GENETICS OF ANTIBIOTIC PRODUCTION BY
ACTINOMYCETES!
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Several thousand different antibiotics are known to be produced by members
of the genus Streptomyces. Increasing numbers are being found in organisms
belonging to other actinomycete genera such as Nocardia, Micromonospora,
Actinoplanes, Streptosporangium, Streptoverticillium, and several more (2, 20, 34).
It would be a superhuman and largely redundant task to learn about the number
and location of the structural and regulatory genes specifying all of these anti-
bioties, but it would be highly interesting and relevant to study in detail the
genetics of a representative sample of chemically and biologically distinet types of
antibiotics in order to draw general conclusions. We are still very far from being
able to do this, but a fragmentary picture is gradually being built up. Much
of the available information has been reviewed recently (5, 9, 13, 23). Advances
in techniques of in vivo and 7n vifro genetic manipulation applicable to actino-
mycetes, which are being harnessed to analyze the genetic determination of anti-
biotic production, and will be used increasingly to influence it artificially, are
also the subject of current review articles (12, 25). There is, too, a recent review
of mutants blocked in antibiotic synthesis (26). Such mutants provide material
for genetic studies, but often they have been analyzed only biochemically or used
for the production of novel antibiotics by feeding them with antibiotic precursors
or analogues of antibiotic moieties in the technique of “‘mutasynthesis” (27).

GENETIC CONTROL OF ANTIBIOTIC PRODUCTION: CHROMOSOMAL AND PLASMID
GENEs. Plasmids (extrachromosomal genetic elements) have been postulated to
be involved in the genetie control of the synthesis of a large number of antibiotics,
but not in all. Usually the nature of this control is not clear; in many examples,
evidence for plasmid involvement itself is still very tentative. Nevertheless, at
least three patterns of genetic control are apparent: (a) clusters of chromosomal
genes code for the biosynthetic pathway enzymes and plasmids are apparently not
involved, either directly or indirectly, in the biosynthesis (e.g. actinorhodin in
Streptomyces coelicolor); (b) biosynthetic pathway genes are carried on a plasmid,
and chromosomal genes are not involved in controlling steps specific to the bio-
synthesis (e.g. methylenomycin A in S. coelicolor); (c) plasmids control, in some as
yet undefined way, the function of chromosomal structural genes (e.g. chloram-
phenicol in S. venesuelae). A short account of these three examples will be given,
while others will be summarized very briefly (table 1).

ACTINORHODIN: INVOLVEMENT OF A CLUSTER OF CHROMOSOMAL GENES. Mu-
tants (act) of S. coelicolor A3(2) which fail to produce the pigmented isochroma-
nequinone antibiotic actinorhodin are readily recognized visually. A series of 76
mutants which were normal in other respects, notably in morphology, were clas-
sified by their accumulation of different pigmented precursors or shunt products
by co-synthesis of actinorhodin in pair combinations of mutants and by antibiotic
activity into seven phenotypic classes, six of which were placed in the most likely
biosynthetic sequence (29). Probably this is an underestimate of the number of

1Presented as a plenary lecture at the 20th Annual Meeting of the American Society of
Pharmacognosy at Purdue University, West Lafayette, Indiana, July 30~August 3, 1979.
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structural genes specifically involved in actinorhodin biosynthesis, for two reasons.
First, two of the classes contained only two members, suggesting that other classes
may remain to be found. Second, there was a large class of mutants which ap-
parently failed to accumulate any precursor or shunt product and which acted in
co-synthesis with other mutants only as converter. These are likely candidates
for mutants in the putative synthetase responsible for initiating actinorhodin
synthesis by assembly of an acetate-derived polvketide chain; by analogy with
known fatty acid synthetases, such a synthetase is likely to represent a multi-
enzyme complex of several gene produets.

Representative members of all seven mutant classes were located unambigu-
ously in a short chromosomal map interval. In the absence of high resolution
genetic mapping or, better, physical analvsis of the segment of DNA, we cannot
be certain that these actinorhodin genes together with any others that remain
to be recognized, constitute an uninterrupted cluster, but this seems at present to
be the simplest hypothesis.

