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ABSTRACT Streptomyces species are important antibiotic-producing organisms that
tightly regulate their antibiotic production. Actinorhodin is a typical antibiotic pro-
duced by the model actinomycete Streptomyces coelicolor. To discover the regulators
of actinorhodin production, we constructed a library of 50,000 independent mutants
with hyperactive Tn5 transposase-based transposition systems. Five hundred fifty-
one genes were found to influence actinorhodin production in 988 individual mu-
tants. Genetic complementation suggested that most of the insertions (76%) were
responsible for the changes in antibiotic production. Genes involved in diverse cellu-
lar processes such as amino acid biosynthesis, carbohydrate metabolism, cell wall
homeostasis, and DNA metabolism affected actinorhodin production. Genome-wide
mutagenesis can identify novel genes and pathways that impact antibiotic levels,
potentially aiding in engineering strains to optimize the production of antibiotics in
Streptomyces.

IMPORTANCE Previous studies have shown that various genes can influence antibi-
otic production in Streptomyces and that intercommunication between regulators
can complicate antibiotic production. Therefore, to gain a better understanding of
antibiotic regulation, a genome-wide perspective on genes that influence antibiotic
production was needed. We searched for genes that affected production of the anti-
biotic actinorhodin using a genome-wide gene disruption system. We identified 551
genes that altered actinorhodin levels, and more than half of these genes were
newly identified effectors. Some of these genes may be candidates for engineering
Streptomyces strains to improve antibiotic production levels.

KEYWORDS genome wide, Streptomyces coelicolor, actinorhodin, antibiotic
biosynthesis, transposition mutagenesis

Streptomyces species are important antibiotic producers because of their ability to
generate many compounds with antibiotic, immunosuppressive, anticancer, and

antihelminthic activities (1). With the development of genome sequencing technolo-
gies, a growing number of Streptomyces genome sequences are now available (2).
Genome mining results have shown that the average number of secondary metabolite
gene clusters in each Streptomyces genome is approximately 20 (3–5), but only one-
tenth of these metabolites are detectable during fermentation, as the products of most
clusters are too low to be detected. Various methods have been reported to enhance
antibiotic production and/or activate the biosynthesis of cryptic antibiotics, including
heterologous expression (6, 7), metal and nutrient stress (8–11), the addition of small
molecules, such as ARC2 (12), physical interaction between different microorganisms
(13), and increasing the copy number of antibiotic biosynthesis genes (14). Therefore,
the potential for the discovery of novel drugs in Streptomyces is enormous, and the
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identification of factors that regulate antibiotic production in this genus is important for
maximizing the value of these novel drugs.

Streptomyces coelicolor A3(2) was the first Streptomyces strain to have its genome
completely sequenced and is the best-studied Streptomyces strain (3). S. coelicolor
produces two pigmented model antibiotics, the red-pigmented antibiotic undecylpro-
digiosin (RED) and the blue-pigmented antibiotic actinorhodin (ACT) (3). ACT is a
member of the benzoisochromanequinone class of polyketide antibiotics and is syn-
thesized by a typical type II polyketide synthase (PKS) gene cluster; the functions of
most enzymes encoded by this gene cluster have been elucidated (15–18). ACT is an
ideal model to identify regulators of antibiotic production. ACT production is modu-
lated by transcriptional regulators such as AfsR, WblA, DasR, AbaA, and XdhR (10,
19–22) and by other proteins such as OrnA, CmdA to CmdE, and SarA (23–25).

Many studies have been conducted to elucidate the regulation of antibiotic pro-
duction in Streptomyces, predominantly in S. coelicolor, and such studies have used DNA
microarrays to reveal gene expression patterns during metabolic switching (26, 27),
allowed the construction of genome-wide metabolic models (28–30), and identified
transcriptional regulators required for antibiotic production (31–35). These studies have
shown that the expression of antibiotic cluster genes is tightly regulated and that
substrate and energy supplies are crucial for antibiotic production. To genetically
manipulate antibiotic production, groundwork studies are first needed to identify
genes that influence antibiotic production in a genome-wide manner. To identify
regulators of ACT production, we searched for regulatory genes involved in ACT
production in the model S. coelicolor strain M145 using Tn5-based in vivo transposon
mutagenesis (36). We identified 551 genes that influenced ACT production, and more
than half of these genes are newly identified effectors. The results of gene comple-
mentation confirmed that most of these genes are ACT modulators. Some of these
genes may play important roles for strain improvement.

RESULTS
Genome-wide transposon screening for genes that affect ACT production. To

identify genes that affect the production of ACT, which is synthesized from acetyl
coenzyme A (acetyl-CoA) and malonyl-CoA (Fig. 1A), a library with approximately
50,000 mutants was constructed in S. coelicolor M145 via pHL734-mediated transposon
mutagenesis (36). pHL734 is a suicide plasmid; therefore, each mutant obtained by this
method results from a single random transposition event (36). Under the conditions
used, visual estimation of blue ACT production was not obscured by RED production,
as ACT was excreted and RED production was relatively low. After phenotypic screen-
ing, we identified 410 mutants producing more blue pigment than the parental strain
(M145), and 578 mutants producing less or no blue pigment, resulting in a total of 988
mutants for further study. The variations in ACT production of all mutants were
quantified by measuring the absorbance at 633 nm (UV633) of alkaline extracts of
cultures grown on yeast extract-beef extract-Bacto peptone (YBP) agar for 84 h. The
mini-Tn5 insertion sites of the selected 988 mutants were located by mini-Tn5 rescuing
and DNA sequencing. The insertion sites, inactivated genes or operons, and the relative
ACT production levels of these 988 mutants are listed in Data Set S1 in the supple-
mental material.

Among the 988 mutants, 69 mutants had insertions within the 22.8-kb act gene
cluster (Fig. 1B). Sixty-three of these mutants produced no or decreased ACT, and their
insertion sites included the three minimal PKS genes SCO5087 to SCO5089 (actI-orf1 to
actI-orf3), the ketoreductase gene SCO5086 (actIII), the aromatase gene SCO5090 (actVII),
the cyclase gene SCO5091 (actIV), the transporter genes SCO5076 (actVA-orf1) and
SCO5084 (actII-orf3), and the pathway-specific activator gene SCO5085 (actII-orf4). One
insertion in the TetR-like regulatory gene SCO5082 (actII-orf1) increased ACT production
as did an insertion in the ACT transporter gene SCO5083 (actII-orf2). No insertion was
found in SCO5077 (actVA2) or SCO5078 (actVA3), which have no assigned role in the ACT
biosynthetic pathway. Eleven insertions were located within the 767-bp actII-orf4 gene,
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a hit rate four times higher than the average hit rate for the act cluster genes. The high
rate of insertion in actII-orf4 might reflect the relatively low G�C content (63.5%) of this
gene in comparison to that of the rest of the act cluster genes (36).

