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Microorganisms produce a range of chemical substances representing a vast diversity of fascinating molecular architectures not
available in any other system. Among them, Streptomyces are frequently used to produce useful enzymes and a wide variety of
secondary metabolites with potential biological activities. Streptomyces are preferred over other microorganisms for producing
more than half of the clinically useful naturally originating pharmaceuticals. However, these compounds are usually produced
in very low amounts (or not at all) under typical laboratory conditions. Despite the superiority of Streptomyces, they still lack
well documented genetic information and a large number of in-depth molecular biological tools for strain improvement. Previous
attempts to produce high yielding strains required selection of the genetic material through classical mutagenesis for commercial
production of secondary metabolites, optimizing culture conditions, and random selection. However, a profound effect on the
strategy for strain development has occurred with the recent advancement of whole-genome sequencing, systems biology, and
genetic engineering. In this review, we demonstrate a few of the major issues related to the potential of “-omics” technology
(genomics, transcriptomics, proteomics, and metabolomics) for improving streptomycetes as an intelligent chemical factory for
enhancing the production of useful bioactive compounds.

1. Introduction

Natural products are chemical compounds with pharmaco-
logical characteristics produced by living organisms that can
be utilized during pharmaceutical drug discovery, agricul-
ture, and in the food industry. They are called “secondary
metabolites,” as they can be synthesized by microorganisms
and plants but are not essential for their own metabolic
processes [1]. Microbial fermentation is widely applied to
industrially produce these valuable compounds. Usually,
these compounds are produced in very low amounts (or
not at all) by natural strains under typical laboratory con-
ditions to meet commercial requirements, demonstrating
the need for heterologous expression of these biosynthetic
gene clusters. Of the thousands of secondary metabolites
documented, more than half are produced by Streptomyces
(antibiotics, antitumor agents, immunosuppressants, anti-
helminthics, antifungals, herbicides, and insecticides) and
have offered decades of interest to industry and academia

[2, 3] (Table 1). Besides, many of these secondary metabolites
function as signaling molecules to control the metabolism
of their own producer [4]. This vast reservoir of diverse
products makes streptomycetes the most important indus-
trial microbial genus. Based on the Waksman and Henrici
classification of 1943, these organisms are classified in
the family Streptomycetaceae[5]. They are Gram-positive
mycelial soil bacteria containing about 70% G-C DNA
content and undergo a complex process of morphologi-
cal development that usually involves secondary metabolite
biosynthesis under depleted nutrient conditions [6].
Genome mining of several Streptomyces [7-10] has
revealed numerous cryptic novel secondary metabolite
biosynthetic gene clusters, which encode the potential to
synthesize a large diversity of compounds that have never
been observed before, including polyketides, aminoglyco-
sides, bacteriocins, terpenoids, shikimate-derived metabo-
lites, nonribosomal peptides, anthracyclines, macrolides,
beta-lactams, and other natural products [11]. The core unit
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TaBLE 1: List of bioactive compounds produced by streptomycetes.

Drugs Strains Applications

Aclacinomycin A S. galilaeus Antitumor

Actinorhodin S. coelicolor Antibacterial

Alnumycin Streptomyces sp. CM020 Antitumor; gyrase inhibitor; topoisomerase inhibitor

Antibacterial

Antifungal

Antibacterial

Antibacterial; Collagenase inhibitor
Immunosuppressive; antifungal
Antitumor

Antitumor; antifungal; insecticidal
Anthelmintic

Antibacterial; apoptosis inducer; glutathione-S-transferase (GST) inhibitor
Antitumor

Angiogenesis inhibitor; antibacterial; antiviral; Antiproliferative
Antibacterial

Antibacterial; antitumor

Antibacterial

Antibacterial

Antibacterial; antitumor; antiviral
Antibacterial

Antifungal; antiprotozoal; antitumor; antiviral
Antibacterial

Antitumor

Antibacterial

Antitumor

Antitumor

Immunosuppressive

Antibacterial; antitumor

Antibacterial

Antitumor

Antibacterial; antifungal; antitumor
Antibacterial; antiprotozoal

Antibacterial; antitumor; antiviral
Antibacterial

Antibacterial; human telomerase inhibitor
Antitumor

Antibacterial

Antibacterial

Antitumor

Antitumor

Herbicidal

Antibacterial; antifungal

Antibacterial; antiprotozoal; insecticidal; Ionophore
Antibacterial

Antibacterial

Antibacterial

Antibacterial

Antitumor

Antibacterial

Immunosuppressive

Antibacterial; antitumor
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TaBLE 1: Continued.