Two plasmids have so far been identified in S. coelicolor A3(2), both of them
sex factors. SCP1 carries genes for methylenomyein synthesis (see below), while
SCP2 is known only by its fertility properties, and as a physically characterized
DXNA molecule (3, 31). Neither SCP1 nor SCP2 is required for full expression of
actinorhodin synthesis since SCP1— SCP2~ strains produce at least as much
actinorhodin as SCP1+ SCP27 cultures. Thus, if actinorhodin synthesis is sub-
ject to plasmid control, we would have to postulate the existence of a third plasmid
peculiarly resistant to loss; SCP1 and SCP2 are each lost with a frequency of at
least 0.2 percent, but no actinorhodin negative mutant which failed to map to the
chromosome has so far been found (29).

METHYLENOMYCIN A: A PLASMID-CODED ANTIBIOTIC.—Methylenomyein A in S.
coelicolor A3(2) is so far (table 1) the only antibiotic whose specific biosynthetic
pathway is known to be catalyzed by the products of plasmid-borne genes. All
apparently non-pleiotropic mutations (mmy) leading to loss of methylenomyecin A
production (at least 28 mutations of 4 or 5 phenotypic classes) are linked to SCP1.
Mutations at three chromosomal loci lead to lack of methylenomyecin synthesis,
but these are clearly pleiotropie, since they also abolish aerial mycelium and
actinorhodin production (18). SCP2 is not required for methylenomyein produc-
tion. The very extensive genetic and limited physical evidence for the existence
of SCP1, together with incomplete information on the biosynthesis of methyleno-
myein A, has been reviewed elsewhere (11, 14).

CHLORAMPHENICOL: PLASMID CONTROL OF CHROMOSOMAL GENEs. All mutants
of a strain of S. venesuelae induced by uv or nitrosoguanidine treatment which
produced no detectable chloramphenicol (¢pp) were mapped to a segment of the
chromosomal linkage map, along with certain mutants arising after acriflavine or
high temperature treatment and accumulating a presumptive precursor of chlor-
amphenicol, 1-deoxvehloramphenicol, or only trace amounts of chloramphenicol
even under optimal conditions (1). These mutants presumably identify a min-
mum of two structural biosynthetic genes, and probably more since chlorampheni-
col-producing recombinants arose with rather high frequeney in certain pairwise
crosses of ¢pp mutants, Other ¢pp variants, which arose frequently after acri-
flavine or high temperature treatment, failed to map to the chromosome. These
served to identify a plasmid involved in chloramphenicol production, presumably
indirectly since this class of ¢pp variant could still produce 109 of the antibiotic
vield of the ¢pp~ strain under optimal conditions. There is some physical evi-
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dence for the existence of this plasmid: ¢pp~, but not the cpp— variants, yielded a
class of “flower-shaped” DNA molecules on sucrose density gradient analysis
(24), but no detailed physical characterization of the plasmid has been reported.

OTHER EXAMPLES OF CHROMOSOMAL ANTIBIOTIC GENES. S. coelicolor A3(2)
provides a second example of a putative chromosomal cluster of structural genes
identified by a group of 37 mutants (red), falling into five phenotypic classes, in-
volved in biosynthesis of a red, non-polar antibiotic, distinet from actinorhodin
but of unknown structure (28).

In another well-studied example, oxytetracycline synthesis in three different
strains of S. rimosus, up to nine phenotypic classes of non-producing mutants
(otc) have been mapped on the chromosome (reviewed in 9). Precise map loca-
tions are not clear from published information but it could be that the series of
otc genes lie in two clusters in diametrically opposed positions on the linkage map,
a situation found with many groups of biosynthetic genes for primary metabolites
in streptomycetes and conceivably arising from ancestral duplication of unin-
terrupted clusters of genes (8).

Thus there is considerable evidence for the idea that chromosomally carried
structural genes for antibiotic synthesis in actinomycetes show extensive clustering.
In each of the other cases in which chromosomal genes for antibiotic synthesis
have been mapped (holomyein, rifamycin B, zorbamycin: table 1), only a single
locus has been found so far to be specifically involved in the relevant biosynthetic
pathway. Mutations at two other loci in S. bikiniensis var. zorbonensis probably
had pleiotropic effects on zorbamycin synthesis.