In addition to insertions in the act gene cluster, 919 insertions outside the act cluster
were found to affect ACT production, including 478 insertions in 334 genes that
decreased or abolished ACT production, 377 insertions in 229 genes that increased ACT
production, and 27 and 37 mutants with increased or reduced ACT production,
respectively, that had insertions in intergenic regions (Data Set S1). An analysis of the
distribution of these 919 inserts within the chromosome indicated that there were
more insertions in the chromosomal “core” region than in the “arm” regions (Fig. 1C
and D).

ACT regulatory genes outside the act gene cluster. Changes in ACT production
by a mutant may be caused by spontaneous mutation. To evaluate the association
between changes in ACT production and the insertions, 16 mutants with altered ACT
production and which had inserts in genes of putative transcriptional regulators were
selected from the library for in trans complementation. ACT production of 12 of these
mutants was restored to the levels of strain M145 by the in trans complementation (Fig.
2), suggesting that changes in ACT production in about three-fourths of all of the
mutants were attributable to the mini-Tn5 insertions; the phenotypes of the others may
be caused by unknown spontaneous mutation.

Furthermore, if several mutants had insertions in the same gene and similar changes
in ACT production, then the findings would strongly indicate that the targeted gene
had a role in ACT production. Peaks in the mutant distribution plot indicated multiple
cases of insertions into the same target genes. In the distribution plot for mutants with

FIG 1 Distribution of mini-Tn5 insertions affecting ACT production along the S. coelicolor chromosome. (A) The ACT biosynthetic pathway.
(B) Mini-Tn5 insertions in the act locus. (C) Distribution of insertions outside the act gene cluster that abolished/decreased ACT production.
(D) Distribution of insertions that led to increased ACT production. Sliding window with a step size of 20 kb. Genes in peaks with more
than ten hits are indicated. The segments below the plots in panels C and D indicate the core (black) and arm (gray) regions of the
chromosome. oriC, origin of replication.
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decreased or abolished ACT production (Fig. 1C), the three highest peaks contained a
cluster of vitamin B12 biosynthesis genes, the RNase J gene SCO5745, and the two
consecutive genes SCO2836 and SCO2837, which encode a putative glycosyl transferase
and a galactose oxidase homolog, respectively, and which are reportedly involved in
aerial mycelium development (37, 38). In addition, six genes, SCO2241, SCO3025 (manA),
SCO4069 (sarA), SCO4118 (atrA), SCO4330, and SCO5204, had more than five insertions,
and among these genes, manA, sarA, and atrA have been reported to positively
regulate ACT production (24, 39, 40). A total of 71 genes had more than one insertion
associated with decreased ACT production implying that they are ACT upmodulators;
among them, 55 have not been reported previously (see Table S1). A further 263 genes
potentially associated with upmodulation of ACT were identified by single insertions.

The distribution plot of the 404 insertions associated with increased ACT production
showed several high peaks (Fig. 1D). These peaks included the previously reported
pleiotropic antibiotic negative-regulator gene wblA (SCO3579) (41), the putative ATP/
GTP-binding membrane protein gene SCO5677 (42), a cluster of membrane protein
genes, cmdBCDEF (25), the putative secreted lytic transglycosylase gene tgdA (43), and
the cytochrome bd oxidase and transporter genes cydABCD. In total, 50 genes had more
than one insertion associated with increased ACT production, and 34 of these genes
were not previously known to influence ACT production (Table S1). A further 179
potential downmodulators of ACT production were identified by single insertions (Data
Set S1). Notably, there were 12 regulators, 5 transporters, and 14 “cell wall/membrane/
envelope biogenesis” genes among the 71 ACT upmodulators for which there was
more than one mutant. In addition, signaling/regulatory genes constituted 11 of the 50
downmodulators represented by more than one mutant (Table S1). Branched-chain
amino acid biosynthesis genes, protein modification genes, DNA transfer genes, and
cytochrome bd oxidase genes cydABCD were all found to modulate ACT production.

Remarkably, insertional mutations in some of the above-mentioned downmodula-
tors increased ACT production �50-fold, with some mutants exhibiting increases of
�200-fold. The insertion targets in these mutants included the following: five signaling
and regulatory genes, SCO1596 (ohkA), SCO1728 (GntR family transcriptional regulator),
SCO3008 (two-component system response regulator), SCO3579 (wblA), and SCO3664
(regulator); the three amino acid metabolism genes SCO3962 (pheA, encoding prephen-
ate dehydratase), SCO5522 (leuB, encoding 3-isopropylmalate dehydrogenase), and
SC2999 (encoding NAD-specific glutamate dehydrogenase); the two transporter genes
SCO2519 and SCO3185, encoding a putative antibiotic efflux protein and a potassium/
proton antiporter, respectively; the DNA repair gene SCO5803; a putative fatty acid
desaturase gene, SCO3128; and SCO5334, a gene of unknown function (Fig. 3).

Transcriptional regulators were overrepresented among the mutated genes that
affected ACT production. Of the 551 identified ACT modulators (Data Set S1), 110 were
transcriptional regulators, including DNA binding proteins and sigma factors. Interest-
ingly, the chromosomal distribution of the 110 ACT-modulatory transcriptional regu-

FIG 2 Relative ACT production in regulatory gene mutants and complemented strains. Antibiotic production levels in S.
coelicolor M145 (WT) and M145/pMT3 (vector) are shown as a reference. Data are shown as the means from three experiments.
Error bars indicate standard deviations. Y (yes) indicates that complementation restored parental ACT levels. No indicates that
complementation did not restore parental ACT levels. Note that the decreased ACT production of mutants J90 and S15 was
observable by eye.
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lators showed a high density within a 3- to 6-Mb section of the core region of the linear
chromosome, overlapping the ACT biosynthetic gene cluster and oriC (Fig. 4).

DISCUSSION

In Streptomyces, antibiotic production is regulated by transcriptional regulators,
substrate supply, cofactors, energy metabolism, reducing power, cell wall integrity,
protein modification, etc. ACT biosynthesis is a model system for secondary metabolism
research, and many genes have been implicated in the regulation of ACT production in
S. coelicolor (33–35). To systematically survey genes affecting ACT production, we
constructed a mutant library of S. coelicolor M145 using an efficient mini-Tn5 transpo-
sition system, from which we identified 988 mutants with altered ACT production. A
total of 570 genes were identified as possible modulators for ACT production, including
19 act genes.

