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ABSTRACT

DNA replication fidelity in Streptomyces bacteria,
prolific producers of many medically important sec-
ondary metabolites, is understudied, while in Es-
cherichia coli it is controlled by DnaQ, the � subunit
of DNA polymerase III (DNA PolIII). Manipulation of
dnaQ paralogues in Streptomyces lividans TK24, did
not lead to increased spontaneous mutagenesis in
this bacterium suggesting that S. lividans DNA PolIII
uses an alternative exonuclease activity for proof-
reading. In Mycobacterium tuberculosis, such activ-
ity is attributed to the DnaE protein representing �
subunit of DNA PolIII. Eight DnaE mutants designed
based on the literature data were overexpressed in
S. lividans, and recombinant strains overexpressing
two of these mutants displayed markedly increased
frequency of spontaneous mutagenesis (up to 1000-
fold higher compared to the control). One of these
‘mutators’ was combined in S. lividans with a biosen-
sor specific for antibiotic coelimycin, which biosyn-
thetic gene cluster is present but not expressed in
this strain. Colonies giving a positive biosensor sig-
nal appeared at a frequency of ca 10–5, and all of
them were found to produce coelimycin congeners.
This result confirmed that our approach can be ap-
plied for chemical- and radiation-free mutagenesis in
Streptomyces leading to activation of orphan biosyn-
thetic gene clusters and discovery of novel bioactive
secondary metabolites.

INTRODUCTION

Maintaining DNA replication fidelity is of outmost impor-
tance for genome integrity of every living organism. At
the same time, eventual DNA replication errors can lead
to low-frequency random mutagenesis, which in bacteria
plays an important evolutionary role (1). In Escherichia
coli, DnaQ, representing the ε subunit of the DNA poly-
merase III complex, has been shown to have proofread-
ing function that corrects replication errors by means of
its 3′ to 5′ exonuclease activity (2). Certain mutations in
DnaQ cause a ‘mutator’ phenotype in E. coli and other
bacteria, leading to a much higher frequency of sponta-
neous mutagenesis that can yield antibiotic resistance phe-
notypes or activate expression of certain enzymes, for ex-
ample nitrous oxide reductase in Bradyrhizobium japonicum
(3,4). Apparently, specific mutations in DnaQ that affect ex-
onuclease activity do not influence its ability to form com-
plex with other subunits of DNA polymerase III. If overex-
pressed, mutant DnaQ can outcompete the wild-type pro-
tein in binding to its partner subunits, � and � , thus caus-
ing a dominant ‘mutator’ phenotype (3). Some mutations
in DnaQ that do not affect its exonuclease activity per
se can induce SOS response, suggesting that this protein
may have functions other that proofreading, e.g., in com-
plex disassembly and/or resolution of stalled replication
forks (5).

In some bacteria, e.g., Mycobacterium tuberculosis,
DnaQ does not perform a proofreading function, which is
apparently taken over by a histidinol phosphatase (PHP)
domain of DnaE representing the � subunit of DNA poly-
merase III that has 3′ to 5′ exonuclease activity (6). Cer-
tain mutations in E. coli DnaE have also been reported to
yield a ‘mutator’ phenotype, while these alterations were not
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localized to the PHP domain (7). Since DnaE in E. coli is
known to interact with DnaQ, it has been suggested that
such mutations in the � subunit may affect this interaction,
thus preventing proper editing of errors during the DNA
replication.

Streptomyces are filamentous Gram-positive bacteria of
significant industrial importance. These bacteria produce
over 30% of all antibiotics currently used to treat bacterial
and fungal infections, but the interest in Streptomyces as
sources for new drugs has stagnated due to the frequent re-
discovery of already known compounds. Recent advances
in Streptomyces genomics and ‘genome mining’ uncovered
as yet unrealized potential of these bacteria to biosynthe-
size potentially novel and valuable compounds. The genome
mining approach is focused on targeted activation of silent
or poorly expressed biosynthetic gene clusters (BGCs) for
secondary metabolites using various techniques (8). How-
ever, due to the complexity of regulatory mechanisms that
control expression of BGCs, and the crosstalk between dif-
ferent biosynthetic pathways, genome mining strategies of-
ten fail to deliver expected results. On the other hand, un-
targeted mutagenesis using physical and chemical mutagens
has been used for many decades to improve productivity
of industrial antibiotic-producing strains. Such mutagenesis
has an advantage in generating a combination of many mu-
tations that may lead to a desired phenotype if such pheno-
type can be selected for. Purposeful interference with DNA
replication fidelity in Streptomyces without using exogenous
mutagens would provide an environmentally friendly alter-
native for strain development, and possibly also activation
of silent BGCs.

Up to now, relatively little is known about the DNA repli-
cation and repair machinery in Streptomyces. Flett et al.
have reported functional characterization of two mutants
of Streptomyces coelicolor A3(2), a model streptomycete,
which growth was affected at elevated temperature. They
were able to localize both ts mutations to DnaE protein,
which sequence was more similar to that of E. coli than
to those of the Gram-positive Bacillus (9). Another study
from the Chen group on the same organism revealed that
this bacterium harbors two DNA polymerase III gene sets
encoding DnaE and DnaQ proteins, and demonstrated that
DnaE1 is essential (10). So far, a ‘mutator’ phenotype has
not been reported for Streptomyces bacteria, while it may
be beneficial for strain selection programs due to bypassing
the need for mutagenesis using dangerous chemicals (e.g.
nitrosoguanidine) or radiation. In this study we aimed to
investigate possible involvement of ε (DnaQ) and � (DnaE)
subunits of DNA polymerase III in maintaining DNA repli-
cation fidelity in Streptomyces lividans TK24, a model strep-
tomycete closely related to S. coelicolor A3(2). Using over-
expression of mutated genes and gene deletions we demon-
strate importance of DnaQ1and DnaQ2 for SOS-response
and generate a ‘mutator’ phenotype by combining different
mutations in DnaE1. Coupling the ‘mutator’ to the biosen-
sor for antibiotic coelimycin not normally produced by S.
lividans allowed easy selection of coelimycin-producing mu-
tants. This principle can be used to activate silent BGCs in
Streptomyces and revitalize drug discovery pipeline based
on these bacteria.