OTHER EXAMPLES OF PLASMID INVOLVEMENT. The remaining entries in table 1
include, at one extreme, several in which evidence for plasmid involvement is
minimal, since only the least definitive of the possible classes of evidence for
plasmid control of a phenotype (9) is available; loss of antibiotic production after
treatments which, in some other organisms, result in plasmid “curing”. Clearly,
these examples, in particular, are in need of further study to confirm the involve-
ment of plasmids.

At the other extreme, there can be little doubt that a physically well-char-
acterized plasmid is needed for detectable expression of antibiotic production. In
S. reticuli, which is probably the best example, plasmid deletions were correlated
with loss of antibiotic production, so the conclusion of plasmid involvement did
not rely simply on a failure to detect plasmid DNA in non-producing variants
(30). Other examples fall between these two extremes in the strength of the
evidence for plasmid involvement in antibiotic production but they share with the
extremes a lack of firm evidence on the nature of the genetic control over anti-
biotic synthesis exerted by the putative plasmids, whether this is due to plasmid-
linked structural biosynthetic genes, to plasmid-linked regulatory genes, or to an
indirect pleiotropic effect of plasmid loss, perhaps reflecting an interference with
some central metabolic or developmental control, or possibly causing an alteration
in the properties of the cell membrane (23).

It would probably not make good evolutionary sense for chromosomal genes
to be controlled by plasmid-linked specific regulatory genes of the type known for
certain primary metabolic and catabolic pathways in Escherichia coli. Thus,
when we speak of plasmids regulating the expression of chromosomal structural
genes for antibiotic production, some more general control of metabolism seems
likelv., For example carbon or nitrogen catabolite repression (17) or, perhaps,
regulation of export from the cells may be involved. On the other hand, the
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sporadic occurrence of certain antibiotics in diverse taxonomic groups (9, 24) is
suggestive of plasmid-borne structural genes. The deoxystreptamine moiety is a
particularly good example (15, 36) since it is a molecule found only as part of the
structure of aminoglycoside antibiotics. Moreover, in several examples (table 1),
aminoglveoside-non-producing variants arising after treatment with presumed
plasmid-curing agents produced the relevant antibiotic when supplied with
deoxystreptamine, indicating that a failure to synthesize this particular moiety
was the only defect in such variants. It is to be hoped that the imminent avail-
ability of new techniques for the genetic analysis of antibiotic-producing actino-
mycetes (10, 12, 25) will soon provide answers to some of the questions about the
genetic control of antibiotic production which puzzle us today.

LITERATURE CITED

1. H. Akagawa, M. Okanishi and H. Umezawa, J. Antibiot, (Japan), in press.

2. J. Bérdy, Adv. Appl. Microbiol., 18, 309 (1974).

3. M. J. Bibb, R. F. Freeman and D. A. Hopwood, Mol. Gen. Genet., 154, 155 (1977).

4. L. T. Chang, D. A, Behr and R. P. Elander, Dev. Ind. Microbiol., in press.

5. K. F. Chater, “Some recent developments in Streptomyces genetics,”” in Genetics of In-
dustrial Mieroorganisms (ed. O. K. Sebek and A. I. Laskin), pp. 123-133, Washington D.C.:
American Society for Microbiology (1979).

6. J. H. Coats and J. Roeser, .J. Bacteriol., 105, 880 (1971).

7. T. El-Kersh and C. Vezina, ‘“‘Plasmid determination of antimyecin A production in auxo-
trophs of Streptomyces sp. M-506,"" Abstracts of Third Internat. Symp. on Genet. Ind. Micro-
org., p. 5 (1978).

8 D. A. Hopwood, J. Cellular Physiol., 70 (suppl), 7 (1967).

9. D. A. Hopwood, Ann. Rev. Microbiol., 32, 373 (1978).

10. D. A. Hopwood, ‘‘The many faces of recombination,” in Genetics of Industrial Micro-

organisms {ed. O. K. Sebek and A. I. Laskin), pp. 1-9, Washington D.C.: American Society
for Microbiology (1979).

11. D. A. Hopwood, M. J. Bibb, J. M. Ward and J. Westpheling, ‘“‘Plasmids in Streptomyces
coelicolor and related species,” in Plasmids of Medical, Environmental and Commercial Im-
portance (ed. K. N. Timmis), Amsterdam: Elsevier/North Holland, pp. 245-258.