Outside the ACT biosynthetic gene cluster, 121 genes were each disrupted in more
than one mutant, and although the insertion positions differed for a given gene, the
resulting mutants displayed similar phenotypes with regard to ACT production (see
Table S1 in the supplemental material), strongly supporting these genes as modulators
of ACT biosynthesis. Furthermore, in tests to confirm the association between changes
in ACT and the sites of mini-Tn5 insertion, the ACT production of 12 of 16 mutants was
restored to almost parental levels by supplying wild-type genes. Based on these

FIG 3 Mutants with increased ACT production. ACT production levels are shown relative to those in S. coelicolor M145. Bars indicate mutants with insertions
in the same gene, and gene names and functional categories of the mutated genes are indicated below the mutants.

FIG 4 Distribution of transcriptional regulatory genes affecting the production of ACT along the S.
coelicolor chromosome. Cumulative numbers are plotted. ACT TFs, transcriptional regulatory genes
affecting ACT production. All regulatory genes present on the chromosome (All TFs) and nonregulator
modulatory genes affecting ACT production (ACT non-TFs) are also plotted for reference. Regions
showing a high density of ACT-modulating genes (increase in slope of graph) are indicated by dotted
black lines. The chromosome replication initiation site (oriC) and the act genes are indicated by inverted
triangles. TFs, transcriptional regulatory genes.
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findings, we predict that approximately three-fourths of our detected mutants had
altered ACT production due to the mini-Tn5 insertions, whereas the remaining one-
fourth of these mutants were false positives, potentially the result of spontaneous
mutations that also affected ACT levels. If this prediction is correct, then among the 430
potentially ACT-modulating genes identified by single insertions, we anticipate that
more than 300 of these genes can actually modulate ACT production.

Our study revealed 570 genes that appeared to affect ACT biosynthesis under the
conditions employed. Among them, 450 had not previously been reported as ACT
modulators, and 176 of the genes encode hypothetical proteins or proteins of unknown
function; approximately one-quarter (46/176) of these hypothetical protein-encoding
genes were disrupted in more than one mutant. These findings presented a more
integrative/global view of the regulation of ACT biosynthesis than was previously
known. A comparison of the ACT modulators that had additional supporting evidence,
i.e., more than one mutant or complementation with the wild-type gene, revealed
several patterns (Table S1) (Fig. 5).

Branched-chain amino acid catabolism contributes to the production of large
numbers of cellular metabolites (44). In our library, mutants of SCO5513 (ilvN), SCO5514
(ilvC), and SCO5522 (leuB) had increased ACT production, whereas mutants of SCO5512
(ilvB), SCO3345 (ilvD), and SCO2528 (leuA) had decreased ACT production. The ilvB, ilvC,
ilvD, and leuA mutants were bald (deficient in developing aerial hyphae). Branched-
chain amino acids are essential for protein biosynthesis and are also key intermediates
in fatty acid biosynthesis in Streptomyces. In Streptomyces, more than 70% of fatty acids
are branched chain with an �-2 methyl group (45), and the biosynthesis of these fatty
acids is initiated from the dehydrogenation of branched-chain amino acids that are
converted to branched-chain �-keto acid starter units (46). Therefore, a reduction in the
intracellular supply of branched-chain amino acids will decrease branched-chain fatty
acid biosynthesis, freeing acetate-derived building blocks for ACT biosynthesis.

FIG 5 Overview of major classes of genes influencing ACT production. The following genes comprise the
indicated sets: seven vitamin B12 biosynthesis genes, SCO1848 to SCO1850, SCO1852, SCO1853, SCO1855,
and SCO1857, are ACT upmodulators; six genes involved in branched-chain amino acid metabolism,
including three ACT upmodulators, SCO2528 (leuA), SCO3345 (ilvD), and SCO5512 (ilvB), and three ACT
downmodulators, SCO5513 (ilvN), SCO5514 (ilvC), and SCO5522 (leuB); five genes involved in the Krebs
cycle, including one ACT upmodulator, SCO5281, and four ACT downmodulators, SCO2999 and SCO3945
to SCO3947 (cydABCD); eighteen regulatory genes, including ten ACT upmodulators SCO2792 (adpA),
SCO2832, SCO2987 (ohrR), SCO3269, SCO3571, SCO3981, SCO4118, SCO4215, SCO4358, and SCO5351, and
eight ACT downmodulators, SCO1728, SCO2179, SCO2686, SCO3008, SCO3579 (wblA), SCO3664, SCO4426
(afsR), and SCO5803 (lexA); seven DNA transaction genes, SCO4127 to SCO4131 (cmdBCDEF), SCO5677, and
SCO5803 (lexA), are ACT downmodulators; nine protein modification genes, including five ACT upmodu-
lators, SCO3025 (manA), SCO3028 (manB), SCO3154 (pmt), SCO3404 (ftsH2), and SCO4609, and four ACT
downmodulators, SCO1388, SCO1646 (pup), SCO1647, and SCO1648 (arc); twelve cell envelope homeo-
stasis genes, including ten ACT upmodulators, SCO1525, SCO2097, SCO2132, SCO2836 (cslA), SCO2837
(glxA), SCO3150 (rpfB), SCO3899 (inoA), SCO4440, SCO4878, and SCO5174, and two ACT downmodulators,
SCO2085 (ftsW) and SCO4132 (tgdA); and five phosphate transport-related genes, including three ACT
upmodulators, SCO3025 (manA), SCO3028 (manB), and SCO3154 (pmt), and two ACT downmodulators,
SCO1388 and SCO4142 (pstS).
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Mini-Tn5 mutants of seven vitamin B12 biosynthesis genes had decreased ACT
production, which may also be related to the supply of acetate-derived building blocks.
Vitamin B12 is a cofactor required for the conversion of methylmalonyl-CoA to succinyl-
CoA, which is the last step of branched-chain amino acid degradation and has been
reported to provide 50% of the precursors for ACT biosynthesis (47). In addition, an
accumulation of methylmalonyl-CoA in vitamin B12-deficient strains accelerates
branched-chain fatty acid biosynthesis, again sparing acetyl-CoA precursors for ACT
biosynthesis. However, vitamin B12 is a cofactor of other important enzymes involved
in methionine biosynthesis, regeneration of the active cofactor tetrahydrofolate, and
the formation of deoxyribonucleotides from ribonucleotides, and so other routes may
also possibly contribute to the phenotypes of these mutants.

