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Strain improvement for production of pharmaceuticals...

Abstract

Microbes have been good to us. They have given us thousands of valuable products with
novel structures and activities. In nature, they only produce tiny amounts of these secondary
metabolic products as a matter of survival. Thus, these metabolites are not overproduced in
nature, but they must be overproduced in the pharmaceutical industry. Genetic manipula-
tions are used in industry to obtain strains that produce hundreds or thousands of times
more than that produced by the originally isolated strain. These strain improvement pro-
grams traditionally employ mutagenesis followed by screening or selection; this is known
as ‘brute-force’ technology. Today, they are supplemented by modern strategic technologies
developed Vvid advances in molecular biology, recombinant DNA technology, and genetics.
The progress in strain improvement has increased fermentation productivity and decreased
costs tremendously. These genetic programs also serve other goals such as the elimination
of undesirable products or analogs, discovery of new antibiotics, and deciphering of biosyn-
thetic pathways.

1 Introduction

Microbes tend not to overproduce their metabolites and usually produce
valuable products only in amounts that they need for their own benefit.
In strain improvement programs of industry, a strain producing a high
titer is usually the desired goal. Genetics has contributed to the produc-
tion of microbial products for many years. The tremendous increases in
fermentation productivity and the resulting decreases in costs have come
about mainly by mutagenesis and screening/selection for higher produc-
ing microbial strains and the application of recombinant DNA technol-
ogy.

Strain improvement encompasses creation of strains with (i) efficient
assimilation of inexpensive and complex raw materials; (ii) alteration of
product ratios and elimination of byproducts; (iii) product excretion; (iv)
tolerance to high product concentrations; (v) short fermentation times;
and (vi) overproduction of native products or foreign products after genetic
recombination [1].

The contributions of microbial genetics to industrial microbiology
began in the 1940s when the fermentative production of penicillin became
an international necessity. The early studies in basic genetics concentrated
heavily on the production of mutants and their properties. The ease with
which ‘permanent’ characteristics of microorganisms could be changed by
mutation and the simplicity of the mutation techniques had tremendous
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appeal to microbiologists. Mutation has been the major factor involved in
the hundred to thousand-fold increases obtained in production of micro-
bial metabolites. The ability to modify genetically a microbial culture to
higher productivity has been the most important factor in keeping the
fermentation industry in a healthy state.

2  Mutagenesis

Microorganisms generate new genetic characters (‘genotypes’) by two
means: (i) mutation and (ii) genetic recombination techniques such as
protoplast fusion, transformation, conjugation and recombinant DNA
technology, including metabolic engineering.

In mutagenesis, a gene is modified either unintentionally (‘sponta-
neous mutation’) or intentionally (‘induced mutation’). Although the
change is usually detrimental and eliminated by selection, some mutations
are beneficial to the microorganism. Even if not beneficial to the organ-
ism, but beneficial to humans, the mutation can be detected by screening
and preserved indefinitely. Mutation has been mainly used to improve the
productivity of industrial cultures [2, 3], although it has also been used to
shift the proportion of metabolites produced in a fermentation broth to a
more favorable distribution, elucidate the pathways of secondary metabo-
lism, yield new compounds, and other functions.

The most useful mutagens include nitrosoguanidine (NTG), 4-nitro-
quinolone-1-oxide, methylmethane sulfonate (MMS), ethylmethane sul-
fonate (EMS), hydroxylamine (HA) and ultraviolet light (UV). The most
common method used to obtain high yielding mutants is that of treat-
ing a population with a mutagenic agent until a certain ‘desired’ kill is
obtained, plating out the survivors and testing each resulting colony or a
randomly selected group of colonies for product formation in flasks. The
optimum level of kill for increased production of antibiotics is thought
to be in the range of 70-95% [4], although some industrial programs
use much higher levels, e.g., up to 99.99%. Although a successful muta-
tion and screening procedure decreases the average production ability of
all the survivors, more importantly, it increases frequency of improved
mutants. Although single cells or spores are preferred for mutagenesis
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[5-8], non-spore-forming filamentous organisms can also be handled.
Here mycelia are mutagenized, protoplasts are formed and regeneration
is carried out on solid medium [9]. Sonication is sometimes used to break
up mycelia after mutagenesis and before screening for improved mutants
[10-12].

2.1 Increasing metabolite production

Genetics has led to tremendous increases in fermentation productivity and
decreased costs mainly by mutagenesis and screening for higher producing
microbial strains. Overproduction of microbial metabolites is effected by
(i) increasing precursor pools, (ii) adding, modifying or deleting regulatory
genes, (iii) altering promoter, terminator and/or regulatory sequences, (iv)
increasing copy number of genes encoding enzymes catalyzing bottleneck
reactions, or (v) removing competing unnecessary pathways [13].

The first superior penicillin-producing mutant, Penicillium chrysogenum
X-1612, was isolated afer X-ray mutagenesis in the mid-20th Century.
This heralded the beginning of a long and successful relationship between
mutational genetics and industrial microbiology [14]. Improvement of
penicillin production by conventional strain improvement resulted both
from enhanced gene expression and from gene amplification [15, 16].
Increased levels of mRNA corresponding to the three enzymes of penicil-
lin G biosynthesis have been found in high-penicillin producing strains
of P. chrysogenum as compared to wild-type strains [17]. High-producing
strains contain an amplified region which is at least 35 kb. A 106 kb region
amplified S to 6 times as tandem repeats was detected in a high-producing
strain whereas Fleming’s original strain of Penicillium notatum contained
only a single copy [18].