12. D. A. Hopwood and K. F. Chater, Proc. Royal Soc. B., in press.

13. D. A. Hopwood and M. J. Merrick, Bacteriol. Rev., 41, 595 (1977).

14. U. Hornemann and D. A. Hopwood, ‘‘Biosynthesis of methylenomyecin A a plasmid-
determined antibiotic,”” in Antibiotics Vol. iv: Biosynthesis (ed.J. Corcoran) Berlin, Heidel-
berg and New York: Springer-Verlag, in press.

15. K. Hotta, Y. Okami and H. Umezawa, J. Antibiot. (Japan), 30, 1146 (1979).

16. R. Kirby, Fed. Eur. Microbiol. Soc. Lett., 3, 283 (1978).

17. J. F. Martin, ‘Manipulation of gene expression in the development of antibiotic produc-
tion,”” in Antibiotics and Other Secondary Metabolites: Biosynthesis and Production, (ed.
fil.gHﬁtter, T. Leisinger, J. Niesch and W. Wehli) pp. 19-37, London: Academic Press

78).

18. M. J. Merrick, J. Gen. Microbiol., 96, 299 (1976).

19. A, M. Michelson and L. C. Vining, Can. J. Microbiol., 24, 662 (1978).

20. T. Nara, I. Kawamoto, R. Okachi and T. Oka, J. Antibiot. (Japan), 30, S-174 (1977).

21. D. Noack, M. Roth and M. Zippel, “Extrachromosomal control of growth and antibiotice
production in Streptomyces hygroscopicus JA6399,” in Genetics of the Actinomycetales
(ed. E. Freerksen, I. Tarnok and J. H. Thumim) pp. 16-17, Stuttgart, New York: Gustav
Fischer Verlag (1978).

22. K. Ochi and E. Katz, J. Antibiot. (Japan), 31, 1143 (1978).

23. M. Okanishi, ‘Plasmids and antibiotic synthesis in streptomycetes,” in Genetics of In-
dustrial Microorganisms (ed. O. XK. Sebek and A. I. Laskin) pp. 134-140, Washington D.C.:
American Society for Microbiology (1979).

24. M. Okanishi and H. Umezawa, “Plasmids involved in antibiotic production in strepto-
mycetes,”’ in Genetics of the Actinomycetales (ed. E. Freerksen, I. Tarnok and J. H. Thumim)
pp. 19-138, Stuttgart, New York: Gustav Fischer Verlag (1978).

25. S. W. Queener and R. H. Baltz, Aun. Rep. Ferm. Proc., 3, in press.

26. 8. W. Queener, O. K. Sebek and C. Vezina, Aun. Rev. Microbiol., 32, 593 (1978).

27. K. L. Rinehart, Pure and A ppl. Chem., 49, 1361 (1977).

28. B. A. M. Rudd, “Genetics of pigmented secondary metabolites in Streptomyces coelicolor
A32),” Ph.D. Thesis, University of East Anglia, Norwich (1978).
29. B. A. M. Rudd and D. A. Hopwood, J. Gen. Microbiiol., 114, 15 (1979).

bl



602 JOURNAL oF NATURAL PrRoODUCTS [voL. 42, 0. 6

30. H. Schrempf and W. Goebel, “‘Functions of plasmid genes in Streptomyces reticuli,”’ in
Plasmids of Medical, Environmental and Commercial Importance (ed. K. N. Timmis),
Amsterdam: Elsevier/North Holland, pp. 259-268.

31. H. Schrempf and W. Goebel, J. Bacteriol., 131, 251 (1977).

32. T. Schupp and R. Roos, Experientia, 34, 1669 (1978).

33. P.D. Shaw and J. Piwowarski, J. Antibiot. (Japan), 30, 404 (1977).

34. H. Umezawa, “Index of Antibiotics from Actinomycetes,”” Baltimore: University Park
Press (1967).

35. T.J. White and J. Davies, ‘‘Possible involvement of plasmids in the biosynthesis of paro-
momyecin,”” Abstract of Third Internat. Symp. on Genet. Ind. Microorg. p. 39 (1978).

36. M. Yagisawa, T-S. R. Huang and J. E. Davies, J. Antibiot. (Japan), 31, 809 (1978).