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions

Plasmids, bacterial strains and oligonucleotide primers used
or constructed during this study are described/provided in
Supplementary Tables S1–S4 (Supplementary Data). Strep-
tomyces lividans TK24 was used as the wild-type strain. E.
coli strains were grown in Luria-Bertani (LB) broth or on
LB agar. XL1-blue was used for general cloning. ET12567
(pUZ8002) was used for intergeneric transfer of plasmids to
Streptomyces with the standard procedure of conjugation
(11). Integration of transformed plasmid to specific attach-
ment sites of Streptomyces genome were confirmed by PCR.
The gene bpsA encoding a peptide synthetase for the biosyn-
thesis of a blue pigment indigoidine in Streptomyces was
used as indicator for double crossover (the color of colonies
turned white from blue) after conjugation (12). Strepto-
myces spore preparation was obtained by growing on CP6
or soy flour mannitol medium (SFM) plates at 30◦C for 4−7
days. Antibiotics were supplemented to growth medium at
the following concentrations when applicable: ampicillin
(Amp) 100 �g/ml; apramycin (Am) 50 or 100 �g/ml; chlo-
ramphenicol (Cm) 20 �g/ml; hygromycin (Hyg) 100 �g/ml;
kanamycin (Kan) 25 �g/ml; mitomycin C (Mtc) 5 �g/ml,
nalidixic acid (Nal) 30 �g/ml, rifampicin (Rif) 100 �g/ml.

DNA manipulation

DNA digestion with restriction enzymes, general DNA
cloning and plasmid transformation into E. coli were per-
formed as described in Sambrook et al. (13). Streptomyces
genomic DNA was isolated using Wizard® Genomic DNA
Purification Kit (Promega, USA). PCR fragments were am-
plified using MasterAmp™ Extra-Long DNA Polymerase
Mix and buffers (Epicentre, USA), GC-rich PCR System
(Roche) and Q5 High Fidelity 5X Master Mix (New Eng-
land Biolab). Primers for PCR or sequencing were designed
using Clone Manager Professional Version 9 (Sci-Ed Soft-
ware) and are described in Supplementary Table S3 (Sup-
plemental Data). To construct new vectors, PCR and vector
fragments were assembled either by T4 DNA ligase (New
England BioLabs) or Gibson ligation (14). Recombinant
constructs were verified with DNA sequencing by GATC
Biotech.

Measurement of spontaneous mutation frequency

Spontaneous mutation frequency was measured by count-
ing rifampicin resistant colonies. Spore suspension collected
from 6 days CP6 plates were spread on SFM plates supple-
mented with rifampicin 100 �g/ml. For each strain 100 �l
spore suspension was spread on each of three plates as one
biological replicate, and 2–12 biological replicates were car-
ried out for each strain. Colony forming unit (CFU/ml) was
calculated by spreading serial diluted spore suspension on
CP6 plate. The rifampicin resistant colonies were counted
after 3 days, and spontaneous mutation frequency was mea-
sured as number of rifampicin resistant colonies on three
plates divided by total number of plated Streptomyces. The
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comparisons of means of lg(mutation frequency) were an-
alyzed by one-way ANOVA with Bonferroni post hoc cor-
rection. P < 0.05 is regarded as statistically significant.

Induction of SOS response in Streptomyces lividans

In order to investigate the roles of DnaQ in SOS response
in S. lividans, spores growing on CP6 plates supplemented
with mitomycin C (5 �g/ml, sub-inhibitory) for 6 days were
collected and tested subsequently for spontaneous mutation
frequency on SFM plates supplemented with rifampicin 100
�g/ml.

Identification of rifampicin resistant colonies

It has been shown that rifampicin resistance in Streptomyces
lividans results from mutations in the rpoB gene, which en-
codes the beta subunit of RNA polymerase (15). All muta-
tions in the rpoB gene associated with RifR phenotype are
located in three conserved regions. We therefore PCR am-
plified and sequenced these three conserved regions of the
rpoB gene from eight mutant isolates and compared them
to the wild-type strain.

RNAseq-based transcriptomics

The data used was taken from (16), the raw sequence
data sets are available at the NCBI SRA under study ID
SRP144344, SRA accessions SRR7093720-SRR7093723,
SRR7093726, SRR7093727. In short, samples of bacterial
culture grown in minimal medium were taken during the
mid-log and late-log growth phase as well as after entry into
the stationary phase. TruSeq Stranded mRNA Library Prep
Kit from Illumina were prepared and sequenced in paired-
end mode on an Illumina HiSeq 1500 system with 28 re-
spectively 70 bases read length. After mapping, reads per
kilo base per million mapped reads (RPKM) were calcu-
lated using ReadXplorer v.2.2 (17).