Impressive titers of industrial metabolites have been achieved in all
mutagenesis programs. The production titer of tetracycline as far back as
1979 was over 20 g/1 [19], mainly due to strain improvement. Later, titers
of 30-35 g/l were reached for chlortetracycline and tetracycline. Penicillin
production titer is 70 g/l and that of cephalosporin C over 30 g/1[20]. Tylo-
sin titer has been reported to be over 15 g/1 [21] and that of salinomycin
60 g/1[22].
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2.1.1 Mutants with altered morphology or color

Randomly obtained mutants as well as morphological mutants are
often improved in production ability but the mechanisms are relatively
unknown. Probably many of these mutations involve regulatory genes,
especially since regulatory mutants obtained in basic genetic studies are
sometimes found to be altered in colonial morphology. Morphological
mutants were crucial in the strain improvement of Streptomycees coeruleo-
rubidus, the producer of the anthracycline antitumor agent daunomycin
(now daunorubicin) [23]. Screening for ‘bald’ mutants (suppressed in aerial
mycelium development) followed by screening for white mutants (aspo-
rogenous aerial mycelium) led to a 15-fold improvement. Morphological
variation was also useful in improving production of another anthracy-
cline, beromycin [24]. The parent culture, producing about 100 mg/1, was
streaked on three different agar media of which only one revealed differ-
ent types of colonies. The best type had reddish orange colonies, no aerial
mycelia, orange submerged mycelia, no melanin and produced between
400 mg/l and 900 mg/l. Further streaking out from submerged cultures
and testing colonies of the last-mentioned type increased production to
1,000-1,100 mg/l. Additional work on medium development increased
production to 3,350 mg/1 [25]. An improved teicoplanin-producing strain
of Actinoplanes teichomyceticus was obtained which produced pink instead
of brown mycelia [26].

2.1.2 Nutritional ("fauxotrophic’) mutants

The end product of a biosynthetic pathway to a metabolite often exercises
strict control over the amount of an intermediate accumulated by an
auxotrophic mutant of that pathway. Only at a growth-limiting concen-
tration of the end product would a large accumulation of the substrate of
the deficient enzyme occur. This principle of decreasing the concentration
of an inhibitory or repressive end product to bypass feedback inhibition
or repression is best accomplished by the use of auxotrophic mutants.
Production of secondary products is markedly affected by auxotrophic
mutation, even when the auxotrophs are grown in nutritionally complete
or even complex media. Although the change in product formation is usu-
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ally in the negative direction, higher-producing auxotrophs are obtained
from producers of antibiotics. For example, some leucine auxotrophs made
more bacitracin than their prototrophic parent [27]. When several metabo-
lites are produced by a single branched pathway, mutation in one branch
of the pathway often leads to overproduction of the product of the other
branch. In the case of branched pathways leading to a primary metabolite
and a secondary metabolite, auxotrophic mutants requiring the primary
metabolite sometimes overproduce the secondary metabolite [28].

Reversion of an auxotroph to prototrophy sometimes leads to new pro-
totrophs possessing higher biosynthetic enzyme activity than present in
the original ‘grandparent’ prototroph. Such increased enzyme activity is
probably the result of a structural gene mutation producing a more active
enzyme or an enzyme less subject to feedback inhibition. A revertant of an
aspartate auxotroph of Streptomyces fradiae was found to be an improved
producer of tylosin [29]. The auxotroph, lacking aspartate aminotransfer-
ase, produced no tylosin whereas the revertant produced 4-fold more than
the grandparent strain. Similar examples have been described by Polsi-
nelli and colleagues [30] dealing with actinomycin overproduction and by
Saburova and co-workers [31] with respect to daunorubicin.

2.1.3 Revertants of non-producing mutants

Non-producing mutants sometimes produce increased amounts of second-
ary metabolites when mutated back to production. This has been observed
in the cases of chlortetracycline [32] and aurodox [33].

2.1.4 Mutants resistant to antimetabolites

It is possible to select regulatory mutants, which overproduce end products
of pathways, by the use of toxic metabolite analogs. Such antimetabolite-
resistant mutants often possess enzymes that are insensitive to feedback
inhibition, or enzyme-forming systems resistant to feedback repression.
Mutants of Streptomyces clavuligerus resistant to thialysine were found to
have an aspartokinase resistant to covalent feedback inhibition by threo-
nine and lysine, and 20% of these were hyperproducers (1.5 to 4-fold) of
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cephalosporins [34]. Production of desferrioxamine, a commercial sidero-
phore used for diseases associated with iron overload and pathological iron
deposition, by Streptomyces pilosus, was markedly increased by mutagenesis
and selection for resistance to thialysine [35]. Monensin A and B production
by Streptomyces cinnamonensis was increased over 7-fold via deregulation of
valine feedback inhibition by mutation to resistance to 2-ketobutyrate in
the presence of valine or isoleucine [36]. Valine is the precursor of the fatty
acid moiety of teicoplanin A, , and its addition to the medium increases
both total teicoplanin titer and the proportion of the desirable A, , pro-
duced [37]. A mutant of A. teichomyceticus resistant to valine hydroxamate
produced 50% more total teicoplanins and 50% more A, , [38].

A variation of the antimetabolite selection techniques is possible when
a precursor is toxic to the producing organism. The principle here is that
the mutant most capable of detoxifying the precursor by incorporating it
into the antibiotic will be the best grower in the presence of the precursor.
Barrios-Gonzalez and co-workers [39] obtained phenylacetate-resistant
cultures of P. chrysogenum which showed enhanced production of penicil-
lin. Rifamycin B production was increased from 6 g/1to 19 g/1 by sequential
mutation to resistance to tryptophan (feedback inhibitor), p-hydroxyben-
zoate (analog of precursor) and propionate (precursor) [40]. When the pro-
duced secondary metabolite is itself a growth inhibitor of the producing
culture, as in the case of certain antibiotics, the metabolite can sometimes
be used to select resistant mutants which are improved producers. This
has been reported with aurodox [33], nocardicin [41], leucomycin [42],
oxytetracycline [43] and neomycin [43a].

Certain streptomycin resistance mutations cause increased production
of unrelated antibiotics [44]. Selection for streptomycin-resistant mutants
in wild-type Streptomyces coelicolor A3(2) led to 58% of the mutants pro-
ducing 5- to 15-fold or more actinorhodin [45, 46]; similar results were
obtained with Streptomyces lividans. Resistance to gentamicin and to paro-
momycin was reported to be even more effective than resistance to strep-
tomycin [47]. Mutants resistant to combinations of two or all three of the
antibiotics showed increased production up to 48-fold over wild-type [48].
The frequency of improved mutants varied between 5% and 18% of the
total number of resistant mutants obtained. Selection of antibiotic-resis-
tant mutants has been successfully used to increase titer of Streptomyces
cultures even with high producers [49]. Starting with a strain of Streptomy-
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ces albus producing 10 g/1 of salinomycin, spontaneous Str?, Gen’ or Rif*
mutants gave improved producers at a high rate (8-12%). The best strains
made 12-15 g/l when 40 of each type were examined. Double mutants
were generated by making spontaneous Gen' mutants from one of the Str*
mutants; 7% were improved, the best producing 18 g/l. Triple mutants
were made with rifamycin using the double mutant as parent; 8% were
improved. The best made 23 g/1. It grew as well as the original parent and
produced more abundant aerial mycelia and spores.