Mutants of SCO2999, which encodes an NAD�-specific glutamate dehydrogenase
(GDH), had dramatically increased production of ACT. GDH converts glutamate to
2-oxo-glutarate, a key intermediate of the Krebs cycle, and boosts overall consumption
of acetyl-CoA. Mutants of SCO2999 might therefore be expected to weaken the Krebs
cycle, making acetyl-CoA more readily available for ACT biosynthesis. SCO2999 has
been shown to affect growth and secondary metabolism in S. coelicolor (48). In our
study, mutants of SCO5281 had dark blue colonies, an indication of ACT overproduc-
tion; however, these mutants grew very poorly, so that the measured ACT yield per
culture volume was reduced. SCO5281 encodes an �-ketoglutarate decarboxylase,
which is the E1 component of the �-ketoglutarate dehydrogenase complex in the Krebs
cycle.

Mutants of the cytochrome bd oxidase genes cydA (SCO3945), cydB (SCO3946), and
cydCD (SCO3947) also showed dramatically increased ACT production. In bacteria
grown under hypoxic conditions, cytochrome bd terminal oxidase, which has high
affinity for O2, takes the place of cytochrome c oxidase to restore and maintain efficient
oxidative phosphorylation (49, 50), indirectly promoting the overall consumption of
acetyl-CoA through the Krebs cycle. Thus, these mutants would have reduced con-
sumption of acetyl-CoA, making more available for secondary metabolism.

Mutants of tgdA showed increased ACT production, to the same levels as the
cmdBCDEF and SCO5677 mutants, and these results were similar to those of our
previous study showing that mutants of tgdA, cmdBCDEF, and SCO5677 had increased
RED production (36). TgdA, CmdBCDEF, and SCO5677 take part in the formation of
aerial hyphae, implying that cell envelope biosynthesis/homeostasis affects antibiotic
production.

Mutants of inoA, encoding myo-inositol-1-phosphate synthase, SCO1525 and
SCO2132, both of which encode phosphatidylinositol mannosyltransferase homologs,
and SCO4440, encoding a homolog of eukaryotic phosphoinositide-binding signaling
protein, showed decreased ACT production. In addition, mutants of SCO2836 (cslA),
SCO4878, SCO5174, and SCO3150, all encoding putative glycosyl-transferases and all of
which are possibly involved in cell wall synthesis, also showed decreased ACT produc-
tion. It has been reported that some ACT biosynthetic enzymes, i.e., ketoreductase and
polyketide synthase � subunit, may be located in or outside the cell envelope (51, 52),
suggesting that interference with membrane-related functions might affect the local-
ization and maintenance of the active conformation of biosynthetic enzymes for
compounds such as ACT. Alternatively, osmotic stress signal transduction, which re-
quires an intact and reinforced cell envelope, might be disturbed in these mutants. This
possibility is suggested by the finding that mutants of SCO2837 (glxA), which encodes
a galactose oxidase homolog required for aerial hyphal development during osmotic
stress (38), and SCO5748 (osaA), which encodes a sensory histidine kinase involved in
osmotic adaptation (53), showed reduced ACT production.

Insertions in either SCO3404 (ftsH2), encoding an ATP-dependent metalloprotease,
or SCO4609 (htpX), encoding a zinc metalloprotease HtpX homolog, reduced ACT
production dramatically. FtsH and HtpX are involved in the proteolytic quality control
of membrane protein processing, lending further support to the hypothesis that an
intact cell envelope is important in ACT production. Insertions in genes involved in
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mannosylation, including SCO1388, encoding mannose-1-phosphate guanyltransferase,
SCO3025 (manA), SCO3028 (manB), and SCO3154 (pmt) all showed decreased ACT
production. Mannosylation of the high-affinity phosphate-binding protein PstS by
Pmt has been reported in Streptomyces (54), and insertions in SCO4142 (pstS)
increased ACT production, suggesting that the decreased ACT production seen in
the mannosylation mutants may be, at least in part, due to altered regulation of
phosphate uptake. In addition, as a pmt mutant lost intrinsic functions of the cell
envelope (55), the decreased ACT production of our pmt mutant may be caused by
cell envelope damage.

Mutants in the pupylation genes SCO1646, encoding Pup protein, a prokaryotic
ubiquitin-like protein, SCO1647 (a Pup ligase), and SCO1648 (an AAA ATPase) increased
ACT production, in agreement with a previous report (56). However, this finding may
reflect involvement of the Pup system in oxidative stress rather than its better-
understood role in protein degradation, since a mutation in the proteasome gene
showed only modest perturbations in ACT production (56) and no proteasome mutants
were identified in our experiments.

Many previously reported genes involved in stress response, signal transduction,
and transcriptional regulation were found in our study to modulate ACT production,
including genes involved in cAMP signaling (SCO4928 and SCO3571) (57, 58), oxidative
stress (SCO2987) (59), osmotic stress (SCO5748) (53), and transcriptional regulation
(wblA, sarA, atrA, afsR, rsfA, SCO3269, and SCO3723) (21, 24, 41, 43, 60–63). Some of these
proteins regulate antibiotic production by changing the expression of the biosynthetic
gene clusters, e.g., atrA, nsdA, SCO2179, and wblA (41, 43, 64, 65), or activation of the
substrate, e.g., SCO1596 (66).

Other ACT-modulating genes did not fall into the above categories, including some
that showed dramatically increased antibiotic production when inactivated. For exam-
ple, mutants of SCO5334, encoding a hypothetical protein, and SCO3128, encoding a
putative fatty acid desaturase, increased ACT production �100-fold. These genes are
particularly important new targets for future studies on antibiotic production mecha-
nisms and strain engineering.

MATERIALS AND METHODS
Plasmid, strains, primers, and culture conditions. Vector pHL734 (GenBank accession number

KU672723) was used for transposition mutagenesis in Streptomyces (36), and pMT3 was used as the
delivery vector for genetic complementation (36). Escherichia coli ET12567/pUZ8002 was used as the
donor for E. coli/S. coelicolor conjugation (67). The S. coelicolor M145 strain was used to construct
the mutagenesis library. All primers used in this study are listed in Table 1. Culture conditions of strains
have been described previously (36). Briefly, E. coli strains were grown in Luria-Bertani (LB) broth,
Streptomyces strains were grown on mannitol soya flour (MS) agar medium for sporulation and conju-
gation, on YBP agar medium for ACT production screening, and in yeast extract-malt extract (YEME)
medium for genomic DNA extraction.

Mutagenesis of S. coelicolor strains using pHL734. As reported previously (36), transposon vector
pHL734 was introduced into S. coelicolor M145 by conjugation from E. coli ET12567 containing pUZ8002.

