survived. This work supports the
amensalism concept that antibiotic production aids in survival by killing or
inhibiting other strains. When the bacteriocin-producing strain LPC010 of
Lactobacillus plantarum was inoculated into a green olive bioprocesses, it pro-
duced its bacteriocin and dominated over the natural flora of lactic acid bacteria
throughout the 12-week process [67]. On the other hand, its bacteriocin-
negative mutant failed to persist for even 7 weeks.

Erwinia carotovora subsp. betavasculorum is a wound pathogen causing
vascular necrosis and root rot of sugar beet. It produces a broad-spectrum anti-
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biotic which is the principal determinant allowing it to compete successfully in
the potato against the antibiotic-sensitive E. carotovora subsp. carotovora
strains. Complete correlation was observed between antibiotic production in
vitro and inhibition of subsp. carotovora strains in the plant [68].

Competition also occurs between strains of a single species. Phenazine pro-
duction by Pseudomonas phenazinium results in smaller colonies and lower
maximum cell densities (but not lower growth rates) than those of non-produc-
ing mutants [69]. Furthermore, the viability of non-producing mutants in various
nutrient-limited media is higher than that of the producing parent. Despite
these apparent deficiencies, the producing strain wins out in a mixed culture in
the above media. The parental strain is able to use its phenazine antibiotic to kill
the non-producing cells and, due to its resistance to the antibiotic, the parent
survives.

3.1.2
Bacteria vs Amoebae

Since protozoa use bacteria as food [70] and utilize these prokaryotes to
concentrate nutrients for them, it is not surprising that mechanisms have evolv-
ed to protect the bacteria against protozoans such as amoebae. Over 50 years ago,
Singh [71] noted that antibiotically-active pigments from Serratia marcescens and
Chromobacterium violaceum (prodigiosin and violacein, respectively) protect
these species from being eaten by amoebae; in the presence of the pigment,
the protozoa either encyst or die. Of interest is the fact that nonpigmented
S. marcescens cells are consumed by amoebae but pigmented cells are not. These
experiments have been extended to other bacteria such as Pseudomonas
pyocyanea and Pseudomonas aeruginosa and to microbial products such as
pyocyanine, penicillic acid, phenazines, and citrinin [72-74]. These findings
show that antagonism between amoebae and bacteria in nature is crucially
affected by the ability of the latter to produce antibiotics. Since bacteria appear
to be a major source of nutrients for planktonic algae especially at low light
intensities [75], we can anticipate the discovery of antibiotics being produced by
bacteria against algae.

3.1.3
Microorganisms vs Higher Plants

More than 150 microbial compounds called phytotoxins or phytoaggressins
that are active against plants have been reported and the structures of over 40
are known [76]. Many such compounds (e.g., phaseolotoxin, rhizobitoxine,
syringomycin, syringotoxin, syringostatin, tropolone, and fireblight toxin) show
typical antibiotic activity against other microorganisms and are thus both anti-
biotics and phytotoxins. These include many phytotoxins of Pseudomonas which
are crucial in the pathogenicity of these strains against plants [77]. These toxins,
which induce chlorosis in plant tissue [78], include tabtoxinine-gB-lactam (a
glutamine antagonist produced by Pseudomonas syringae pv. “tabaci” and
Pseudomonas coronofaciens which causes wildfire in tobacco and halo blight
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in oats, respectively) and phaseolotoxin, a tripeptide arginine antimetabolite
of P. syringae pv. “phaseolicola” which causes halo blight in French beans.
Phaseolotoxins not only induce chlorosis but are necessary for the systematic
spread of P. syringae pv. “phaseolicola” throughout the plant [79]. Other phyto-
toxic antibiotics include syringomycin and the toxic peptides of Pseudomonas
glycinea and Pseudomonas tomato [80]. Syringomycin, a cyclic lipodepsinona-
peptide produced by the plant pathogenic Pseudomonas syringae pv. syringae is
phytotoxic, is involved in bacterial canker of stone fruit trees and holcus spot
of maize, and is also a broad-spectrum antibiotic against procaryotes and
eucaryotes including Geotrichum candidum [81]. Proof of the role of antibiotics
as plant toxins has been provided in the case of syringomycin [82] which disrupts
ion transfer across the plasmalemma of plant cells. Syringomycin synthetases
are encoded by a series of genes, including syrB, which appears to encode a sub-
unit of one or both of two proteins, namely SR4 (350 kDa) and SR5 (130 kDa).
Using a syrB::lacZ tusion, it was found that the gene is transcriptionally activat-
ed by plant metabolites with signal activity, e.g., arbutin, phenyl-S-p-gluco-
pyranoside, salicin, aescalin, and helicin, which are all produced by plants
susceptible to the pathogen. Activators of genes involved in virulence of Agro-
bacterium tumefaciens (acetosyringone) or nodulation of Rhizobium species
(flavonoids) were inactive, demonstrating the specificity of the phenomenon.

Production of secondary metabolite toxins by plant pathogens is beneficial
to the producing microbe in its ecological niche [83]. Tabtoxinine-f-lactam
production by strains of P. syringae enhances the bacterium’s virulence on
plants and allows a tenfold increased population to develop in the plant. The
mechanism by which P. syringae pv. “tabaci” protects itself against its product,
tabtoxinine-f-lactam, is known [84]. This compound is an irreversible inhibitor
of glutamine synthetase. Inside the pseudomonal cells, the toxin is produced as
a dipeptide pretoxin, tabtoxin. During growth, the bacterial glutamine synthetase
is unadenylylated and sensitive to tabtoxinine-f-lactam. However, once tabtoxin
is produced, this dipeptide is hydrolyzed by a zinc-activated periplasmic amino-
peptidase to tabtoxine-f-lactam, releasing serine. The serine triggers adenylyla-
tion of the pseudomonal glutamine synthetase, rendering it resistant to the
inhibitor. Production of coronatine by strains of P. syringae — as compared to its
non-producing mutant - leads to larger lesions,longer duration of lesion expan-
sion, and higher bacterial populations of longer duration.

Xanthomonas albilineaus causes leaf scald disease of sugarcane which is
characterized by chlorosis, rapid wilting, and death of the plant [85]. Chlorosis is
caused by the production of the antibiotic, albicidin, by the bacterium. Albicidin
kills Gram-positive and -negative bacteria and inhibits plastid DNA replication
which leads to blocked chloroplast differentiation and chlorotic streaks in sugar-
cane. Mutants which do not form the antibiotic do not cause chlorosis [86].

A polyketide secondary metabolite, herboxidiene, produced by Streptomyces
chromofuscus, shows potent and selective herbicidal activity [87] against weeds
but not against wheat. Rice and soybean are more affected than wheat but are
still relatively resistant to the microbial herbicide.

Secondary metabolites play a crucial role in the evolution and ecology of
plant pathogenic fungi [88]. Some of the fungi have evolved from opportunistic
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low-grade pathogens to high-grade virulent host-specialized pathogens by
gaining the genetic potential to produce a toxin. This ability to produce a second-
ary metabolite has allowed fungi to exploit the monocultures and genetic
uniformity of modern agriculture resulting in disastrous epidemics and broad
destruction of crops. Fungi produce a large number of phytotoxins of varied
structure such as sesquiterpenoids, sesterterpenoids, diketopiperazines,
peptides, spirocyclic lactams, isocoumarins, and polyketides [89]. Production of
tricothecenes by Fusarium graminearum is required for a high degree of plant
virulence in Fusarium wheat head scab [90].

The AM-toxins are peptidolactones (e.g., alternariolide) produced by
Alternaria mali which form brown necrotic spots in infected apples [91]. The
phytotoxins produced by plant pathogens Alternaria helianthi and Alternaria
chrysanthemi (the pyranopyrones deoxyradicinin and radicinin, respectively)
are not only pathogenic to the Japanese chrysanthemum but also to fungi [92].
Alternaria alternata shows a specific antagonistic relationship with the
spotted knapweed (Centaurea maculosa), prevalent in southwestern Canada
and northwestern USA. The weed is inhibited only by this fungus, which produces
the antibiotic maculosin (a diketopiperazine, cyclo(-L-prolyl-L-tyrosine) [93].
Interestingly, maculosin is inactive against 18 other plant species. The phytotoxin
of Rhizopus chinensis, the causative agent of rice seedling blight, is a 16-membe-
red macrolide antifungal antibiotic, rhizoxin [94]. The fungal pathogen re-
sponsible for onion pink root disease, Pyrenochaeta terrestris, produces three
pyrenocines, A, B, and C. Pyrenocine A is the most phytotoxic to the onion and
is the only one of the three that has marked antibacterial and antifungal
activity [95].

The plant pathogenic basidiomycete, Armillarea ostoyae, which causes a great
amount of forest damage, produces a series of toxic antibiotics when grown in
the presence of plant cells (Picea abies callus) or with competitive fungi. The
antibiotics have been identified as sesquiterpene aryl esters which have anti-
fungal, antibacterial and phytotoxic activities [96]. One of the most pathogenic
fungi in conifer forests is Heterobasidion annosum (syn. Fomes annosus) which,
when grown with antagonistic fungi or plant cells, is induced to produce anti-
biotics against the inducing organisms [97].

With all these weapons directed by microbes against plants, the latter do not
take such insults “lying down.” Plants produce antibiotics after exposure to
plant pathogenic microorganisms in order to protect themselves; these are called
“phytoalexins” [98]. They are of low molecular weight, weakly active, and indi-
scriminate, i.e., they inhibit both prokaryotes and eucaryotes including higher
plant cells and mammalian cells. There are approximately 100 known phyto-
alexins. They are not a uniform chemical class and include isoflavonoids, ses-
quiterpenes, diterpenes, furanoterpenoids, polyacetylenes, dihydrophenan-
threnes, stilbenes, and other compopunds. Their formation is induced via
invasion by fungi, bacteria, viruses, and nematodes. The compounds which are
responsible for the induction are called “elicitors”. The fungi respond by modify-
ing and breaking down the phytoalexins. The phytoalexins are just a fraction of
the multitude of plant secondary metabolites. Over 10,000 of these low mole-
cular weight compounds are known but the actual numbers are probably in the
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hundreds of thousands. Almost all of the known metabolites which have been
tested show some antibiotic activity [99]. They are thought to function as
chemical signals to protect plants against competitors, predators, and patho-
gens, as pollination-insuring agents and as compounds attracting biological
dispersal agents [100, 101].

3.1.4
Microorganisms vs Insects

Certain fungi have entomopathogenic activity, infecting and killing insects
via their production of secondary metabolites. One such compound is
bassianolide, a cyclodepsipeptide produced by the fungus, Beauveria bassiaria,
which elicits atonic symptoms in silkworm larvae [102]. Another pathogen,
Metarrhizium anisophae, produces the peptidolactone toxins known as des-
truxins [103].