Nutritional repression can often be decreased by mutation to antime-
tabolite resistance. Examples of selective agents are 2-deoxyglucose (2-
DOG) for enzymes and pathways controlled by carbon source regulation,
methylammonium for those regulated by nitrogen source repression, and
arsenate for phosphate regulation. Mutants of P. chrysogenum resistant to 2-
DOG were found to be improved producers of penicillin [S0]. A mutant of
Streptomyces aureofaciens which used phosphate less efficiently for growth
showed improved (60%) tetracycline production [51]. Mutants of Strepto-
myces griseus that make candicidin in the presence of levels of phosphate
(that normally inhibit secondary metabolism) were found to be hyperpro-
ducers of the antibiotic even under low phosphate conditions [52].

2.1.5 Agar zone mutants

Fermentation performance on an agar plate is often related to production
in submerged liquid culture and the method has application as a means
of detecting superior mutants. ‘Zone mutants’ have proven useful for
improved production of cephalosporin C [53], chlortetracycline [22, 54],
mycobacillin [55] and penicillin [56]. A widely used modification involves
the production of antibiotics by confluent growth atop separate plugs of
agar followed by placement of these plugs on a seeded assay plate and
measurement of the resultant clear zones. Use of this ‘agar piece method’
resulted in improvement of kasugamycin production from 0.5 g/l to 8
g/1 [57], a 500-fold increase in bialaphos production [10], and improved
cephalosporin C production [58]. Agar-piece screening of antibiotic pro-
duction in the presence of inhibitory levels of phosphate (15 mM) led to
isolation of six markedly improved and stable Streptomyces hygroscopicus
strains producing the macrolide antifungal complex ‘165’ [59].
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2.2 Elimination of undesirable products or analogs

Since many organisms produce secondary metabolites as mixtures of a
chemical family or of several chemical families, mutation has been used
to eliminate undesirable products in such fermentations. As an example,
streaking out of a natural single colony isolate from S. aureofaciens (produc-
ing the polyether narasin and the broad-spectrum antibiotic enteromycin)
on galactose led to yellow and white sectoring [60]. The effect was specific
for galactose. Of the four colony types obtained, one produced only nara-
sin and two produced only enteromycin.

S. griseus subsp. cryophilus makes four R,-sulfated and four R,-unsulfated
carbapenems. To completely eliminate the R, sulfated forms, that are less
active than the unsulfated forms, sulfate transport mutants were obtained.
These were of two types: (i) auxotrophs for thiosulfate or cysteine; and
(ii) selenate-resistant mutants. Each type produced completely unsulfated
forms and titers were equivalent to the total titer of the parent [61].

Eight avermectins are produced by Streptomyces avermitilis of which only
a small number are desirable. A non-methylating mutant produced only
four of the compounds and a mutant who failed to make the 25-isopropyl
substituent (from valine) produced a different mixture of components.
By protoplast fusion, a hybrid strain was obtained which made only two
components, B2a and Bla [62]. Random PCR mutagenesis into gene aveC
yielded a mutant which produced an avermectin B1:B2 ratio of 2.5, much
improved over the 0.6 ratio of the parent S. avermitilis strain [63]. Gene
shuffling further improved the ratio to about 15 [64].

Mutation was used to eliminate the undesirable polyketides sulochrin
and asterric acid from broths of the lovastatin producer, Aspergillus terreus
[65]. Mutants have also been employed to eliminate undesirable coprod-
ucts from the monensin fermentation [66].

2.3 Production of novel antibiotics
The medically useful demethyltetracycline and doxorubicin were discov-
ered by simple mutation of the cultures producing tetracycline and dau-

nomycin, respectively. Later, the technique of mutational biosynthesis
(‘mutasynthesis’) was devised [67]. In this process, a mutant blocked in
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secondary metabolism is fed analogs of the moiety whose biosynthesis
is blocked. If successful, the mutant (called an ‘idiotroph’) produces a
new antibiotic derivative [68]. Since then, mutational biosynthesis has
been used for the discovery of many new secondary metabolites [69-71].
The most well-known is the commercial antihelmintic agent doramectin,
production of which employed a mutant of the avermectin producer S.
avermitilis [72].

New anthracyclines and aglycones have been isolated from blocked
mutants of the daunorubicin and doxorubicin producers [73, 74]. By add-
ing carminomycinone or 13-dihydrocarminomycinone to an idiotroph of
Streptomyces galilaeus (the producer of aclacinomycin), the aglycones were
glycosylated to form a new trisaccharide anthracycline, trisarubicionol, by
mutational biosynthesis [75]. New macrolide antibiotics have been pro-
duced from blocked mutants of the tylosin-producer, S. fradiae [76]. Four
new hybrid macrolide antibiotics were obtained by feeding erythronolide
B to a blocked mutant of the oleandomycin producer, Streptomyces antibi-
oticus [77]. A blocked-mutant of the mycinamicin producer, Micromonos-
pora polytrota, was fed various rosaramicin precursors and converted them
into new rosaramicins [78].

3 Deciphering biosynthetic pathways

The use of mutants for the elucidation of metabolic pathways been
exploited for the biosynthesis of tetracyclines [79], novobiocin [80], eryth-
romycin [81, 82], neomycin [83], tylosin [84], other aminoglycosides [85-
89], rosaramicin [90], daunorubicin [73], other anthracyclines [91, 92],
actinomycin [93], carbapenems [94, 95], ansamycins [96, 97], patulin [98]
and phenazines [99].

