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Summary

Strain degenceration is wide-spread in industrial Strep-
tonyceles strains and describes a variety of spontancous changes
that yesult in deleterions phenotypes especially for antibiotic
yicld. Genetic instability (i.c. the occurrence of spontancons
mitations with a high frequency) is common in Streptomyces
strains and has been studied in several niodel systems, where a
pattern of lnige-seale DNA deletions and amplifications has been
established. However, lite work has been performed with high-
-yielding industrial strains to define the relationship between
strain degeneration and genetic instability. Some S. rimosus
R6 strains that have been sclected for high ox ytetracycline pro-
duction show genetic instability. Two classes of mutants were
defined with reduced or no antibiotic production. The Class 11
nuttants carried large deletions including e oxytetracycline
gene cluster, which resulted i1 Hie loss of botl the production
and resistance genes. Although His proves that the genes lie
in an unstable chromosomal region, the fact that the nutants
are sensitive to oxytetracycline makes thenr unimportant for strain
degeneration. In contrast, the commoncst low-producing -
tants (Class 1) remained resistant to Hie antibiotic and ontgrew
the parent strain in competition experiments. This suggests
that the Class T mutants, which did not show any detectable
DNA rearrangenients, are responsible for strain degencration.
A hypothesis to explain Class I mutants will be discussed.

Introduction

Strain degencration is wide-spread in industrial
Streptomyces strains and describes a variety of spontane-
ous changes that result in deleterious phenotypes espe-
cially for antibiotic yield. Tt is often accompanied by
changes in sporulation, pigmentation and colony mor-
phology. In industrial practice, the effects of strain de-
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Sazetak

Degeneracija soja woelike je rasprostranjena pojava 1 in-
dustrijskili streptomiceta, a ocifuje se nizom spontanil promjena
sto dovode do pojave Stetnili fenotipova, poscbno za prinos an-
tibiotika. Geneticka je nestabilnost (1. pojavljivanje spontanil
mutacija s velikon ncestalosén) cesta i vrsta roda Streptomy-
ces i proucauana je u nckoliko modelnili sustava. U njill su
utordene delecije i amplifikacije velikil dijelova DNA. Visoko-
proizvodnim industrijskine sojevina posvetilo se premalo truda
da bi sc utordio medusobni odnos izmedu degencracije soja i
njegove gencticke nestabilnosti. Neki izolati soja S. rimosus R6,
koji su bili selckcionirani na visok prinos oksitetraciklina (OTC),
pokazijir genetickit nestabifnost. Okarakterizirane su dvije skupi-
ne mutanata sa smanjenoni ili potpuno izgubljenom antibioti-
ckom aktivnosén. Druga skuping mintanata sadrZava velike de-
lecije, ukljucujuct i nakupinu OTC-gena. Te delecije dovode do
gubitka proizvodnje i otpornosti soja. lnko to dokazuje da su
OTC-geni smijesteni n nestabiliom kromosomskom podrucju,
Cinjenica da su mutanti 11, skupine osjetjivi prena OTC-n Eini
ih nevaznim za degeneracijie soja. Nasuprot tome, najéeséa sku-
pina niskoproizoodnily mutanata (1. skupina} ostaje otporna prena
antibiotikn pa stanice nutanata 1. skupine u usporednim pokusi-
mia mogu prevasti stanice roditeljskog soja. To pokazuje da je 1.
skupina mutanata, u kojilt za sada nisu primijecence nikakve vi-
dljive pregradnje DNA, odgovorna za degencraciji soja. U ovont
ce se radu raspravljati o pretpostavkama kojima se moZe objas-
niti pojavljivanje mutanata 1. skupine.

generation are controlled by carcful strain maintenance
and inocula preparation. However, it is not clear how
great the loss of potential yield is due to accumulation
of variants during fermentation.

Genetic instability (i.c. the occurrence of spontancous
mutations with a high frequency) is common in Strepto-
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myces and has been studied in several model systems (1,2).
In most strains that have been studied at a molecular level,
genetic instability is associated with large deletions in the
chromosome. Pulsed-field gel electrophoresis showed
that a Streptomyces chromosome consists of about 8 Mb
linear DNA (3-6), and that deletions may be up to 2 Mb
in size (7). In many cases, sequences flanking the dele-
tions undergo high level DNA amplification giving rise to
several hundred tandem copies of a chromosomal se-
quence. The amplified DNA may account for more than 50 %
of the total DNA in the strain (1,2), that is up to 4 Mb.