Genome sequencing and analyses

Genomic DNA was isolated using the NucleoSpin Micro-
bial DNA kit (Macherey&Nagel) according to the man-
ufacturer’s instructions. Sequencing and assembly of the
genomes of the reference strain and four derivatives were
performed in a hybrid. For each strain, two sequencing li-
braries were prepared, one for sequencing on the MiSeq
platform (Illumina Inc., NL) and one for sequencing on the
MinION platform (Oxford Nanopore Technologies, UK).
The former consisted of a TruSeq DNA PCR-free library
which was run in a 2 × 150 nt run using a 300 cycle MiSeq
reagent kit v3 (Illumina Inc., NL). For ONT sequencing,
the ligation-based sequencing kit SQK-LSK109 was used to
prepare the library, which was in turn run on a R9.4.1 flow
cell. Base-calling of the raw data was performed with ont-
guppy-for-gridion v4.0.11. The Canu assembler v2.1 (18)
was used to assemble the ONT data into contigs, which were
subsequently polished using the Illumina data and the Pilon
polisher v1.22 (19) for a total of 10 rounds. For the first 5,
Bwa Mem (20) was used as a mapper; for the final 5 Bowtie2

(21) was applied. In addition, the Illumina data were assem-
bled using Newbler v2.8 (22). For each strain, both assem-
blies were combined and manually curated using Consed
(23). The software snippy (Seemann, T. (2017) Snippy: Fast
Bacterial Variant Calling from NGS Reads.) was used for
fast bacterial variant calling from NGS raw read data as
well as from the assembled genomes. Larger rearrange-
ments were search for via sequence alignment in SnapGene
(from Insightful Science; available at snapgene.com). De-
tected SNPs along with other mutations are listed in Sup-
plementary Table S6 provided as an Excel file in Supplemen-
tary Data.

All DNA sequencing data is available via
NCBI/ANE/DDBJ linked under BioProject PR-
JNA699418, the complete genome sequence of S. lividans
TK24-YQS040 is accessible via BioProject PRJNA713129.

Detection of indigoidine and coelimycin congeners

100 �l of streptomycetes spore suspensions were inoculated
into 10 ml YEME media and incubated at 28oC overnight
in shaking incubator, 200 rpm, to produce seed cultures.
Next day 2.5 ml of seed cultures were used to start 25 ml
fermentation in YEME media, at the same incubation con-
ditions. The blue color indicating the expression of bspA
gene appeared after 3–4 days of incubation. Spectrophoto-
metric indigoidine detection was done as described previ-
ously (24) using culture supernatant. Fermentation contin-
ued for 7 days, and then the whole fermentation cultures
were quickly frozen in a cold ethanol bath and lyophilized.

25 ml of methanol was added to the lyophilized mate-
rial. The suspensions were processed on rotary shaker at
room temperature for 60 min, and then centrifuged at 8000
rpm for 10 min. Supernatants were dried completely us-
ing rotavapors. The dry material was dissolved in 1 ml of
methanol, and 100 �l of extracts were used for MS/MS
analysis.

LC–MS analyses were performed on a Vanquish Horizon
UHPLC system (Thermo Fisher Scientific) coupled to the
ESI source of an LTQ Orbitrap Velos mass spectrometer
(Thermo Fisher Scientific). Chromatographic and MS pa-
rameters were used as described previously (25), except that
MS1 spectra were recorded in a range of m/z 150–1000.

RESULTS

Identification of DNA polymerase III subunits in Strepto-
myces lividans TK24

Inspection of the S. lividans TK24 genome (26) for the genes
encoding main components of the DNA polymerase III re-
vealed those specifying two � subunits (DnaE1 and E2),
two � subunits (DnaN1 and N2), and three putative ε sub-
units (DnaQ1, Q2 and Q3). Levels of expression of these
and some other DNA PolIII subunits’ genes were examined
using RNAseq-based transcriptomics in order to pinpoint
those that contribute most to the DNA replication (Table
1). According to the RNAseq data, of the subunits that
may be involved in proofreading based on the data from
E. coli and M. tuberculosis, only the DnaE1 and DnaQ1
were expressed at high levels in liquid culture. DnaQ1 and

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/14/8396/6312736 by guest on 20 Septem

ber 2022



Nucleic Acids Research, 2021, Vol. 49, No. 14 8399

Table 1. Expression levels of DNA polymerase III major subunits in
Streptomyces lividans TK24 based on the RNAseq data

Subunit Gene name Annotation

RNAseq
data (Max
RPKM) Product

alpha dnaE1 SLIV 27385 272.2 DnaE1
alpha dnaE2 SLIV 29050 3.0 DnaE2
beta dnaN1 SLIV 18870 606.6 DnaN1
beta dnaN2 SLIV 31895 5.7 DnaN2
epsilon dnaQ1 SLIV 30105 2613.5 DnaQ1
epsilon dnaQ2 SLIV 07720 72.1 DnaQ2
epsilon dnaQ3 SLIV 28580 131.0 DnaQ3
gamma & tau dnaX SLIV 18100 91.7 DnaX
delta holA SLIV 20580 115.5 HolA

DnaQ2 share only 40% identity in their amino acid se-
quences (Supplementary Figure S1, Supplementary Data).
Although DnaQ2 was expressed at much lower level com-
pared to DnaQ1, it was similar to that of DnaX, � sub-
unit of DNA PolIII (Table 1). DnaQ3 contains an exonu-
clease domain similar to that of DnaQ1 and DnaQ2, but
has an extended C-terminal BRCT domain proposed to be
involved in cell cycle progression and DNA damage signal-
ing in eukaryotes (27). Taking these observations together,
it appeared likely that DnaQ1 represented the true active
ε subunit that may be responsible for proofreading during
the DNA replication in S. lividans, although we could not
completely exclude that DnaQ2 and DnaQ3 may also be
important ensuring DNA replication fidelity.