Fungi-consuming insects often avoid fungal sclerotia because of their content
of secondary metabolites. Sclerotia are resistant structures which survive in soil
over many years even in harsh environments. The dried fruit beetle (Carpophilus
hemipterus) does not consume sclerotia of Aspergillus flavus but does eat
other parts of the fungus [23]. These sclerotia contain indole diterpenoids
(aflavinines) which are present only in sclerotia and inhibit feeding by the beetle.
Aspergillus nominus produces four antibiotics (nominine, 14-hydroxypaspalinine,
14-(N,N-dimethylvalyloxy)-paspalinine and aspernomine) in sclerotia which act
against the corn earworm insect, Helicoverpazea. Similarly, sclerotia of Claviceps
spp. contain ergot alkaloids in high concentration which are considered to protect
the sclerotia from predation. Sclerotoid ascostromata of Eupenicillium sp. contain
insecticides that protect these fungi from insects in corn fields before they ripen
and yield ascospores [104]. Corn earworm and the dried fruit beetle (Carpophilus
hemipterus) are the insects which are inhibited by 10,23,24,25-tetrahydro
24-hydroxyaflavinine and 10,23-dihydro-24,25-dehydroaflavinine. Eupenicillium
crustaceum ascostromata contain macrophorin-type insecticides but no aflavinines
while Eupenicillium molle produces both types. Sclerotia of Aspergillus spp. also
contain insecticides against these two insects. The function of the aflatoxin group
of mycotoxins in aspergilli could be that of spore dispersal via an insect vector
[100]. Aflatoxins are potent insecticides and A. flavus and A. parasiticus, the pro-
ducing species, are pathogens of numerous insects. The fungi are brought to many
plants by the insects and if the insect is killed by an aflatoxin, a massive inoculum
of spores is delivered to the plant. Already a strong correlation has been establish-
ed between insect damage of crops in storage and in the field and aflatoxin con-
tamination of the crops.

Insects fight back against infecting bacteria by producing antibacterial
proteins [105]. These include cecropins, attacins, defensins, lysozyme, diptericins,
sarcotoxins, apidaecin, and abaecin. The molecules either cause lysis or are
bacteriostatic, and also attack parasites.

Social insects appear to protect themselves by producing antibiotics [106].
Honey contains antimicrobial substances [107] and ants produce low molecular
weight compounds with broad-spectrum activity [108].
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3.1.5
Microorganisms vs Higher Animals

Competition may exist between microbes and large animals. Janzen [109] made
a convincing argument that the reason fruits rot, seeds mold, and meats spoil is
that it is “profitable” for microbes to make seeds, fresh fruit, and carcasses as
objectionable as possible to large organisms in the shortest amount of time.
Among their strategies is the production of secondary metabolites such as anti-
biotics and toxins. In agreement with this concept are the observations that live-
stock generally refuse to eat moldy feed and that aflatoxin is much more toxic to
animals than to microorganisms. Kendrick [110] states that animals which come
upon a mycotoxin-infected food will do one of four things: (i) smell the food and
reject it; (ii) taste the food and reject it; (iii) eat the food, get ill, and avoid the
same in the future; or (iv) eat the food and die. In each case, the fungus will be
more likely to live than if it produced no mycotoxin.

Corynetoxins are produced by Corynebacterium rathayi and cause animal
toxicity upon consumption of rye grass by animals. The disease is called “annual
rye grass toxicity.” The relatedness between toxins and antibiotics was empha-
sized by the finding that corynetoxins and tunicamycins (known antibiotics of
Streptomyces ) are identical [111].

Anguibactin, a siderophore of the fish pathogen, Vibrio anguillarum, is a
virulence factor. When anguibactin was fed to a siderophore-deficient avirulent
mutant of V. anguillarum, the mutant successfully established itself in the host
fish [112].

Animal and plant peptides are used to defend against microbial infection
[113]. They are ribosomally produced, almost always cationic, and very often
amphiphilic, killing microbes by permeabilizing cell membranes. They are pro-
duced by humans, rats, rabbits, guinea pigs, mice, cattle, pigs, crabs, insects, sheep,
frogs and other primitive amphibians, goats, crows, and plants. They show activi-
ties against bacteria, fungi, protozoa, and they apparently protect these higher
forms of life against infection. The most well-known are the frog skin peptides,
the magainins [114], which are linear peptides of approximately 20 amino
acid residues. They are membrane-active, and kill by increasing permeability of
prokaryotic membranes, i.e., membranes rich in acidic phospholipids but not
membranes which are cholesterol-rich such as human membranes. Sharks are an
example of an animal that has a primitive immunologic system yet suffers almost
no infection. They apparently protect themselves by producing an antimicrobial
agent in their liver, spleen, intestine, testes, etc. which is a steroid and spermidine
compound with broad-spectrum activity [115].

3.2
Metal Transport Agents

Certain secondary metabolites act as metal transport agents. One group is com-
posed of the siderophores (also known as sideramines) which function in up-
take, transport, and solubilization of iron. Siderophores are complex molecules
which solubilize ferric ion which has a solubility of only 10~'® mol/l at pH 7.4
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[116]. Such siderophores have an extremely high affinity for iron (K4 = 10"2 to
107%). The second group includes the ionophoric antibiotics which function in
the transport of certain alkali-metal ions - e.g., the macrotetrolide antibiotics
which enhance the potassium permeability of membranes.

Iron-transport factors in many cases are antibiotics. They are on the border-
line between primary and secondary metabolites since they are usually not
required for growth but do stimulate growth under iron-deficient conditions.
Microorganisms have “low” and “high” affinity systems to solubilize and trans-
port ferric iron. The high affinity systems involve siderophores. The low affinity
systems allow growth in the case of a mutation abolishing siderophore produc-
tion [117]. The low affinity system works unless the environment contains
an iron chelator (e.g., citrate) which binds the metal and makes it unavailable
to the cell; under such a condition, the siderophore stimulates growth. Over a
hundred siderophores have been described. Indeed, all strains of Streptomyces,
Nocardia, Micromonospora examined produce such compounds [118]. Anti-
biotic activity is due to the ability of these compounds to starve other species of
iron when the latter lack the ability to take up the Fe-sideramine complex. Such
antibiotics include nocardamin [119] and desferritriacetylfusigen [120]. Some
workers attribute microbial virulence to the production of siderophores by
pathogens and their ability to acquire iron in vivo [121]. Thus production of
these iron-transfer factors may be very important for the survival of pathogenic
bacteria in animals and humans [122]. Compounds specifically binding zinc and
copper are also known to be produced by microorganisms.

Most living cells have a high intracellular K* concentration and a low Na*
concentration whereas extracellular fluids contain high Na* and low K*. To
maintain a high K*/Na* ratio inside cells, a mechanism must be available to
bring in K* against a concentration gradient and keep it inside the cell. Tono-
phores accomplish this in microorganisms. That production of an ionophore
(e.g.,a macrotetralide antibiotic) can serve a survival function has been demon-
strated [123]. Kanne and Zdhner compared a Streptomyces griseus strain which
produces a macrotetrolide with its non-producing mutant. In low K* and Na*
media, both strains grew and exhibited identical intracellular K+ concentrations
during growth. In the absence of Na*,both strains took up K* from the medium.
However, in the presence of Na™, the mutant could not take up K*. Also, when the
strains were grown in high K* concentrations and transferred to a high Na*,low
K* resuspension medium, the parent took up K* but the mutant took up Na* and
lost K*. As a result of these differences, mutant growth was inhibited by a high
Na*, low K* environment but the antibiotic-producing parent grew well.

3.3
Microbe-Plant Symbiosis and Plant Growth Stimulants

Almost all plants depend on soil microorganisms for mineral nutrition, espe-
cially that of phosphate. The most beneficial microorganisms are those that are
symbiotic with plant roots, i.e., those producing mycorrhizae, highly specializ-
ed associations between soil fungi and roots. The ectomycorrhizae, present in
3-5% of plant species, are symbiotic growths of fungi on plant roots in which
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the fungal symbionts penetrate intracellularly and replace partially the middle
lamellae between the cortical cells of the feeder roots. The endomycorrhizae,
which form on the roots of 90 % of the plant species, enter the root cells and form
an external mycelium which extends into the soil [124]. Mycorrhizal roots can
absorb much more phosphate than roots which have no symbiotic relationship
with fungi. Mycorrhizal fungi lead to reduced damage by pathogens such as
nematodes, Fusarium, Pythium, and Phytophthera.

Symbiosis between plants and fungi often involves antibiotics. In the case of
ectomycorrhizae, the fungi produce antibiotics which protect the plant against
pathogenic bacteria or fungi. One such antibacterial agent was extracted from
ectomycorrhizae formed between Cenococcum gramiforme and white pine, red
pine, and Norway spruce [125]. Two other antibiotics, diatretyne nitrile and
diatretyne 3, were extracted from ectomycorrhizae formed by Leucopaxillus
cerealis var. piclina; they make feeder roots resistant to the plant pathogen,
Phytophthora cinnamomi [126].

A related type of plant-microbe interaction involves the production of
plant growth stimulants by bacteria. Free-living bacteria which enhance the
growth of plants by producing secondary metabolites are mainly species of
Pseudomonas. Specific strains of the Pseudomonas flourescens-putida group are
used as seed inoculants to promote plant growth and increase yields. They
colonize plant roots of potato, sugar beet, and radish. Their growth-promoting
activity is due in part to antibiotic action that deprives other bacterial species,
as well as fungi, of iron. For example, they are effective biocontrol agents
against Fusarium wilt and take-all diseases (caused by E oxysporum F. sp. lini
and Gaeumannomyces graminis var. tritici, respectively). Some act by producing
the siderophore, ferric pseudobactin, a linear hexapeptide with the structure:
L-lys-D-threo-f-OH-Asp-L-ala-D-allo-thr-L-ala-D-N6-OH-Orn [127]. Siderophore-
negative mutants are devoid of any ability to inhibit plant pathogens [128]. In
some cases, the siderophore-Fe** complex is taken up by the producing pseudo-
monad but in others the plant can take up the siderophore-iron complex and use
it itself. Actually, plants can tolerate Fe deficiency to a much greater extent than
microorganisms.

The evidence that the ability of fluorescent pseudonomads to suppress plant
disease is dependent upon production of siderophores, antibiotics and HCN
[129-136] is as follows:

1. The fluorescent siderophore can mimic the disease-suppression ability of the
pseudomonad that produces it [137].

2. Siderophore-negative mutants fail to protect against disease [138, 139] or to
promote plant growth under field conditions [140].

3. Antibiotic-negative rhizosphere pseudomonad mutants fail to inhibit plant
pathogenic fungi [141, 142].

4. The parent culture produces its antibiotic in the plant rhizosphere [141, 143].

5. HCN-negative mutants fail to suppress plant pathogens [144].

Antibiotic-producing fluorescent Pseudomonas strains have been readily isolat-
ed from soils that naturally suppress diseases such as take-all (a root and crown
disease) of wheat, black root rot of tobacco, and fusarium wilt of tomato [145].
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Antibiotics such as pyoluteorin, pyrrolnitrin, phenazine-1-carboxylate, and
2,4-diacetylphloroglucinol are produced in the spermosphere and rhizosphere
and play an important role in suppression of soil-borne plant pathogens. Sup-
pression in a number of cases studied correlates with the production in the soil
of the antibiotics.