Genetic instability is also often characterized by
changes in sporulation, pigmentation and colony mor-
phology. This makes it interesting to investigate the re-
lationship between genetic instability, that has mainly
been studied in model laboratory strains, and strain de-
generation, which occurs in high-producing industrial
strains. Strain degeneration depends on two critical pa-
rameters: (1) mutation frequency and (2) selection ef-
fects. A high mutation frequency alone (i.e. genetic in-
stability) is not sufficient to create strain degeneration
problems, if the mutants are counter-selected in normal
conditions. A good example of this is in the oxytetracy-
cline (OTC) producer S. rimosus R6 (8). A high-producing
strain showed genctic instability (Class 1I), which resulted
from deletion of the region containing the OTC-cluster.
However, this also results in the deletion of the resist-
ance genes present in the cluster. The sensitive variants
produced are killed by the OTC produced by the paren-
tal strain so that no accumulation of this class of variants
is possible. Most Strepfomyces products of industrial in-
terest are secondary metabolites and production strains
have been subjected to multiple rounds of selection to
divert the metabolic activities of the cells towards syn-
thesis of the secondary metabolites. This means that mu-
tations that hinder production will often result in higher
growth rates, i.e. overgrowth by low-producing variants
is a constant danger. Antibiotic synthesis pathways usu-
ally involve large clusters of genes [sometimes over 50 kb
in size (9)]. This means that the spontaneous mutation
frequency to non-production may be quite high even in
the absence of special mutation mechanisms (e.g. if a
typical 1 kb gene has a mutation frequency of 107,
then a 50 kb pathway would be expected to yield mu-

tants at a frequency of 5-107"). In the presence of strong
selection pressures against high production such muta-
tion frequencies might well be enough to account for
strain degeneration.

Although strain degeneration has been reported in
the literature many years ago (e.g. 10), little work has
been performed with high-yielding industrial strains to
define the relationship between strain degeneration and
genetic instability. The first industrial strain in which ge-
netic instability has been studied in detail at the molecu-
lar level was the tylosin-producer S. fradine. Some vari-
ants in S. fradiac showed high copy number tandem
repeats of an amplifiable unit of DNA (11,12). Further
studies revealed that the mutants contained deletions in-
volving tylosin production and resistance genes, and
that the cluster of tylosin biosynthetic gencs is inter-
rupted by a structurally unstable segment containing
four repeated sequences (13,14). The influence of genetic
instability on tylosin production has not been discussed
and is probably not a source of strain degencration in
this industrially important species.

Results and Discussion

Our studies have concentrated on S. rimosus, the
OTC producer, which is an industrially important spe-
cies where strains have been highly bred for yield im-
provement. Derivatives of the strain S. rimosus R6 are
used by the company PLIVA for commercial OTC pro-
duction. During the strain selection programme to opti-
mize its fermentative/metabolic capacity, derivatives
have been isolated that showed considerable increase in
OTC production (30-40 % increase on plates) and resis-
tance (Class lII mutants, 8). It was shown that they had
increased the copy number of the OTC-cluster. However,
the high production was frequently lost indicating the
presence of classical strain degeneration in these strains.
The strain degeneration was first recognized, because of
the extreme morphological instability of the strains.
Thus, in this case, genetic instability is a cause of strain
degeneration. The study of genome stability was, there-
fore, initiated in order to understand, and subsequently
climinate, this genetic instability.

Table 1. The frequency of appearance of morphological mutants of Streptontyces rimosns Ré during

growth of a culture in complete liquid medium

Tablica 1. Utestalost pojavljivanja morfolodkih mutanata soja Streplonyces rimosns R6 tijekom rasta

mikrobne kulture u kompletnom hranjivom mediju

Frequency [/,

Time of growth
Ucestalost 2 Vrijeme rasta
& 24 48
Mycelial Small pellets and long l.ong hyphae and some Only mycelial fragments
morphology hyphac myecelial fragments
Morfologija Male nakupine i duge hife  Duge hife i nedto fragmenata Sami fragmeni micelija
micelija micelija
Experiment 1 ?
1.2 x 5
Pokus 1 16 2
Experiment 2
32 2.
Pokus 2 : 4 12
Mean value 29 20 2

Srednja vrijednost
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Spontaneous morphological variants arose that were
altered in sporulation, pigmentation, colony morphology
and OTC production (8). The majority of mutants (Class )
had retained normal levels of OTC resistance and it was
shown that low-producing Class 1 mutants could over-
grow the parental high-producing strain in competition
experiments. Thus Class 1 mutants represent an impor-
tant source of strain degeneration. They can also be clas-
sified as genctic instability, because spores give risc to
mutants at an extremely high frequency (about 80 % of
spores plated). However, when the strain is grown as
mycelial fragments it is more stable and gives rise to
mutants at frequencies of 1-3 % per plating unit. This
observation is very important for strain maintenance.
Two possible explanations for this difference are: (1) the
sporulation-germination cycle promotes mutation or (2)
the myecelial fragments are multi-nucleate and the mor-
phology results from complementation. If the second ex-
planation were true, the frequency of mutants would be
expected to rise during growth of a culture, because the
mycelium fragments to much smaller units at later
growth stages (15). Table 1 shows that there is little dif-
ference between the frequencies at different times de-
spite fragmentation.