4  Recombination

In contrast to the extensive use of mutagenesis and screening/selection
in industry, employment of genetic recombination was meagre for many
years. This lack of interest was prevalent, despite early claims of success
[100, 101], mainly due to the total absence or the extremely low frequency
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of genetic recombination in industrial microorganisms (in streptomycetes,
it was usually 107 or even less). Other problems were evident with the B-
lactam producing fungi. Although Aspergillus had sexual and parasexual
reproduction, the most interesting genera from the commercial sense,
Cephalosporium and Penicillium, only had parasexual reproduction that
rarely resulted in recombination.

Recombination was erroneously looked upon as an alternative to muta-
tion instead of a method which would complement mutagenesis pro-
grams. The most balanced and efficient strain development strategy would
not emphasize one to the exclusion of the other; it would contain both
mutagenesis-screening and recombination-screening components. In such
a program, strains at different stages of a mutational line, or from lines
developed from different ancestors, would be recombined. Such strains
would no doubt differ in many genes and by crossing them, genotypes
could be generated which would never occur as strictly mutational descen-
dants of either parent.

Recombination has also been of importance in the mapping of pro-
duction genes. Studies on the genetic maps of overproducing organisms
such as actinomycetes are rather recent. The model for such investiga-
tions was the genetic map of S. coelicolor [102] which was found to be
very similar to those of other Streptomyces species, such as Streptomyces
bikiniensis, Streptomyces olivaceous, Streptomyces glaucescens and Streptomy-
ces rimosus. The problem of low frequency of recombination was mainly
solved by use of protoplast fusion. After 1980, there was a heightened
interest in the application of genetic recombination to the production
of important microbial products such as antibiotics. Today, frequencies
of recombination have increased to even greater than 10! in some cases
[103], and strain improvement programs routinely include protoplast
tusion between different mutant lines. Conventional strain improve-
ment increased clavulanate production 10-fold over the wild-type S.
clavuligerus NRRL 3585. Then, protoplast fusion of arginine and cysteine
auxotrophs yielded a fusant (CKD 1386) producing 30-fold more cla-
vulanic acid than the wild-type [104]. Recombination is especially use-
tul when combined with conventional mutation programs to solve the
problem of ‘sickly’ organisms produced as a result of accumulated genetic
damage over a series of mutagenized generations. For example, a cross via
protoplast fusion was carried out with strains of Acremonium chrysogenum
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(formerly Cephalosporium acremonium) from a commercial strain improve-
ment program. A low-titer, rapidly-growing, spore-forming strain which
required methionine to optimally produce cephalosporin C was crossed
with a high-titer, slow-growing, asporogenous strain which could use
the less expensive inorganic sulfate. The progeny included a recombi-
nant which grew rapidly, sporulated, produced cephalosporin C from
sulfate and made 40% more antibiotic than the high-titer parent [105].
Protoplast fusion was used to modify the characteristics of an improved
penicillin-producing strain of P. chrysogenum which showed poor sporula-
tion and poor seed growth. Backcrossing with a low-producing (12 g/1)
strain yielded a high-producing (18 g/1) strain with better sporulation
and better growth in seed medium [106]. Another application of proto-
plast fusion is the recombination of improved producers from a single
mutagenesis treatment. By recombination, one could combine the yield-
increase mutations and obtain an even more superior producer before
carrying out further mutagenesis. Two improved cephamycin-C produc-
ing strains from Nocardia were fused and among the recombinants were
two cultures which produced 10-15% more antibiotic than the best par-
ent [107]. Genetic recombination allows the discovery of new antibiotics
by tusing producers of different or even the same antibiotics. Protoplast
tusion between non-producing mutants of a streptomycin producer (S.
griseus) and an istamycin producer (Streptomyces tenjimariensis) led to a
hybrid strain producing a new antibiotic [108]. A recombinant obtained
from two different rifamycin-producing strains of Nocardia mediterra-
nei produced two new rifamycins (16,17-dihydrorifamycin S and 16,17-
dihydro-17-hydroxy-rifamycin S) [109]. However, according to Hopwood
[110], these examples may reflect the different expression of genes from
parent A in the cytoplasm of parent B rather than the formation of hybrid
antibiotics. Interspecific protoplast fusion between S. griseus and five
other species (Streptomyces cyaneus, Streptomyce exfoliatus, Streptomyces
griseoruber, Streptomyces purpureus and Streptomyces rochei) yielded recom-
binants of which 60% produced no antibiotics and 24% produced antibi-
otics different from the parent strains [111]. New antibiotics can also be
created by changing the order of the genes of an individual pathway in
its native host [112]. A new antibiotic, indolizomycin, was produced by
protoplast fusion between non-antibiotic producing mutants of S. griseus
and S. tenjimariensis [113].
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4.1 Transformation and transposition

Virtually all antibiotic-producing species of Streptomyces contain plasmid
DNA. Some are sex plasmids and constitute an essential part of the sexual
recombination process and others contain either structural genes or genes
somehow influencing the expression of the chromosomal structural genes
of antibiotic biosynthesis. Very few antibiotic biosynthesis processes are
encoded by plasmid-borne genes. However, production of methyleno-
mycin A is encoded by genes present on plasmid SCP1 in S. coelicolor. For
many years, plasmid SCP1 was never observed nor isolated as a circular
DNA molecule. The reason was that it was a giant linear plasmid. It was
initially difficult to separate such giant linear plasmids from chromosomal
DNA but this was later accomplished by pulsed field gel electrophoresis or
orthogonal field alteration gel electrophoresis (OFAGE) [114]. When the
plasmid was transferred to other streptomycetes, the recipients produced
the antibiotic.

Cloning a 34 kb fragment from S. rimosus via a cosmid into S. lividans
and S. albus resulted in oxytetracycline production by the recipients [1135].
Contrary to earlier reports, all the oxytetracycline genes were clustered
together on the S. rimosus chromosomal map. The biosynthetic genes were
flanked by two resistance genes [116].

Plasmids have also been used to devise bioconconversions. 3-0-Ace-
tyl-4"-O-isovaleryltylosin (AIV) is useful in veterinary medicine against
tylosin-resistant Staphylococcus aureus. It is made by first producing tylo-
sin with S. fradiae and then using Streptomyces thermotolerans (producer
of carbomycin) to bioconvert tylosin into AIV. A new strain capable of
carrying out a direct fermentation to AIV was constructed by transform-
ing S. fradiae with S. thermotolerans plasmids containing acyl transferase
genes [117].

