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We developed a novel approach for improving the production of antibiotic from Streptomyces coelicolor A3(2)
by inducing combined drug-resistant mutations. Mutants with enhanced (1.6- to 3-fold-higher) actinorhodin
production were detected at a high frequency (5 to 10%) among isolates resistant to streptomycin (Str"),
gentamicin (Gen"), or rifampin (Rif"), which developed spontaneously on agar plates which contained one of
the three drugs. Construction of double mutants (str gen and str rif) by introducing gentamicin or rifampin
resistance into an sfr mutant resulted in further increased (1.7- to 2.5-fold-higher) actinorhodin productivity.
Likewise, triple mutants (str gen rif) thus constructed were found to have an even greater ability for producing
the antibiotic, eventually generating a mutant able to produce 48 times more actinorhodin than the wild-type
strain. Analysis of str mutants revealed that a point mutation occurred within the rpsL gene, which encodes the
ribosomal protein S12. rif mutants were found to have a point mutation in the rpoB gene, which encodes the
B-subunit of RNA polymerase. Mutation points in gen mutants still remain unknown. These single, double, and
triple mutants displayed in hierarchical order a remarkable increase in the production of ActII-ORF4, a
pathway-specific regulatory protein, as determined by Western blotting analysis. This reflects the same
hierarchical order observed for the increase in actinorhodin production. The superior ability of the triple
mutants was demonstrated by physiological analyses under various cultural conditions. We conclude that by
inducing combined drug-resistant mutations we can continuously increase the production of antibiotic in a
stepwise manner. This new breeding approach could be especially effective for initially improving the produc-

tion of antibiotics from wild-type strains.

Members of the genus Streptomyces produce a wide variety
of secondary metabolites that include about half of the known
microbial antibiotics. Many of these compounds have been ap-
plied in both human medicine and agriculture. Streptomyces
coelicolor A3(2), the most fully genetically characterized strep-
tomycete, is an appropriate strain for studying the regulation
of antibiotic production (11, 29, 30). It produces at least four
antibiotics, including the blue-pigmented polyketide antibiotic
actinorhodin that is normally produced in stationary-phase
cultures (9, 17). Much progress has been made in elucidating
the organization of antibiotic biosynthesis gene clusters in sev-
eral Streptomyces species, and a number of pathway-specific
regulatory genes have been identified that are required for the
activation of their cognate biosynthetic genes (18, 21, 34, 46,
53). In the actinorhodin biosynthetic pathway, actfII-ORF4 plays
such a pathway-specific regulatory role. The production of
actinorhodin is mediated at the transcriptional level through
activation of the actII-ORF4 promoter (22). In addition to
pathway-specific regulatory genes, S. coelicolor possesses sev-
eral genes with pleiotropic effects on antibiotic production.
These genes fall into two classes: those that affect only anti-
biotic production (absA, absB, afsB, afsR, and abaA) (1, 8, 19,
31, 32) and those that affect both antibiotic production and
morphological differentiation (bldA, bldB, bldC, bldD, bldG,
and bldH) (28). Many other factors influence directly or indi-
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rectly the production of actinorhodin in S. coelicolor A3(2). It
has been stressed that ppGpp (guanosine 3’-diphosphate, 5'-
diphosphate), which is responsible for the so-called stringent
response, plays a role in triggering the onset of antibiotic
production, including the production of actinorhodin in S. coeli-
color (7, 37, 41, 48, 49, 51).

We reported previously that certain mutations conferring
streptomycin resistance give rise to secondary metabolite pro-
duction (by an unknown mechanism) without the requirement
for ppGpp in Streptomyces lividans and S. coelicolor A3(2) (25,
51, 55). Later, we demonstrated that the introduction of a
specific str mutation into other bacterial genera gave rise to a
marked increase in antibiotic productivity, thus further eluci-
dating the mechanism in S. coelicolor A3(2) (33). Recently, we
found that acquisition of resistance to other aminoglycoside
antibiotics, such as gentamicin and Geneticin, also confers the
ability to produce actinorhodin in S. lividans 66, which nor-
mally does not produce actinorhodin (H. Hu and K. Ochi,
unpublished). Furthermore, by inducing mutations conferring
resistance to rifampin, an ansamycin antibiotic, we were able to
restore the impaired actinorhodin production in the rel4 and
relC mutants of S. coelicolor A3(2) (Y. Tozawa, J. Xu, and K.
Ochi, unpublished data). These results offer some available
strategies for improving the productivity of antibiotics. Since
the development of methods to improve the production of
antibiotics is of considerable industrial and economic impor-
tance, we attempted in the present study to develop novel
approaches for improving antibiotic-producing strains, espe-
cially focusing on methods to induce combined drug-resistant
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TABLE 1. Strains of S. coelicolor A3(2) used in this study