DnaQ paralogues of S. lividans TK24 are not involved in
proofreading of DNA replication

Aiming at generating DnaQ1 mutants that may yield a ‘mu-
tator’ phenotype in S. lividans, we first aligned this pro-
tein sequence to that of E. coli DnaQ, and identified amino
acid residues corresponding to those shown to be critical for
the dominant ‘mutator’ phenotype in E. coli (28). Accord-
ingly, we designed five mutants (M1-M5) for both DnaQ1
and DnaQ2 of S. lividans (29,30), which contained either
one or two amino acid changes at different sites. The amino
acid substitutions of DnaQ1 mutants were: M1 = Val69Trp;
M2 = Ala169Val; M3 = Val69Trp + Ala169Val; M4 =
Asp13Ala; M5 = Asp13Ala + Glu15Ala. The amino acid
substitutions of DnaQ2 mutants were: M1 = Val67Trp;
M2 = Ala168Val; M3 = Val67Trp + Ala168Val; M4 =
Asp12Ala; and M5 = Asp12Ala + Glu14Ala. All mutant
dnaQ genes were synthesized and cloned on an integrative
plasmid under control of the strong constitutive promoter
ermE*p known to provide high-level gene expression in S.
lividans. In addition, DnaQ926, an E. coli protein manifest-
ing ‘mutator’ phenotype was also expressed in S. lividans
TK24 under the same promoter after codon optimization
and synthesis of the corresponding gene (30).

After intergeneric conjugation to S. lividans TK24, the
recombinant plasmids expressing DnaQ mutants were site-
specifically integrated into the chromosome. The wild-type
copy of the dnaQ1 was subsequently deleted in recombi-
nant strains expressing dnaQ1 mutants using gene replace-
ment vector pYQS046 (see Supplementary Data, Supple-

Figure 1. Spontaneous mutation frequency of recombinant S. lividans
strains with manipulated dnaQ genes. ins – insertional inactivation via sin-
gle crossover.

mentary Tables S1, S4). This was done in case DnaQ1 wild-
type, which is expressed at a relatively high level (based on
the RNAseq data) outcompetes DnaQ1 mutants in bind-
ing to the DnaE1 and DnaX. The deletion of dnaQ1 was
done in the strains expressing the mutant versions of dnaQ
because we considered it possible that complete absence of
this subunit may destabilize the DNA PolIII complex, ren-
dering the replication machinery non-functional. All con-
structed recombinant strains were tested for the frequency
of spontaneous mutagenesis manifested by the appearance
of rifampicin-resistant mutants (RifR) due to mutations in
the � subunit of RNA polymerase (31). Surprisingly, fre-
quencies of the RifR mutations in the recombinant strains
did not differ from that of the control, S. lividans TK24
with integrated empty vector and carrying wild-type copy of
dnaQ1 (data not shown). This result strongly suggested that
DnaQ1 of S. lividans TK24, unlike its counterpart in E. coli,
is not involved in proofreading during DNA replication in
the former bacterium. To confirm this, we constructed S.
lividans strains that did not express any DnaQ mutants.
These strains harbored either dnaQ or dnaQ2 deletion con-
structed using gene replacement plasmids pYQS056 and
pYQS057, respectively, or dnaQ3 insertionally inactivated
via integration of a suicide vector pYQS058 (see Supple-
mentary Data, Supplementary Tables S1 and S4). These
mutants were also tested for the frequency of spontaneous
mutagenesis, showing the same phenotype as the control
(Figure 1). Seven of the eight spontaneous RifR mutants
were verified by PCR amplification of the RNA polymerase
subunit � gene fragment followed by sequencing, which re-
vealed point mutations in line with those in a previous study
(32), indicating that rifampicin resistance is a proper marker
to evaluate spontaneous mutation frequency. Genome se-
quencing of S. lividans TK24 ΔdnaQ1::dnaQ1-M5 and
TK24 ΔdnaQ2::dnaQ2-M5 did not show increased muta-
tion frequency either (data not shown). Taking together, all
these data allowed us to conclude that DNA polymerase
III ε subunits are not involved in the proofreading of DNA
replication in S. lividans.
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Figure 2. SOS response in dnaQ-deficient S. lividans strains treated with
mitomycin C. Asterisk indicates an outlier.

DnaQ1 and DnaQ2 are involved in SOS response in S. livi-
dans

A previous study in E. coli has demonstrated that knock-
out of dnaQ induces SOS response, which is manifested in
the increase of mutation frequency upon exposure to DNA
damaging agents (33). In another study, contradictory ev-
idence was reported, claiming that a dnaQ knock-out mu-
tant is deficient in the SOS response induced by nalidixic
acid (34). In order to investigate the roles of DnaQ proteins
in SOS response in S. lividans, spores of the wild type strain
and dnaQ1-3 knockout mutants grown in the presence of a
sub-inhibitory concentration of DNA damaging agent mit-
omycin C were collected and tested subsequently for the fre-
quency of RifR mutations. As shown in Figure 2, S. lividans
TK24 showed increased frequency of RifR mutations fol-
lowing exposure to mitomycin C (P = 0.001), which sug-
gested a proper SOS response in this strain. The strains with
dnaQ1 and dnaQ2 knock-outs, on the other hand, exhibited
only moderately increased mutagenesis (not statistically sig-
nificant), suggesting their deficiency in SOS response (Fig-
ure 2). After genetic complementation of the knockout mu-
tants with corresponding dnaQ1 and dnaQ2 genes, the SOS
response was restored. A similar trend was observed for the
dnaQ3 knockout mutant, while the difference was not statis-
tically significant. These findings confirm that DnaQ1 and
DnaQ2 are both required for a proper SOS response in S.
lividans, although their individual roles in this process re-
main unclear.

