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Improved antibiotic production and silent gene
activation in Streptomyces diastatochromogenes
by ribosome engineering
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Recent advances in DNA sequencing technologies have enabled
multiple genomes to be sequenced rapidly and inexpensively.1

Whole-genome sequencing of several Streptomyces strains showed that
each strain contains genes encoding enzymes to synthesize 20 or more
potential secondary metabolites, but that only a small fraction of these
genes are expressed under various culture conditions.2,3 To date, the
great biosynthetic potential of Streptomyces species has not been fully
exploited because some major biosynthetic pathways are silenced;
thus, the synthesis of secondary metabolites depends on laboratory
culture conditions.4 Most antibiotics used in the pharmaceutical
industry and agriculture originated from members of the
genus Streptomyces.5,6 Activation of silent or poorly expressed genes,
discovery of novel antibiotics and improvement of strains for
overproduction of these compounds are very important in applied
microbiology, especially in the production of clinically and
agriculturally important antibiotics.7 Therefore, methods to activate
these silent biosynthetic pathways in Streptomyces species and to
induce or enhance expression of cryptic pathways are of great interest.
‘Ribosome engineering’ is a new method developed to activate silent

genes and increase antibiotic production in bacteria by modulating
ribosomal components, whether ribosomal proteins or rRNA.8,9

This new approach is based on the introduction of mutations
conferring resistance to drugs that attack the ribosome, including
streptomycin, gentamicin and paromomycin.8 Ribosome engineering
technology has several advantages, including the ability to screen
for drug resistance mutations by simple selection on drug-containing
plates, even if the mutation frequency is extremely low (for example,
o10− 10), and the ability to select for mutations without prior
genetic information.7 Furthermore, this method has been widely
applied to strain improvement for antibiotic overproduction and the
discovery of novel antibiotics.7,10

We previously described the isolation of a strain of Streptomyces
(no.1628) from a soil sample collected in Mountain Tianmu,
Hangzhou, China, and its identification as S. diastatochromogenes.11

Further study showed that this strain could synthesize at least four
different antibiotics: toyocamycin (TY, a pyrrolopyrimidine nucleoside
antibiotic) and three tetraene macrolide antibiotics, tetramycin A
(TA), tetramycin P (TP, a novel antifungal compound) and tetrin B
(TB) (submitted). All of these compounds showed strong activities
against phytopathogenic fungi, such as Fusarium oxysporum and
Rhizoctonia solani.12,13 S. diastatochromogenes 1628 is a promising
source of antifungal metabolites and novel natural antibiotics, and
may have wide applications in biocontrol. However, the main draw-
back to the industrial production of these antifungal compounds is
their low productivity. Efforts are therefore needed to improve this
strain to meet commercial requirements. This study describes the use
of ribosome engineering methods to activate poorly expressed path-
ways for biosynthesis of the secondary metabolites TY, TP, TA and TB
by S. diastatochromogenes 1628. This study examined whether the
acquisition of antibiotic resistance enables S. diastatochromogenes 1628
to overproduce antibiotics or to express silent genes to produce new
metabolites not detected in the wild-type strain.
The wild-type S. diastatochromogenes 1628 and its mutants used in

this study are listed in Table 1. S. diastatochromogenes 1628 was
deposited at the China General Microbiological Culture Collection
(CGMCC) and assigned accession number CGMCC 2060.
Spontaneous mutants resistant to rifampin (Rifr), streptomycin (Strr),
gentamicin (Genr), paromomycin (Parr) and erythromycin (Eryr) were
obtained as colonies that grew within 5–10 days after spore
suspensions were spread on GYM (glucose, yeast extract and malt
extrat) agar14 containing various concentrations of each antibiotic. All
of the obtained strains were stored as spore suspensions at − 80 °C.
GYM and 2×GYM media have been described.14 TY-producing
medium (TPM) contained (per liter): soybean meal 40 g, bran 10 g,
soluble starch 20 g, FeCl2 1 g, CaCO3 5 g, NH4NO3 3 g and KHSO4

3 g. A 0.5 ml aliquot of spore suspension (about 1 × 107 spores per ml)
was inoculated into 50ml of above medium and incubated at 28 °C on
a rotary shaker at 200 r.p.m. MICs were determined by spreading
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spore suspensions (~106) onto GYM plates containing various
concentrations of antibiotics, followed by incubation at 28 °C for the
indicated periods. The minimum drug concentration that fully
inhibited growth was defined as the MIC. Resistance levels were
determined similarly. TY production was analyzed by HPLC, as
described.15 Production of tetraene macrolide antibiotics was also
determined by HPLC using a water–CH3OH gradient system, starting
at 15% CH3OH, increasing linearly to 100% in 20min and holding for
8min. The detection wavelength was 305 nm. The column tempera-
ture was 30 °C.
A total of 307 spontaneous antibiotic-resistant mutants of strain