Strain” Relevant genotype Source (reference)”
1147 Prototrophic D. A. Hopwood (30)

wild type
S-1 str-11 Streptomycin-resistant mutant from 1147
S-2 str-12 Streptomycin-resistant mutant from 1147
S-3 str-13 Streptomycin-resistant mutant from 1147
G-1 gen-1 Gentamicin-resistant mutant from 1147
G-2 gen-2 Gentamicin-resistant mutant from 1147
G-3 gen-3 Gentamicin-resistant mutant from 1147
R-1 rif-1 Rifampin-resistant mutant from 1147
R-2 rif-2 Rifampin-resistant mutant from 1147
R-3 rif-3 Rifampin-resistant mutant from 1147
SGe-1 str-11 gne-1 Geneticin-resistant mutant from S-1
SGe-2 str-11 gne-2 Geneticin-resistant mutant from S-1
SGe-3 str-11 gne-3 Geneticin-resistant mutant from S-1

SG-1 str-11 gen-4
SG-2 str-11 gen-5
SG-3 str-11 gen-6
SR-1 str-11 rif-4
SR-2 str-11 rif-5
SR-3 str-11 rif-6
SR-4 str-11 rif-7
SR-5 str-11 rif-8
SR-6 str-11 rif-9
SR-7 str-11 rif-10

Gentamicin-resistant mutant from S-1
Gentamicin-resistant mutant from S-1
Gentamicin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1
Rifampin-resistant mutant from S-1

SGR-1 str-11 gen-4 rif-11 Rifampin-resistant mutant from SG-1
SGR-2 str-11 gen-4 rif-12 Rifampin-resistant mutant from SG-1
SGR-3 str-11 gen-4 rif-13 Rifampin-resistant mutant from SG-1

“S, G, and R, str, gen, and rif mutants, respectively; SGe, SG, and SR, str gne,
str gen, and str rif double mutants, respectively; SGR, str gen rif triple mutant.

 All mutant strains isolated in this study were spontaneous antibiotic-resistant
mutants.

mutations. Some physiological aspects of the mutant strains
are also described.

MATERIALS AND METHODS

Bacterial strains and preparation of mutants. The wild-type strain (1147) of
S. coelicolor A3(2) and its mutants used in this study are listed in Table 1.
Spontaneous streptomycin-resistant (Str), gentamicin-resistant (Gen"), Geneti-
cin-resistant (Gne" ), or rifampin-resistant (Rif") mutants were obtained from
colonies that grew within 7 days after spores (or cells) were spread on GYM agar
containing various concentrations of the above drugs (see Table 2).

Media and growth conditions. GYM, R3, and R4 media were described
previously (48, 55). All strains were stored as spore suspensions at —20°C. For
use in each experiment, spore suspensions were spread onto GYM agar plates
and incubated for 7 to 10 days at 30°C to allow for sporulation. Sterile distilled
water (5 ml) was added to each plate, and the surface was gently scraped to
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release the spores. Suspensions were collected by centrifugation and washed
twice with distilled water. Before being used for inoculation, the spores were
dispersed for 10 min in a sonic bath. The concentrations of spores were about
2 % 10° spores per ml. A total of 0.5 ml of spore suspension was inoculated into
150 ml of media. Cultivation of cells was carried out with 500-ml flasks containing
150 ml of media and incubated on a rotary shaker (200 rpm) at 30°C. In some
experiments, cultivation was performed by using 25-ml test tubes each containing
5 ml of media and incubated on a reciprocal shaker (350 rpm) at 30°C.