Targeting DnaE1 for ‘mutator’ phenotype

A recent study on Mycobacterium tuberculosis showed that
its DnaQ does not substantially contribute to replication
fidelity, while DnaE1 itself is likely to be responsible for
proofreading function during DNA replication, mediated
by an intrinsic 3′-5′ exonuclease activity within its poly-
merase and histidinol phosphatase (PHP) domain (6).

Figure 3. Dissected DnaE1 and a scheme for combinatorial assembly of
mutants.

Based on the alignment of amino acid sequences of S.
lividans TK24 DnaE1and its mycobacterial counterpart,
we designed two mutants that, according to the data re-
ported for M. tuberculosis, could be affected in DNA repli-
cation proofreading. In these mutants, metal-coordinating
residues in the PHP domain were altered (Asp19Asn in
DnaE1 M1 and Glu69Gln in DnaE1 M2). Both mutants
were expressed in S. lividans under control of the strong PA3
promoter (35) and recombinant strains tested for sponta-
neous mutagenesis. No differences in the frequency of RifR

mutations were observed between the recombinant strains
expressing these DnaE1 mutants and control strain with
empty vector (data not shown).

The N-terminal part of DnaE1 (amino acids 8–194) en-
compasses the PHP domain, which was the primary target
for mutagenesis in the first attempt to generate a ‘muta-
tor’. The central part of DnaE1 (amino acids 316–756) rep-
resents catalytic polymerization domain DNA pol3 alpha
(36), while the C-terminal part contains two domains, HHH
involved in non-specific DNA binding (37) and OB-fold im-
plicated in binding single-stranded DNA (38).

In order to expand the options for achieving desired phe-
notype in S. lividans, the dnaE1 gene was dissected into
several parts that would allow assembly aimed at com-
bining mutations reported to result in ‘mutator’ pheno-
type (Figure 3). In particular, mutations were designed
that targeted PHP, DNA pol3 alpha and HHH domains in
DnaE1. Gene parts were synthesized individually, and then
assembled in various combinations under control of the
strong synthetic promoter PA3 (35). All constructs were as-
sembled on a low-copy plasmid pKC1218H (39) and intro-
duced into S. lividans TK24. Transconjugants for each con-
struct were tested for spontaneous mutagenesis frequency
after one round of sporulation on the SFM medium sup-
plemented with hygromycin by plating serial dilutions on
the same medium supplemented with rifampicin. S. lividans
TK24 carrying empty vector was used as a control. Recom-
binant strains expressing two of the DnaE1 mutants, M5
(D19N H44F) and M7 (D19N C154G D634E) exhibited
considerable (up to ca 1000-fold) increase in spontaneous
mutagenesis (data not shown). None of the other recombi-
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nant strains expressing DnaE1 mutants displayed sponta-
neous mutation frequency higher than the control strain S.
lividans TK24 (pKC1218H). Since the strain overexpress-
ing DnaE1 M7 mutant exhibited ca. 2-fold higher muta-
tion frequency, it was chosen for further testing. The cor-
responding construct pMDE7 was again introduced into S.
lividans TK24, and three independent transconjugants were
tested for spontaneous mutagenesis as described above. All
three displayed significant spontaneous mutagenesis, with
frequencies ranging from 3 × 10–3 to 2 × 10–4, compared
to 2 × 10–6 in the control. The reason for differences in
spontaneous mutagenesis between the transconjugants re-
mains unclear. The pMDE7 plasmid was also introduced
into Streptomyces venezuelae NRRL B-65442 and Strepto-
myces albidoflavus (former Streptomyces albus) J1074, but
examination of the transconjugants’ progeny for RifR mu-
tants did not reveal enhanced mutagenesis (see Discussion).

Coupling of the ‘mutator’ device with metabolite-specific
biosensor

We have recently reported construction and testing of a
biosensor based on a TetR-like repressor and indigoidine
synthetase BpsA that can be used to detect production of
a metabolite specified by the biosynthetic gene cluster en-
coding the abovementioned repressor (39). This biosensor
was able to successfully detect production of coelimycin P1,
a polyketide alkaloid which is normally not produced by
S. lividans TK24, and has been reported from Streptomyces
coleicolor M145 (40). Considering the fact that activation of
a silent BGC or enhancement of its expression may require
multiple mutations in the producer’s genome (41,42), we de-
cided to couple the newly constructed ‘mutator’ device with
the coelimycin-specific biosensor.

The plasmid pMDE7 carrying the ‘mutator’ gene was in-
troduced into the S. lividans TK24 (pYQS040) strain har-
boring the coelimycin biosensor, where the coelimycin clus-
ter, cpk, was not expressed in the conditions used (Supple-
mentary Table S5, Supplementary data). Three recombi-
nant strains obtained after introduction of pMDE7 were
propagated until sporulation on a solid medium with hy-
gromycin to maintain the pMDE7 plasmid. The spores of
each strain were plated in serial dilutions, and resulting
colonies inspected for indigoidine production. In all three
cases indigoidine-producing colonies appeared at a fre-
quency of ca. 10–5, and four such colonies originating from
three independent TK24 (pYQS040 + pMDE7) transconju-
gants were picked for further analyses, along with the con-
trol TK24 (pYQS040). The five selected strains were grown
in liquid medium YEME, and culture extracts examined for
the production of indigoidine by UV/Vis spectrophotome-
try and of coelimycin using high-resolution LC–MS. In ad-
dition, all extracts were analyzed for the presence of acti-
norhodin and undecylprodigiosin by LC–MS, and presence
of the latter but not the former was confirmed in all extracts.
Hence, we could exclude the possibility that blue pigment
produced by the four strains was due to actinorhodin. In
liquid cultures, all four TK24 (pYQS040+pMDE7) strains
produced indigoidine, which could not be identified in
the control strain. Surprisingly, coelimycin P1 could not