Some products of unicellular bacteria are plasmid-encoded. These
include aerobactin, a hydroxamate siderophore and virulence factor
produced by E. coli [118] and other Gram-negative bacteria (Enterobacter
aerogenes, Enterobacter cloacae, Vibrio mimicus, Klebsiella, Salmonella, and
Shigella). Aerobactin is synthesized by a plasmid-borne five-gene cluster
which is negatively regulated by iron [119], and also via chromosomal
genes [120]. A microcin, an antimetabolite of methionine which is pro-
duced by E. coli and acts as a competitive inhibitor of homoserine-O-tran-
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succinylase, is encoded by a plasmid which occurs at 20 copies per genome
equivalent [121].

Instability in Streptomyces is brought about by environmentally stimu-
lated macrolesions, e.g., deletions, transpositions, rearrangements and
DNA amplification. They occur spontaneously or are induced by envi-
ronmental stresses such as intercalating dyes, protoplast formation and
regeneration, and interspecific protoplast fusion. Streptomycetes are the
only prokaryotes known to be subject to spontaneous DNA amplification,
sometimes amounting to several hundred tandem copies, accounting for
over 10% of total DNA, in the absence of selection. Amplification seems to
be coupled to DNA deletion and may involve insertion sequence (IS)-like
elements [5]. Ethidium bromide cures plasmids in streptomycetes but also
increases the frequency of deletion mutations especially in areas of the
chromosome which are already unstable [122].

Transposable elements, i.e., DNA sequences encoding a transposase
enzyme [123], that move from one replicon to another without host
recombination functions or extensive homology with the site of integra-
tion, have been extremely useful for the following reasons: (i) they usually
provide stable, nonreverting mutants; (ii) they can be used to determine
the order of genes in an operon; (iii) it is easy to select for mutants since
transposons contain antibiotic- or mercury-resistance markers; (iv) they
provide portable regions of homology for chromosomal mobilization;
(v) they provide markers for non-selectable genes and allow the cloning
of such genes which can then be used as hybridization probes to fish
out the wild type gene from a genomic library; and (vi) they often have
unique restriction sites, thus are good markers for isolating defined dele-
tion derivatives or locating the precise position of a gene by heteroduplex
mapping.

In the daptomycin producer Streptomyces roseosporus, some Tn 5099
transposition mutants produced 57-66% more daptomycin than the par-
ent whereas others produced less or the same as the parent [124, 125].
Transposition increased the rate-limiting step of tylosin biosynthesis in S.
fradiae, i.e., the conversion of macrocin to tylosin. Transposing a second
copy of tylF into a neutral site on the S. fradiae chromosome increased
its gene product, macrocin O-methyltransferase, and tylosin production,
while decreasing the concentration of the final intermediate (macrocin).
Tylosin production was increased by up to 60% and total macrolide titer
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was unchanged [126]. Transposon mutagenesis eliminated production of
the troublesome toxic oligomycin by the avermectin-producing S. aver-
mitilis [127].

5 Genetic engineering

One of the first indications that recombinant DNA technology could be
applied to production of antibiotics and other secondary metabolites was
that it could be carried out in streptomycetes [128]. Plasmids were con-
structed from plasmid SLP 1.2 of S. lividans and plasmid SCP2* from S.
coelicolor. In mating of plasmid-negative S. lividans, ‘pocks’ (circular zones
of sporulation inhibition associated with plasmid transfer in the lawn of
streptomycete growth arising from a regenerated protoplast population)
were seen. This was due to looping out of a piece of S. coelicolor DNA which
became a series of small S. lividans plasmids (SLP 1.1 to 1.6) which were
good cloning vehicles. Genetic engineering of actinomycetes was limited
for a number of years by (i) restriction barriers hindering DNA introduc-
tion and (ii) inhibition of secondary metabolism by self-replicating plas-
mid-cloning vectors [129], but these problems were mainly overcome.
Early reviews on cloning and expressing antibiotic production genes in
Streptomyces were by Martin and Gil [130] and Liras [131].

An interesting possibility is the transfer of operons from one strepto-
mycete to another in the hope that the structural genes might be better
able to express themselves in another species. Clustering facilitates trans-
fer of an entire pathway in a single manipulation. Studies revealed that
many antibiotic biosynthesis genes were arranged in clusters including
undecylprodigiosin, actinorhodin, chloramphenicol, rifamycin, cephamy-
cin, erythromycin, tetracyclines and tylosin. Thus, the entire undecylpro-
digiosin pathway (red pathway) of S. coelicolor was transferred on a 37 kb
fragment into Streptomyces parvulus and the antibiotic was produced [132].
Similarly, the entire cephamycin C pathway was cloned and expressed
from a cephamycin-producing strain of Streptomyces cattleya. When the 29
kb DNA fragment was cloned into the non-f-lactam producer, S. lividans,
one transformant (out of 30,000) made cephamycin [133]. When the
fragment was introduced into another cephamycin producer, Streptomyces
lactamgens, a 2 to 3-fold improvement in titer was obtained.
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Cloning has been very important in understanding the biosynthe-
sis of B-lactam antibiotics [134], its genetics, and improvement of the
processes. The cloning of gene pchAB from P. chrysogenum [135], A. chrys-
ogenum [136], and Nocardia lactamdurans contributed greatly to the elu-
cidation of the biosynthetic pathways. Gene pcbC (encoding isopenicil-
lin N synthase) was cloned from P. chrysogenum [137], A. chrysogenum,
Aspergillus nidulans [138], S. clavuligerus [139], S. griseus [140], Streptomyces
lipmannii and Streptomyces jumonjinensis [138, 141] in order to provide
pure enzyme for structural studies. Cloning multiple copies of this gene
into A. chrysogenum yielded an improved cephalosporin C-producing
strain [142].