Assay for actinorhodin. Culture samples (1 ml) were taken at each time point
and adjusted to pH 8.0. After centrifugation was carried out at 1,100 X g for
5 min, the amount of the blue-colored antibiotic actinorhodin was determined by
measuring the optical density of supernatants at 633 nm. Measurements were
always taken from duplicate or triplicate cultures, and the mean values are
presented in Table 2 or legends to Fig. 2, 3, and 4.

Determination of MIC and resistance. The lowest concentration of an antibi-
otic that totally inhibited growth through a 48-h incubation period at 30°C on
GYM agar was defined as the MIC. The resistance levels were determined
similarly to the MIC.

Mutation analyses of the rpsL and rpoB genes. The rpsL gene fragment of the
streptomycin-resistant mutant (S-1, S-2, or S-3) was obtained by PCR using the
mutants’ genomic DNA as a template and the synthetic oligonucleotide primers
P1 (forward: 5'-ATTCGGCACACAGAAAC-3') and P2 (reverse: 5'-AGAGG
AGAACCGTAGAC-3"), which were designed from the sequence for S. lividans
(DDBJ accession no. D83746). ExTaq (Takara) was used to perform PCR ac-
cording to the manufacturer’s instructions. A Perkin-Elmer Cetus thermal cycler
was used at the following conditions: 5 min of incubation at 96°C; 30 cycles of
96°C for 18 s, 55°C for 12 s, and 72°C for 30 s; and a final step at 72°C for 10 min.
PCR products were directly sequenced by the dideoxy chain termination proce-
dure (54) using the BigDye Terminator Cycle Sequencing kit (Perkin-Elmer
Applied Biosystems, Foster City, Calif.). The sequence data were analyzed with
the GENETIX program (Software Development Co., Tokyo, Japan). The partial
rpoB gene fragment (nucleotides 600 to 1300) of the rifampin-resistant mutants
(R-1, R-2, R-3, etc.) was obtained by PCR using the mutants’ genomic DNA as
a template and the synthetic oligonucleotide primers P3 (forward: 5'-GGCCG
CTACAAGGTGAACAAGAAG-3') and P4 (reverse: 5'-CGATGACGAAGC
GGTCCTCC-3"), which were designed from the sequence for S. coelicolor M145.
PCR and DNA sequencing were performed under the same conditions as those
for the rpsL gene.

Western blotting analysis. Cultures were grown on GYM agar plates covered
with cellophane sheets at 30°C for 36 to 72 h. Cells were scraped off the cello-
phane sheet; suspended in 20 mM Tris-HCI (pH 7.0) containing 1 mM EDTA,
1 mM dithiothreitol, 10% (vol/vol) glycerol, and 0.5 mM phenylmethylsulfonyl
fluoride; and disrupted by sonication as described previously by Gramajo et al.
(23). Protein concentrations were determined by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. Western blots were developed with the enhanced
chemiluminescence Western blotting detection system for chemiluminescent de-
tection as specified by the manufacturer. Polyclonal antiserum against the ActII-
ORF4 protein was prepared in rabbits and used as a primary antibody at a
dilution of 1:3,000.

TABLE 2. Screening and antibiotic productivity of drug-resistant mutants

Actinorhodin MIC Concn of antibiotic Frequency (%) of mutants Mean productivity Highest productiv-
Strain productivity (ug/ml)? of: used for screening producing increased detected (ODg;33 ity detected
(ODg33)" s ' (pg/ml) actinorhodin® + SE)* (ODyg33)

S. coelicolor 1147 0.77 Gentamicin (0.1) 1.0 5 (4/80) 1.06 = 0.20 1.25
(wild type) Streptomycin (1.0) 5 6 (7/120) 1.17 £ 0.11 1.39
Rifampin (10) 200 10 (15/150) 1.85 £0.21 2.32

S-1 1.28 Geneticin (0.2) 2.5 13 (15/112) 1.87 £0.17 222
Gentamicin (0.1) 2.5 14 (14/104) 235+0.35 2.80

Rifampin (10) 200 18 (21/116) 247 £0.32 3.14

SG-1 2.02 Rifampin (10) 200 10 (8/80) 6.00 = 0.73 6.88

@ The optical density of supernatant at 633 nm (ODy;3) was determined after 6 days of cultivation at 30°C, using a 25-ml test tube containing 5 ml of R4 medium.
All measurements were done in triplicate, and the mean value is presented. Mean productivity is the mean value of the productivity of mutants producing increased

actinorhodin. SE, standard error.
> Determined after 2 days of incubation on GYM agar.