be detected in any of the samples. However, by search-
ing for compounds that produce common fragment ions
with coelimycin P1, several potential congeners named coe-
limycin P3–P6 were identified (Supplementary Data, Sup-
plementary Figures S1–S8). They were only present in trace
amounts in the culture extract of the control strain but
produced in much higher concentration in all four TK24
(pYQS040+pMDE7) recombinant strains (Supplementary
Table S5, Supplementary data), which most likely explains
the biosensor response. Detection of very low levels of
coelimycin congeners in the control strain is not surpris-
ing, since S. lividans RedStrep1 (pYQS040), the deriva-
tive of TK24, was previously reported to produce traces
of coelimycin P1 (39). These results provide further ev-
idence for the activation of the cpk gene cluster in the
biosensor-positive TK24 (pYQS040 + pMDE7) strains but
also demonstrate our still very limited understanding of its
biosynthesis products.

The data obtained strongly indicated that the sponta-
neous mutations introduced due to the error-prone replica-
tion activated the biosynthetic gene cluster for coelimycin,
and the indigoidine biosensor reacted properly in the ma-
jority of the strains. We speculated that activation of the
coelimycin BGC might have occurred due to one or more
of the following: (i) inactivation of the repressor ScbR2;
(ii) changes in scbR2 promoter region; (iii) changes in
the promoter region of the transcriptional activator gene
cpkN leading to its overexpression. To test these hypothe-
ses, DNA fragments encompassing these regions were PCR-
amplified from all 5 strains under study and sequenced. No
mutations were identified in the amplified regions, suggest-
ing that activation of coelimycin gene cluster was caused by
mutations in other parts of S. lividans genome. On the other
hand, continued functioning of the ‘mutator’ device could
generate mutations within the cpk gene cluster, thus shut-
ting down the coelimycin biosynthesis (see next subchap-
ter).

Whole genome sequencing of indigoidine/coelimycin
congener-producing strains

Although the error-prone replication most certainly will
cause multiple point mutations in the genome, we made an
attempt to identify them in all coelimycin-producing strains
using genome sequencing in hope of finding a common
pattern that may shed light on the reason for coelimycin
BGC activation. Comparison of the reference strain car-
rying only the integrated plasmid pYQS040 and the four
derivatives carrying the plasmid pMDE7 to the progenitor
strain TK24 revealed a total of seven mutations found in all
five (four missense and one synonymous exchanges in pro-
tein coding regions and two deletions in intergenic regions,
Supplementary Table S6, Supplementary data). All these
mutations were absent in the reference S. lividans TK24
genome, suggesting that they have accumulated during the
laboratory maintenance and genetic manipulation of the
latter leading to the strain TK 24 (pYQS040). Besides these
‘base’ mutations, the strains carrying plasmid pMDE7 all
show many additional mutations that seem to be randomly
distributed throughout the genomes (Figure 4), albeit the
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Figure 4. Distribution of mutations in the genomes of the coelimycin-producing, biosensor-positive progeny of TK24 that carry pMDE7. The complete
genome sequences of TK24-YQ040, TK24-M7-BM1-1, TK24-M7-BM1-4, TK24-M7-BM2-9 and TK24-M7-BM3-3 were established in a hybrid approach
using Illumina and ONT data. The resulting genomes of the pMDE7-carrying strains were compared to that of TK24-YQ040 using SNIPPY. Lines denote
mutations, with green indicating synonymous replacements, blue missense mutations, red frameshifts & stops, and black presumably neutral mutations in
intergenic regions. Lines above the chromosome bars (light grey) indicate insertions, with small triangles denoting the two inserted vectors pYQ040 (green)
and pMDE7 (purple). cpk cluster is indicated as an orange bar.

numbers varying wildly between the four strains: TK24-
M7-BM1-1 with 96 additional mutations, TK24-M7-BM1-
4 with 74, TK24-M7-BM2-9 with 66 and TK24-M7-BM3-3
with just 6. Only TK24-M7-BM1-1 and TK24-M7-BM1-4
share a significant number of mutations, 28 in total, which is
unsurprising as they were derived from the same transcon-
jugant.

By type, single nucleotide polymorphisms are the most
common with 166 instances, while small deletions and inser-
tions occur much less frequently with 19 and18 instances, re-
spectively. Among the SNPs, 98 are transitions while 68 are
transversions, indicating an almost equal rate of occurrence
of the two types. Transversions to the complementary base
are rare, though: only 2 out of the 68 transversions belong
to this type. The insertions and most of the deletions con-
sist of just one nucleotide (usually in short homopolymers),
but three deletions are larger and result in the loss of 46,
74 and 177 nucleotides, respectively. Concerning the effect
of the introduced mutations, 99 cause a missense mutation,
47 a synonymous replacement, 22 a frameshift, 4 a nonsense
mutation and one an in-frame deletion of 59 amino acids.
An additional 31 are intergenic, with 5 being in known reg-
ulatory structures, i.e., promoters (26).