Drugs Strains Applications

Meilingmycin S. nanchangensis Anthelmintic

Meridamycin S. violaceusniger Neuroprotective

Mitomycin C S. caespitosus Antibacterial; antineoplastic; immunosuppressive
Mithramycin S. argillaceus Antibacterial; antitumor

Monensin S. cinnamonensis Antibacterial; ionophore; antiprotozoal
Nanchangmycin S. nanchangensis Antibacterial; insecticidal; ionophore
Naphthocyclinone S. arenae Antibacterial

Neomycin S. faradae Antibacterial

Niddamycin S. caelestis Antibacterial

Neocarzinostatin S. carzinostaticus Antibacteria; antineoplastic

NFAT-133 Streptomyces sp. PM324667 Antidiabetic

Nigericin S. violaceusniger Antibacterial; ionophore

Nogalamycin S. nogalater Antibacterial; antitumor

Nikkomycin X S. ansochromogenes Antibacterial

Nystatin S. noursei Antifungal

Novobiocin S. niveus Antibacterial

Oligomycin S. avermitilis Antifungal

Oviedomycin S. antibioticus Antitumor

Oxazolomycin S. albus Antibacterial; antitumor; antivirus; ionophore
Oxytetracycline S. rimosus Antibacterial

Pactamycin S. pactum Antibacterial; antiprotozoal; antitumor; antiviral
Paromycin S. rimosus Antiamoebal, antibiotics

Phoslactomycin Streptomyces sp. HK803 Antitumor

Pikromycin S. venezuelae Antibacterial

Pimaricin S. natalensis Antifungal

Pladienolide S. platensis Antitumor

Pristinamycin S. pristinaespiralis Antibacterial

Polyketomycin S. diastatochromogenes Antibacterial; antitumor

Pikromycin S. venezuelae Antibacterial

Rapamycin S. hygroscopicus Immunosuppressive; antitumor; neuroprotective; antiaging
Ribostamycin S. ribosidificus Antibacterial

Resistomycin S. resistomycificus Antibacterial; antiviral

Rimocidin S. diastaticus Antifungal

Rubradirin S. achromogenes var. rubradiris Antibacterial

Saframycin A S. lavendulae Antitumor

Steffimycin S. steffisburgensis Antitumor

Streptolydigin S. lydicus Antibacterial

Sparsomycin S. sparsogenes Antitumor

Spiramycin S. ambofaciens. Antibacterial

Spectinomycin S. spectabilis Antibacterial

Streptomycin S. greseus Antibacterial

Tautomycetin Streptomyces sp. CK4412 Antifungal; antitumor; immunosuppressive
Tautomycin S. spiroverticillatus Antibacterial; antifungal; antitumor
Tetronomycin Streptomyces sp. NRRL11266 Antibacterial; ionophore

Thiostrepton S. azureus Antibacterial

Tetracycline S. aureofaciens Antibacterial

Urdamycin S. fradiae Antibacterial; antitumor

Vicenistatin S. halstedii Antitumor

Virginiamycin S. virginiae Antibacterial
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FIGURE 1: The approaches used for overproduction of secondary metabolite in Streptomycetes.

responsible for secondary metabolite production is specif-
ically termed a biosynthetic gene cluster, which encom-
passes biosynthetic enzymes, resistance determinants, and
regulatory proteins. The use of these cryptic microbial
secondary metabolic processes has attracted the attention
of synthetic microbiologists who exploit recent advances
in DNA sequencing and synthesis procedures to achieve
unprecedented control over metabolic pathways. In partic-
ular, rare Streptomyces are promising sources for new drugs;
therefore, genetic manipulations of these microorganisms are
crucial for drug discovery and development.

Recent advances in “-omics” technologies introduced
during the last two decades have allowed the establishment of
various research areas pertaining to Streptomyces. In general,
“-omics” considers versatile genes and their products such
as transcripts, proteins, or metabolites. Genomics [12] deals
with genes, their variation, and function, whereas transcrip-
tomics considers information at the mRNA (transcript) level
at a particular time depending on environmental signals and
biophysiological parameters. Proteomics considers expres-
sion, function, and regulation of an entire set of proteins [13].
Moreover, as the proteins within cells are the functional units,
their expression is strongly influenced by environmental
signals and physiological conditions, and, thus, proteomics is
a complementary technology to genomic and transcriptomic
research [14]. Metabolomics encompasses detailed metabolic
analysis [15]. Since the genome of the first cellular organism
Haemophilus influenza was sequenced [16], the availability of
metabolic network models has helped develop several com-
putational approaches for flux balance analyses [17]. How-
ever, relatively little is known about the metabolic pathways

of most Streptomyces, but an extensive review on primary
metabolism reported that the Embden-Meyerhof-Parnas,
the pentose phosphate (PPP), and tricarboxylic acid cycle
pathways are present in a number of Streptomyces species.
[18]. Based on the huge progress in “-omics” technologies,
new approaches are aimed at ensuring optimal engineering
of the cell factory to achieve optimized metabolite production
[19] (Figure 1). In this review, we illustrate the pivotal roles of
genomics, transcriptomics, proteomics, and metabolomics as
research tools in systems biology of secondary metabolism
for enhancing the production of secondary metabolites in
streptomycetes. We discuss the potential of exploiting “-
omics” tools to enhance the production of naturally origi-
nating pharmaceuticals by circumventing major bottlenecks
to overproduce compounds of interest (Tables 2, 3, 4 and
5). Furthermore, we conclude the paper by highlighting
the future perspectives of recent technological advances
yet to be applied to Streptomyces species for further stain
improvement.