No changes were detected in Class I mutants using
pulsed-field gel electrophoresis. Non-pigmented low-
producing Class I mutants give rise to pigmented de-
rivatives at a frequency of about 1 %. These pigmented
»revertants« had undergone a DNA rearrangement that
resulted in the amplification of a DNA fragment contain-
ing the OTC-cluster to 30-50 copies (8). One explanation
for these results would be that the Class I variants carry
a mutation in a control gene that results in poor expres-
sion of pigment and OTC production genes. Suppression
of this mutation could be achieved by amplification of
the structural genes as reported for RES1-dependent mu-
tations in S. lividans (16). There is no evidence of true re-
version of Class [ mutations, but the lack of a suitable
sclective marker prevents detection of rare events.

The derivatives, which show an overproduction of
OTC (about 30-40 % higher production on plates) were
isolated as rare morphological variants (these Class 11
variants account for about 0.001 % of morphological
variants). They all show an increase of copy number of
the OTC-cluster (2-5 copies), which probably accounts
for their overproduction and increased resistance. The
majority of Class Ill variants (6/7) carry duplications of
the OTC region in the chromosome probably as tandem
repeats. Pulsed-field gel electrophoresis experiments
showed that they carried a reproducible DNA change
with a decrease in the size of the Xbal fragment carrying
the OTC-cluster from 415 kb to 200 kb as well as the
duplication. In order to understand the nature of these
changes better, we also analyzed a second class of DNA
rearrangements involving the OTC region; the Class Il mu-
tants account for about 1% of morphological mutants
and have deleted the OTC-cluster resulting in a loss of
production and resistance. The Class 1l mutants had lost
the 415 kb Xbal fragment and no new junction fragment
could be detected. A reproducible change could be seen
in Ascl digests suggesting that the deletions in different
isolates had identical end points (8). In order to analyze
the rearrangements in more detail about 120 cosmids

were isolated that hybridized with the 415 kb Xbal frag-
ment. Some of the cosmids carry repeated sequences,
which retain copies in the Class II deletion strains. Cos-
mids that do not show homology to the Class II strains
could be ordered in two contigs, one of which contains
the OTC-cluster. In Class Il strains (overproducers) the
OTC contig was retained as expected. However, the
other contig had been deleted and one end point of the
deletion appeared to be identical in both Class 1T and
Class Il mutants. Onc explanation of these data is that
the OTC region is flanked by directly repeated se-
quences. The reproducible deletions would be formed by
homologous recombination. A simple model is shown in
Fig. 1.
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Fig. 1. A simple model to explain deletions in Class II and Class
I mutants

Slika 1. Jednostavan model kojim se mogu objasniti delecije u
II. i 1L skupini mutanata

Recombination between the duplicated copies of the
overproducers could result in reduction of copy number
and reversion to the parental production level. A better
understanding of the structure of the OTC region and
its repeated sequences, might help to reduce this prob-
lem.

One Class 11T mutant had arisen by a different
mechanism. The parental strain carries a linear plasmid
(pPZG101) of 387 kb, whereas the atypical Class Il mu-
tant MV17 has a linear plasmid of about 1 Mb in size
(pPZG103), which also carries the OTC region. The chro-
mosomal copy of the region is retained, and the plasmid
has a copy number of 34 (17). As MV17 does not carry
tandem repeats of the OTC region, it should not suffer
from copy number reduction by homologous recombina-
tion. However, when MV17 is plated out on agar me-
dium morphologically atypical colonies are seen. MV17
produces more brown pigment than the normal high-
-producing strains, whereas the variant colonies are less
pigmented or white and are defective in sporulation.
These colonies have only low or undetectable OTC pro-
duction and the high frequency of their appearance pre-
vents commercial use of MV17 as well. One such white
variant was analyzed by pulsed-field gel electrophoresis,
and it was shown that its plasmid is indistinguishable
in size from the pPZG103 in MV17. When genes from
the OTC-cluster (18) were used as hybridization probes
against a Southern blotting of the gel, it could be seen
that the plasmid in the white variant hybridized showing
that the OTC-cluster was still present (19). Thus the strain
degeneration in MV17 is probably also due to Class I
mutants.

It seems clear that an increased copy number of the
OTC region results in higher production. It is likely that
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any problems arising from structural instability of the
copy number (recombination between tandem repeats in
the chromosome or plasmid loss) can be overcome. If
necessary, it should be possible to move copies of the
OTC-cluster to more stable chromosomal sites. However,
it is likely that Class I mutants will remain a major prob-
lem. We are therefore following two strategies to deal
with Class I mutants. One strategy is to understand the
mechanism of the mutation and to isolate and stabilize
the postulated control gene(s). It is likely that this will
also yield information of general interest for other
strains. It is hoped that this will also provide DNA
probes that can be used to measure the proportion of
Class I during fermentation. This would allow the devel-
opment of fermentation conditions to minimize strain de-
generation. The second strategy is to isolate promoters
whose expression is reduced in Class I mutants. Such a
promoter could be coupled to a selectable marker gene
(e.g. an antibiotic resistance gene) to allow dircct selec-
tion against Class [ mutants.
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