Phenazine antibiotics production by P. aureofaciens is a crucial part of rhizo-
sphere ecology and pathogen suppression by this soil-borne root-colonizing
bacterium used for biological control [146]. Production of the antibiotics is the
primary factor in the competitive fitness of P. aureofaciens in the rhizosphere
and the relationships between it, the plant, and the fungal pathogens. The anti-
biotic, phenazine-1-carboxylate, protects wheat against take-all disease (a root
and crown disease) caused by the fungus G. graminis var tritici [147]. The anti-
biotic is produced by P. fluorescens 2-79, a fluorescent pseudomonad colonizing
the root system and isolated from the rhizosphere of wheat. The antibiotic
inhibits the fungus in vitro and is more important than the pyoverdin sidero-
phore produced by the same pseudomonad [132]. However, the siderophore is
thought to have some role because mutants deficient in phenazine-1-carboxylate
production retain some residual protection activity. Phenazine-negative
mutants generated by Tn5 insertion do not inhibit the fungus in vitro and are
less effective in vivo (on wheat seedlings). Cloning wild-type DNA into the
mutant restored antibiotic synthesis and action in vitro and in vivo. The anti-
biotic could be isolated from the rhizosphere of the wheat colonized by strain
2-79 and disease suppression was correlated with its presence [141]. The ability
of P. fluorescens and P. aureofaciens to produce phenazine antibiotics is not only
responsible for protection of wheat roots but also aids in survival of the produc-
ing bacteria in soil and in the wheat rhizosphere [148]. Phenazine-negative
mutants survive poorly due to a decreased ability to compete with the resident
microflora. In addition to phenazine-1-carboxylate, P. aureofaciens produces
2-hydroxyphenazine-1-carboxylate and 2-hydroxyphenazine, which are also
active in plant protection [149]. Another antibiotic protecting wheat against
take-all disease is 2,4-diacetylphloroglucinol (DAPG) which is produced by
strain 9287 of P. aureofaciens. Nonproducing mutants fail to protect, and such
mutants, when transformed with the missing gene, produce antibiotic and
protect wheat [150]. The frequency of DAPG-producing cells is high in soils
suppressing take-all and is undetectable or at most 2.5% of the above frequency
in soils conducive to take-all disease of wheat.

The production of the antibiotic oomycin A by P. fluorescens HV37a protects
cotton seedlings from Pythium ultimum which causes preemergence root
infections [151].The disease is known as damping off disease. Mutation of the
fungus to non-production markedly lowers the ability to control the disease
[152]. Damping off of cotton and other plants is also caused by Rhizoctonia
solani. In this case, protection is provided via pyrrolnitrin production by P. fluo-
rescens BL915. Protection is ineffective with non-producing mutants unless they
first receive wildtype DNA [153]. Cloning such DNA into natural non-producing
strains of P. fluorescens also conveys pyrrolnitrin production and ability
to protect plants. The production strain and non-producing wildtypes are all
inhabitants of cotton roots. Two siderophores produced by the plant-growth
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promoting rhizobacterium P. aeruginosa 7NSK2, i.e., pyochelin and pyoverdin,
are involved in suppression of damping-off disease of tomato caused by Pythium
[154]. Either one or the other siderophore serves as the effective agent, i.e., if
one is not produced, the other serves to protect. A third siderophore, salicylic
acid, appears to provide some protection in the absence of pyochelin and
pyoverdin. In the case of Pseudomonas sp. N2130, this fluorescent rhizosphere
bacterium produces two iron-regulated secondary metabolites, one a sidero-
phore, the other a non-siderophore. Only the non-siderophore is an antifungal
agent [155].

Bacillus cereus UW85 protects against damping off disease of alfalfa seedlings
caused by Phytophthera medicaginis. It also protects tobacco seedlings from
Phytophthera nicotianae, cuacumbers from Pythium aphanidermatum rot, peanuts
from Sclerotinia minor, and enhances nodulation of soybeans by changing distri-
bution of bacteria on roots [156]. Two extracellular antibiotics are responsible for
protection against damping off: (i) zwittermycin A, a linear aminopolyol and (ii)
antibiotic B, an aminoglycoside antibiotic containing a disaccharide. Zwitter-
mycin A inhibits elongation of the germ tubes of P. medicaginis tubes and anti-
biotic B causes the tubes to swell. In low- and non-producing mutants of B. cereus,
antibiotic production and disease suppression are quantitatively correlated. When
plants are inoculated with an inactive mutant, disease occurs but this can be pre-
vented by addition of either antibiotic.In a survey of 96 strains isolated around the
world, isolates producing either zwittermycin A or antibiotic B more effectively
controlled the alfalfa disease than strains producing neither antibiotic [157]. Anti-
biotic production by Bacillus subtilis CL27 is the mechanism of its biocontrol of
Botrytis cinerea damping off disease of cabbage seedlings [158]. The Bacillus
strain, isolated from Brassica leaves, produces two peptide antibiotics and one
non-peptide antibiotic. A mutant lacking ability to produce the latter is less active
in vivo and a mutant lacking the ability to produce all three antibiotics is inactive
in vivo.

Control of rhizoctonia root rot of pea by inoculated Streptomyces hygro-
scopicus var. geldanus is due to production of geldanomycin [159]. The antibiotic
was extracted from soil and shown to be active against Rhizoctonia solani. Addi-
tion of geldanomycin itself to soil also controls disease. Potato scab disease is
caused by Streptomyces scabies and biocontrol of the disease can be carried out
with Streptomyces diastatochromogenes isolated from potato. The latter pro-
duces an antibiotic that appears to be involved in the mechanism of its bio-
control [160]. Interestingly, the antibiotic inhibits the pathogenic S. scabies
strains but not other species of Streptomyces and other bacteria.

Another important factor in the pathogenic or beneficial relationships be-
tween bacteria and plants is the ability of plant-associated bacteria to produce
the phytohormone (auxin) indole-3-acetic acid [161]. The bacteria are species of
Pseudomonas, Agrobacterium, Rhizobium, Bradyrhizobium, and Azospirillum.

Two secondary metabolites, altechromones A and B, produced by Alternaria
sp.isolated from oats are plant-growth stimulators [162]. Taxus wallachiana, the
Nepalese yew tree, has an endophytic fungus, Phoma sp. living in the inter-
cellular spaces of its bark tissue [163]. The relationship is thought to be mutual-
istic in which the plant provides nutrients to the fungus and the fungus protects
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the plant from plant pathogens. Phoma sp. produces two antibiotics, altersolanol
A and 2-hydroxy-6-methylbenzoic acid.

3.4
Microbe-Nematode Symbiosis

Antibiotics play a role in the symbiosis between the bacteria of the genus
Xenorhabdus and nematodes parasitic to insects [164]. Each nematode species,
members of the Heterorhabditidae and Steinernematidae, is associated with a
single bacterial species of Xenorhabdus [165]. The bacteria live in the gut of the
nematode. When the nematode finds an insect host, it enters and when in the
insect gut it releases bacteria which kill the insect, allowing the nematode to
complete its life cycle. Without the bacteria, no killing of the insect occurs. The
bacteria produce antibiotics to keep the insect from being attacked by putrefy-
ing bacteria. Two groups of antibiotics have been isolated from two of the
bacteria. One group is represented by tryptophan derivatives and the other by
4-ethyl- and 4-isopropyl-3,5-dihydroxy-trans-stilbenes [164]. The antibiotic
produced by Xenorhabdus luminescens, the bacterial symbiont of several insect-
parasitic nematodes of the genus Heterorhabditis, has been identified as the
hydroxystilbene derivative 3,5-dihydroxy-4-isopropylstilbene [166]. Other strains
of X. luminescens produce indole antibiotics.

3.5
Microbe-Insect Symbiosis

Symbiosis between intracellular microorganisms and insects involves anti-
biotics. The brown planthopper, Nilaparavata lugens, contains at least two
microbial symbionts and lives on the rice plant. One intracellular bacterium is
Bacillus sp. which produces polymyxin M [167]. Another is Enterobacter sp.
producing a peptide antibiotic selective against Xanthomonas campestris var
oryzae, the white blight pathogen of rice [168]. The intracellular bacteria in-
crease their survival chances via antibiotic production to protect the insect
from invasion by microorganisms and to control competition by bacterial rice
pathogens.

3.6
Microbe-Higher Animal Symbiosis

Antibiotic production by the commensal bacterium, Alteromonas sp., is respons-
ible for protection of embryos of the shrimp, Palaemon macrodactylus, from the
pathogenic fungus Lagenidium callinectes [169]. The antifungal agent which
mediates protection is 2,3-indolinedione (isatin). Similarly, eggs of Homarus
americanus (the American lobster) are covered with a bacterium that produces
tyrosol [2-(p-hydroxyphenyl) ethanol], an antimicrobial agent [170]. The
filamentous tropical cyanobacterium, Microcoleus lyngbyaceus, contains four
specific bacteria on its surface, all of which produce quinone 34, an antibacterial
and antifungal compound [170]. In this regard, a number of antibiotics which
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were thought to be produced by sponges are now considered to be made instead
by bacteria living in and/or on these higher forms [170-172].

3.7
Sex Hormones

Many secondary metabolites function as sexual hormones, especially in fungi
[173, 174]. The most well known are the trisporic acids, which are metabolites
of Mucorales. When vegetative hyphae of the two mating types of these hetero-
thallic organisms approach one another, they form zygophores (sexual hyphae).
The trisporic acids, factors that induce zygophore formation, are formed from
mevalonic acid in a secondary metabolic pathway of which the early steps
are present in both (+) and (-) sexes. However, distinct late steps are missing in
the individual sexes and thus both strains must be present and in contact to
complete the pathway to the trisporic acids. In Gibberela zeae (Fusarium roseum),
the secondary metabolite, zearalenone, is a regulator of sexual reproduction
[175]. The secondary metabolite, sirenin, is involved in sexual reproduction in
Allomyces,a phycomycete. It acts as a chemotaxic hormone which brings together
uniflagellate motile male and female gametes. Sirenin, a sesquiterpene diol made
by female gametangia and gametes, is extremely active, the process requiring
less than 0.1 ng/ml for activity [176]. In the phycomycete Achyla, antheridol, a
steroidal secondary metabolite, is produced by vegetative female mycelia and
initiates the formation of male gametangia. The compound is active at con-
centrations as low as 107'! mol/l [177]. The male ganetangia produce another
secondary metabolite (hormone B) which leads to oogonia formation in female
mycelia. Tremella mesenterica, a jelly fungus of the heterobasidomycete group,
produces the peptide tremerogen A-10 which induces germ tubes in mating type
a [178]. A compound inducing sexual development in Aspergillus nidulans has
been isolated [179]. Crude preparations containing the factor (called psi) are
active at levels as low as 50 ng per test.

Male Aphomia sociella L, the bumble bee waxmoth, contains a sex pheromone
in its wing gland, the major part of which is an R(-)mellein (= ochracin). The
compound, which evokes searching behavior in females, is produced by a mold,
Aspergillus ochraceus, found in the intestine of the last-instar larvae and in the
bumble bee nest [180]. Apparently such insect-fungus relationships are wide-
spread.

Substances I, Iy, and I are peptidic sexual agglutination factors of Saccharo-
myces cerevisiae [181]. Rhodotorucine A is a peptide produced by type A cells of
Rhodospridium toruloides which induces mating tube formation in yeast of
mating type a [182]. A bacterial sex pheromone, called cPD1, has been isolated
from Streptococcus faecalis. Its structure is phe-leu-val-met-phe-leu-ser-gly [183].
Competence in Streptococcus pneumoniae is induced by a heptadecapeptide,
H-Glu-Met-Arg-Leu-Ser-Lys-Phe-Phe-Arg-Asp-Phe-Ile-Leu-Glu-Arg-Lys-Lys-OH
which is destroyed by a protease [184].