¢ Mutants producing more antibiotic than starting strain. Numbers in parentheses show the number of mutants producing more antibiotic divided by the number of

mutants tested.
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TABLE 3. Summary of mutations on the S. coelicolor rpsL or rpoB gene resulting in amino acid exchange

Resistance level (ug/ml) to:

Strai Position in Amino acid position Position in Amino acid position
rain a b

rpsL gene (exchange) rpoB gene’ (exchange) STRY GEN RIF GNE
1147 — 1 0.1 10 0.2
S-1 262A—G 88 (Lys—Glu) 100 0.1 10 0.2
S-2 ND/ 5 0.2 10 0.2
S-3 ND 10 0.1 5 0.1
G-1 ND 1 0.3 10 0.2
G-2 ND 1 0.3 10 0.2
G-3 ND 1 0.3 10 0.2
R-1 1049G—A 350 (Arg—His) 1 0.1 400 0.1
R-2 1040A—G 347 (His—Arg) 1 0.1 400 0.2
R-3 1049G—T 350 (Arg—Phe) 1 0.1 400 0.2
SGe-1 262A—G 88 (Lys—Glu) 100 0.5
SGe-2 262A—G 100 1
SGe-3 262A—G 100 1
SG-1 262A—G 100 0.3
SG-2 262A—G 100 0.3
SG-3 262A—G 100 0.3
SR-1 262A—G 995T—C 332 (Leu—Arg) 50 50
SR-2 262A—G 1154C—>T 385 (Pro—Leu) 50 150
SR-3 262A—G 1179C—-G 393 (Ile—=Met) 50 400
SR-4 262A—G 1011C—A 337 (Asp—Glu) 100 400
SR-5 262A—G 1010A—G 337 (Asp—Gly) 100 400
SR-6 262A—G 1028C—T 343 (Ser—Leu) 50 400
SR-7 262A—G 1048C—T 350 (Arg—Cys) 50 400
SGR-1 262A—G 1039C—T 347 (His—Tyr) 100 0.2 400
SGR-2 262A—G 1041C—A 347 (His—Gln) 100 0.2 400
SGR-3 262A—G ND 50 0.3 300

«> Numbering originates from the start codon (GTG or ATG) of the open reading frame.

¢ Determined after 4 days of cultivation on GYM agar.

4STR, GEN, RIF, and GNE, streptomycin, gentamicin, rifampin, and geneticin, respectively.

¢ —, wild-type rpsL gene.
/Mutations were not detected (ND) within the rpsL or rpoB gene.

RESULTS

Construction of combined resistant mutants. First, we in-
troduced a single drug-resistant mutation into S. coelicolor
wild-type strain 1147; the results are summarized in Table 2.
The mutants with enhanced actinorhodin production (we
tested 80 to 150 resistant isolates per antibiotic) were detected
at a high frequency (5 to 10%) among streptomycin-resistant,
gentamicin-resistant, or rifampin-resistant isolates. The high-
est productivity detected for each mutant strain ranged from
1.6 to 3 times the wild-type production level (Table 2). It is
notable that the gen mutants with enhanced actinorhodin pro-
ductivity all demonstrated low levels of resistance (a threefold-
higher MIC) to gentamicin, whereas the st or rif mutants
revealed either a low or high level of resistance (5- to 100-fold-
higher MIC of streptomycin; 5- to 40-fold-higher MIC of ri-
fampin). Several representative strains are listed in Tables 1
and 3.