TABLE 1 Primers used in this study

Primer Primer sequence (5=¡3=)
DownS ACTGCTGTGAGCGCTTTGCCTTGGC
UpS ATAAACTTATCATCCCCTTTTGCTG
SCO1728-F TCGGGATGGACGTAGACGTTCAG
SCO1728-R CCGCGGCCCCGATCCCGACGGCG
SCO2686-F CCGTCGAATCGGTGAAGGCAGAG
SCO2686-R GACTACACCTCGCTCCGTCGGCG
SCO2832-F TCCTGGACCTGCTGCGGGACATC
SCO2832-R CAGTGCCCGGGCGGTCCTAGATC
SCO3981-F CGCCCAAAGGGTGCGGCCGTTCA
SCO3981-R CCTTGGACTCGGCGTAGAGAATC
SCO4358-F GCCCGCCACCTCGGCCCGTCCCC
SCO4358-R CGTCGCGCTGGCCGCGCTGTTCG
SCO4892-F CGCCGTAGCAGGTCTGCGCCGTG
SCO4892-R GGCGCCGGCCCGGTAGGGTCCCG
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After trimethoprim (50 �g · ml�1) and apramycin (50 �g · ml�1) flooding, transposon mutants were
obtained from the conjugation plates and incubated for 5 days at 30°C, and then these exconjugants
were transferred to solid YBP medium to screen for ACT production.

Identification of insertion sites in transposon mutants. Identification of insertion sites was
conducted as previously described (36). Briefly, the genomic DNA of transposon mutants was extracted
and digested with ApaI, and the digested product was self-ligated and introduced into E. coli DH5�.
Apramycin-resistant colonies were selected, and the recombinant plasmid was sequenced with primers
DownS and/or UpS.

Measurement of ACT production. Streptomyces strains were cultured on YBP medium for 84 h at
30°C, and 500 mg agar medium (containing both bacterium and agar) of each culture was excised from
the plates. The collected agar culture was dispersed into 500 �l of 1 M NaOH using a homogenizer (twice
at 5,000 rpm for 15 s). The samples were centrifuged at 12,000 � g for 5 min to remove the particulate
matter, and the absorbance of the supernatants at 633 nm was measured (68). The relative ACT
production of each mutant was calculated from the ratio A633 mutant/A633 wild type. Data are repre-
sentative of two independent experiments.

Genetic complementation. For genetic complementation of the mini-Tn5 insertion mutants, the
promoter and coding region of the target gene were amplified from the S. coelicolor M145 chromosome
using appropriate primers (Table 1), confirmed by DNA sequencing, and then cloned into the integrative
vector pMT3. The cis complementation plasmids (Table 2) were transformed into the appropriate S.
coelicolor mutants by conjugation, and clones containing complementing copies of the wild-type genes
were obtained by selection on thiostrepton (20 �g · ml�1).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.03005-18.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.

ACKNOWLEDGMENTS
We thank Tobias Kieser, Qiannan Hu, and Xiuhua Pang for useful discussions.
Funding for the open access charge was from the Chinese Ministry of Science and

Technology through a China-Australia joint grant (2016YFE0101000), the National
Natural Science Foundation (31770036) of China, the Science and Technology Com-
mission of Shanghai Municipality (15JC1400401), and Henan Academy of Sciences
(18YY11007, 18JB11012).

REFERENCES
1. Berdy J. 2005. Bioactive microbial metabolites. J Antibiot (Tokyo) 58:

1–26. https://doi.org/10.1038/ja.2005.1.
2. Harrison J, Studholme DJ. 2014. Recently published Streptomyces ge-

nome sequences. Microb Biotechnol 7:373–380. https://doi.org/10.1111/
1751-7915.12143.

3. Bentley SD, Chater KF, Cerdeno-Tarraga AM, Challis GL, Thomson NR,
James KD, Harris DE, Quail MA, Kieser H, Harper D, Bateman A, Brown S,
Chandra G, Chen CW, Collins M, Cronin A, Fraser A, Goble A, Hidalgo J,
Hornsby T, Howarth S, Huang CH, Kieser T, Larke L, Murphy L, Oliver K,
O’Neil S, Rabbinowitsch E, Rajandream MA, Rutherford K, Rutter S,

TABLE 2 Plasmids used in this study

Plasmid Description Reference or source

pHL734 Mini-Tn5 transposon vector, ampr, aprr 36
pMT3 Streptomyces integrative vector, thior 36
pHXZ097 pMT3 harboring SCO1104, for gene complementation 36
pHXZ098 pMT3 harboring SCO1289, for gene complementation 36
pHXZ099 pMT3 harboring SCO1728, for gene complementation This work
pHXZ101 pMT3 harboring SCO2686, for gene complementation This work
pHXZ102 pMT3 harboring SCO2832, for gene complementation This work
pHXZ103 pMT3 harboring SCO3008, for gene complementation 36
pHXZ104 pMT3 harboring SCO3269, for gene complementation 36
pHXZ105 pMT3 harboring SCO3579, for gene complementation 36
pHXZ106 pMT3 harboring SCO3664, for gene complementation 36
pHXZ107 pMT3 harboring SCO3981, for gene complementation 36
pHXZ108 pMT3 harboring SCO4025, for gene complementation 36
pHXZ109 pMT3 harboring SCO4215, for gene complementation 36
pHXZ110 pMT3 harboring SCO4358, for gene complementation This work
pHXZ111 pMT3 harboring SCO4892, for gene complementation This work
pHXZ114 pMT3 harboring SCO6265, for gene complementation 36
pHXZ115 pMT3 harboring SCO7733, for gene complementation 36

Actinorhodin Production Genes in S. coelicolor Applied and Environmental Microbiology

April 2019 Volume 85 Issue 7 e03005-18 aem.asm.org 9

 on A
pril 19, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1128/AEM.03005-18
https://doi.org/10.1128/AEM.03005-18
https://doi.org/10.1038/ja.2005.1
https://doi.org/10.1111/1751-7915.12143
https://doi.org/10.1111/1751-7915.12143
https://aem.asm.org
http://aem.asm.org/


Seeger K, Saunders D, Sharp S, Squares R, Squares S, Taylor K, Warren T,
Wietzorrek A, Woodward J, Barrell BG, Parkhill J, Hopwood DA. 2002.
Complete genome sequence of the model actinomycete Streptomyces
coelicolor A3(2). Nature 417:141–147. https://doi.org/10.1038/417141a.

4. Ikeda H, Ishikawa J, Hanamoto A, Shinose M, Kikuchi H, Shiba T, Sakaki
Y, Hattori M, Omura S. 2003. Complete genome sequence and compar-
ative analysis of the industrial microorganism Streptomyces avermitilis.
Nat Biotechnol 21:526 –531. https://doi.org/10.1038/nbt820.