Microbial secondary metabolites can exert regulation of cellular activities in
higher organisms [185].It has been hypothesized that cell-to-cell communication
first evolved in unicellular organisms, long before the appearance of specialized
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cells of vertebrates (glands, neurons, immune cells, blood cells) [186]. Thus hor-
mones, neuropeptides, biological response modifiers, and their receptors may
have been first made by microorganisms. Indeed, steroid fungal sex hormones
and mammalian sex hormones are similar in structure.

3.8
Effectors of Differentiation

Development is composed of two phenomena, growth and differentiation. The
latter is the progressive diversification of structure and function of cells in an
organism or the acquisition of differences during development [47]. Differen-
tiation encompasses both morphological differentiation (morphogenesis) and
chemical differentiation (secondary metabolism). Secondary metabolites pro-
duced by chemical differentiation processes also function in morphological and
chemical differentiation.

3.8.1
Sporulation

Of the various functions postulated for secondary metabolites, the one which
has received the most attention is the view that these compounds, especially
antibiotics, are important in the transition from vegetative cells to spores. The
following observations have made this hypothesis attractive:

1. Practically all sporulating microorganisms produce antibiotics.

2. Antibiotics are frequently inhibitory to vegetative growth of their producers
at concentrations produced during sporulation.

3. Production of peptide antibiotics usually begins at the late-exponential phase
of growth and continues during the early stages of the sporulation process in
bacilli.

4. Sporulation and antibiotic synthesis are induced by depletion of some essential
nutrient.

5. There are genetic links between the synthesis of antibiotics and the formation
of spores; revertants, transductants, and transformants of stage 0 asporogen-
ous mutants, restored in their ability to sporulate, regain the ability to syn-
thesize antibiotic while conditional asporogenous mutants fail to produce
antibiotic at the non-permissive temperature.

6. Physiological correlations also favor a relationship between the production of
an antibiotic and spores. As an example, inhibitors of sporulation inhibit anti-
biotic synthesis. Furthermore, both processes are repressed by nutrients
including glucose. Concentrations of manganese ion of at least two orders of
magnitude higher than that required for normal cellular growth are needed
for sporulation and antibiotic synthesis by certain species of Bacillus.

7. There appears to be a direct relationship between formation of ergot alkal-
oids and conidiation in Claviceps purpurea [187].

Much enthusiasm in favor of an obligatory function of antibiotics in sporulation
derived from early work [188] which reported that cessation of exponential
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vegetative growth of Bacillus brevis ATCC 8185 is accompanied by tyrothricin
synthesis and a sharp decline of net RNA synthesis. It was also stated that both
antibiotic components of tyrothricin (tyrocidine and linear gramicidin) are
capable of inhibiting purified B. brevis RNA polymerase. The view was advanc-
ed that antibiotics regulate transcription during the transition from vegetative
growth to sporulation by selectively terminating the expression of vegetative
genes. Although the inhibition of RNA polymerase by tyrocidine and linear
gramicidin was confirmed [189, 190], an obligatory relationship between pro-
duction of the two antibiotics, inhibition of RNA synthesis, and sporulation
has yet to be established. Even in other studies [191], in which tyrothricin was
found to stimulate sporulation when early log phase cultures were incubated in
a glycerol medium lacking nitrogen, this addition stimulated RNA synthesis
rather than inhibiting it.

Despite the apparent connections between formation of antibiotics and spores,
it has become clear that antibiotic production is not obligatory for spore forma-
tion [192]. The most damaging evidence to the antibiotic-spore obligatory hypo-
thesis is the existence of mutants which form no antibiotic but still sporulate. Such
mutants have been found in the cases of bacitracin (Bacillus licheniformis), myco-
bacillin (Bacillus subtilis), linear gramicidin (B. brevis), tyrocidine (B. brevis),
gramicidin S (B. brevis), oxytetracycline (Streptomyces rimosus), streptomycin
(S. griseus), methylenomycin A (Streptomyces coelicolor),and patulin (Penicillium
urticae).

When little to no evidence could be obtained to support the hypothesis
that antibiotics are necessary to form spores, further studies [193] focused on
the quality of spores produced without concurrent formation of antibiotics. A
mutant was obtained of the tyrothricin-producing B. brevis ATCC 8185 which
produced normal levels of tyrocidine and spores but did not produce linear
gramicidin. The spores were claimed to be less heat-resistant than normal but
other workers were unable to confirm these findings [194]. Similarly, mutants
producing linear gramicidin but not tyrocidine formed spores of normal quality
[195]. Studying the B. brevis strain which produces gramicidin S, it was reported
[196] that non-producing mutants form heat-sensitive spores but again this was
not confirmed [194, 197].

Although antibiotic production is not obligatory for sporulation, it may
stimulate the sporulation process [198]. Transfer of exponential phase popula-
tions of B. brevis ATCC 8185 (the tyrothricin producer) into a nitrogen-free
medium stops growth and restricts sporulation. Supplementation of the medium
with tyrocidine induces sporulation. Tyrocidine cleaved by a proteolytic enzyme,
its component amino acids, and gramicidin S are all inactive. This indicates
that the tyrocidine component of tyrothricin is an inducer of sporulation.
Sporulation-associated events of B. brevis ATCC 8185 were turned on by linear
gramicidin addition when nitrogen limitation was made more severe, i.e., by
washing the cells before resuspension in the absence of nitrogen source [199].In
this case, the production of extracellular protease, RNA, dipicolinate, and
tyrocidine itself was also stimulated. Addition of linear gramicidin also brought
about a severe depletion of intracellular ATP. Non-ionophoric analogs of linear
gramicidin did not exert the sporulation effect.
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Bacilysin, a dipeptide antibiotic, may play a stimulatory role in the sporula-
tion of B. subtilis [200]. A bacilysin-negative strain, NG79, was found to be oligo-
sporogenous, the spores to be sensitive to heat, chloroform, and lysozyme,
and deficient in dipicolinic acid. When the strain was transduced to bacilysin
production, the above characteristics also returned to wild-type status. Addition
of bacilysin to the mutant increased sporulation resistance, and dipicolinic acid
content. The concept that bacilysin plays a role in sporulation of B. subtilis is
supported by the observation that interference in bacilysin production by addi-
tion of ammonium ions, Casamino acids, or L-alanine results in blockage of
sporulation [201]. Although glucose interferes with sporulation but not bacilysin
formation, and decoyinine induces sporulation with no effect on bacilysin pro-
duction, these observations can be explained as effects on sporulation indepen-
dent of those on bacilysin synthesis.

An extracellular peptide, EDF-A is required for sporulation of B. subtilis
[202]. Its production is cell-density dependent. Thus, dilute bacterial suspen-
sions sporulate poorly when decoyinine is added or the population is shifted
down, unless EDF-A, present in the extracellular medium of high-density pre-
paration, is added. The pheromone is destroyed by pronase and is dialyzable and
heat-resistant. EDF-A production is defective in spoOA or spoOB mutants. Muta-
tions in abrB, which suppress many of the pleiotropic phenotypes in spoOA
mutants — except sporulation - restore production of EDF-AA.

Sporulation inducers are also known in the actinomycetes. One such com-
pound is the antibiotic pamamycin produced by Streptomyces alboniger. Pama-
mycin inhibits Staphylococcus aureus by interfering with uptake of inorganic
phosphate and nucleosides [203]. In the producing culture, the antibiotic stimu-
lates the formation of aerial mycelia and thus that of conidia [204]. Pamamycin
has been found to be a family of eight homologous compounds varying in size
from 593 Da to 691 Da [205]. The homolog of molecular weight 607 is active as an
antibiotic against fungi and bacteria. It induces aerial mycelium formation on agar
in a negative-aerial mycelium mutant at 0.1 pg/paper disk and inhibits vegetative
growth of the producing S. alboniger at 10 pg/disk. Its structure is that of a macro-
lide and it has the activity of an anion transfer agent. Chou and Pogell [206] had
reported its action to be that of an inhibitor of phosphate uptake. Some homologs
of pamamycin-607, produced by S. alboniger along with pamamycin-607, retain
the ability to inhibit growth of the aerial mycelium-deficient mutant but do not
induce aerial mycelium formation in the mutant [207].

A-Factor in S. griseus induces formation of streptomycin, aerial mycelia, and
conidia [208]. Many such y-butyrolactones are produced by actinomycetes. In the
producer of leukaemomycin, an anthracycline antibiotic, the structure differs
slightly from that of A-Factor [209]. Other inducers of aerial mycelium forma-
tion include toxopyrimidine (2-methyl-4-amino-5-hydroxymethylpyrimidine) in
Streptoverticillium species [210] and borrelidin, a macrolide antibiotic, produced
by Streptomyces parvulus; borrelidin acts as inducer for Streptomyces tendae bld
mutants [211]. Hormaomycin, a peptide lactone antibiotic produced by S. griseo-
flavus, induces aerial mycelium and antibiotic formation in other streptomycetes
[212]. Streptomyces sp. produces basidifferquinone, which induces fruiting body
formation in the basidiomycetous fungus, Favolus arcularius [213].
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Factors inducing sporulation have also been isolated from fungi. A sesquiter-
penoid with an eremophilane skeleton was found to be a sporogenic factor
(sporogen-A01) produced by Aspergillus oryzae [214]. Five cerebrosides isolat-
ed from Schizophyllum commune induce fruiting body formation in the same
organism. All five were identified, the major component being (4E,8E)-N-2"-hy-
droxyhexadecanoyl-1-0-f-p-glucopyranosyl-9-methyl-4,8-sphingadienine [215].
An antifungal agent, lunatoic acid, produced by Cochliobolus lunatus is an in-
ducer of chlamydospore formation [216].

Carbazomycinal and 6-methylcarbazomycinal, inhibitors of aerial mycelium
formation, are produced by Streptoverticillium sp. [217].

3.8.2
Germination of Spores

The close relationship between sporulation and antibiotic formation suggests
that certain secondary metabolites involved in germination might be produced
during sporulation and that the formation of these compounds and spores could
be regulated by a common mechanism or by similar mechanisms.

A number of secondary metabolites are involved in maintaining spore
dormancy in fungi. One example of these germination inhibitors is discadenine
[3-(3-amino-3-carboxypropyl)-6-(3-methyl-2-butenylamino)purine] in Dictyo-
stelium discoideum, Dictyostelium purpureum, and Dictyostelium mucoroides
[218]; this compound is made from 5-AMP [219]. Their function appears to
be that of inhibiting germination under densely crowded conditions, and
they are extremely potent secondary metabolites. The auto-inhibitor of uredo-
spore germination in Puccinia coronata var avenae (oat crown rust fungus) is
methyl-cis-3,4-dimethoxycinnamate [220]. The auto-inhibitor of conidial germi-
nation in Colletotrichum graminicola is the secondary metabolite, mycosporine
alanine [221].

Germination inhibitors have also been found in actinomycetes. Germicidin
[6-(2-butyl)-3-ethyl-4-hydroxy-2-pyrone], produced by Streptomyces viridochro-
mogenes, is a weak antibiotic uncoupling respiration from ATP production until it
is excreted during germination [222, 223]. The antibiotic is a specific inhibitor of
an ATP synthase and appears to be responsible for maintaining dormancy of the
spores. It blocks ATP synthesis in the spores and thus uncouples glucose oxidation
from ATP synthesis. Upon addition of the germinating agent Ca**, the inhibitor
is excreted from the spore, the ATP synthase is activated by the Ca**, ATP is syn-
thesized as glucose is oxidized, and germination ensues.

