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Streptomyces contains 30–40 secondary metabolite biosynthetic gene
clusters; however, researchers can normally detect only a fraction of
these secondary metabolites from a single strain under pure culture
conditions.1 This suggests that the majority of these gene clusters are
silent or are expressed below detectable levels. The development of
heterologous expression techniques has enabled us to express such
genes in alternative hosts, but the production level of each compound
in heterologous hosts is often low and does not yield a sufficient level
of production. To improve the productivity of heterologously
expressed secondary metabolites, new methods that activate the silent
or poorly expressed secondary metabolite genes are required.
In nature, diverse groups of microorganisms form complex micro-

bial communities. Hence, it is generally believed that co-culture is a
more efficient method for secondary metabolite production than a
pure culture because two different microorganisms in the same culture
will better mimic the natural environment in which microorganisms
continuously interact with each other.2

We previously reported that bacteria containing mycolic acids in
their outer membrane could induce secondary metabolism in a broad
range of Streptomyces strains.3 Mycolic acids are fatty acids that are
important components in forming the highly impermeable outer
barrier in Corynebacterineae.4 Streptomyces lividans possesses biosyn-
thetic gene clusters for two red pigments, actinorhodin and undecyl-
prodigiosin, in its genome, but they are not produced in pure culture
under normal laboratory conditions. However, S. lividans starts to
produce these pigments abundantly in co-culture with mycolic acid-
containing bacteria such as Tsukamurella pulmonis. This indicates that
the production of these red pigments is induced by the mycolic acid-
containing bacteria. Interestingly, physical contact between the two
strains is required for induction. When cultures of S. lividans and
T. pulmonis were separated by a membrane that can transfer small
molecules but prevents any cell-to-cell interactions, S. lividans did not
produce the red pigments, indicating that the induction of gene
expression is not mediated by small molecules but rather by physical
contact of the two types of bacteria.3

Co-culture with T. pulmonis affected secondary metabolite
production in over 80.0% of soil-isolated Streptomyces strains.
Co-culture with two other mycolic acid-containing bacteria,
Rhodococcus erythropolis and Corynebacterium glutamicum, also
changed the secondary metabolite profiles in the Streptomyces
strains by 87.5% and 90.2%, respectively.3 We defined this specific
co-culture method as combined culture, which is conducted between
actinomycetes and partner mycolic acid-containing bacteria for the
efficient production of secondary metabolites. When we used a
combined culture for antibiotic screening, novel bioactive compounds
such as alchivemycins from S. endus5,6 and arcyriaflavin E from
S. cinnamoneus7 were discovered.
In this study, we investigated the application range of combined

culture to heterologous metabolite expression in S. lividans, a widely
used host strain. We used the biosynthetic gene clusters for
goadsporin, staurosporine and rebeccamycin, which we cloned
previously,8–10 and demonstrated that the production of these
bioactive natural products in combined cultures was increased
markedly relative to those in pure cultures.
Goadsporin is a linear azole-containing peptide11 produced by

Streptomyces sp. TP-A0584 and is a morphology- and secondary
metabolism-inducing substance against a broad spectrum of Actino-
mycetales.12 (Figure 1) Goadsporin is a ribosomally synthesized and
post-translationally modified peptide (RiPP), and its biosynthetic gene
cluster consists of 10 genes (godA–I), which include one gene for the
precursor peptide (godA) and five genes for the post-translationally
modification (godD–H).8 The heterologous production of goadsporin
in S. lividans has been previously achieved using the chromosome-
integrating cosmid vector pTOYAMAcos.10

We first conducted combined culture using the goadsporin hetero-
logous production strain (S. lividans GSBC1)8 with partner mycolic
acid-containing bacterial strains T. pulmonis TP-B0596, R. erythropolis
PR4 NBRC100887 and C. glutamicum ATCC 13869. Heterologous
expression strains were first cultured in V-22 medium3 with
20 μg ml− 1 thiostrepton at 30 °C for 3 days on a rotary shaker at
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200 r.p.m., and the mycolic acid-containing bacteria were cultured in
V-22 medium at 30 °C for 2 days on a rotary shaker at 200 r.p.m. for
seed culture. Three milliliters of the heterologous expression strain
culture and 1ml of the mycolic acid-containing bacterium culture
were transferred to the same 500-ml K-1 flask containing 100ml of
A-3M medium3, and the two bacterial strains were grown at 30 °C on
a rotary shaker at 200 r.p.m.
Goadsporin was extracted from the combined culture, and the