A search for large scale mutations and rearrangements
revealed some interesting findings: First, the inspection
of the integrated plasmid pYQS040 revealed that in all 4
strains carrying the mutator plasmid pMDE7, the phiC31
integrase was disrupted by independent mutations: frame-
shift introducing deletions in strains TK24-M7-BM1-1 and
TK24-M7-BM2-9, a frame-shift causing insertion in strain
TK24-M7-BM3-3 and a nonsense mutation in TK24-M7-
BM1-4. Second, the plasmid pMDE7 was found integrated
into the genome in all 4 TK24-M7 derivatives at the dnaE
locus. Quite surprisingly, it is present at this location not in
one copy, but as a concatemer of at least two to four copies.
Due to its size of 9.7 kb it is impossible to discern the ex-
act number of repeats in the genome (and whether there
is any ‘free’ pMDE7 in the cells at all). If there is no free,
self-replicating pMDE7 present, the coverage statistics of
this region indicates that between 8 and 10 repeats are inte-

grated in a row in the four strains. Closer inspection of the
pMDE7 sequence in the four strains revealed as a possible
cause for the non-replicative behavior of the plasmid a one
nucleotide insertion in the SCP2* minimal replicon. In ad-
dition, it was found that the Cys154Gly point mutation in
dnaE is absent in strain TK24-M7-BM3-3, which might ex-
plain the low number of mutations observed in this strain.

The TK24-M7-BM3-3 mutant, while apparently having
only 6 additional mutations compared to the parent strain,
produced the next highest levels of coelimycin congeners
(Supplementary Table S5, Supplementary data). Three of
the six mutations were located within coding regions, lead-
ing to inactivation of phiC31 integrase in the biosensor-
harboring construct, SLIV 1507 coding for the ribosomal
protein L10 and SLIV 22980 encoding putative sugar hy-
drolase. One mutation within coding region of SLIV 29345
(glucokinase) was synonymous, and hence would not cause
a functional defect. Two other mutations were located
within intergenic regions, namely G to A transition up-
stream of SLIV 03310 encoding a putative toxin immunity
protein, and a 75-bp deletion in the putative regulatory re-
gion of SLIV 17715 encoding a FAD-binding oxidoreduc-
tase with C-terminal BBE domain. Interestingly, the same
deletion was found in the genome of the TK24-M7-BM1-
four mutant, which stems from a different original pMDE7
transconjugant.

In order to test whether the selected strains continue to
accumulate mutations, we plated serial dilutions of spores
obtained from the indigoidine-producing colonies of TK24-
M7-BM1-1 and the TK24-M7-BM3-3 mutant. White, in-
digoidine non-producing colonies, appeared in both cases
at a frequency of 3 × 10–3, suggesting that ‘mutator’ contin-
ues to function. Considering the size of the cpk cluster (ca.
70 kb), it is likely that this phenotype is due to the inactiva-
tion of the cpk biosynthetic genes or other genes involved
in its regulation rather than the coelimycin-specific biosen-
sor. Despite this, we were still able to detect coelimycin con-
geners in these mutants even after several sub-culturings
that did not involve picking single indigoidine-producing
colonies.
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DISCUSSION

Traditionally, strain development programs aimed at in-
creasing the yield of secondary metabolites, in particu-
lar antibiotics, have been based on random mutagenesis
of microbial strains by means of their exposure to UV-
or X-radiation and various chemical mutagens (e.g. ni-
trosoguanidine) (43). This approach, although laborious
and time-consuming, has led to the development of many
high-producing strains that are currently being used to
manufacture dozens of antibiotics and anti-cancer agents,
e.g. erythromycin, nystatin and doxorubicin. With the on-
set of genomics, the strain development programs based on
metabolic engineering started to emerge, sometimes gener-
ating truly spectacular outcomes, like in the case of anti-
malarial drug artemisinin (44). However, regulation of sec-
ondary metabolism in the most prolific antibiotic produc-
ers, bacteria of the order Actinomycetales, is extremely com-
plicated and each species appears to be unique in this
respect. The latter makes rational metabolic engineering
aimed at enhancement of antibiotic production or, as of
late, activation of silent secondary metabolite biosynthesis
gene clusters a formidable challenge. Genome sequencing
of high-producing actinomycete mutants recently revealed
different mutations that apparently contribute to the de-
sired phenotype but vary significantly between the strains
(41,42,45). Hence, it appears difficult to design a common
strategy for metabolic engineering of various actinomycetes,
and spontaneous mutagenesis coupled with smart selection
strategy remains a viable alternative.

In this study, we targeted the replication machinery of S.
lividans TK24, a model actinomycete bacterium, in order to
generate ‘mutator’ phenotype allowing spontaneous muta-
genesis without the use of radiation of chemical mutagens.
Unlike in E. coli, ε subunits of DNA polymerase III were
found to be dispensable for DNA replication and proof-
reading in S. lividans, much like in the distantly related acti-
nobacterium M. tuberculosis (6). Both paralogs of this sub-
unit turned out to be required for a proper SOS response,
a complex mechanism promoting continuous replication of
bacterial chromosome upon DNA damage, at the same time
causing enhanced mutagenesis (46). The same phenomenon
was described for the E. coli DnaQ protein, although the
mechanism behind remains unclear (47). We then turned to
the � subunit of DNA polymerase III as a target, but intro-
duction of the single mutation D19N in the PHP domain
of DnaE1analogous to that which led to the ‘mutator’ phe-
notype in M. tuberculosis had no effect in S. lividans. Only
introduction of additional mutation in the same domain, or
its combination with a mutation in the pol3 domain led to
the desired phenotype. Interestingly, overexpression of the
DnaE1-M7 mutant could elicit ‘mutator’ phenotype only
in S. lividans, but not in S. venezuelae or S. albus. DnaE1 of
S. lividans TK24 shares 91% and 92% amino acid sequence
identity to the corresponding proteins of S. venezuelae and
S. albidoflavus, respectively. It is plausible that the differ-
ences in amino acid sequences were sufficient to prevent
proper interaction of the exogenous DnaQ1-M7 with the
other endogenous DNA polymerase III subunits, thus pre-
venting formation of a complex with deficient proofread-
ing activity. Hence, we believe that introducing mutations
D19N, C154G and D634E in DnaE1 proteins of any Strep-

tomyces will have the same effect, yielding strain-specific
‘mutator’ devices.