2. Engineered Metabolic Networks

Among the “-omics” technologies [12-15], one important tool
in the system biology toolbox is metabolomics, which cata-
logues all small metabolites in a biological sample [20, 21]. Itis
expected to play a significant role in bridging the phenotype-
genotype gap, as it amplifies changes in the proteome and
provides a better representation of an organism’s phenotype.
Moreover, knowledge of the complete set of metabolites
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provides the intracellular fluxes required for a compre-
hensive characterization of metabolic networks and their
operation. Therefore, intracellular fluxes can help in high
level production of pharmaceuticals requiring precursors
and cofactors from primary metabolism; hence, engineered
primary metabolism is a prerequisite for biosynthesis of any
secondary metabolite.

One of the most important primary metabolic pathways
is the oxidative PPP, which provides essential cofactors
and intermediates for cell growth. The physiological effect
of glucose-6-phosphate dehydrogenase (G6PDH) encoding
isozymes in the PPP has been investigated in a variety
of bacteria. Greater oxytetracycline (OTC) production is
achieved by increasing the pool of malonyl-CoA, an OTC
precursor, by deleting the zwfl and zwf2 genes encoding
for two G6PDH isozymes of S. rimosus M4018 [22, 23].
However, the case was the opposite with 16.5% increase
in daptomycin concentration when zwf2 was overexpressed
in S. roseosporus due to greater availability of daptomycin
precursors by conversion to G6P in the PPP pathway.
Deletion of zwfl or zwf2 also improves actinorhodin and
undecylprodigiosin production in S. lividans [24]. Significant
changes in central carbon metabolism of S. coelicolor after
deleting G6PDH and phosphoglucomutase (pgm) indicate
that the carbon storage metabolism plays a significant role
in precursor supply for actinorhodin production and over-
production [25]. These studies presumed that the lower flux
of carbon through the PPP in each of the mutants allows for
more efficient glucose utilization via glycolysis, resulting in
higher levels of antibiotic production [24, 25]. Nevertheless,
as G6PDH is the first enzyme in the PPP pathway and the key
enzyme for generating NADPH, the increased biomass and
NADPH regeneration would be another factor for favorable
cell growth and precursor synthesis in both cases [26, 27].
Similarly, deleting the key glycolytic enzyme leads to a 2-6-
fold enhancement of actinorhodin and undecylprodigiosin
production in S. coelicolor A3 (2) on minimal and rich medim
(2). The pfkA2 (SCO5426, phosphofructokinase) deleted
strain shows increased carbon flux through the PPP due to
the accumulation of G6P and fructose-6-phosphate (F6P),
which help to increase NADPH supply [28] and enhance
antibiotic production as suggested by Gunnarsson et al. [26].
Supplementing the culture broth with a metabolic precursor
to enhance poly-e-lysine production by S. noursei NRRL 5126
is another robust example of an engineered metabolic net-
work. Poly-e-lysine is a strong inhibitor of a wide spectrum
of microorganisms and is used as a food preservative. As an
economically feasible process, supplementation with 5mM
citric acid and 2 mM L-aspartate increases S. noursei poly-e-
lysine production significantly in a time-dependent manner
from 97.08 to 497.67 mg/L in 108 h [29]. FK506 (tacrolimus), a
potent immunosuppressive agent, interacts with the FKBP12
receptor further targeting calcineurin by inhibiting Ser/Thr
phosphatase activity leading to the arrest of T cell prolifera-
tion [30]. Engineering the pathway-specific building blocks
for biosynthesis occasionally improves production of some
polyketide or nonribosomal peptide natural products. For
example, enhancing biosyntheses of methoxymalonyl-ACP
and allylmalonyl-CoA, the extender units of FK506, together

with optimizing glucose concentrations enhances the FK506
titer by approximately 150% in comparison to that of the
original S. tsukubaensis strain [31]. Similarly, overexpressing
potential biosynthetic sugar genes such as desIII (glucose-
I-phosphate thymidylyl-transferase) and desIV (TDP-D-
glucose 4,6-dehydratase) from S. venezuelae and glycosyl-
transferase DnrS-DnrQ transferring TDP-L-daunosamine to
e-thodomycinone from S. peucetius leads to significantly
enhanced doxorubicin (DXR) production [32]. These studies
confirmed that engineering of rate limiting steps can be a
robust strategy for efficient flow of intermediates to enhance
production of secondary metabolites.

