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Antibiotics are most important compounds in microbial sec-
ondary metabolites. As we know, streptomycetes are a partic-
ularly abundant source of antibiotics and related compounds,
providing more than half of medically important antimicro-
bial and antitumor agents. Various environmental and physi-
ological conditions influence the onset and level of antibiotic
production. Because of improper use and abuse of antibiotics
as well as the horizontal transfer of antibiotic resistance genes
between bacteria by conjugation, transduction or transforma-
tion, these have led to the appearance of antibiotic resistance
and the loss of antibiotic native efficiency. Therefore, it is
necessary to find new antibiotics and to study their clinical
application. Here we present a comprehensive review includ-
ing strategies for discovery of novel antibiotics, novel mech-
anism of biosynthesis and regulation of antibiotics, and im-
provement of industrial antibiotics-producers. In this issue,
eight articles contributed by Linquan Bai, Yihua Chen, Ke-
qiang Fan, Gang Liu, Yinhua Lu and Huarong Tan primarily
concern biosynthesis and molecular regulation of important
antibiotics.

DISCOVERY OF NOVEL ANTIBIOTICS

Sequencing of the tens of Streptomyces genomes revealed the
presence of a large number of secondary metabolic gene clus-
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ters for previously unsuspected products (Bentley et al., 2002)
and thus the potential to produce many more natural prod-
ucts than had previously been recognized. It has therefore
become necessary to establish new methods to activate these
“cryptic” pathways. Currently used or proposed methods
include optimization of culture and fermentation conditions,
genetic manipulations of genes or gene clusters, and activa-
tion of cryptic secondary metabolite gene clusters mediated
by specialized metabolites (Liu et al., 2013; Niu et al., 2016).
Possible methods or strategies are proposed as follows: (i)
Optimization of culture and fermentation conditions: specific
environmental signals or nutritional components required
for the activation of cryptic gene clusters may in some cases
reflect the presence of interacting microorganisms in the
natural environment. Co-culture can be an effective method
for activating the production of cryptic metabolites. For
example, the co-culture of a Streptomyces with mycolic
acid-containing Tsukamurella pulmonis from soil samples
can induce the Streptomyces to produce a novel antibiotic
(Onaka et al., 2011). It is also noteworthy that Streptomyces
rapamycinicus can specifically induce expression of the
silent biosynthetic gene clusters in Aspergillus nidulans to
result in the production of the archetypal polyketide orsellinic
acid (Schroeckh et al., 2009). The activation is achieved by
Streptomyces-triggered fungal histone acetylation modifica-
tions (Nutzmann et al., 2011). The growing understanding
of cross talk between Streptomyces and other species may
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provide more opportunities for the discovery of novel natural
products, especially antibiotics. However, even though this
approach is effective, it is still laborious and obscure. There-
fore, miniaturized high-throughput screening methods need
to be used. Traditionally, modifying fermentation conditions
have been crucial for industrial yield improvement. Some
of the molecular information described in this review may
help to make such exploration, and permit greater interplay
between fermentation development and targeted genetic ma-
nipulations. However, empirical observations may continue
to be useful, for example, it was recently reported that addi-
tion of the rare earth scandium to the fermentation medium
significantly stimulated the production of actinorhodin in S.
coelicolor, actinomycin in S. antibioticus, and streptomycin
in S. griseus (Kawai et al., 2007). Genomic techniques may
also be useful: based on the transcriptome analysis, several
novel compounds were isolated from S. flaveolus by using
six different media (Qu et al., 2011). These successful results
suggest that combining changes of fermentation conditions
with -omic studies may even identify ways of awakening
cryptic gene clusters for novel compounds. (ii) Genetic
manipulations of genes or gene clusters: it is possible to
activate the expression of cryptic gene cluster by genetic
manipulation of CSR genes encoding activators or repressors
(Liu et al., 2013). A straight forward strategy, simply to over-
express activators or delete repressors, has proved effective.
For example, overexpression of polR resulted in two-fold
increase of polyoxin in S. cacaoi. Moreover, a giant type I
modular PKS gene cluster of S. ambofaciens ATCC23877,
spanning almost 150 kb, was activated by the overexpression
of a LAL family regulatory gene, leading to the discovery
of stambomycins, unusual glycosylated macrolides with
unique chemical structures and promising antiproliferative
activity against human cancer cell lines (Laureti et al., 2011).
Similarly, the activation of the cryptic cpk gene cluster and
production of a novel antibiotic followed the deletion of
scbR2 in S. coelicolor, and likewise deletion of the scbR2
homologue jadR2 in S. venezuelae activated jadomycin B
production in the absence of the normally required stress
challenges (Xu et al., 2010). The inactivation of a putative
repressor gene pgaY in Streptomyces sp. PGA64 resulted
in the production of two major angucycline metabolites,
which had not been detected in the parental wild-type strain
(Liu et al., 2013; Metsä-Ketelä et al., 2004). For activating
cryptic gene clusters, heterologous expression of the gene
cluster in different host strains can be used to confirm the
integrity of gene clusters synthesizing secondary metabolites
(Liu et al., 2013) and for combinatorial biosynthesis to
produce novel derivatives of bioactive secondary metabo-
lites. S. coelicolor and S. avermitilis hosts have proved
useful in the expression of heterologous gene clusters. (iii)
Activation of cryptic gene clusters mediated by specialized
metabolites: specialized metabolites drive at specific sig-