5. Ohnishi Y, Ishikawa J, Hara H, Suzuki H, Ikenoya M, Ikeda H, Yamashita A,
Hattori M, Horinouchi S. 2008. Genome sequence of the streptomycin-
producing microorganism Streptomyces griseus IFO 13350. J Bacteriol
190:4050 – 4060. https://doi.org/10.1128/JB.00204-08.

6. Yushchuk O, Ostash I, Vlasiuk I, Gren T, Luzhetskyy A, Kalinowski J,
Fedorenko V, Ostash B. 2018. Heterologous AdpA transcription factors
enhance landomycin production in Streptomyces cyanogenus S136 un-
der a broad range of growth conditions. Appl Microbiol Biotechnol
102:8419 – 8428. https://doi.org/10.1007/s00253-018-9249-1.

7. Myronovskyi M, Rosenkranzer B, Nadmid S, Pujic P, Normand P, Lu-
zhetskyy A. 2018. Generation of a cluster-free Streptomyces albus chassis
strains for improved heterologous expression of secondary metabolite
clusters. Metab Eng 49:316 –324. https://doi.org/10.1016/j.ymben.2018
.09.004.

8. Abbas AS, Edwards C. 1990. Effects of metals on Streptomyces coelicolor
growth and actinorhodin production. Appl Environ Microbiol 56:
675– 680.

9. Owen GA, Pascoe B, Kallifidas D, Paget MS. 2007. Zinc-responsive regu-
lation of alternative ribosomal protein genes in Streptomyces coelicolor
involves zur and �R. J Bacteriol 189:4078 – 4086. https://doi.org/10.1128/
JB.01901-06.

10. Rigali S, Titgemeyer F, Barends S, Mulder S, Thomae AW, Hopwood DA,
van Wezel GP. 2008. Feast or famine: the global regulator DasR links
nutrient stress to antibiotic production by Streptomyces. EMBO Rep
9:670 – 675. https://doi.org/10.1038/embor.2008.83.

11. Doull JL, Vining LC. 1990. Nutritional control of actinorhodin production
by Streptomyces coelicolor A3(2): suppressive effects of nitrogen and
phosphate. Appl Microbiol Biotechnol 32:449 – 454. https://doi.org/10
.1007/BF00903781.

12. Craney A, Ozimok C, Pimentel-Elardo SM, Capretta A, Nodwell JR. 2012.
Chemical perturbation of secondary metabolism demonstrates impor-
tant links to primary metabolism. Chem Biol 19:1020 –1027. https://doi
.org/10.1016/j.chembiol.2012.06.013.

13. Pérez J, Muñoz-Dorado J, Braña AF, Shimkets LJ, Sevillano L, Santamaría
RI. 2011. Myxococcus xanthus induces actinorhodin overproduction and
aerial mycelium formation by Streptomyces coelicolor. Microb Biotechnol
4:175–183. https://doi.org/10.1111/j.1751-7915.2010.00208.x.

14. Yanai K, Murakami T, Bibb M. 2006. Amplification of the entire kanamy-
cin biosynthetic gene cluster during empirical strain improvement of
Streptomyces kanamyceticus. Proc Natl Acad Sci U S A 103:9661–9666.
https://doi.org/10.1073/pnas.0603251103.

15. Rudd BA, Hopwood DA. 1979. Genetics of actinorhodin biosynthesis by
Streptomyces coelicolor A3(2). J Gen Microbiol 114:35– 43. https://doi
.org/10.1099/00221287-114-1-35.

16. Fernandez-Moreno MA, Martinez E, Boto L, Hopwood DA, Malpartida F.
1992. Nucleotide sequence and deduced functions of a set of cotrans-
cribed genes of Streptomyces coelicolor A3(2) including the polyketide
synthase for the antibiotic actinorhodin. J Biol Chem 267:19278 –19290.

17. Taguchi T, Yabe M, Odaki H, Shinozaki M, Metsa-Ketela M, Arai T,
Okamoto S, Ichinose K. 2013. Biosynthetic conclusions from the func-
tional dissection of oxygenases for biosynthesis of actinorhodin and
related Streptomyces antibiotics. Chem Biol 20:510 –520. https://doi.org/
10.1016/j.chembiol.2013.03.007.

18. Taguchi T, Awakawa T, Nishihara Y, Kawamura M, Ohnishi Y, Ichinose
K. 2017. Bifunctionality of ActIV as a cyclase-thioesterase revealed by
in vitro reconstitution of actinorhodin biosynthesis in Streptomyces
coelicolor A3(2). Chembiochem 18:316 –323. https://doi.org/10.1002/
cbic.201600589.

19. Fowler-Goldsworthy K, Gust B, Mouz S, Chandra G, Findlay KC, Chater KF.
2011. The actinobacteria-specific gene wblA controls major develop-
mental transitions in Streptomyces coelicolor A3(2). Microbiology 157:
1312–1328. https://doi.org/10.1099/mic.0.047555-0.

20. Fernandez-Moreno MA, Martin-Triana AJ, Martinez E, Niemi J, Kieser HM,
Hopwood DA, Malpartida F. 1992. abaA, a new pleiotropic regulatory
locus for antibiotic production in Streptomyces coelicolor. J Bacteriol
174:2958 –2967. https://doi.org/10.1128/jb.174.9.2958-2967.1992.

21. Floriano B, Bibb M. 1996. afsR is a pleiotropic but conditionally required
regulatory gene for antibiotic production in Streptomyces coelicolor
A3(2). Mol Microbiol 21:385–396. https://doi.org/10.1046/j.1365-2958
.1996.6491364.x.

22. Fu J, Zong G, Zhang P, Zhao Z, Ma J, Pang X, Cao G. 2017. XdhR
negatively regulates actinorhodin biosynthesis in Streptomyces coelicolor
M145. FEMS Microbiol Lett 364:fnx226. https://doi.org/10.1093/femsle/
fnx226.

23. Sello JK, Buttner MJ. 2008. The oligoribonuclease gene in Streptomyces
coelicolor is not transcriptionally or translationally coupled to adpA, a key
bldA target. FEMS Microbiol Lett 286:60 – 65. https://doi.org/10.1111/j
.1574-6968.2008.01260.x.

24. Ou X, Zhang B, Zhang L, Dong K, Liu C, Zhao G, Ding X. 2008. SarA
influences the sporulation and secondary metabolism in Streptomyces
coelicolor M145. Acta Biochim Biophys Sin (Shanghai) 40:877– 882.
https://doi.org/10.1093/abbs/40.10.877.

25. Xie P, Zeng A, Qin Z. 2009. cmdABCDEF, a cluster of genes encoding
membrane proteins for differentiation and antibiotic production in
Streptomyces coelicolor A3(2). BMC Microbiol 9:157. https://doi.org/10
.1186/1471-2180-9-157.