3. Engineered Genomics

3.1. Genome Guided Overexpression of Gene Clusters in Native
and Heterologous Hosts. Amplifiable units of DNA (AUDs)
exist in Streptomyces with multiple copies per chromo-
some in tandem. They often lie in unstable chromosomal
regions, such as ends of the linear chromosome, and a
large deletion frequently accompanies amplification [33].
Consequently, inducible amplification of specific regions
of microbial genomes helps to improve a wide variety of
complex multigene processes in strains that biosynthesize
various important secondary metabolites [34]. Yanai et al.
[35] reported that amplifying the entire kanamycin (Km)
biosynthetic gene cluster in S. kanamyceticus 12-6 results in
a disparity in antibiotic production. A comparison of Km
production from 12-6 (containing an average of three copies
of the Km gene cluster) and 12-6-4 (containing one copy
of the Km gene cluster) indicated that the titer of strain
12-6 strain (376 ug/mL) was about twice that of strain 12-
6-4 (196 pg/mL). Furthermore, integrating cosmid pM]J20-
10-1 (containing the entire Km gene cluster) into strain 12-
6-4 (results in two copies of the Km gene cluster) results
in a lower Km titer, indicating that integration of the
cosmid suppresses Km production. This finding supports
the notion that Km production level depends on the gene
cluster copy number and that introducing an extra copy of
the biosynthetic gene cluster into a parent strain may be
an effective approach to improve antibiotic production [35].
Furthermore, an extra copy of the nikkomycin (a competitive
inhibitor of chitin synthase with fungicidal, insecticidal, and
acaricidal activities) biosynthetic gene cluster (35kb) into
S. ansochromogenes 7100 leads to enhanced production of
nikkomycins (880 mg/L, 4-fold nikkomycin X and 210 mg/L,
1.8-fold nikkomycin Z) in the resulting exconjugants com-
pared with that of the parent strain (220 mg/L nikkomycin X
and 120 mg/L nikkomycin Z) [36]. Similarly, engineering S.
coelicolor utilizing the oriT-like recombination sites RsA and
RsB and ZouA, a site-specific relaxase flanking actinorhodin
gene cluster, results in 4-12 tandem copies of the complete
gene cluster, averaging nine repeats per genome leading to
a 20-fold increase in actinorhodin production [34]. Thus,
amplification of the entire gene cluster has direct positive
effects on enzymatic yield and precursor flow leading to
enhanced secondary metabolite production.



S. lividans

S. coelicolor A3 (2)
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e-Poly-1-Lysine

FK506 (tacrolimus)

Doxorubicin

Engineered metabolic networks

Engineered metabolic networks

Engineered metabolic networks

Engineered metabolic networks

Engineered metabolic networks

6 BioMed Research International
TABLE 2: Methodologies used to overproduce drugs using engineered metabolic networks approach.

Strains Drugs Approach Methodologies

S. rimosus M4018 Oxytetracycline Engineered metabolic networks ;]))rez)lztizgoorf f)?/f X;?g[rzz:g ch‘?flreles improve the

S. roseosporus Daptomycin Engineered metabolic networks Over-expression of zw2 gene improve the

production of daptomycin

Deletion of zwfl or zwf2 improved actinorhodin
and undecylprodigiosin production

Deletion of pfkA2 (phosphofructokinase) gene
improve the production of actinorhodin and
undecylprodigiosin

Supplementation of citric acid and L-Asp
increases poly-¢-lysine production

Enhancing the biosyntheses of
methoxymalonyl-ACP and allylmalonyl-CoA
together with optimized glucose concentrations
enhances the FK506 production
Over-expression of potential biosynthetic sugar
genes and glycosyltransferase enhanced

doxorubicin production

TaBLE 3: Methodologies used to overproduce drugs using engineered genomics approach.

Strains Drugs Approach Methodologies
. . Genome guided overexpression of gene Overexpression of extra copy of the gene
S. kanamyceticus ~ Kanamycin . . ; .
clusters in native and heterologous hosts  cluster enhanced kanamycin production
. . Overexpression of extra copy of the gene
. . Genome guided overexpression of gene ) .
S. ansochromogenes Nikkomycin . . cluster enhanced nikkomycins
clusters in native and heterologous hosts .
production
. . . nome gui rexpression of gen Tandem copies of the gene cluster
S. coelicolor Actinorhodin Genome guided overexpression of gene andem copies of the gene cluste

S. avermitilis

S. venezuelae YJ003

S. lividans TK-23,
TK-24, and TK-63

S. lividans
S. albus J1074
S. fradiae

S. gilvosporeus SG1

S. pristinaespiralis

S. sp. U121

S. padanus,

S. griseofuscus,
S. graminearus,
S. hygroscopicus,
and S. albulus

Streptomycin, cephamycin
C, and pladienolide
Tylosin, kanamycin,
spectinomycin,
spectinamine, gentamicin,
and epothilones