Penicillin acyltransferase acts on IPN in P. chrysogenum to produce peni-
cillin G. Its gene penDE (also known as iat, aat and acyA in A. nidulans) was
cloned from P. chrysogenum into A. chrysogenum leading to production of
penicillin G (in the presence of exogenous phenylacetic acid) along with
cephalosporin C [136]. Without cloning, A. chrysogenum cannot produce
penicillin G.

Transformation of early strain P. chrysogenum Wis54-1255 with indi-
vidual genes, pairs of genes, and the entire three genes of the penicillin
pathway showed that the major increases occurred when all three genes
were overexpressed [143]. The best transformant contained three extra
copies of pchAB, one extra copy of pcbC and two extra copies of penDE,
and produced 299% of control shake flask production and 276% of control
productivity in continuous culture.

When an industrial production strain of A. chrysogenum was trans-
formed with a plasmid containing genes pcbC and cefEF from an early
strain of the A. chrysogenum mutant line, a transformant producing 50%
more cephalosporin C than the production strain, as well as less penicillin
N, was obtained. Production in pilot plant (150 liter) fermentors was fur-
ther improved by 15% [144]. One copy of cefEF had been integrated into
chromosome III whereas the native gene is on chromosome II.

An industrial strain improvement program based on genetic transfor-
mation showed that the best genes to increase cephalosporin C production
in A. chrysogenum were cefEF, encoding expandase-hydroxylase, and cefG,
encoding acetyltransferase [145]. The increased gene dosage raised produc-
tion of cephalosporin C and decreased the concentration of intermediates
deacetylcephalosporin and deacetoxycephalosporin C.
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A. chrysogenum produces cephalosporin C but also excretes the inter-
mediate DAOC at 1-2% of the cephalosporin C level. This undesirable
situation was modified by genetically engineering the strain with two
extra copies of the expandase-hydroxylase gene. The new strain excreted
only half as much of this intermediate with no effect on cephalosporin C
production [146].

Cloning of the benzylpenicillin acylase gene of E. coli on multicopy
plasmids resulted in a 45-fold increase as compared to enzyme production
by the uninduced wild-type. Interestingly, the cloned enzyme is constitu-
tive [147]. Cloning of additional penicillin V amidase genes into wild-type
Fusarium oxysporium increased enzyme titer by 130-fold [148]. These two
enzymes are valuable for converting penicillin G into the valuable inter-
mediate for making semi-synthetic penicillins, i.e., 6-aminopenicillanic
acid (6-APA).

In another example, cephalosporin C was directly converted to 7-ACA
by using an E. coli strain containing the D-amino acid oxidase gene from
Trigonopsis variabilis and the glutaryl-7-aminocephalosporanic acid acylase
gene from Pseudomonas sp. [149].

6  New strategies

In recent years, new techniques which markedly increase the options avail-
able to improve the production of microbial metabolites, have been added
to the ‘toolbox’ including metabolic engineering, genomics, transcriptome
analysis, proteomics, directed evolution, and whole genome shuffling,
among others. These are described below.

‘Metabolic engineering’ is the directed improvement of product forma-
tion or cellular properties through the modification of specific biochemical
reactions or introduction of new ones with the use of recombinant DNA
technology [150, 151]. Its essence is the combination of analytical meth-
ods to quantify fluxes and the control of fluxes with molecular biologi-
cal techniques to implement suggested genetic modifications. Metabolic
control analysis has revealed that the overall flux through a metabolic
pathway depends on several steps, not just a single rate-limiting reaction
[152]. This strategy has been succesfully applied to antibiotic production
[153-155], including complex polyketides [156, 157].
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Progress in metabolic engineering to improve production of microbial
metabolites has involved three major strategies: (i) manipulation of struc-
tural genes; (ii) manipulation of regulatory genes; and (iii) engineering of
well-known pathways.

(i) Manipulation of structural genes. Amplification of an entire pathway
resulted in a 2.3-fold increase in cephamycin C production [133]. Ampli-
fication of a pathway segment yielded a 7-fold increase in formation of
daunorubicin formation [158], a 30% increase in tetracenomycin C pro-
duction [159], and 3 to 4-fold more spinosyn [160]. Perturbing central
metabolism by deleting either of the genes encoding the first two enzymes
in the pentose phosphate pathway led to increased actinorhodin produc-
tion in S. lividans [161].

(ii) Manipulation of regulatory genes. The gene afsR2 is a global regula-
tory gene originally discovered in S. lividans with positive control action
on actinorhodin and undecylprodigiosin formation; it is also present in S.
coelicolor [162]. Incorporation of multiple copies of afsR2 from S. lividans
into S. avermitilis wildtype increased avermectin production by 2.3-fold
[163]. Another regulatory gene appears to be an 8 kb DNA fragment of S.
avermitilis which stimulates actinorhodin and undecylprodigiosin forma-
tionin S. lividans, as well as avermectin production in wild-type S. avermiti-
lis, in an improved strain, and in a semi-industrial strain of S. avermitilis
[164]. Amplification of other pathway-specific regulators resulted in a
5-fold enhancement of spiramycin titer in Streptomyces ambofaciens [165]
and a 1.6-fold increase in mithramycin production in Streptomyces argil-
laceus [166].

Disruption of negative pathway specific regulatory genes improved
production of avermectin by 1.5 to 3.5-fold [164], lovastatin by 7 to 10-
fold [167], and also improved formation of methylenomycin [163] and
mitomycin C [168]. Also, disruption of a negative global regulator resulted
in production increases for actinorhodin and undecylprodigiosin [169].
Gene nysF, encoding a putative 4’-phosphopantetheinyl transferase in the
nystatin producer, Streptomyces noursei, was first thought to be involved in
a biosynthetic step but was actually found to be a negative regulatory gene
[170]. Knocking out nysF increased production by 60%.

(iii) Engineering of pathways. By increasing the expression of rate-lim-
iting enzymes, tylosin production was enhanced [171, 172] and so was
penicillin. In this latter case, overexpression of the acvA gene by replacing
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the normal promoter with the ethanol dehydrogenase promoter increased
penicillin production in A. nidulans by 30-fold [173].