Considerable evidence has been obtained indicating that gramicidin S (GS)
is an inhibitor of the phase of spore germination known as “outgrowth” in
B. brevis [196, 197,199, 224, 225]. The cumulative observations are as follows:

1. Initiation of germination (i.e., the darkening of spores under phase micros-
copy) is similar in the parent and GS-negative mutants.

2. GS-negative mutant spores outgrow in 1-2 h whereas parental spores
require 6- 10 h. The delay in the parent is dependent on the concentration of
spores and hence the concentration of GS.
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3. Addition of GS to mutant spores delays their outgrowth so that they now
behave like parental spores; the extent of the delay is concentration-de-
pendent and time-dependent.

4. Preparation of parental spores on media supporting poor GS production
results in spores which outgrow as rapidly as mutant spores.

5. Removal of GS from parental spores by extraction allows them to outgrow
rapidly.

6. Addition of the extract to mutant spores delays their outgrowth.

7. Exogenous GS hydrolyzed by a protease does not delay outgrowth of mutant

spores. Parental spores treated with the protease outgrow rapidly.

. Exponential growth is not inhibited by GS.

9. A mixture of parental spores and mutant spores shows parental behavior, so
that the mixture is delayed in outgrowth. This indicates that some of the GS
externally bound to parental spores is released into the medium. This
release could act as a method of communication by which a spore detects
crowded conditions.

10. Uptake of alanine and uridine into spores and respiration are inhibited by

GS [199, 226, 227].

o]

Lobareva et al. [228] provided evidence that B. brevis excretes over 90 % of its GS
which is then bound to the outside of the spores. The bound GS can be removed
(with difficulty) by water or buffer, the ease of which is dependent on the pre-
sence or absence of detergents and also pH. They showed that it is not merely a
case of insoluble GS in suspension but that soluble GS binds to the cells. They
believe this excretion process is the way B. brevis protects itself against GS
uncoupling of electron transport and phosphorylation, i.e., energy production.

GS antibiotic activity appears to be due to its surface-activity: interaction
with artificial lipid bilayers, and with mitochondrial and bacterial bilayers and
membranes. There is an electrostatic interaction between membrane phospho-
lipids and GS causing a phase separation of negatively charged phospholipids
from other lipids, leading to a disturbance of the membrane’s osmotic barrier. It
is possible that this effect is responsible for GS’s ability to inhibit respiration and
uptake (of uridine and alanine) during germination of spores of the producing
organism and to delay spore outgrowth. GS does not inhibit growth of vegeta-
tive cells of the producer B. brevis ATCC 9999 or of E. coli, but it does inhibit the
growth of vegetative cells of B. subtilis. However, alanine and uridine uptake into
membrane vesicles from all three organisms is inhibited [229]. It is unclear why
vegetative cells of the GS-producer are resistant to GS. Although Danders et al.
[229] proposed that this is due to impermeability, Frangou-Lazaridis and
Seddon [230] pointed out that exogenous GS added to vegetative cells is incor-
porated into the resulting spores [225] and thus is able to enter vegetative cells.
It is of interest that tyrocidine, which has a structure similar to GS, also shows
antibiotic action against B. subtilis, inhibition of active transport in the three
species mentioned above, and delay of spore outgrowth of the GS-producing
species, all to a lesser degree than GS [229]. Danders and coworkers [226, 229]
reported that one difference between GS and tyrocidine is that GS does not bind
to DNA and inhibit RNA polymerase whereas tyrocidine does. However, there is
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a serious disagreement between groups on this point. Frangou-Lazaridis and
Seddon [230] found that RNA polymerase from the producing strain is inhibit-
ed by GS. They reported that addition of GS to B. brevis Nagano or its GS-nega-
tive mutant E-1 has no effect on growth or sporulation when added during or
after the logarithmic phase of growth yet it can permeate the cells. No effect was
seen on incorporation of labeled lysine, thymidine, or uracil by intact cells or on
transcription by permeabilized vegetative cells although they were inhibited by
rifamycin and actinomycin. However, RNA polymerase in vitro was strongly
inhibited by GS. Frangou-Lazardis and Seddon [230] concluded that transcrip-
tion is the sensitive step during germination outgrowth. Inhibition was thought
to be due to GS complexing with DNA, not with the enzyme. They suggest that
DNA and GS are prevented from interacting during growth or that vegetative
DNA is in a conformational state that is not vulnerable to GS.

Irrespective of the mode of action of GS in inhibiting germination out-
growth, there are several other questions about this phenomenon which need to
be addressed.

First, what would be the value to the producing organism of inhibiting
germination in the outgrowth stage during which spores of bacilli are thought
to have lost their resistance to factors such as heat? Would not inhibition at this
stage make more spores more susceptible to attack by other organisms and
would not rapid outgrowers (e.g., non-producing mutants) be selected? It turns
out, however, that initiated (i.e., phase-dark) spores of GS-producing B. brevis
are still resistant to heat, starvation, solvents, and even to sonication [231]. It is
also of interest that studies on survival of Bacillus thuringiensis spores in the soil
have revealed that rapid germination ability of spores in soil confers no survival
advantage [232].

It appears that endogenous GS is the basis of the hydrophobicity of dormant
or initiated B. brevis spores. After outgrowth ceases, the resulting vegetative
cells are hydrophilic [233]. Since water-insoluble organic matter constitutes the
chief source of soil nutrients [63], it is quite possible that the hydrophobicity of
B. brevis spores and initiated spores aids in their search for nutrients to insure
vegetative growth after germination. If no nutrients are found, it is possible that
initiated spores can develop back into normal spores by microcycle sporulation
[234] which may have a role in nature [235].

A second question involves the mechanism by which the outgrowing spores
recover from GS inhibition and finally develop into vegetative cells. One possi-
bility is destruction of GS towards the end of the outgrowth stage. B. brevis
ATCC 9999 produces an intracellular serine protease [236-238] despite earlier
claims that it does not [239]. This type of enzyme is generally considered to be
necessary for sporulation of bacilli. The B. brevis enzyme has the ability to cleave
GS between val and orn residues [237]. No extracellular proteases are produced
by ATCC 9999, a situation very different from most bacilli. Although it would
appear that the intracellular enzyme might function to destroy GS and allow
vegetative growth from outgrown spores (e.g., it was claimed [240] that GS is
destroyed at that time), data indicate that GS is not destroyed as the outgrowing
spores develop into vegetative cells [241-243]. Furthermore, the recovery is not
due to selection of spores whose outgrowth is resistant to GS [241]. Another pos-
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sibility is that GS kills outgrowing spores and the delay in outgrowth is merely
the time required by a small population of unkilled spores to germinate and
become vegetative cells. Although the finding that GS kills a large proportion of
outgrowing spores [244] has been confirmed, the same residual fraction of
survivors is seen despite increases in the GS concentration [243]. The contrast
between the failure of increased concentrations of GS to affect killing can be
contrasted with the increasing delay in outgrowth caused by the increased con-
centration and makes unlikely a connection between the degree of killing and
the increasing delay of outgrowth caused by raising the concentration. At this
point, it appears that GS, because of its inhibition of oxidative phosphorylation,
transport and/or transcription slows down - but does not totally inhibit - the
macromolecular processes of outgrowth, until a point is reached where all the
outgrown spores have the proper machinery to differentiate into vegetative cells.
During this process, GS is excreted into the extracellular medium [225, 227].

It is thus probable that GS serves the initiated spore as a means of sensing a
high population density and preventing vegetative growth until there is a lower
density of B. brevis spores with which to compete for nutrients. However,
proof of such a hypotheses will require experimentation of an ecological natu-
re. Alternative hypotheses might be that GS in and on the dormant and initiated
spores protect them from consumption by amoebae or that GS excretion during
germination initiation and outgrowth eliminates microbial competitors in the
environment. Another possibility is that the delay in outgrowth and death of a
part of the outgrowing spore population is merely “the price the strain must
pay” for such protection.

3.8.3
Other Relationships Between Differentiation and Secondary Metabolites

Another relationship between secondary metabolites and differentiation is
stimulation of germination. Germination stimulators in rust fungi include non-
anal and 6-methylhept-5-en-2-one which work on uredospores [245]. In addition
to producing extracellular ferric ion-transport and solubilizing factors (sidero-
phores), fungi produce cell-bound siderophores which are involved in conidial
germination [246]. A siderophore is required for conidial germination in Neuro-
spora crassa [247]. These siderophores are considered to be iron storage forms
in fungal spores that are analogous to the ferritins of animals and the phyto-
ferritins of plants [248].

Cyclic AMP (c-AMP) is a secondary metabolite in the slime mold, Dictyoste-
lium discoideum. It is the chemotactic agent which, after initiation of develop-
ment by starvation, attracts the amoebae-type cells and aggregates them to form
the elongated, multi-cellular “slug” structures. Each cell of the slug differentiates
into either a stalk cell or a spore of the fruiting body. Differentiation depends
on c-AMP plus a low molecular weight factor known as differentiation inducing
factor (DIF). A high ratio of DIF to c-AMP appears to produce a stalk cell where-
as, a low ratio produces a spore [249].

Campbell and associates [49] have made interesting observations on second-
ary metabolite production by colonies growing on solid media which further
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implicate these molecules in differentiation. In general, they find particular
secondary metabolites to be produced only by certain differentiating structures.
In Penicillium patulum, 6-methylsalicylic acid (6-MSA) is produced only after
aerial mycelia are formed. The same is true in Penicillium brevicompactum,
with respect to formation of mycophenolic acid, brevianamides A and B,
asperphenamate, and ergosterol. Asperphenamate and ergosterol are the first
to be formed, followed by mycophenolic acid, all three being made before the
appearence of conidial heads. The brevianamides are produced only after the
conidial heads appear and during condidiation. In P. patulum, for example,
6-MSA synthesis begins prior to the formation of conidial heads. While
conidiophores of P. brevicompactum are producing brevianamides, they rotate
when exposed to UV or visible light; no rotation occurs if brevianamides are not
present. Upon rotation, water is pumped up the conidiophore. Therefore, it has
been proposed that brevianamides are involved in water translocation from the
substrate up the conidiophore into the penicillus.

3.9
Miscellaneous Functions

Prodigiosin may function in air dispersal of Serratia marcescens [250]. The
pigmented strain is much more able than the non-pigmented strain to adsorb
onto air bubbles and enrich the drops formed on breakage of the bubbles. Also
prodigiosin makes hydrophobic the normally hydrophilic cells. The pigment it-
self is hydrophobic.

Astaxanthin, a carotenoid secondary metabolite of the basidiomycetous yeast,
Phaffia rhodozyma, protects the organism against killing by singlet oxygen [251]
and provides a selective advantage against albino mutants. The natural habitat of
the yeast is sap flux of the birch tree, Betula. The tree contains an unidentified
compound which catalyzes formation of singlet oxygen when exposed to UV
light. Singlet oxygen induces formation of astaxanthin and the latter causes
negative feedback regulation of its synthesis.
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1

Introduction

Science and technology are international but their development can be affected
by regional characteristics. This aspect is observed with development of bio-
technology in Japan, which is characterized by unique contributions from
applied microbiology and bioindustry. During the second half of the twentieth
century, bioindustry in Japan has made rapid progress by developing many
innovative processes for microbial production of a variety of useful substances
including foodstuff additives, enzymes, pharmaceuticals, pesticides, and other
chemicals. Applied microbiology played crucial roles in this development espe-
cially through discovery of novel microbial functions by means of extensive
screening. Bioindustry also played important roles for industrialization of
new biotechnology as manifested in the production of heterologous proteins
by recombinant DNA technology. Experiences with the microbial diversity as
well as basic understandings on the molecular mechanisms in microbial cells
accumulated during these decades led to transformation of applied microbio-
logy into a characteristic complex of modern biotechnology. This review deals
with personal overview about a brief history of this development along with its
latest achievements.