Next, we constructed double mutants by generating sponta-
neous Gen' , Rif", or Gne" mutants from the st mutant S-1,
which was used as the starting strain (Table 2). The frequency
of double mutants producing a greater amount of actinorhodin
was as high as 13 to 18%, and the highest productivity detected
ranged from 1.7 to 2.5 times that of strain S-1. These results
indicate that all of the combinations of each single-resistance
mutation resulting in the generation of double mutants used
here (str gne, str gen, and str rif) are effective for increasing the
production of actinorhodin. Representative strains are listed in
Tables 1 and 3.

Finally, triple mutants were constructed by generating spon-
taneous rif mutants from an str gen double mutant (SG-1) as
the starting strain (Table 2). The frequency of triple mutants
producing a greater amount of actinorhodin was as high as
10%, and the highest productivity detected was 3.5 times
higher than that of the starting str gen double-mutant strain.
Thus, the third mutation (rif) was effective for increasing acti-
norhodin productivity in strains containing double mutations.
Consistent with these results, no cross-resistance was detected
among mutants resistant to streptomycin, gentamicin, or ri-
fampin (Table 3).

As examined on R4 and R3 agar plate cultures, single and
double mutants (strains S-1 and SG-1) grew as well as the
wild-type strain and produced abundant aerial mycelia and
spores. However, the triple mutant (SGR-1) grew somewhat
more slowly and produced a smaller amount of aerial mycelia
and spores (Fig. 1). It is evident from the results shown in Fig.
1 that also parallel those from liquid cultures (see below) that
actinorhodin productivity increased in the following hierarchi-
cal order: single, double, and triple mutants.

Mutational analyses of the mutants. There is strong evi-
dence that streptomycin resistance frequently results from a
mutation in the rpsL gene, which encodes the ribosomal pro-
tein S12 (33, 55), while rifampin resistance results from a
mutation in the rpoB gene, which encodes the B-subunit of
RNA polymerase (24, 35, 59). We therefore sequenced and
compared the rpsL gene and rpoB gene from the mutants to
the wild-type strain. As summarized in Table 3, the s&# mutant
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1147
(wild type)

(R3 medium)
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SG-1
(str gen)

SGR-1
(str gen rif)

FIG. 1. Ability to produce aerial mycelia and actinorhodin in S. coelicolor wild-type strain 1147 and mutant strains. Spores were inoculated on
R4 or R3 agar plates and incubated at 30°C for 6 days. A blue color represents the pigmented antibiotic actinorhodin.

with high resistance to streptomycin (strain S-1) contained a
mutation within the rpsL gene, where the altered nucleotide
(from A to G) was found at position 262, resulting in an
alteration of Lys-88 to Glu. str mutants with low levels of
streptomycin resistance (S-2 and S-3) showed no mutation in
the rpsL gene. Although certain mutations in the16S rRNAs or
the rpsD gene, which encodes the ribosomal S4 protein, have
been known to confer streptomycin resistance (4, 43), no mu-
tation was found in either.

Although gentamicin and Geneticin, as well as streptomycin,
are classified as aminoglycoside antibiotics, none of the gen and
gne mutants (single or double) examined gave rise to a muta-
tion in the rpsL gene (Table 3). It is known that methylation of
a specific 16S rRNA site (G-1405 or A-1408) elicits high-level
resistance to gentamicin, as demonstrated by the gentamicin-
producing strain Micromonospora purpurea (3). Also, muta-
tions in the rplF gene, which codes for the ribosomal L6 pro-
tein, are reported to give rise to a low level of resistance to
gentamicin in Escherichia coli (5, 14). However, as examined in
the three gen mutants (G-1, G-2, and G-3), no mutation was
detected in either the 16 S TRNAs (rmnA, rrnB, rrnC, rrnD, rE,
and rrmF) or the rplF gene (data not shown).