production amounts from days 2 to 13 were measured (Figure 2a).
The amounts of goadsporin in combined culture with T. pulmonis and
R. erythropolis were higher than that of the pure culture during the
entire measurement period, whereas the amount produced in com-
bined culture with C. glutamicum was almost the same as that
produced in the pure culture. The amount produced in combined
culture with T. pulmonis reached 408mg l− 1 on day 12, and the
amount of R. erythropolis produced in combined culture reached
233mg l− 1 on day 13. Our investigation revealed that the heterologous
production of goadsporin in S. lividans was improved by combined
culture with T. pulmonis and R. erythropolis.
We next evaluated heterologous production of other compounds in

combined culture. Staurosporine and rebeccamycin are produced by
Streptomyces sp. TP-A02749 and Lechevalieria aerocolonigenes ATCC
39243,13 respectively, and are compounds that belong to the indolo-
carbazole family of natural products (Figure 1). Rebeccamycin is an
inhibitor of DNA topoisomerase I, whereas staurosporine is a potent
protein kinase C inhibitor. These compounds are promising antitumor
drug candidates, and several derivatives are currently in clinical
trials.14,15 The staurosporine and rebeccamycin biosynthetic gene

clusters consist of 15 and 11 genes, respectively. We constructed
heterologous production mutants for both compounds as described in
our previous study.9,13 The cosmid clones pTOYAMA-Sta containing
the staurosporine biosynthetic gene cluster and pTOYAMA-Reb
containing the rebeccamycin biosynthetic gene cluster were trans-
conjugated into S. lividans TK23, and these transformants were
combined cultured. We compared the amounts of staurosporine and
rebeccamycin produced in combined culture and pure culture. The
production of these two indolocarbazoles in pure culture gave fairly
low yields, whereas the production of each antibiotic in combined
culture was significantly higher in comparison (Figures 2b and c).
The amount of staurosporine produced in the pure culture reached

only 0.6 mg l− 1, and the yields did not increase during the entire
measurement period; however, the concentration in the combined
culture started to increase after day 2 (Figure 2b). The maximum yield
of staurosporine in the combined culture with T. pulmonis was
reached on day 12, which produced 104mg l− 1, 200-fold higher than
the amount produced in the pure culture. On day 12, combined
culture with R. erythropolis produced 39-fold more staurosporine than
the pure culture and that with C. glutamicum produced 12-fold more
than the pure culture.
The amount of rebeccamycin produced in the pure culture

remained relatively low until day 7, whereas combined culture with
the three mycolic acid-containing bacteria produced 41.6mg l− 1

(Figure 2c). On day 7, the combined culture amounts produced were
much higher than that of the pure culture, which produced yields of
130-fold with T. pulmonis, 60-fold with R. erythropolis and 16-fold
with C. glutamicum. After day 8, the pure culture started producing

Figure 1 Chemical structures of natural products used in this study.
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rebeccamycin but the levels paled in comparison with those of the
combined cultures. The maximum production of rebeccamycin was
achieved in combined culture with T. pulmonis, reaching 44.5mg l− 1

on day 12.

The heterologous expression system is a well-established technique
for producing secondary metabolites. However, the production levels
are frequently insufficient for detecting the heterologously produced
compounds. In this study, we evaluated the yields of two types of
natural products, RiPPs11 and indolocarbazoles, in combined culture.
Our results clearly showed that the yields of both product types could
be increased by combined culture. In addition, the production of these
products in combined culture was initiated earlier than in pure
culture. Therefore, combined culture is an effective and applicable
method for increasing the yield of heterologous expression products in
S. lividans.
Combined culture affects a variety of secondary metabolisms not

only in S. lividans but also in a variety of Streptomyces species.3 It was
rather surprising that products biosynthesized by heterologous gene
clusters, which are also regulated by different types of Streptomyces
antibiotic regulatory proteins, are increased in combined culture. As
the production of pigments was also observed in heterologous
production hosts (data not shown) during culturing, which is
triggered by the physical contact of the two bacteria, the same
mechanism may be involved in incrementing heterologous metabolite
production. One possibility is that mycolic acid-containing bacteria
stimulate the upper regulatory system, which may be globally
conserved in Streptomyces strains. In addition to activation mediated
by cell-to-cell interactions, mycolic acid-containing bacteria may have
a role as a supplier of digested nutrients or substrates for S. lividans for
the production of heterologous antibiotics. Further transcriptional,
translational and physiological analyses would be required for
characterization of these bacterial stimuli.
As combined culture positively regulates the production of the three

compounds examined in this study, this method would also be
applicable for secondary metabolites encoded in silent gene clusters.
Combined culture, which requires only the addition of mycolic acid-
containing bacteria to the pure culture, can activate secondary
metabolism without complicated genetic manipulation or the addition
of chemical inducers for secondary metabolism. Thus, this method
may be advantageous for scaling up fermentation volumes and is an
efficient strategy for the identification and production of various
secondary metabolites.
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