Eliminating the accumulation and excretion of pathway intermediate
penicillin N raised cephalosporin C production by 15%. Weak acetyltrans-
terase promoter activity appears to be the cause of the undesirable accumu-
lation of intermediate DAC in broths of A. chrysogenum. Cloning of gene
cefG (encoding DAC acetyltransferase) increased cephalosporin C titers in
a dose-dependent manner [173a, 173b]. Cloning of the gene with its own
promoter had no effect on the low level of DAC acetyltransferase normally
observed in A. chrysogenum [174]. However, use of foreign promoters (the
gpd promoter from A. nidulans, the bla promoter from Aspergillus niger, or
the pbcC promoter from P. chrysogenum) had a major effect on the level
of cefG transcripts, DAC acetyltransferase protein level and activity, and
antibiotic production; cephalosporin C production rose 2- to 3-fold. Of
the cephalosporins produced, the undesirable DAC decreased from 80% of
the total down to 30-39%, whereas cephalosporin C increased by a similar
amount.

Transformation of P. chrysogenum with the S. lipmanii cefD gene and the
S. clavuligerus cefE gene allowed production of the intermediate deacetoxy-
cephalosporin C (DAOC) [1735] at titers of 2.5 g/1. DAOC is a valuable inter-
mediate in the commercial production of semi-synthetic cephalosporins.

Metabolic engineering of P. chrysogenum allowed production of valuable
cephalosporin intermediates (adipyl-7-ADCA and adipyl-7-ACA) [176].
Disruption and one-step replacement of the cefEF gene of an industrial
cephalosporin C production strain of A. chrysogenum yielded strains accu-
mulating up to 20 g/ of penicillin N. Cloning and expression of the cefE
gene from S. clavuligerus into those high producing strains yielded recom-
binant strains producing high titers of DAOC [177]. Production levels
were nearly equivalent (80%) to the total f-lactams biosynthesized by the
parental strain.

Deletion of a gene leading to a side-product eliminated oligomycin
production from the producer of avermectins [127]. Genetically increas-
ing oxygen availability resulted in a 60% improvement of erythromycin
titer [178, 179]. Enhancement of precursor uptake gave a 4-fold increase in
production of deoxyerythonolide B and 8,8a-deoxyoleoandolide [180]).

‘Inverse Metabolic Engineering’ [181, 182] (also known as ‘reverse engineer-
ing’) involves construction or calculation of a desired phenotype, identifi-
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cation of the molecular basis of that desirable property, and incorporation
of that phenotype into another strain or other species by genetic manipu-
lations and funtional genomics [183]. Once the differences are found,
they can be introduced into other organisms or their dosages increased
in the improved strain to further improve it. The techniques available
are (i) genomic DNA sequencing; (ii) DNA sequencing of selected genes;
(iii) transcriptional profiling; (iv) proteome analysis; (v) metabolite profil-
ing; and (vi) comparative flux analysis. This strategy was used to increase
erythromycin production by Aeromicrobium erythreum [184]. Plasmid inser-
tion mutagenesis yielded 26 mutants (out of 3,049 isolates) with >50%
increased production; seven were chosen for reverse engineering. Three
were identical mutB mutants encoding the o subunit of methylmalonyl-
CoA mutase. The other four mutants were in cobA, encoding Cob(I)alamin
adenosyl transferase. The mutB mutant produced about 500 mg/1 of eryth-
romycin compared to ca 200 mg/l made by the parent. The cobA mutant
produced 22% more than the parent. Feeding of nutrients such as leucine
and propionate, which increase pools of propionyl-CoA and methylmalo-
nyl-CoA, to the mutants increased production. Methionine also increased
production by the cobA strain. The probable reason for improved produc-
tion by methylmalonate-CoA mutase knockouts is that its substrate is a
branchpoint intermediate and the favored direction is the production of
succinyl-CoA, thus diverting methylmalonyl-CoA away from the erythro-
mycin pathway. Since coenzyme B,, is its cofactor, cobA mutants would
also favor flux into the erythromycin pathway. As expected, leucine, pro-
pionate and methionine, which are known precursors of methylmalonyl-
CoA via propionyl-CoA, stimulated production in the mutants.

‘Genome-based strain reconstruction’ allows one to construct a strain supe-
rior to the production strain because it only contains mutations crucial to
hyperproduction, but not other unknown mutations which accumulate
by brute-force mutagenesis and screening. Although this approach has
been done with a primary metabolite production process (lysine) [185], it
should also be useful for secondary metabolites.

During the last few years, an expanded view of the cell has been possible
due to the impressive advances in all the ‘omics’ techniques (genomics,
proteomics, metabolomics) and high-throughput technologies for mea-
suring different classes of key intracellular molecules. ‘Systems Biology’ has
recently emerged as a term and a scientific field to describe an approach
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that considers genome-scale and cell-wide measurements in elucidating
process and mechanisms [186].

Integrating transcriptional and metabolite profiles from 21 strains of A.
terreus producing different levels of lovastatin and another 19 strains with
altered (+)-geodin levels led to an improvement in lovastatin production
of over 50% [187]. This approach, named ‘Association Analysis’, served to
reduce the complexity of profiling data sets in order to identify those genes
whose expression is most tightly linked to metabolite production. Such
applications are applicable to all industrially useful organisms for which
genome data are limited.

Gene expression analysis of wild type and improved production strains
of Saccharopolyspora erythraea and S. fradiae using microarrays of the
sequenced S. coelicolor revealed that regulation of antibiotic biosynthetic
enzymes as well as enzymes involved in precursor metabolism were altered
in those mutated strains [188]. Comparison of S. erythraea wild type and an
improved erythromycin producer was done and results revealed that the
S. erythraea overproducer expressed the entire erythromycin gene cluster
several days longer than the wild-type. It seems that the eryA gene and pro-
tein expression differences observed for the overproducer could account
over 50% of the total erythromycin titer increase. A different situation
was found with tylosin production. The overproducing S. fradiae strain
produced tylosin for the same length of time but the rate of antibiotic
production was 2-fold higher in the overproducer. The tylosin cluster was
expressed over the same period of time; however, there were two genes: aco
(encoding acyl-CoA dehydrogenase) and icmA (encoding isobutyryl-CoA
mutase) that were expressed to a greater extent than in the wild type strain.
The induction of these two genes could increase the flux of metabolites
from fatty acids to tylosin precursors in the overproducer.