When sequencing the rpoB gene in the rif mutants, we fo-
cused on a specified region (nucleotides 600 to 1300) which
includes the so-called rif domain as detected previously in E.
coli (35). The sequencing data revealed that most of the rif
mutants possess a point mutation in this region. However, only
in strain SGR-3 did we not detect a mutation in this region,
suggesting that there may be a mutation in a part of the rpoB
gene not sequenced (Table 3). The rif alleles detected could be
divided into two clusters; cluster I covers amino acids 331 to
352, while cluster II covers amino acids 385 to 393. Most of the
rif alleles conferred a high level of resistance (>300 pwg/ml)

against rifampin, except for two alleles (Lys-332 to Arg and
Pro-385 to Leu) which conferred less resistance (Table 3).
Physiological characterization of the mutants. Production
of actinorhodin by wild-type and mutant strains was medium
dependent. This was especially pronounced in the wild-type,
single-mutant, and double-mutant strains (Fig. 2). In contrast,
triple (str gen rif) mutants produced a high level of actinorho-
din, irrespective of the medium used for cultivation, indicating

Actinorhodin (OD g33)

Strains

FIG. 2. Comparison of actinorhodin production between media R3
(OJ) and R4 (M). Actinorhodin production was determined after 6 days
of incubation.
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FIG. 3. Growth and actinorhodin production in media R4 and R3. Symbols: B, 1147 (wild type); [, S-1 (str); @, SG-1 (str gen); O, SGR-1 (str

gen rif).

the superior ability of these triple mutants to produce the
antibiotic. Although triple mutants ultimately produced a high
level of actinorhodin, production commenced at the same time
as for the wild-type strain when examined with R4 and R3
media (Fig. 3). The triple mutants (i.e., SGR-1) (Fig. 3) re-
vealed a somewhat reduced growth rate. It should be noted
that the actinorhodin production by the triple mutant contin-
ued for a longer period of time (4 days) than by the single or
double mutants (2 days).

Next, we studied how varying the nutritional source can ef-
fect actinorhodin production, using R4 medium as a basal
medium. As summarized in Fig. 4, supplementation of yeast
extract resulted in the severe impairment of actinorhodin pro-

ductivity. This result was less pronounced in the triple mutant.
Unlike yeast extract, Casamino Acids were effective for en-
hancing actinorhodin production in the single, double, or triple
mutants but not the wild-type strain, demonstrating the efficacy
of those drug-resistant mutations. KH,PO, had virtually no
effect on actinorhodin productivity (Fig. 4).

Finally, we compared the actinorhodin productivity of wild-
type and mutant strains using GYM, R3, and R4 media. Mul-
tiple mutations were always effective for increasing actino-
rhodin productivity in any of the media used, giving rise to
48-, 40-, and 9-fold increases in antibiotic production in GYM,
R3, and R4 media, respectively. Thus, we conclude that by
inducing combined drug-resistant mutations we can continu-

8r 6
3 of
9, 4
£ 4
B
5]
£ 2
2 2
]
< 1 al , ——— | 0

0.1 0.2 0.3 0.4 0.5 01 0.2 0.3 04 0.5 100 200 300

Yeast extract (%) Casamino acids (%) KHPO,4 (mg/L)

FIG. 4. The effect of yeast extract, Casamino Acids, and KH,PO, on the production of actinorhodin. Strains were grown in R4 medium
supplemented with various concentrations of yeast extract, Casamino Acids, or KH,PO, for 6 days. Symbols: B, 1147 (wild type); [, S-1 (str); @,
SG-1 (str gen) ; O, SGR-1 (str gen rif).
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FIG. 5. Western blotting analysis of the ActII-ORF4 protein, a
pathway-specific positive regulator in the actinorhodin biosynthesis
pathway. Cultures were grown at 30°C for the denoted time on a GYM
agar plate covered with a cellophane sheet (see Materials and Meth-
ods). Each lane contained 20 pg of total proteins.

ously increase the productivity of actinorhodin in a stepwise
manner.