2
Historical Overview of Applied Microbiology in Japan

2.1
Traditional Background

Japan has a long tradition in the fermentation industry to produce rice wine
“sake” and a variety of fermented foodstuffs such as fermented soy sauce
“shoyu”. Before introduction of modern science and technology at the end of the
last century, engineer’s guilds in the brewing manufacturers had established a
sophisticated system of rational technologies, even empirically. The best example
is the sake brewing process, in which saccharification of rice starch by amylases
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from a fungus Aspergillus oryzae and ethanol fermentation by yeast Saccharo-
myces cerevisiae proceed in parallel in a fermenter. Fine techniques to control
microflora enabled stable operation of this complex process to produce ethanol
at the world-highest concentration as high as 20% with an inherent flavor of
high quality.

Interestingly enough, the first industrial application of microbial enzymes
started in the USA in 1894 was a direct descendant of the sake brewing tech-
nology, which was made by a Japanese scientist, Jokichi Takamine, in Peoria,
Illinois. He modified the traditional solid-state culture process of A. oryzae for
industrial production of a mixed enzyme preparation “Taka-Diastase” contain-
ing amylases and other extracellular enzymes, and applied the preparation first
to the production of alcoholic beverage from grains and then to the treatment of
dyspepsia or indigestion. This was a pioneering enterprise for application of
microbial enzymes, whose lineage can still be traced in several companies in
the USA and Japan. It also heralded the following general trend to replace the
enzyme resources from higher plants or animals to microorganisms.

An event that exerted strong influence on the later development of bio-
processes in Japan is the discovery of monosodium L-glutamate as a flavor
enhancer of food in 1908. Kikunae Ikeda, Professor of the University of Tokyo,
was interested in dried kelp, a traditional seasoning material for cooking in
Japan, and succeeded in identifying the amino acid as the essence of its flavor.
Ajinomoto (meaning Essence of Flavor) Co. started its industrial production by
acid hydrolysis of wheat gluten in 1909, and thus opened a big market of food
flavor. This original invention prepared the basis for the later innovation of the
amino acid process.

Success in developing unique technologies through screening of new micro-
bial functions may be one of the major features of applied microbiology in
Japan. Kin-ichiro Sakaguchi (1897 -1994),a leader of applied microbiology from
the beginning, once made a short remark that has been passed among his
students during these decades: “I have never been disappointed upon asking
microorganisms for whatever I wanted.” As an embodiment of his statement, a
memorial stone to commemorate the contribution of microorganisms to human
beings is situated in front of an old temple in the historic capital, Kyoto. Such an
atmosphere may also be seen as a traditional background, which has encourag-
ed researchers engaging in screening projects with high risk.

2.2
Launching the Modern Bioindustry with Antibiotics

Research and development of antibiotics played an important role in construct-
ing modern bioindustries from the ruins after the Second World War. The first
scientific information on penicillin described in a medical journal reached
Japan during the war in 1943, which was delivered from Germany by a Japanese
navy submarine. The penicillin research committee consisting of multi-disciplin-
ary researchers was quickly organized and succeeded in realizing small-scale
production of penicillin by surface culture by 1945. Real potential of the research
system was expressed after the war upon the generous introduction of Penicillium
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chrysogenum strain Q176 from the USA in 1946. The research association re-
organized by incorporating industrial members took a principal role in research
and development, and achieved stable industrial production of penicillin by
submerged culture within a few years. A similar strategy was once again adopt-
ed to develop streptomycin production to meet urgent demand to cure tuber-
culosis patients, the death rate of which exceeded 180 per 100,000 persons in
1948, and succeeded in much faster development than the former case. Close
association between academia and industries in the field of applied micro-
biology has originated during these developmental days.

Then discovery of a number of new antibiotics of practical usefulness, such
as the first 16-membered macrolide antibiotic leucomycin (1953), mitomycin C
(1956), and kanamycin (1957), followed soon after. Those are the indications
that the principal methodologies for research and development of antibiotics,
especially random screening of new antibiotic producers from nature, firmly
took root in many research groups and companies. Among them, Umezawa and
his group, first at the University of Tokyo and later at his own Institute of Micro-
bial Chemistry, played a leading role. Kanamycin discovered by his group was
very effective against multi-drug-resistant pathogens and tuberculous bacilli
[1]. Later, bacteria resistant to kanamycin appeared, then Umezawa revealed a
resistance mechanism due to an inactivating enzyme transferring phosphate
group to 3’-OH of the antibiotic [2]. Armed with this knowledge, he chemically
derived 3’,4’-dideoxykanamycin, dibekacin, active against the resistant strains.
This was a very early example of the rational design of antibiotics. It should
also be noted that his success was supported by the results of basic research on
the antibiotic-resistant bacteria. In fact, R-plasmids of the enteric bacteria were
discovered in Japan in 1959 ahead of other countries.

Sarkomycin and mitomycin C, the latter of which is still being widely used
in cancer chemotherapy, were discovered in the 1950s. This means that expan-
sion of the targets of screening beyond antibiotics started early. In this direc-
tion Umezawa and his colleagues again showed leadership and creativity
by initiating a new strategy of screening, i.e., screening of agents inhibiting
enzymes involved in diseases or symptoms. Pepstatin, a specific inhibitor of
pepsin and other aspartic proteases, is an initial example [3]. It is evident that
his idea has opened up an aspect of the current rational approach of targeted
screening.

Blasticidin S (1958) is the first antibiotic used in agriculture to prevent rice
blast caused by a pathogenic fungus, Piricuralia oryzae. Use of its offspring
such as kasugamycin [4] and polyoxin [5] has contributed to Japanese agri-
culture by reducing mercuric pesticides hitherto used in large amounts in fields.
It may be appropriate to mention plant growth hormone giberellin briefly
here in relation to these agro-antibiotics. It was originally found by Japanese
scientists as a virulent agent of a plant pathogenic fungus, Giberella fujikuroii,
which causes abnormal elongation of rice seedlings. The presence of an active
substance in the culture filtrate of the fungus was reported very early in 1926
and the agent, giberellin, was identified by Yabuta and Sumiki in 1938 [6]. It is
now produced on a large scale and used widely for producing seedless grapes in
Japan.
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23
Development of Applied Enzymology

Extensive screening of microbial strains proved to be a powerful tool for deve-
lopment of not only antibiotics but also industrial enzymes. Very early dis-
coveries of several unique enzymes of great industrial usefulness and sub-
sequent discoveries of a variety of unique applied enzymes of microbial origins
conferred one of the characteristic features on the current biotechnology in
Japan (Table 1).

In addition to dried kelp that provided monosodium L-glutamate, dried fish
meat of skipjack tuna has been another traditional seasoning material for cook-
ing in Japan. A preliminary paper describing inosinic acid as the essence of this
flavor appeared in 1913, long before the establishment of nucleotide chemistry.
Kuninaka [7] reexamined this work and revealed that 5-inosinic and guanylic
acids, but not the 2’- and 3’-nucleotides, possess not only a potent flavor them-
selves but also potent flavor-enhancing activity in the presence of monosodium
glutamate. Since only venom nuclease was known to cleave RNA to 5’-nucleotides,
they screened microorganisms for the activity and found nuclease P1 from a
Penicillium strain [8]. Success of the enzymatic processes to produce the nucleo-
tides from yeast RNA triggered the next challenge of nucleotide biosynthesis as
described below.

Discovery of glucose isomerase is a contribution originated from Japan, lead-
ing to worldwide application in the sugar industry. In 1965, Sato and Tsumura
[9] discovered the enzyme from Streptomyces strains, and the batch reactor
system with the Streptomyces hyphae as a catalyst was developed soon after-
wards. Industrial production of fructose + glucose syrup by combined use of
glucose isomerase and glucoamylase started in 1971.

In 1967 Arima and his colleagues [10] found an aspartic protease with potent
milk-clotting activity from a fungus Rhizomucor pusillus. It was the first success-
ful microbial milk-clotting enzyme, which was required to meet the global
shortage of calf chymosin for cheese production. Their invention was quickly
followed by the development of a similar fungal enzyme from a closely related
species R. miehei, and these fungal enzymes had replaced almost half of the
world demands for milk-coagulants until the recent introduction of recombinant
chymosin.

Combined use of microbial enzymes as biocatalysts with chemical synthesis
has its origin in the steroid transformation developed in the USA in the early
1950s. Arima and his group [11] invented a unique microbial conversion process,
in which the aliphatic side-chain of cholesterol was cleaved to produce a steroid
core as a starting material for chemical synthesis of steroid hormones. Yamada
et al. discovered the reverse reaction of the pyridoxal-containing L-amino acid
lyases and applied them to synthesize L-tryptophan and L-DOPA [12] from
pyruvate, ammonia and corresponding aromatic compounds. Since these early
achievements, a variety of unique processes with newly screened microbial
enzymes as biocatalysts have been invented.

Discovery of alkalophilic bacteria and their alkaline enzymes by Horikoshi in
1971 [13] was a direct demonstration of the microbial diversity. Since then,
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Table 1. Examples of useful enzymes of microbial origins discovered since 1950
Enzymes and/or Products® Origins of enzymes References
Penicillin acylase J Agr Chem Soc
23:411(1950)
Glucoamylase Bacillus amylosacchariticus ~ Proc Japan Acad
27:352(1951)
Nuclease P1/5"-ribonucleotides® Penicillium citrinum see text
Lipase Rhizopus delemer ] Gen Appl Microbiol
10:257(1964)
Glucose isomerase Streptomyces sp see text
Milk-clotting protease Rhizomucor pusillus see text
Cholesterol transformation Arthrobacter simplex see text
Tyrosine-phenol lyase/L-DOPA®  Enterobacteriaceae see text
Serratiopeptidase Serratia sp Agric Biol Chem
34:310(1970)
Asparaginase E. coli Agric Biol Chem
35:743(1971)
Heat-stable lipase Humicola ranuginosa Agric Biol Chem
36:1913(1972)
CGTase/cyclodextrin® Alkalophilic Bacillus Agric Biol Chem
40:935(1976)
Cholesterol oxidase Brevibacterium sterolicum Agric Biol Chem
38:149(1974)
Caprolactam hydrolase/L-lysine*  Cryptococcus sp Agric Biol Chem

Hydantoinase/p-amino acid®

Lysyl endopeptidase/h-insulin®
Nitryl hydratase/acrylamide®

Alkaline endolytic cellulase
Arabinonucleoside?®
Fungal peroxidase
Cephalosporin acylase

Protopectinase

Lactone hydratase/p-pantolactone?