26. Nieselt K, Battke F, Herbig A, Bruheim P, Wentzel A, Jakobsen OM, Sletta
H, Alam MT, Merlo ME, Moore J, Omara WA, Morrissey ER, Juarez-
Hermosillo MA, Rodriguez-Garcia A, Nentwich M, Thomas L, Iqbal M,
Legaie R, Gaze WH, Challis GL, Jansen RC, Dijkhuizen L, Rand DA, Wild
DL, Bonin M, Reuther J, Wohlleben W, Smith MC, Burroughs NJ, Martin
JF, Hodgson DA, Takano E, Breitling R, Ellingsen TE, Wellington EM. 2010.
The dynamic architecture of the metabolic switch in Streptomyces coe-
licolor. BMC Genomics 11:10. https://doi.org/10.1186/1471-2164-11-10.

27. Huang J, Lih CJ, Pan KH, Cohen SN. 2001. Global analysis of growth
phase responsive gene expression and regulation of antibiotic biosyn-
thetic pathways in Streptomyces coelicolor using DNA microarrays. Genes
Dev 15:3183–3192. https://doi.org/10.1101/gad.943401.

28. Borodina I, Krabben P, Nielsen J. 2005. Genome-scale analysis of Strep-
tomyces coelicolor A3(2) metabolism. Genome Res 15:820 – 829. https://
doi.org/10.1101/gr.3364705.

29. Kim M, Sang Yi J, Kim J, Kim JN, Kim MW, Kim BG. 2014. Reconstruction
of a high-quality metabolic model enables the identification of gene
overexpression targets for enhanced antibiotic production in Streptomy-
ces coelicolor A3(2). Biotechnol J 9:1185–1194. https://doi.org/10.1002/
biot.201300539.

30. Wang H, Marcišauskas S, Sánchez BJ, Domenzain I, Hermansson D, Agren
R, Nielsen J, Kerkhoven EJ. 2018. RAVEN 2.0: a versatile toolbox for
metabolic network reconstruction and a case study on Streptomyces
coelicolor. PLoS Comput Biol 14:e1006541. https://doi.org/10.1371/
journal.pcbi.1006541.

31. Bibb MJ. 2005. Regulation of secondary metabolism in streptomyce-
tes. Curr Opin Microbiol 8:208 –215. https://doi.org/10.1016/j.mib
.2005.02.016.

32. Hwang KS, Kim HU, Charusanti P, Palsson BO, Lee SY. 2014. Systems
biology and biotechnology of Streptomyces species for the production of
secondary metabolites. Biotechnol Adv 32:255–268. https://doi.org/10
.1016/j.biotechadv.2013.10.008.

33. Liu G, Chater KF, Chandra G, Niu G, Tan H. 2013. Molecular regulation of
antibiotic biosynthesis in Streptomyces. Microbiol Mol Biol Rev 77:
112–143. https://doi.org/10.1128/MMBR.00054-12.

34. van Wezel GP, McDowall KJ. 2011. The regulation of the secondary
metabolism of Streptomyces: new links and experimental advances. Nat
Prod Rep 28:1311–1333. https://doi.org/10.1039/c1np00003a.

35. van der Heul HU, Bilyk BL, McDowall KJ, Seipke RF, van Wezel GP. 2018.
Regulation of antibiotic production in Actinobacteria: new perspectives
from the post-genomic era. Nat Prod Rep 35:575– 604. https://doi.org/
10.1039/c8np00012c.

36. Xu Z, Wang Y, Chater KF, Ou HY, Xu HH, Deng Z, Tao M. 2017. Large-scale
transposition mutagenesis of Streptomyces coelicolor identifies hundreds
of genes influencing antibiotic biosynthesis. Appl Environ Microbiol
83:e02889-16. https://doi.org/10.1128/AEM.02889-16.

37. Xu H, Chater KF, Deng Z, Tao M. 2008. A cellulose synthase-like
protein involved in hyphal tip growth and morphological differenti-
ation in Streptomyces. J Bacteriol 190:4971– 4978. https://doi.org/10
.1128/JB.01849-07.

38. Liman R, Facey PD, van Keulen G, Dyson PJ, Del Sol R. 2013. A laterally
acquired galactose oxidase-like gene is required for aerial development
during osmotic stress in Streptomyces coelicolor. PLoS One 8:e54112.
https://doi.org/10.1371/journal.pone.0054112.

Xu et al. Applied and Environmental Microbiology

April 2019 Volume 85 Issue 7 e03005-18 aem.asm.org 10

 on A
pril 19, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1038/417141a
https://doi.org/10.1038/nbt820
https://doi.org/10.1128/JB.00204-08
https://doi.org/10.1007/s00253-018-9249-1
https://doi.org/10.1016/j.ymben.2018.09.004
https://doi.org/10.1016/j.ymben.2018.09.004
https://doi.org/10.1128/JB.01901-06
https://doi.org/10.1128/JB.01901-06
https://doi.org/10.1038/embor.2008.83
https://doi.org/10.1007/BF00903781
https://doi.org/10.1007/BF00903781
https://doi.org/10.1016/j.chembiol.2012.06.013
https://doi.org/10.1016/j.chembiol.2012.06.013
https://doi.org/10.1111/j.1751-7915.2010.00208.x
https://doi.org/10.1073/pnas.0603251103
https://doi.org/10.1099/00221287-114-1-35
https://doi.org/10.1099/00221287-114-1-35
https://doi.org/10.1016/j.chembiol.2013.03.007
https://doi.org/10.1016/j.chembiol.2013.03.007
https://doi.org/10.1002/cbic.201600589
https://doi.org/10.1002/cbic.201600589
https://doi.org/10.1099/mic.0.047555-0
https://doi.org/10.1128/jb.174.9.2958-2967.1992
https://doi.org/10.1046/j.1365-2958.1996.6491364.x
https://doi.org/10.1046/j.1365-2958.1996.6491364.x
https://doi.org/10.1093/femsle/fnx226
https://doi.org/10.1093/femsle/fnx226
https://doi.org/10.1111/j.1574-6968.2008.01260.x
https://doi.org/10.1111/j.1574-6968.2008.01260.x
https://doi.org/10.1093/abbs/40.10.877
https://doi.org/10.1186/1471-2180-9-157
https://doi.org/10.1186/1471-2180-9-157
https://doi.org/10.1186/1471-2164-11-10
https://doi.org/10.1101/gad.943401
https://doi.org/10.1101/gr.3364705
https://doi.org/10.1101/gr.3364705
https://doi.org/10.1002/biot.201300539
https://doi.org/10.1002/biot.201300539
https://doi.org/10.1371/journal.pcbi.1006541
https://doi.org/10.1371/journal.pcbi.1006541
https://doi.org/10.1016/j.mib.2005.02.016
https://doi.org/10.1016/j.mib.2005.02.016
https://doi.org/10.1016/j.biotechadv.2013.10.008
https://doi.org/10.1016/j.biotechadv.2013.10.008
https://doi.org/10.1128/MMBR.00054-12
https://doi.org/10.1039/c1np00003a
https://doi.org/10.1039/c8np00012c
https://doi.org/10.1039/c8np00012c
https://doi.org/10.1128/AEM.02889-16
https://doi.org/10.1128/JB.01849-07
https://doi.org/10.1128/JB.01849-07
https://doi.org/10.1371/journal.pone.0054112
https://aem.asm.org
http://aem.asm.org/