Genetic characterization of the mutants. The ActII-ORF4
protein has been characterized as a DNA binding protein that
positively regulates the transcription of the actinorhodin bio-
synthesis genes (2). Transcription of actfII-ORF4 is growth-
phase dependent in liquid culture, reaching a maximum output
during the transition from exponential to stationary phase (22).
We therefore analyzed the expression level of the ActII-ORF4
protein by Western analysis in the wild-type and mutant strains
(Fig. 5). Cells were grown on GYM agar covered with a cel-
lophane sheet, scraped off, disrupted by sonication, and then
subjected to Western analysis (see Materials and Methods).
Wild-type strain 1147 produced a basal level of Actll-ORF4
during the middle (36 h) and late (60 h) growth phases that
increased when cells entered into the stationary phase (72 h).
It should be stressed that the amount of ActII-ORF4 increased
(especially at transition phase) in the following hierarchical
order: single (S-1), double (SG-1), and triple (SGR-1) mutants
(Fig. 5). The increase in ActlI-ORF4 was especially pro-
nounced in the triple mutant (SGR-1) at 60 h, reflecting the
superior ability (see above) of this strain. The dramatically
increased expression of Actll-ORF4 is transient, as the expres-
sion of the triple mutant decreased later (at 72 h) to the same
level as that of the wild-type strain (Fig. 5).

DISCUSSION

In the present study, we successfully developed a new ap-
proach for improving antibiotic producers by inducing com-
bined drug-resistant mutations. This method not only results in
a remarkable increase in antibiotic productivity (48-fold higher
in GYM medium) but also makes it possible to generate pos-
itive mutations at a high frequency (5 to 15%). Although much
progress has been made in improving antibiotic producers (10,
39, 40), our method is characterized by the host cell’s amena-
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bility (generation of spontaneous drug-resistant mutation) and
the method’s applicability to a number of microorganisms (if
not all) as demonstrated previously with other bacteria (33,
55). It should also be emphasized that combined resistant
mutations (triple mutations) demonstrated no significant im-
pairment in growth or sporulation under the conditions tested.
However, since the triple mutants (e.g., SGR-1) had a reduced
growth rate (Fig. 3), it is highly likely that the effect of the
mutations is actually to alter growth rates and the timing of
entrance into secondary metabolism.

A high level of resistance to streptomycin has been previ-
ously shown to result from a point mutation in the rpsL gene,
which encodes the ribosomal protein S12 (20, 25, 27, 33, 42,
55). In agreement with this, our szr mutant (S-1), which showed
a high level of resistance, contained a mutation (Lys-88 to Glu)
in the rpsL gene. However, those strains with low levels of
resistance (S-2 and S-3) showed no mutation in the rpsL gene.
It has been reported that mutations in the 16S rRNAs (530
loop region) or the rpsD gene, which encodes the ribosomal S4
protein, can confer streptomycin resistance (4, 43). Gentamicin
resistance is known to result from a mutation in the rplF gene,
which codes for the ribosomal L6 protein (5, 38). Mutations
occur within their putative RNA-binding sites (14). Neverthe-
less, we could not detect this mutation in our mutant strains,
which had a low level of resistance to streptomycin or genta-
micin, although we analyzed every 16S rRNA, rpsD, and rplF
sequence. However, it is possible that our mutants have a
mutation in certain ribosomal components other than the 16S
rRNAs, S4, and L6 proteins.

Aminoglycosides are the best characterized as a class of
antibiotics that bind directly to rRNA, cause a decrease in
translational accuracy, and inhibit translocation of the ribo-
some (15, 16). These antibiotics bind to a conserved sequence
in the rRNA that is near the site of codon-anticodon recogni-
tion in the aminoacyl-tRNA site (A site) of the 30S subunit.
Aminoglycoside binding stabilizes the tRNA-mRNA interac-
tion in the A site by decreasing tRNA dissociation rates; this
decrease interferes with proofreading steps that ensure trans-
lational fidelity (36). The action of streptomycin on bacterial
ribosomes has been studied in great detail (reviewed by Wal-
lace et al. [58] and Cundliffe [13]), and among the numerous
effects attributed to this drug, the misreading of the mRNA
codons is the best known. Gentamicin (and also Geneticin)
belongs to the kanamycin class of aminoglycosides but is struc-
turally different from streptomycin when classified on the basis
of structural characteristics. The L6 mutations are drastic be-
cause they result in large deletions of an RNA-binding region;
thus, they may indirectly affect proofreading by locally distort-
ing the EF-Tu-GTP-aminoacyl tRNA-binding site on the
large subunit (14, 60). It is well known that S12 mutations,
which can confer streptomycin resistance, can in general in-
crease the accuracy of protein synthesis. More recently, de-
fined regions of the 16S rRNA have also come to be associated
with the ribosome’s accuracy function (43, 45, 52). It is notable
that translational accuracy can also be affected by two compo-
nents of the 50S subunit, the ribosomal protein L6 and the
2660 loop region of the 23S rRNA. Mutations have been iden-
tified in these components that result in a decreased rate of
translation, greater accuracy in protein synthesis, and in-
creased resistance to many of the misreading-inducing amino-
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glycoside antibiotics, in particular gentamicin (5, 38, 44, 57).
Failure in identifying these mutations in our mutant strains
may be due to the fact that, unlike the previously identified
mutations as described above, we are dealing with mutations
which confer only a low level of (or even slight) resistance to
streptomycin or gentamicin.