Daptomycin and
paromamine

Capreomycin
Thiocoraline
Tylosin

Natamycin

Pristinamycin

(2S, 3R)-HCA

&-Poly-1-lysine

clusters in native and heterologous hosts

Genome guided overexpression of gene
clusters in native and heterologous hosts

Genome guided overexpression of gene
clusters in native and heterologous hosts

Genome guided overexpression of gene
clusters in native and heterologous hosts
Genome guided overexpression of gene
clusters in native and heterologous hosts
Genome guided overexpression of gene
clusters in native and heterologous hosts
Genome shuffling guided enhancement
of secondary metabolites

Genome shuffling guided enhancement
of secondary metabolites

Genome shuffling guided enhancement
of secondary metabolites

Genome shuffling guided enhancement
of secondary metabolites

Genome shuffling guided enhancement
of secondary metabolites

increased actinorhodin production

Heterologous expression in
genome-minimized strain

Heterologous expression in pikromycin
gene cluster deleted strain

Heterologous expression
Heterologous expression
Heterologous expression
Two rounds of genome shuffling

Four rounds of genome shuftling

Four rounds of genome shuffling to
increase the resistivity against
pristinamycin enhanced pristinamycin
production

Generating resistance mechanism for
transepoxyaconitic acid by three rounds
of shuffling

Through glucose, sulfa guanidine, and
succinic acid tolerance and genome
shuftling
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TaBLE 4: Methodologies used to overproduce drugs using engineered proteomics approach.

Strains Drugs Approach Methodologies
Proteomics facilitated reverse engineerin . .
. . v g & Overexpression of the metK gene encoding
S. venezuelae Pikromycin to enhance secondary metabolite

S. griseus IFO13189
and S. griseoflavus

Spectinomycin and

production

Proteomics facilitated reverse engineering
to enhance secondary metabolite

SAM synthetase

Exogenous feeding of S-Adenosyl
methionine (SAM) results in enhanced

bicozamycin . -
FERM1805 Y production production
S. sp. FR-008, S.
avermitilis, S. Candicin D, . . . . .
. . Proteomics facilitated reverse engineering ~ Coexpression of metK or exogenous
coelicolor A3 (2), S. avermectin, . . .
. . ; to enhance secondary metabolite feeding of SAM enhanced antibiotic
lividans TK23,and S. actinorhodin, and . .
L . production production
antibioticus oleandomycin
ATCCl11891
Proteomics facilitated reverse engineering ~ Overexpression of mutant library of sigma
S. avermitilis Avermectins to enhance secondary metabolite factor 0"® enhanced antibiotic
production production
; Proteomics facili reverse engineerin . .
S. peucetius ATCC . oteomics facilitated reverse englneering Overexpression of efflux protein DrrA
Doxorubicin to enhance secondary metabolite s .
27952 . enhanced antibiotic production
production
Resistance against streptomycin causes
. . . Ribosome engineering to enhance roduction of pigmented antibiotic
S. lividans TK24 Actinorhodin & ng . pro OTPi8 .
secondary metabolite production actinorhodin not produced in normal
laboratory conditions
. . . Ribosome engineering to enhance Resistance against streptomycin causes
S. chattanoogensis Fredericamycin . . .
secondary metabolite production enhanced production
Actinorhodin, . S L. L
o . . . By introducing rifampicin mutations into
undecylprodigiosin, Ribosome engineering to enhance

S. lividans 66

and calcium
dependent antibiotics

secondary metabolite production

Ribosome engineering to enhance

the rpoB (encoding the RNA polymerase
subunit) gene

By introducing double and triple
mutations using gentamicin rifampicin

S. coelicolor A3 (2 Actinorhodin . . 2o . .
@ secondary metabolite production and streptomycin increases actinorhodin
production
. . . Enhanced expression of ribosome
. . . Ribosome engineering to enhance . Lo
S. coelicolor A3 (2) Actinorhodin secondary metabolite production recycling factor by mutation increases
Y P production
S, avermitilis Avermectin Ribosome engineering to enhance Overexpression of ribosome recycling

S. coelicolor A3 (2)

Chloramphenicol and

secondary metabolite production

Ribosome engineering to enhance

factor increases production

Introducing rpsL and rpoB mutations
enhanced chloramphenicol and

congocidine secondary metabolite production congocidine production
Streptomvcetes Antibiotics Ribosome engineering to enhance Introducing mutations in rsmG gene
promy secondary metabolite production encoding for 16S rRNA methyltransferase
TaBLE 5: Methodologies used to overproduce drugs using engineered transcriptomics approach.
Strains Drugs Approach Methodologies
a . . . TetR famil iptional 1 lobal
Streptomycetes Antibiotics Engineered Transcriptomics etR family transcriptional regulator as a globa

upregulator for enhanced antibiotic production

Disruption of wblA from S. peucetius OIM
resulted in increase in the production of both
doxorubicin and daunorubicin