39. Rajesh T, Song E, Kim JN, Lee BR, Kim EJ, Park SH, Kim YG, Yoo D, Park
HY, Choi YH, Kim BG, Yang YH. 2012. Inactivation of phosphomannose
isomerase gene abolishes sporulation and antibiotic production in Strep-
tomyces coelicolor. Appl Microbiol Biotechnol 93:1685–1693. https://doi
.org/10.1007/s00253-011-3581-z.

40. Uguru GC, Stephens KE, Stead JA, Towle JE, Baumberg S, McDowall KJ.
2005. Transcriptional activation of the pathway-specific regulator of the
actinorhodin biosynthetic genes in Streptomyces coelicolor. Mol Micro-
biol 58:131–150. https://doi.org/10.1111/j.1365-2958.2005.04817.x.

41. Kang SH, Huang J, Lee HN, Hur YA, Cohen SN, Kim ES. 2007. Interspecies
DNA microarray analysis identifies WblA as a pleiotropic down-regulator
of antibiotic biosynthesis in Streptomyces. J Bacteriol 189:4315– 4319.
https://doi.org/10.1128/JB.01789-06.

42. Gehring AM, Nodwell JR, Beverley SM, Losick R. 2000. Genomewide
insertional mutagenesis in Streptomyces coelicolor reveals additional
genes involved in morphological differentiation. Proc Natl Acad Sci
U S A 97:9642–9647. https://doi.org/10.1073/pnas.170059797.

43. Xie P, Zeng A, Lv X, Cheng Q, Qin Z. 2013. A putative transglycosylase
encoded by SCO4132 influences morphological differentiation and acti-
norhodin production in Streptomyces coelicolor. Acta Biochim Biophys
Sin (Shanghai) 45:296 –302. https://doi.org/10.1093/abbs/gmt012.

44. Sprusansky O, Stirrett K, Skinner D, Denoya C, Westpheling J. 2005. The
bkdR gene of Streptomyces coelicolor is required for morphogenesis and
antibiotic production and encodes a transcriptional regulator of a
branched-chain amino acid dehydrogenase complex. J Bacteriol 187:
664 – 671. https://doi.org/10.1128/JB.187.2.664-671.2005.

45. Li Y, Florova G, Reynolds KA. 2005. Alteration of the fatty acid profile of
Streptomyces coelicolor by replacement of the initiation enzyme
3-ketoacyl acyl carrier protein synthase III (FabH). J Bacteriol 187:
3795–3799. https://doi.org/10.1128/JB.187.11.3795-3799.2005.

46. Wallace KK, Zhao B, McArthur HA, Reynolds KA. 1995. In vivo analysis of
straight-chain and branched-chain fatty acid biosynthesis in three acti-
nomycetes. FEMS Microbiol Lett 131:227–234. https://doi.org/10.1111/j
.1574-6968.1995.tb07781.x.

47. Stirrett K, Denoya C, Westpheling J. 2009. Branched-chain amino acid
catabolism provides precursors for the type II polyketide antibiotic,
actinorhodin, via pathways that are nutrient dependent. J Ind Microbiol
Biotechnol 36:129 –137. https://doi.org/10.1007/s10295-008-0480-0.

48. Kim SH, Kim BG. 2016. NAD�-specific glutamate dehydrogenase
(EC.1.4.1.2) in Streptomyces coelicolor; in vivo characterization and the
implication for nutrient-dependent secondary metabolism. Appl
Microbiol Biotechnol 100:5527–5536. https://doi.org/10.1007/s00253
-016-7433-8.

49. Junemann S. 1997. Cytochrome bd terminal oxidase. Biochim Biophys
Acta 1321:107–127. https://doi.org/10.1016/S0005-2728(97)00046-7.

50. Fischer M, Falke D, Naujoks C, Sawers RG. 2018. Cytochrome bd oxidase
has an important role in sustaining growth and development of Strep-
tomyces coelicolor A3(2) under oxygen-limiting conditions. J Bacteriol
200:e00239-18. https://doi.org/10.1128/JB.00239-18.

51. Xu XP, Wang ZJ, Fan KQ, Wang SL, Jia CJ, Han H, Ramalingam E, Yang KQ.
2008. Localization of the ActIII actinorhodin polyketide ketoreductase to
the cell wall. FEMS Microbiol Lett 287:15–21. https://doi.org/10.1111/j
.1574-6968.2008.01289.x.

52. Hesketh A, Chater KF. 2003. Evidence from proteomics that some of the
enzymes of actinorhodin biosynthesis have more than one form and
may occupy distinctive cellular locations. J Ind Microbiol Biotechnol
30:523–529. https://doi.org/10.1007/s10295-003-0067-8.

53. Bishop A, Fielding S, Dyson P, Herron P. 2004. Systematic insertional
mutagenesis of a streptomycete genome: a link between osmoadapta-
tion and antibiotic production. Genome Res 14:893–900. https://doi.org/
10.1101/gr.1710304.

54. Wehmeier S, Varghese AS, Gurcha SS, Tissot B, Panico M, Hitchen P,
Morris HR, Besra GS, Dell A, Smith MC. 2009. Glycosylation of the
phosphate binding protein, PstS, in Streptomyces coelicolor by a pathway
that resembles protein O-mannosylation in eukaryotes. Mol Microbiol
71:421– 433. https://doi.org/10.1111/j.1365-2958.2008.06536.x.

55. Howlett R, Read N, Varghese A, Kershaw C, Hancock Y, Smith MCM. 2018.
Streptomyces coelicolor strains lacking polyprenol phosphate mannose
synthase and protein O-mannosyl transferase are hyper-susceptible to
multiple antibiotics. Microbiology 164:369 –382. https://doi.org/10.1099/
mic.0.000605.

56. Boubakri H, Seghezzi N, Duchateau M, Gominet M, Kofroňová O, Benada
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