nalling molecules, such as γ-butyrolactones (GBL). Lack of
these small molecules may be a factor causing the silence
of gene clusters in various actinomycetes. The discovery of
more signalling molecules and their use will speed up the
process of cryptic gene cluster activations and deepen our
understanding of the roles of signalling molecules in antibi-
otic biosynthesis. Hormone-like signalling molecules, also
known as diffusible signalling molecules or autoregulators,
can elicit antibiotic production and induce morphological
differentiation at nanomolar concentrations (Niu et al., 2016).
After about half a century, a total of 29 autoregulators to date
have been identified from twelve Streptomyces species. It
is possible that further classes of autoregulatory signalling
molecules regulate the biosynthesis of some antibiotics, but
their further discovery is impeded by the fact that they are
normally produced in very small quantities. Recent studies
have still relied on the traditional large-scale fermentation
method for identification of autoregulators (Zou et al., 2014).
Therefore, it is necessary to devise rapid methods and strate-
gies to identify much more signalling molecules, and to
study their function in antibiotic biosynthesis. In addition,
interaction of signalling molecules between Gram positive
and Gram negative bacteria is worth studying in inducing
antibiotic production.

NOVEL MECHANISM OF BIOSYNTHESIS AND
REGULATION OF ANTIBIOTICS

Synthetic biology can generate unnatural compounds with
predictable features (Chao et al., 2015). The successful ap-
plication of this technology requires a diverse library of bio-
logical modules. These modules can be integrated into as-
semble complex pathways in a programmed fashion. The
assembled pathway needs a suitable surrogate host for pro-
duction, and Escherichia coli is the most commonly used.
Alternative hosts, like S. coelicolor M1146, have also been
successful. By using the well-developed hosts as a cellular
factory, we can produce new antibiotics through assembly
of designed and compatible modules. Due to the suitabil-
ity of different biological modules, the synthetic biological
strategies for generating novel compounds still need making
more efforts. The new hybrid antibiotics have been generated
by using combinatorial biosynthesis. Combinatorial biosyn-
thetic approach can produce valuable and novel hybrid antibi-
otics with improved properties. For example, hybrid antibi-
otics with the nikkomycin nucleoside and polyoxin peptidyl
moieties were obtained (Li et al., 2011). Genes required for
the biosynthesis of the dipeptidyl moiety of polyoxin from
S. cacaoi were introduced into a S. ansochromogenes mu-
tant producing the nucleoside moiety of nikkomycin X. Two
hybrid antibiotics were generated. One of them was identi-
fied as polyoxin A, a novel compound. The hybrid antibiotic
exhibited merits from both parents: it had better inhibitory
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activity against phytopathogenic fungi than polyoxin B, and
was more stable under different pH and temperature condi-
tions than nikkomycin X. Regulation of antibiotic biosynthe-
sis is a complex and hierarchy process, it involves the path-
way-specific, pleiotropic, cascade, feed-forward and feed-
back, and cross talk regulations. Some specialized metabo-
lites play an important role in this process, for example, hor-
mone-like signalling molecules (auto-regulators), antibiotics
including its precursors and intermediates as signals in inter-
species communication. In feed-forward regulation, JadR*
is a good example in jadomycin biosynthesis of S. venezue-
lae. JadR* negatively regulates jadomycin biosynthesis me-
diated by its biosynthetic intermediates 2,3-dehydro-UWM6
(DHU), dehydrorabelomycin (DHR) and jadomycin A (JdA)
(Zhang et al., 2013). Meanwhile, RNA regulation is a de-
veloping research field in antibiotic production. The deple-
tion of RNase III resulted in increased levels of many tran-
scripts. An alternative explanation is that RNase III is re-
sponsible for rRNA maturation, which is important for the
translation of long mRNA (Liu et al., 2013). Moreover, it
is a remarkable fact that some regulators cannot directly reg-
ulate their target genes due to the lack of their DNA bind-
ing domain. These proteins have to be associated with others
to exert their regulatory function in antibiotic biosynthesis.
For example, WhiB, a founding member of the Wbl family,
does not act independently but rather coregulates its regulon
of sporulation genes with a partner transcription factor, WhiA
(Bush et al., 2016)

IMPROVEMENT OF INDUSTRIAL
ANTIBIOTICS-PRODUCING STRAINS

Microorganisms can produce a variety of secondary metabo-
lites, of which the antibiotics are most important. About
60% of the natural antibiotics are produced by Strepto-
myces. Improvement of the productivity of commercially
antibiotic-producing strains is an important research field in
microbiology. Generation of the high-producing strains is
crucial for antibiotic production on a large scale. Tradition-
ally, the improvement of antibiotic-producing strain suitable
for industrial fermentations is achieved by randommutagene-
sis and selection techniques. Although these techniques have
succeeded in generating many industrial strains, it exhausted
time and human resources. Therefore, with the quick devel-
opment of DNA sequencing, genetic manipulation of genes
or gene cluster is expected to improve antibiotic production.
For example, overexpression of positive regulatory genes
or structural genes encoding specific enzymes in connection
with metabolic bottlenecks has significantly overproduced
substantial natural products. Meanwhile, improvement of
antibiotic productivity is related to its precursors. For ex-
ample, the gougerotin yield in Streptomyces graminearus
was enhanced in the presence of glycine as a precursor, and

it was approximately 2.5-fold higher than the absence of
glycine (Jiang et al., 2013). The strategies could be extended
to other Streptomyces for improving production. In addition,
biosynthetic pathway from the perspective of metabolic flux
can change metabolic processes via genetic manipulation.
In this case, we can obtain desired products for its valid
application or remove undesired compounds for its invalid
application.
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