Trehalose?
Transglutaminase

Proline hydroxylase

Pseudomonas striata

Achromobacter lyticus
Pseudomonas chloraphis
Alkalophilic Bacillus

Enterobacter aerogenes
Arthromyces/Coprinus
Pseudomonas sp
Bacillus subtilis

Fusarium oxysporum
Arthrobacter sp
Streptoverticillium sp

Dactylosporandium sp

41:1327(1977)

] Ferm Technol
56:484(1978)

Nature 280:412(1979)
see text

] Bacteriol
158:503(1984)
Agric Biol Chem
49:3239(1985)

Agric Biol Chem
50:247(1986)

] Bacteriol
169:5815(1987)

Biosci Biotech Biochem

58:353(1994)
see text
see text
see text

see text

2 Products produced by the enzyme processes are indicated instead of enzyme names.
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a number of extracellular enzymes, such as proteases, amylases, cyclodextrin
glucanotransferases (CGTase) and cellulases, with highly alkaline optimum pHs
have been found mostly from alkalophilic Bacillus for various application. His
work has initiated a trend leading to the current concept of extremophiles as
described below.

It is also noted that Chibata and his colleagues [14] of Tanabe Pharmaceutical
Co. started to use an immobilized enzyme for the optical resolution of bL-amino
acids in 1969. The process included a fungal acylase immobilized on DEAE-
Sephadex to hydrolyze N-acyl-L-amino acids selectively. This was the first indu-
strial use of immobilized enzymes leading to the present concept of bioreactors.

24
New Vista Opened by Amino Acid Production

Discovery of glutamate production was a milestone in the history of Japanese
process biotechnology, not only because of its own originality but also due
to its role in creating a new paradigm of bioprocess technology leading to
the current metabolic engineering. In 1956, Udaka and Kinoshita of Kyowa
Fermentation Industry Co. reported the discovery of a novel bacterium Coryne-
bacterium glutamicum (initially reported as Micrococcus glutamicum), which
accumulated a large amount of L-glutamate from glucose and ammonia [15].
At that time this was almost an unpredictable phenomenon in the scope based
upon the knowledge on the ethanol process. Technologically, a smart assay
system to detect L-glutamate-producing colonies by using a glutamate-requir-
ing bacterium as an indicator was a key to the success in this screening (Fig. 1).
Enhanced leakage of L-glutamate due to biotin-deficiency of the producing
organism was found to play a central role in the large accumulation, and peni-
cillin-treatment was invented to assure the leakage in the biotin-rich industrial
media. Ajinomoto quickly followed to protect its original market by using a
similar organism, Brevibacterium flavum, and several other companies also
engaged in this promising field of biotechnology. Although the competition
caused some confusion in nomenclature of these producing strains, it has result-
ed in recognition of the Coryne-form bacteria as a unique phylogenetic group in
bacterial systematics.

It is remarkable that accumulation of L-lysine in large amounts by an auxo-
trophic mutant of C. glutamicum was achieved within a year after the report of
the glutamate process. The research group of Kyowa found that a homoserine-
requiring mutant of C. glutamicum accumulated large amounts of L-lysine
instead of L-glutamate [16]. Although the molecular mechanisms of neither the
feedback regulation of amino acid biosynthesis nor the lac-operon induction in
E. coli had yet been clarified at that time, this work suggested the presence of
some regulatory networks as a key to switch biosynthetic pathways of amino
acids. Detailed regulatory mechanisms were then revealed in E. coli, and the
basic information facilitated to construct mutant strains accumulating various
L-amino acids; these are described in another chapter of this volume. The rational
approach used in these developments can be assumed to be a new field of fermen-
tation, which is now called metabolic engineering.
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Fig. 1. Method of screening for glutamate producers

It is interesting to note that the discovery of marked flavor enhancing activity
of 5’-inosinic and guanylic acids was made in 1960 just at the beginning of amino
acid production [7]. Although the enzymatic hydrolysis of yeast RNA had achiev-
ed a distinct industrial success as described above, bioprocesses to produce
these nucleotides were attempted by an approach similar to that used in develop-
ing the amino acid-producing strains. Accumulation of inosine and guanosine
in large amounts was achieved by using adenine-requiring mutants of Bacillus
subtilis, which were then chemically phosphoryalted to the corresponding
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nucleotides [17]. On the other hand, Furuya et al. [18] reported direct accumu-
lation of 5’-inosinic acid by an adenine-requiring mutant of Brevibacterium
ammoniagenes, whose leakage seemed to be caused by the cell membrane
abnormality induced at decreased concentrations of Mn?*. A Mn**-insensitive
mutant was derived from the strain so as to achieve the accumulation even in the
presence of excessive Mn?* in the industrial media [19]. These methods became
a starting point for successive development of the nucleotide production
systems as described below.

Several Japanese companies mainly conducted these innovative develop-
ments, and the severe technological race reproduced the stimulatory atmosphere
of research and development that had once been observed at the beginning of
the antibiotics industry. In such circumstance, the idea to manipulate genetically
metabolic pathways was widely adopted in other bioprocesses as seen in
construction of yeast strains with low diacetyl production for beer brewing [20].
In addition to creating metabolic engineering as a new paradigm of tech-
nology, these activities posed fundamental problems important in the basic
microbiology. Enhanced leakage of L-glutamate in the Coryne-form bacteria
is one such example, and elucidation of its molecular mechanisms is now a
fascinating topic of the current bacterial physiology [21]. It should also be
mentioned that experiences and techniques obtained during this research and
development provided the basis for the following introduction of genetic
engineering.

2.5
Beginning of Recombinant DNA Technology in Bioindustry

As soon as recombinant DNA technology appeared, many pharmaceutical
and fermentation companies enthusiastically started research and development
to produce heterologous proteins of human origin, mostly by using E. coli
host-vector systems. Experience in microbial breeding and facilities of bio-
processes hitherto accumulated in Japanese industries enabled them to intro-
duce some relevant licenses from abroad, while several cDNAs originally cloned
in Japan, such as interferon-g [22], and IL-2 [23], were also developed for
industrial production. Cloning and expression of chymosin ¢cDNA in E. coli is
noted as an early case applying this technology to targets other than medicinal
use [24].

In order to apply recombinant DNA-technology to a wider variety of micro-
organisms, new host-vector systems were developed. Among them, the system
for the amino acid-producing Coryne-form bacteria [25, 26] was useful for
genetic analyses and molecular breeding of this group of bacteria. The system of
Bacillus brevis is unique in its low proteolytic activity and high efficiency to
secrete protein products, and was recently used for production of hEGF as
described below [27].

Research and development of recombinant DNA technology has recently been
expanding more and more rapidly. Global trends exemplified by the genome
projects begin to exert profound effects on the future strategy of development,
but those are beyond the scope of this brief review.
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3
Recent Achievements of Applied Microbiology in Japan

3.1
Bioprocess Technology

The great success of amino acid and nucleotide processes revealed the capability
of the genetic approach to overcome cognate regulatory networks in bacterial
cells to achieve industrial production of metabolic intermediates of practical
usefulness. Development of the host-vector system for the Coryne-form bacteria
provided more freedom to manipulate the metabolic pathways. Since advances
in the amino acid process are described in another chapter, here the recent
development of the nucleotide production, especially unique hybrid processes
constructed by coupling multiple microbial cells with different catalytic activi-
ties are described. Metabolic engineering for production of unsaturated fatty
acids and a project to develop bacterial cellulose as a new industrial material are
recent examples of research and development to expand the possibility of bio-
technology. On the other hand, introduction of new technologies into the tradi-
tional brewery industry is producing several achievements such as recent mole-
cular analyses of solid-state process of Aspergillus oryzae.

3.1.1
Metabolic Engineering for Production of Nucleotides

Bioprocesses to produce 5-IMP and 5’-GMP have been classified into two types
in general. One is a two-step process composed of production of nucleosides by
bioprocess followed by chemical phosphorylation, and the another is the direct
bioprocess accumulation of 5-IMP and 5’-xanthilic acid (XMP). As the exten-
sion of the second one, the research group of Kyowa Fermentation Industry has
developed the process to hybridize the strong ATP-regenerating activity of
Corynebacterium with the reaction catalyzed by other microbial cells.

First they developed the process for production of 5-GMP by hybridizing the
XMP fermentation of Corynebacterium ammoniagenes with the energy-requir-
ing amination reaction catalyzed by GMP synthase [28]:

5-XMP + NH; + ATP — 5-GMP + AMP + PPi

In order to achieve the amination effectively, recombinant E. coli cells harboring
the GMP synthase gene under the control of the AP; promoter on a multi-copy
plasmid was constructed, and the ATP-regeneration system in the C. ammonia-
genes cells was used to supply ATP for this reaction. In order to assure the supply
of ATP to the amination reaction, both of the two bacteria were treated with a
mixture of detergent and solvent (polyoxyethylene stearylamine + xylene). The
treatment made the cell membranes permeable to ATP but caused no damage to
the ATP regeneration system in C. ammoniagenes. The whole process is operat-
ed in two steps: the first step is production of 5-XMP by C. ammoniagenes alone,
and then the recombinant E. coli cells are added to convert 5-XMP to 5-GMP
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Fig. 2. Hybrid process to produce 5-GMP catalyzed by cells of Corynebacterium ammonia-
genes and recombinant E. coli

(Fig.2). A final yield of 70 g 1! as 5-GMP - Na, - 7H,0 with the conversion rate
of 5’-XMP at 85% can be obtained.

A similar method was applied to produce 5’-IMP from inosine, which was
accumulated by a mutant strain of C. ammoniagenes [29]. In order to convert
inosine to 5-IMP, recombinant E. coli with high activity of guanosine/inosine
kinase was constructed by cloning the E. coli gene on an overexpressing plasmid.
Although production of 5-IMP was possible by the direct bioprocessing, the
hybrid system allowed far higher bioprocess productivity. The process seems
to have several advantages to the former processes in regards to not only
productivity but also flexibility in applying to production a variety of phos-
phorylated compounds. Thus the system has been used for production of
several phosphorylated materials such as CDP-choline [30], and UDP-galactose
as well as globotriose [31].
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3.1.2
Microbial Production of Polyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFAs) represented by linoleic and linolenic acids
have been recognized as essential fatty acids for nutrition. Several members
such as Mead, arachidonic, and eicosapentaenoic acids are known to be pre-
cursors of prostaglandins, thromboxanes, leucotrienes, etc., all of which have
a variety of physiological activities like hormones. Some of them such as docosa-
hexaenoic acid are recommended as dietary supplements for the prevention of
heart diseases. Because of the increasing interest in and demand for the biologi-
cally important PUFAs, Shimizu and his group [32] extensively screened micro-
organisms that produced large amounts of PUFAs, and found a fungus Mortiella
alpina and related species belonging to the genus Mucorales. Submerged cultiva-
tion of a strain of M. alpina for 5-7 days in the medium containing soybean oil
yielded mycelia containing more than 50 wt% of arachidonic acid and the yield
of arachidonic acid reached 4-8 kg 1. Thus the fungus is capable of being used
as an effective resource of “Single Cell Oil” with high contents of arachidonic
acid.

They further extended their work by isolating desaturase-deficient mutants
of the fungus to manipulate biosynthetic pathways of PUFAs (Fig. 3). The main
product of the strain, arachidonic acid, is synthesized via the -6 route, in which
four kinds of desaturases A% A° A% and A!? are involved. Desaturase-deficient
mutants have been isolated from several fungi and yeasts depending on the
lethal or abnormal phenotype of development, but their mutations are limited
to the A°-desaturase. Shimizu and his group isolated mutants of M. alpina by
analyzing fatty acids composition of all the colonies treated with nitrosoguani-
dine. This approach allowed them to obtain mutants of all the desaturases, which
provides important information on their roles in the biosynthesis of PUFAs.
Up to now, they have achieved production of dihomo-y-linolenic acid by using a
A>-desaturase-deficient mutant, and of Mead acid by a Al2-desaturase-defective
mutant.