S. peucetius OIM  Doxorubicin and Daunorubicin ~ Engineered Transcriptomics




Extensive focus on the genetics of Streptomyces has [7-
10] revealed numerous silent gene clusters probably biosyn-
thesizing unknown complex natural products [37]. As an
alternative, heterologous expression of these gene clusters
in a suitable strain is a technique of pivotal importance to
exploit drug discovery programs [38]. Normally, heterolo-
gous expression is preferably carried out in fully sequenced
strains, such as S. coelicolor A3 (2) [8], S. avermitilis [9], or S.
venezuelae (unpublished data, our group) due to unrestricted
metabolic engineering for proper flux of precursors and reg-
ulatory networks. Furthermore, active secondary metabolic
gene clusters of such strains may be silent to prevent diversion
of precursors into competing secondary metabolic pathways,
thus, facilitating enhanced production of the desired com-
pounds [38]. A genetically engineered “clean” host strain,
S. coelicolor CH999, has been constructed in which the
entire actinorhodin gene cluster is surgically deleted [39].
The most intensively studied strains are S. coelicolor M145,
M512, M1146, and M1154 [40-42], in which extensive deletion
of different gene clusters has been performed to prevent
background noise. A genome-minimized strain of S. aver-
mitilis represents a suitable host for efficient production
of secondary metabolites, as demonstrated by heterologous
expression of the antibiotics streptomycin, cephamycin C,
and pladienolide [43]. S. venezuelae Y]J003, bearing a dele-
tion of the pikromycin gene cluster, is also a widely used
strain in our lab with the advantages of fast growth, good
transformation efficiency, and rapid production of tylosin,
kanamycin, spectinomycin, spectinamine, gentamicin, and
epothilones (unpublished data) [44-47]. Similarly, other
strains of Streptomyces, such as S. lividans TK23, TK24, and
TK63, are also used as heterologous hosts to produce dapto-
mycin and paromamine [48, 49]. A plasmid cured strain of S.
clavuligerus has also been suggested as a heterologous host for
secondary metabolites [50]. The heterologous expression of
cryptic pathways in heterologous hosts suitable for expressing
otherwise silent secondary metabolite gene clusters opens
new avenues for the production of secondary metabolites
that are not produced under normal laboratory conditions
in native hosts. For example, capreomycin was produced at
50 mg/L from S. lividans without any modifications, whereas
it was produced less by the native strain of Saccharothrix
mutabilis and was not amenable to genetic studies [51].
In contrast, the cryptic gene cluster encoding thiocoraline
biosynthesis from a marine Micromonospora sp. MLI pro-
duces a significant amount of thiocoraline in S. albus J1074
[52]. Thus, a rationale approach for addressing the expression
of cryptic pathways unexpressed or repressed in native hosts
includes identifying novel pathways by bioinformatics and
cloning and expressing them in well-characterized hosts with
known secondary metabolomics [53].

3.2. Genome Shuffling Guided Enhancement of Secondary
Metabolites. Genome shuffling is an amalgamation of classi-
cal breeding with modern high-throughput screening based
on genome recombination even in the absence of detailed
genetic knowledge [54, 55]. Genome shuftling combines the

BioMed Research International

advantage of multiparental crossing facilitated by recombi-
nation of an entire genome associated with conventional
breeding applications and, thus, acts as a combined method
to improve phenotype [56]. Genome shuffling is a novel
and promising technique discovered to enhance secondary
metabolite production [57, 58]. Desired phenotypes can be
obtained using this technique after several rounds of genome
recombination of key genes responsible for production [54].
Genome shufling basically incorporates (1) construction of
diverse parental strains in several rounds of mutagenesis
using chemical agents such as ethyl methanesulfonate and
nitrosoguanidine as well as physical agents such as ultraviolet
and y irradiations; (2) recursive protoplast fusion of mutants
with a multitude of phenotypes, and (3) intensive screening
and selection based on product yields or other desired
characteristics [59, 60].

Genome shuffling has been widely used to enhance
secondary metabolite production in streptomycetes. Its first
use was reported in S. fradiae, where significant phenotypic
improvement was observed in just two rounds of genome
shuffling [58]. Sixfold higher tylosin production was achieved
from a hybrid strain, which was equivalent to achieving 20
rounds of classical strain improvement by random mutation
that would probably require 20 years [61]. Nevertheless, pro-
duction of about 3.5 g/L natamycin has been reported from
S. gilvosporeus SG1, which was 153% of that of the parental
strain and 1.17 times greater than that of the starting strain
[62]. Luo et al. [63] also reported similar results, in which
4.7 g/L natamycin was produced in a shaking flask aftera 96 h
culture. This was 971% and 379% of the amount produced by
the highest producing parental strain and the initial strain,
respectively, after four rounds of genome shuffling.