Previous studies dealing with various bacteria have indicated
that mutations in the rpoB gene, which codes for the B-subunit
of RNA polymerase, are responsible for the acquisition of
resistance to rifampin (24, 35, 56, 59). Almost all the mutations
found are located on a specified conserved region of the rpoB
gene that can be divided into three clusters: I, I, and II1. In the
present study, most of the rif mutants exhibited point muta-
tions in either cluster I or II, resulting in an amino acid alter-
ation in one of eight sites. All of these sites correspond to
previously known positions conferring rifampin resistance, al-
though some new substitution types have been found. These
results are apparently related to previous findings that show
that the guanine nucleotide ppGpp is a pivotal signal molecule
for the onset of antibiotic production (7, 41, 47, 51), since
ppGpp has been proven to bind to the B-subunit of E. coli
RNA polymerase (12). ppGpp [and (p)ppGpp] is believed to
be responsible for the stringent response, which causes an
immediate cessation of RNA synthesis and other cellular re-
actions (for reviews, see Cashel et al. [6]). Strains with mutated
relA (which codes for ppGpp synthetase) or relC = rplK (which
codes for the ribosomal L11 protein) fail to synthesize normal
levels of ppGpp. Although the rel4 and relC mutants of various
Streptomyces spp. exhibit a severely impaired ability to produce
antibiotics due to the failure to synthesize ppGpp (7, 37, 48, 50,
51), we have found that the acquisition of certain rif mutations
by S. coelicolor relA and relC mutants restores the antibiotic
productivity lost in these mutants (Y. Tozawa, J. Xu, and K.
Ochi, unpublished data). These rif mutants, like the rif mutants
used in the present study, have mutations in the B-subunit of
RNA polymerase. The dependence of S. coelicolor on ppGpp
to initiate antibiotic production is therefore apparently by-
passed by certain mutations in RNA polymerase. It is possible
that the remarkable enhancement of ActII-ORF4 expression
which accompanies the overproduction of actinorhodin (Fig.
5) is based on the independence of cells on ppGpp in initiating
the secondary metabolism. The mutant RNA polymerase may
function by mimicking the ppGpp bound form.

Despite the lack of detail on the molecular level for the
effects of these mutations, overexpression of the ActIl-ORF4
protein by introducing str, gen, and rif mutations accounts well
for the observed hierarchical increase in actinorhodin produc-
tivity, since ActII-ORF4 plays a crucial role in activating the
genes necessary for actinorhodin biosynthesis (2). Antibiotic
production is in general subjected to the suppressive effects
caused by an excess of nutrients such as carbon, nitrogen, and
phosphate sources (26). In particular, ammonium and phos-
phate both appear to be major regulators of antibiotic produc-
tion in S. coelicolor A3(2) and their control systems may be
interrelated in some way (26). Consistent with this notion, our
results revealed that actinorhodin production in wild-type and
mutant strains is more or less medium dependent, displaying
more production in R4 medium (containing less yeast extract
and phosphate) than in R3 medium (Fig. 3). It is important to
point out that the triple (str gen rif) mutants constructed in the
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present study all revealed less sensitivity to such suppressive
effects (Fig. 2 through 4). Our new breeding approach could be
effective especially for initially improving the production of
antibiotics from wild-type strains and may be effective not only
for antibiotic production but also for certain enzyme produc-
tion linked with secondary metabolism.
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