3.1.3
Production of Bacterial Cellulose

It is well known that some strains of Acetobacter, namely A. xylinum, produce
large amounts of cellulose as thick films in liquid stationary culture. Yamanaka
etal. [33] noticed marked physical properties of dried bacterial cellulose sheets,
which showed a high rigidity or Young’s modulus similar to steel along with
high internal loss to repress reverberation comparable to paper. His finding
resulted in Sony’s high quality acoustic transducer “Bio”diaphragm and thus
stimulated interests in the possibility of this material. A research venture,
Bio-Polymer Research Co., was organized by several companies with public
budget supports for 1992-98 to exploit the possibility. In order to achieve mass
production of bacterial cellulose at profitable costs, screening of hyper-pro-
ducing strains in submerged culture and development of mechanical systems
for the culture with extreme viscosity were carried out. As the consequence,
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yields exceeding 20 g 17! cellulose in 40 h was achieved [34]. Although the
productivity is still not sufficient to replace plant cellulose for normal purposes,
the characteristic physico-chemical properties of bacterial cellulose will find
its application in several industrial uses, an additive for paper making for
example.

3.14
Molecular Biology of “Koji” for Sake Fermentation

In the sake brewing process Aspergillus oryzae is first grown on steamed rice
as the solid-state culture called “koji”, which is then immersed in water to start
saccharification and fermentation with yeast. Recent application of recombinant
DNA technology revealed a characteristic feature of gene expression in this
solid-state culture. Hata et al. [35] found that a glucoamylase GlaB is expressed
specifically in the solid-state cultures while another glucoamylase GlaA is ex-
pressed in the liquid cultures. The time-course of the glaB transcription in the
solid-state cultures suggested that its expression is induced by low water-activity
(Aw) and high temperatures. The results suggest that glaB belongs to the stress-
induced genes. Fungal solid-state culture has several advantages, especially
the capability of producing highly concentrated extracts of secreted enzymes.
Further work will contribute to construct better fungal strains for traditional
brewing processes and also for production of various extracellular proteins and
other substances in solid-state cultures.

3.2
Application of Enzymes

Since many enzymes have capacities to catalyze reactions with even unnatural
substrates and to produce unnatural compounds, hybrid use of enzymes as bio-
catalysts with chemical synthesis can realize processes to produce useful sub-
stances with higher flexibility than processes with growing cells. Discovery of
novel microbial enzymes with required specificity by screening is a key to the
establishment of such a hybrid processes. Many successful achievements in
Japan are observed in this unique field of biotechnology. Application of nitrile
hydratase to production of acrylonitriles has proved that biocatalysts can be
applied to production of commodity chemicals beyond the presumed limitation
of fine chemicals. Discovery of the enzymatic reactions to produce trehalose
from starch is an example that reveals the possibility of microbial screening or
what remains undiscovered in the microbial world. The importance of develop-
ing new application is also crucial in this field as shown in the case of trans-
glutaminase and alkaline cellulase.

3.2.1
Amides Production by Nitrile Hydratases

Nitriles had long been assumed to be almost xenophilic for microbial meta-
bolism. The group of Yamada, Kyoto University, and the research group of Nitto
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Chemical Industry Co., demonstrated the presence of nitrile hydratase catalyz-
ing conversion of aliphatic nitriles to corresponding amides [36]:

R-CN +H,0 — R-CONH,

They conducted joint development of the industrial process to produce acryla-
mide from acrylonitrile by the enzyme. Yamada and his colleagues also carried
out extensive studies to reveal properties of the enzymes as well as screening
of the enzyme from a variety of bacterial strains. These works have revealed
the presence of several different types of nitrile hydratases, especially Co- and
Fe-containing enzymes, in various bacteria. Among them, the Co-containing
high-molecular-mass nitrile hydratase from Rhodococcus rhodochrous J1 showed
the most effective productivity of acrylamide, and Nitto has constructed a plant
equipped with a bioreactor using the immobilized bacterial cells as a biocatalyst,
which contains highly elevated amounts of this enzyme exceeding 50 % of total
cellular proteins. The reactor produces acrylamide continuously at a concentra-
tion exceeding 50 %. The enzymatic process surpasses the former Cu-catalyzed
process in regard to several points such as the quality of the product with actual
null contents of byproducts. This system is highly evaluated as the first successful
case to apply biocatalysts for large-scale production of commodity chemicals.
The genes from both Rhodococcus and Pseudomonas strains were cloned and
analyzed in cooperation with the group of Beppu, which revealed the tandem
arrangement of the a- and S-subunits of the enzyme along with several auxil-
iary open reading frames including the amidase gene [37]. Kobayashi et al. [38]
extended the genetic analyses to reveal the regulatory circuit, while Hashimoto
et al. [39] developed a host-vector system of the Rhodococcus strain for effective
expression of the genes. The Fe-containing nitrile hydratase had been known to
show a curious property requiring irradiation with visible light for its activa-
tion. Recently the group of Endo et al. [40] has elucidated the mechanism on
the basis of its fine three-dimensional structure. The most interesting feature is
the presence of an NO molecule at the active center in the a-subunit, and the
NO-binding stimulated by irradiation is the key to the photoactivation. The
structural information will be useful for protein engineering of the Co-enzyme
because of close homology in the sequences between these enzymes. Thus the
time has come when the process is further improved by protein engineering.
Meanwhile, Yamada and his colleagues found that R. rhodochrous J1 contains
another nitrile hydratase possessing different substrate specificity with pre-
ference for aromatic nitriles. By using this enzyme, they developed an industrial
process to produce nicotinamide from 3-cyanopyridine (Fig. 4) [41]. The process

(\JCN +H20 N\ CONH2
—_—
N/ | N/

3-Cyanopyridine Nicotinamide

Fig. 4. Conversion of 3-cyanopyridine to nicotinamide by aromatic nitrilase
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showed remarkable productivity converting 1.41 kg of 3-cyanopyridine suspend-
ed in 11 of water to 1.4 kg of solidified nicotinamide crystals containing a small
amount of residual water. The LONZA group has constructed a plant based on
this process in China in 1997.

3.2.2
Optical Resolution of Pantolactone by Lactonehydrolase

p-Pantolactone, the y-lactone of p-pantoic acid, is an important starting chiral
material for the synthesis of a vitamin, b-pantothenic acid, which is mainly used
as an additive for animal feeds and for various pharmaceutical products. Several
derivatives of p-pantothenic acid, such as panthenyl alcohol, pantetheine, and
coenzyme A, are also used as additives for infant formulae and as chemical
reagents. The conventional synthesis of the vitamin involves optical resolution
of racemic pantolactone by crystallization with an expensive alkaloid. Shimizu
and his group [42] has developed several enzymatic processes to overcome this
difficulty, and their recent achievement by using a specific lactonehydrolase is now
being industrialized. Through extensive screening they observed that several
microorganisms possessed the activity to hydrolyze aldonolactones with opposite
stereospecifity. The enzyme selected from a fungus Fusarium oxysporum specifi-
cally hydrolyzes p-pantolactone to produce p-pantoic acid with optical purity
of 96% e.e. In practice the hydrolysis is conducted by immobilized fungal cells
entrapped into calcium alginate. The remaining L-pantolactone is easily recover-
ed by extraction with solvent, and racemized for further recycling.

3.23
Proline Hydroxylase for Production of L-Hydroxyproline

Hydroxyproline is a useful chiral synthon for chemical synthesis of pharmaceu-
ticals. It is also used as an additive for cosmetics due to its water-holding activity.
Among the eight possible stereoisomers, only trans-4-hydroxy-L-proline (t-4HYP)
is abundant in nature as a component of collagens in animal tissues, which is
formed by post-translational hydroxylation by procollagen-proline dioxygenase.
The research group of Kyowa Fermentation Industry Co. discovered a microbial
enzyme catalyzing hydroxylation of free L-proline to t-4HYP, and developed an
enzymatic process to produce t-4HYP by using a recombinant strain of E. coli [43].

First they developed a sensitive and hydroxyproline-specific detection method
by HPLC to measure all stereoisomers of hydroxyproline at the picomole level. By
using the method, more than 3000 actinomycete strains were screened for, and 8
strains were selected as the producers of proline 4-hydroxylase. The enzyme was
purified from a strain belonging to Dactylosporangium, and the gene was cloned
on the basis of its partial amino acid sequence. A recombinant E. coli strain carry-
ing the gene on a high expression plasmid was constructed. Since the enzyme
required 2-oxoglutamate to catalyze hydroxylation reaction, the conditions to
assure regeneration of 2-oxoglutamate in the recombinant E. coli cells were estab-
lished. Thus industrial production of t-4HYP from L-proline was established by
using the recombinant E. coli cells as a biocatalyst.
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3.24
Alkaline Cellulase as an Additive of Laundry Detergent

Since the extensive works of Horikoshi, various extracellular alkaline enzymes
produced by alkalophilic bacteria have been developed for various applications.
Kao Co. has initiated a unique application of alkaline cellulase as an additive of
laundry detergent [44]. Although alkaline proteases have been widely used as
the additive to remove proteinaceous materials in soiled clothes, it is not suffi-
cient to remove soils in cotton fabrics, which is the major material used for
clothes in Japan. The researchers of Kao found that an alkaline cellulase of endo-
lytic type produced by an alkalophilic Bacillus strains was effective in removing
soils from cotton fabrics without degradation or reduction of the tensile
strength of the cotton fibers. They selected Bacillus sp. KSM-635 as the best
strain, which produced the enzyme almost constitutively even in the absence of
cellulosic substances. Hyperproducing strains were derived by successive muta-
genesis and gene cloning. For example, they reported enhanced production of
the enzyme by the mutants resistant to vancomycin and ristocetin. In 1987, Kao
developed a new type of detergent, including the alkaline cellulase, which scored
a big success in the market.

3.2.5
Transglutaminase to Modify Food Proteins

Transglutaminase catalyzes an acyl transfer reaction between the y-carboxyamide
group of peptide-bound glutamine residues and a variety of primary amines
including the e-amino group of lysine residues. The &-(y-glutamyl)lysine cross-
linkings exist in proteins in the connective tissue and others and are involved in
various physiological phenomena such as wound healing and epidermal kera-
tinization. A similar enzyme was known to play an important role in the process
to mold fish protein pastes into a Japanese popular foodstuff “kamaboko.”
A food research group of Ajinomoto Co. conducted the feasibility studies to
confirm rapid gelation of several food protein solutions by the enzyme obtained
from guinea-pig liver, which led to the following development of the microbial
transglutaminase jointly with Amano Pharmaceutical Co. [45].

Microbial screening led to the discovery of a variant strain of Streptoverticillium
mobaraense that produced a hitherto unknown microbial extracellular trans-
glutaminase. The enzyme is capable of gelling concentrated solutions of proteins
such as soybean proteins, milk proteins, and gelatin and myosin of various
origins to produce gels with novel physical properties. An interesting applica-
tion of the enzyme is production of restructured meat like steaks and fillets by
binding meat pieces. The enzyme also causes crosslinking of two or more differ-
ent proteins to produce new prote