1628 were isolated from GYM agar plates containing rifampin,
streptomycin, gentamicin, paromomycin or erythromycin at concen-
trations 1.5- to 10-fold higher than their respective MICs. The ability
of these spontaneous mutants to produce TY, TB, TP and TA was
assayed in liquid GYM medium. These drug resistance screenings were
all effective in antibiotic overproduction (Table 2). The frequency of
mutants producing increased antibiotics (with a criterion of increased
toyocamycin production) was as high as 26% and 20% when
streptomycin and paromomycin, respectively, were used as the
screening antibiotics. The mutant producing the highest amount of
antibiotic in GYM medium was observed when paromomycin was
used for screening. The yields of TY, TP, TB and TA reached 244, 680,
583 and 569mg l− 1, respectively, which were 4.1-, 7.8-, 5.1- and
13-fold higher, respectively, as the yields of wild-type strain (Table 2).
The characteristics of Rifr, Strr, Genr, Parr or Eryr mutants with

representative phenotypes for TY, TB, TP and TA production and
their MICs are shown in Tables 2 and 3.
Previous studies have attempted to enhance TY production by

strain improvement of S. diastatochromogenes 1628.16,17 The trans-
formed strain 1628-VHB-23, generated by intergeneric conjugation,
produced 2.1-fold TY more than wild type.16 In addition, over-
expression of a ribosome recycling factor in S. diastatochromogenes
1628 increased TY yield by 48%.17 By contrast, TY production was

Table 1 Strains used in this study

Strain Relevant genotypea Sourceb

1628 Prototrophic wild type

SD10 rsmG [177C→A (59Cys→ stop codon)], Mutation point not found in rpsL High-level streptomycin-resistant mutant

SD19 rsmG [488G→A (Gly163→Asp163)] Low-level streptomycin-resistant mutant

SD88 rpoB [1310C→T (Pro437→Leu437)] Rifampin-resistant mutant

SD99 Mutation not found in rpsL Paromomycin-resistant mutant

SD142 rsmG [466G→GG (Frameshift)] Low-level streptomycin-resistant mutant

SD143 rsmG [40A deletion (Frameshift)] Low-level streptomycin-resistant mutant

SD149 rsmG [177C→A (59Cys→ stop codon)] Low-level streptomycin-resistant mutant

SD152 rpoB [1310C→T (Pro437→Leu437)] Rifampin-resistant mutant

SD160 Not examined Erythromycin-resistant mutant

SD189 Not examined Gentamicin-resistant mutant

SD199 rsmG [466G→GG (Frameshift)] Low-level streptomycin-resistant mutant

aNumbered in accordance with the numbering system for S. coelicolor.
bAll mutant strains isolated in this study were spontaneous antibiotic-resistant mutants.

Table 2 Screening and antibiotic production of drug-resistant mutants

Antibiotic concentration used Frequency (%) of mutants
Highest production detected (mg l-1)b

for screening (mg l�1) producing increased antibiotica Toyocamycin Tetramycin P Tetrin B Tetramycin A

— — 60c 87c 115c 44c

Rifampin (5) 9 (3/34) 198 84 119 83

Streptomycin (20) 26 (20/78) 107 104 150 74

Streptomycin (50) 21 (16/76) 134 348 231 56

Paromomycin (20) 20 (6/30) 244 680 583 569

Erythromycin (5) 14 (4/28) 187 178 137 107

Gentamicin (6) 19 (6/31) 123 90 132 60

aMutants producing more toyocamycin than starting strain. Numbers in parentheses show the number of mutants producing more antibiotic divided by the number of mutants tested.
bDetermined after 6 days of incubation at 28 °C, using a 300ml flask containing 50ml of GYM medium.
cProduction of antibiotics by wild-type strain 1628 on GYM medium.

Table 3 MICs of S. diastatochromogenes 1628 and its mutant strains

to various antibiotics

MIC (μgml−1)a

Strain Str Rif Par Ery Gen

1628 5 1 10 1 3

SD10 1000 1 3 1 3

SD88 20 100 30 2 3

SD99 30 1 30 2 2

SD143 50 2 3 1 5

SD160 30 1 3 3 3

SD189 10 1 3 1 8

Abbreviations: Ery, erythromycin; Gen, gentamicin; Par, paromomycin; Rif, rifampin;
Str, streptomycin.
aDetermined after 6 days of incubation on GYM agar medium at 28 °C.
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enhanced 4.1-fold by ribosome engineering technology, demonstrating
the effectiveness of this technology for strain improvement.
The morphological characteristics of the wild strain and

representative mutants on GYM agar plates were also investigated.
After cultivation for 6 days at 28 °C, the aerial mycelium appeared
white to gray and colorless on the reverse side of the plate (Figure 1).
Colonies of the mutant strain SD99, which produced the highest
levels of antibiotics in liquid GYM medium, were smaller than
colonies of wild type. The hyphae-pellet developments of the mutant
strains were also investigated in GYM liquid medium. Compared
with wild type, strain SD99 had denser hyphae and showed more
blooms during growth.
Production of antibiotics by wild-type and mutant strains was

assessed by growing the bacteria in GYM, 2×GYM and TPM media.
The production of TY, TB, TP and TA by wild-type and mutant
strains was found to be medium dependent (Figure 2). The mutant
strains SD160 (Eryr) and SD189 (Genr) produced 678 and 649mg l− 1