‘Directed Evolution’ (also known as applied molecular evolution or
directed molecular evolution) is a fast and inexpensive way of finding
variants of existing enzymes that work better than naturally occurring
enzymes under specific conditions [189-191]. It has been used to improve
the properties of rate-limiting enzymes of natural product biosynthesis.
The process involves evolutionary design methods using random muta-
genesis, gene recombination and high throughput screening [192]. A key
limitation of these strategies is that they introduce random ‘noise’ muta-
tions into the gene at every cycle and hence improvements are limited to
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small steps. This strategy has been successfully used in various applications
[193].

‘Molecular Breeding™’ techniques come closer to mimicking natural
recombination by allowing in vitro homologous recombination [194]. DNA
shuffling not only recombines DNA fragments but also introduces point
mutations at a very low controlled rate [195, 196]. Unlike site directed
mutagenesis, this method of pooling and recombining parts of similar
genes from different species or strains has yielded remarkable improve-
ments in enzymes in a very short amount of time [197]. A step forward in
this technique was breeding a population with high genetic variability as
a starting point to generate diversity (DNA Family Shuffling). Innovations
that expand the formats for generating diversity by recombination include
formats similar to DNA shuffling and others with few or no requirements
for parental gene homology [198, 199]. These random redesign techniques
are being currently used to increased biological activity of protein phar-
maceuticals and biological molecules [197, 198] as well as novel vaccines
[200, 201].

‘Whole genome shuffling’ is a novel technique that combines the advan-
tage of multi-parental crossing allowed by DNA shuffling with the recom-
bination of entire genomes. This method was successtully applied to
improve tylosin production in S. fradiae [202]. Historically, twenty cycles
of classical strain improvement at Eli Lilly and Co. carried out over 20
years employing about one million assays improved production 6-fold. In
contrast, two rounds of this recursive recombination technique with seven
early strains each were sufficient to achieve similar results in one year and
involved only 24,000 assays.

‘Combinatorial biosynthesis’ is not used to increase titer but for discovery
of new and modified drugs [203, 204]. In this strategy, recombinant DNA
techniques are utilized to introduce genes coding for antibiotic synthases
into producers of other antibiotics or into non-producing strains to obtain
modified or hybrid antibiotics. In the first demonstration of this technol-
ogy, gene transfer from a streptomycete strain producing the isochromane-
quinone antibiotic actinorhodin into strains producing granaticin, dihy-
drogranaticin and mederomycin (which are also isochromanequinones)
led to the discovery of two new antibiotic derivatives, mederrhodin A and
dihydrogranatirhodin [205]. Since then, hundreds of new polyketides have
been made by combinatorial biosynthesis [206-228]. Some of these novel
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polyketides contain sugars at normally unglycosylated positions [229] or as
new sugar moieties [230, 231]. New anthracyclines [232-237] and peptide
antibiotics [238] have been made by combinatorial biosynthesis. Manipu-
lations include [239]: (i) deletion of one of the domains of a particular
module; (ii) addition of a copy of the thioesterase domain to the end of
an earlier module resulting in a shortened polyketide; (iii) replacement
of an AT domain of a polyketide synthase (PKS) with an AT domain from
another PKS, resulting in addition of a methyl group at a particular site or
removal of a methyl group; (iv) addition of a reductive domain(s) to a par-
ticular module, thus changing a keto group to a double bond or to a methy-
lene group; (v) use of synthetic diketides delivered as N-acetylcysteamine
thioesters to load onto the active site of the ketosynthase (KS) in module
2 and to be taken all the way to a novel final product; (vi) replacement of
the loading module of one PKS with the loading module of another PKS,
thus changing the starter unit from propionate to acetate, for example;
and (vii) replacement of the hydroxylase or glycosylase enzymes from one
pathway to another, thus modifying the ring structure with respect to OH
groups and/or sugars.

Progress in strain development will depend, not only on all the tech-
nologies mentioned above, but also on the development of mathematical
methods that facilitate the elucidation of mechanisms and identifica-
tion of genetic targets for modification. The availability of the complete
genome sequences of S. coelicolor, producer of actinorhodin and three
other antibiotics [240], and S. avermitilis, producer of avermectins [241],
the published and ongoing sequencing projects involving hundreds of
microbial genomes, as well as the ability to rapidly identify clusters of
genes encoding biosynthesis of bioactive products and to predict their
structures based on gene sequences [242] will contribute to an acceleration
of strain improvement programs.

Closing comments

Microorganisms produce many compounds of industrial interest. These
may be very large materials such as proteins, nucleic acids, carbohydrate
polymers, or even cells, or they can be smaller molecules which can be
essential for vegetative growth (primary metabolites) or inessential (sec-

274



Strain improvement for production of pharmaceuticals...

ondary metabolites). The power of the microbial culture in the competi-
tive world of commercial synthesis can be appreciated by the fact that
even simple molecules are made by fermentation rather than by chemical
synthesis. Most natural products are so complex that they probably will
never be made commercially by chemical synthesis. Strains isolated from
nature produce only tiny amounts of product. The reason is that they need
small amounts of these compounds for their own competitive benefit (sur-
vival) in nature; they do not overproduce these metabolites. Regulatory
mechanisms have evolved in microorganisms that enable a strain to avoid
excessive production of its metabolites. Thus, strain improvement pro-
grams are absolutely required for commercial application. Their goal is to
isolate cultures exhibiting desired phenotypes. Most commonly, the abil-
ity of a strain to improve titer is what is desired, although the spectrum of
improvements can also include other traits. The tremendous increases in
fermentation productivity and the resulting decreases in costs have come
about mainly by mutagenesis and screening/selection. In recent years,
recombinant DNA technology has contributed greatly. The promise of the
future is via extensive use of new genetic techniques such as (i) metabolic
engineering accomplishing quantification and control of metabolic fluxes
and including inverse metabolic engineering, (ii) transcript expression
analyses, (iii) directed evolution, (iv) molecular breeding, and (v) combi-
natorial biosynthesis. These efforts will facilitate not only the isolation of
improved strains but also the elucidation and identification of new genetic
targets to be used in strain improvement programs.
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