Next, we decided to take advantage of the ‘mutator’ de-
vice pMDE7 based on engineered dnaE1-M7 gene for the
purpose of activation of silent cpk gene cluster in S. livi-
dans TK24. In order to monitor eventual cluster activation
and production of coelimycin, we coupled the ‘mutator’ de-
vice with a coelimycin-specific biosensor. This allowed us
to easily select strains that gave positive biosensor signal
and turned out to produce coelimycin congeners, suggest-
ing that a similar approach can be applied to many strep-
tomycetes in order to reveal their true biosynthetic poten-
tial. It is notable that we could not detect formation of coe-
limycin P1, which would be expected to be the main prod-
uct of cpk gene cluster in S. lividans. The biosynthetic path-
way specified by the cpk gene cluster is remarkably complex
and not well understood. The actual cpk product is hypoth-
esized to be coelimycin A, a highly reactive bis-epoxide that
is also assumed to possess antibacterial activity. However,
this compound has never been isolated and characterized
due to its instability. Coelimycin P1, which has no antibiotic
activity, most likely originates from the non-enzymatic trap-
ping of coelimycin A with N-acetylcysteine in the culture
medium and subsequent oxidation (48). This hypothesis is
supported by the detection of a different non-enzymatic
trapping product with glutamate, named coelimycin P2, in
a different culture medium (40). Furthermore, Juan Pablo
Gomez-Escribano et al. reported that even the trapping
product coelimycin P1 was not stable and ‘invariably suf-
fered partial degradation during purification’ (40). Based on
this information from literature, we are confident that coe-
limycin A is indeed produced by our mutant strains, but that
different non-enzymatic trapping products and/or degrada-
tion products of this unstable species are formed either due
to differences in the medium composition or sample prepa-
ration.

Sequencing of the genomes of selected coelimycin pro-
ducers revealed a number of mutations that cannot be un-
equivocally associated with cpk cluster activation. These
mutations need further comprehensive analyses, as they
encompass not only point mutations, but also deletions
and insertions in non-coding regions that may play an im-
portant regulatory role. It must also be considered that
‘background’ mutations identified in the parent strain har-
boring biosensor construct could have an influence on
the coelimycin production phenotype only when combined
with additional mutations introduced via error-prone DNA
replication. It must be mentioned that, once the cluster
product has been detected, it would be advantageous to
shut down or eliminate the ‘mutator’ device from the mu-
tant since it may negatively affect the production and/or the
overall fitness of the strain. In this respect, we investigated
the potential usefulness of two repressors, CymR and RolR,
which respond to cumate and resorcinol, respectively, and
have been reported to provide tight control of gene expres-
sion in Streptomyces (49). Both repressor genes under con-
trol of constitutive promoter were introduced into S. livi-
dans TK24 carrying a plasmid with bpsA gene coupled to
the respective operator. Although we could observe a clear
repression of bpsA, induction could not be achieved with a
wide range of inducer concentrations, possibly because of
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an efficient efflux of inducers form S. lividans. We plan to
further explore other repressors for this purpose, or place
the ‘mutator’ device on temperature-sensitive plasmid, e.g.
pSG5 derivative (50).

Genome mining aimed at the discovery of new drugs cur-
rently mostly relies on biosynthetic cluster activation by
means of overexpression of positive regulators, inactivation
of repressors, promoter exchange, as well as heterologous
expression that may be combined with the above (51). The
advantage of the using a ‘mutator’ device is that it acts glob-
ally, thus affecting the genes that may indirectly influence
production of desired metabolite, which is then detected by
a specific biosensor. Other genome mining approaches tar-
get specific genes in the BGCs of interest, and do not affect
global regulators or other, not yet characterized genes, that
may contribute to cluster activation. Biosensors may not
be easily constructed without significant efforts for biosyn-
thetic gene clusters lacking metabolite-responsive repres-
sors, although this is also possible (52). However, many
BGCs in Streptomyces encode various types of repressors
known to be ligand-responsive, such as those belonging
to the TetR, MarR, PadR and LysR families (53–55). We
have recently sequenced genomes of 13 Streptomyces iso-
lated from the rhizosphere of Edelweiß (56), and surveyed
the genomes for the presence of unique BGCs that we would
like to target for activation (unpublished data). In total, we
identified 79 such clusters, and 32 of those contained one
or more genes encoding repressor(s) belonging to the fam-
ilies mentioned above. Hence, we believe that this new ap-
proach to mutator/biosensor-guided activation of silent or
poorly expressed BGCs in Streptomyces, and perhaps other
bacteria, represents a valuable contribution to the genome
mining for novel natural products.
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54. Hauf,S., Möller,L., Fuchs,S. and Halbedel,S. (2019) PadR-type
repressors controlling production of a non-canonical FtsW/RodA
homologue and other trans-membrane proteins. Sci. Rep., 9, 10023.
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