S. pristinaespiralis produces pristinamycin (Ptr), an active
drug against various multidrug-resistant pathogenic strains
[64-67]. However, pristinamycin itself inhibits biosynthesis
and mycelial growth [68]. Although antibiotic-producing
streptomycetes have developed mechanisms to protect them-
selves against their own antibiotics, many antibiotics are toxic
at elevated concentrations. This toxicity could be particu-
larly problematic in the quest for antibiotic overproducing
strains. However, it is not surprising that increased antibiotic
resistance has often been used to select for mutants with
increased antibiotic production levels. As a consequence,
genome shuftling was used for S. pristinaespiralis to increase
the resistivity against its own product from 20 to 100 pg/mL,
and production was increased from 0.47 g/L to 0.89 g/L after
four rounds of shuffling [54]. A quantitative real-time poly-
merase chain reaction (QRT-PCR) analysis by Jin et al. [69]
revealed the involvement of snbA and snaB (encoding the
two subunits of pristinamycin II, synthase catalyzing the last
step in the biosynthesis of the pristinamycin II, component)
with higher expression in the recombinant than that in the
ancestor at 24-60h of fermentation, indicating that their
expression changes might be a key factor during antibiotic
biosynthesis. Similarly, the ptr resistance gene maintains a
high expression level during the entire fermentation process
of the recombinant strain, whereas it is expressed at a low
level at 24-48 h of fermentation in the ancestor. These results
indicate that the discrepancy in expression changes might
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be a key factor during antibiotic biosynthesis [69]. Similarly,
amplified fragment length polymorphism analysis of a high-
pristinamycin-producing strain revealed that a homolog of
the afsR regulatory gene, a global regulator of secondary
metabolism in S. coelicolor A3 (2) [40], and a homolog of the
transposase gene, belonging to the validamycin biosynthetic
gene cluster from S. hygroscopicus [70], are responsible
for yield improvement in S. pristinaespiralis [69]. Similarly,
genome shuffling of Streptomyces sp. Ul21, the producer of
(2S, 3R)-HCA [71, 72] with potent pancreatic a-amylase and
intestinal a-glucosidase inhibitory activities [73, 74], has been
targeted to achieve rapid improvement in HCA production
using the resistance mechanism for transepoxyaconitic acid
(antibiotic HCA analog), resulting in fivefold higher HCA
production than that in the wildtype after three rounds of
shuffling [75]. This technique has also been suggested to
increase e-poly-l-lysine productivity in wildtype strains of
S. padanus, S. griseofuscus, S. graminearus, S. hygroscopicus,
and S. albulus through glucose tolerance, sulfaguanidine
tolerance, and using succinic acid as the sole carbon source,
respectively [76, 77]. Furthermore, S. rimosus was also sub-
jected to genome shuffling for higher oxytetracycline yielding
strains [60]. In combination with genome shuffling, ribosome
engineering has been used in S. viridochromogenes, an avil-
amycin producer and an effective antimicrobial agent against
multidrug-resistant Gram-positive bacteria [59]. A mutant
strain obtained after y-irradiation was used for genome shuf-
fling with ribosome engineering mediated by streptomycin
resistance. After five rounds of genome shuffling, 300 pg/mL
streptomycin resisting strain produced 1.4 g/L avilamycin,
which was 4.8-fold and 36.8-fold greater than the shuftling
starter and ancestor, respectively [59].

4. Engineered Proteomics

4.1. Proteomics Facilitates Reverse Engineering to Enhance
Secondary Metabolite Production. Since the 1970s, recom-
binant DNA technology has revolutionized the ability to
engineer microorganisms by modifying specific genes and
pathways for optimized production of commercially signif-
icant metabolites [78]. In contrast, the concept of reverse
engineering has evolved as a powerful tool in which two
processes are utilized to genetically characterize existing
overproducing strains, and a second generation of informa-
tion is used for more efficient engineering of new strains that
synthesize high yields of natural products [79]. This approach
elucidates the interrelationships between physiological traits
and more efficiently directs the engineering of target com-
pound producing strains to synthesize high yields of these
natural products [80]. For example, reverse engineering of
the S. coelicolor overproducer using two-dimensional (2D)
gel electrophoresis recently identified S-adenosyl methionine
(SAM) synthetase as an antibiotic overproducing enzyme
[81, 82]. Based on this observation, expression of the metK
gene encoding SAM synthetase has been utilized to enhance
pikromycin by 1.6-fold in S. venezuelae [83]. Similarly, exoge-
nous feeding of SAM results in enhanced spectinomycin
production by 3.6, and 3-fold in S. griseus IFO13189 using