TY in TPM medium, 3.8- and 3.6-fold higher, respectively, than the
amount produced by wild type. The mutant strain SD99 (Parr)
produced 5.1-fold more TY than wild type in 2×GYM medium.
Likewise, the yields of TP, TB and TA were markedly enhanced
(4- to 8-fold) when the mutants SD99 and SD160 were grown in

appropriate media (Figure 2). In contrast, the Rifr mutant SD88
showed decreased production of TP and TA in almost all the
media examined, and the production of TY was enhanced only in
GYM and 2×GYM media. Surprisingly, a TY-overproducing Strr

mutant SD143 produced many metabolites, some of which were not
detected when wild-type strain was grown in TPM medium for 6 days
at 28 °C. Comparative metabolic profiles of the culture extracts from
Strr mutant SD143 and the wild-type strain are shown in Figure 3.
Mutation to streptomycin resistance often effectively enhances

antibiotic production and activates cryptic genes involved in the
biosynthesis of secondary metabolites.18,19 High-level resistance to
streptomycin is often due to mutations in the rpsL gene, which
encodes the ribosomal protein S12. By contrast, low-level resistance is
due to mutations in the rsmG gene, which encodes a 16 S rRNA
methyltransferase. The sequences of the rpsL gene from a high-level
streptomycin-resistant mutant SD10 and of the rsmG gene from a
low-level streptomycin-resistant mutant SD143 were compared with
the respective sequences from their parent strain 1628. The SD143
mutant was found to possess a deletion mutation in the rsmG gene at
position 40(A). Similarly, other low-level streptomycin-resistant
mutants (SD19, SD142, SD149 and SD199) examined had a mutation
(often causing the frameshift) in the rsmG gene (Table 1). In contrast,

1628 

SD160

SD189

SD10 SD88

SD99 SD143

Figure 1 Morphological characteristics of strains on GYM plates after cultivation for 6 days at 28 °C. 1628, wild-type strain; SD10, high-level streptomycin-
resistance mutant; SD88, rifampin-resistance mutant; SD99, paromomycin-resistance mutant; SD143, low-level streptomycin-resistance mutant; SD160,
erythromycin-resistance mutant; SD189, gentamicin-resistance mutant. A full color version of this figure is available at The Journal of Antibiotics journal online.
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no mutations were detected in the rpsL gene of the SD10 mutant or
the paromomycin-resistant mutant SD99 (Table 1), although the
mutations in rpsL responsible for streptomycin and paromomycin
resistance and antibiotic overproduction were detected in Streptomyces
coelicolor A3(2).20 Mutations in the rsmG gene (177C→A, 59Cys→
stop codon) were also found in the mutant SD10, apparently
representing the double mutations in this mutant.
Introducing certain rifampin-resistant mutations into the rpoB gene

has been shown to activate the biosynthesis of antibiotics.8,9 The rpoB
mutations are often located at positions 1264C and 1327G,
corresponding to the amino acid residues Leu422 and Ala443.7 As
expected, the rifampin-resistant mutant SD88 was found to possess a
point mutation in the rpoB gene, causing a novel amino acid alteration
from Pro437 to Leu437. Another rifampin-resistant mutant SD152
also had the same mutation in the rpoB gene (Table 1).
The introduction of certain streptomycin-resistant mutations into

S. chattanoogensis has been reported to enhance fredericamycin
production 28-fold compared with the original strain.18 Similarly,
introduction of certain rpsL mutations into S. avermitilis markedly
increased the production of oligomycin 20- to 40-fold. Interestingly,
S. lividans with an altered ribosomal S12 protein conferring strepto-
mycin resistance produced abundant quantities of the blue-pigmented
antibiotic actinorhodin, although this species normally does not
produce antibiotics because of the dormancy of its antibiotic
biosynthesis genes.4 Similarly, the results shown here indicate that
the Strr (rsmG) mutant of S. diastatochromogenes not only substantially
increased the production of TY but also activated silent genes involved
in the biosynthesis of secondary metabolites (Figure 3). Thus,
mutations of streptomycin-resistant genes, including rpsL and rsmG,
may effectively enhance or activate selected pathways of secondary
metabolism in bacteria, as well as contributing to strain improvement
and screening for novel functional metabolites.
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Figure 2 Comparison of antibiotic production in three liquid media (GYM,
2×GYM and toyocamycin producing medium (TPM)). Antibiotic production
was determined after 6 days of cultivation at 28 °C.

Wild-type 1628

rsmG mutant SD143

Figure 3 Comparative metabolic profiling of the culture extracts from the
wild-type (1628) and rsmG mutant SD143. Samples were prepared and
analyzed by HPLC as described in Shentu et al.15 The arrows indicate the
peaks that were scarcely detected in the sample prepared from the wild-type
strain.
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