synthetic and nutrient media, respectively, and a 2-fold
increase in bicozamycin production from S. griseoflavus
FERM1805 [84]. Coexpression and standalone expression
of metK or exogenous feeding of SAM results in enhanced
antibiotic production in various streptomycetes, such as can-
dicin D from Streptomyces sp. FR008 [85], avermectin from
S. avermitilis [85], actinorhodin from S. coelicolor A3 (2) [82],
actinorhodin from §. lividans TK23 [86], and oleandomycin
from S. antibioticus ATCC11891 [87]. Furthermore, Zhuo et
al. [80] also implemented the same technique to increase
the production of avermectin in S. avermitilis in a round
ofmicroarray studies confirming the overexpression of the
pathway specific regulatory gene aveR in a high-producing
strain. Based on the assumption that the promoter region of
the aveR gene is recognized by sigma factor 6", a mutant
library of the hrdB gene was generated and overexpressed
resulting in >50% improvement in avermectin Bl [80]. This
example suggests that manipulating important genes revealed
by reverse engineering can effectively improve the yield of
target metabolites.

Advances in proteomics have made it possible to identify
proteins that show significant changes in expression levels
on 2D gel electrophoresis under certain conditions [88].
These approaches can also be used for engineering secondary
metabolite target genes to enhance antibiotic production. For
example, an attempt was made to increase the coenzyme A
(CoA) pool using the pantothenate kinase (panK) gene to
enhance production of DXR in S. peucetius ATCC 27952;
however, the opposite occurred due to increased aglycone
polyketide e-rhodomycinone (RHO) [89]. To understand
these results in detail, 2D gel electrophoresis was used to show
that the efflux protein DrrA was overexpressed, resulting
in 9.4-fold higher DXR production than that of a panK
integrated strain, which showed that the proteomic approach
is quite useful for host development and understanding the
physiology of antibiotic production.

4.2. Ribosome Engineering to Enhance Secondary Metabolite
Production. Ribosomes are the fundamental organelles con-
trolling the protein-RNA complex expression machinery that
synthesizes proteins using genetic instructions encoded in
the mRNA template. Hence, engineering ribosomes to fine
tune protein expression and secondary metabolite produc-
tion is a highly utilized approach. One conventional method
to modulate ribosomes is to introduce mutations conferring
resistance to drugs that attack ribosomes, which frequently
have mutations within ribosomal components (ribosomal
protein, rRNA, or translation factors) [90-92]. For example,
generating a point mutation in the ribosomal protein rpsL
(str-6) of the S. lividans TK24 strain against Streptomycin (Str)
causes production of the pigmented antibiotic actinorhodin,
which is not produced under normal laboratory conditions,
which could be due to significant changes in translational
machinery [82]. Nearly half of the str mutants in S. chat-
tanoogensis exhibit a significant increase in fredericamycin
production (>five-fold), with one strain showing 26-fold
higher antibiotic production than that of the wild type
[91]. The frequency of such antibiotic overproducing strains
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among the str mutants is 3-46%, as shown with several strains
in the genera Streptomyces, Bacillus, and Pseudomonas [91].
Moreover, biosynthesis of actinorhodin, undecylprodigiosin,
and calcium-dependent antibiotics is markedly activated
by introducing specific types of rifampicin (Rif) mutations
into the rpoB (encoding the RNA polymerase subunit)
gene in S. lividans 66 [93]. Furthermore, generating double
mutants using gentamicin (Gen) or rif in str mutant further
increases actinorhodin production by 1.7-2.5-fold, whereas
triple mutants (st1; rif and gen) produce almost 48 times more
actinorhodin than that of the wild-type strain of S. coelicolor
A3 (2) [94] and 2.3-fold higher salinomycin (10 mg/mL) in
S. albus [95]. These single, double, and triple mutants display
in hierarchical order a remarkable increase in the production
of actll-ORF4, a pathway-specific regulatory protein that
increases actinorhodin production [94]. Similarly, mutations
conferring resistance to geneticin, fusidic acid, thiostrepton,
and lincomycin generate quintuple, sextuple, septuple, and
octuple mutants (C5, C6, C7, and C8, resp.) that produce
1.63g/L and 1.22 g/L actinorhodin, which is 180, and 136-
fold higher than that of the wild-type strain S. coelicolor A3
(2) in GYM33 media [96]. This dramatic overproduction
of valuable drugs was the reason that ribosomal mutations
and increased accumulation of bacterial alarmone (ppGpp)
were found to play a pivotal role in the onset of antibiotic
production in bacteria. Nevertheless, mutations in the RNA
polymerase beta-subunit circumvent dependence on ppGpp
production or increase stability of the 70S complex resulting
in a higher translation level [95-97] and overproduction.
However, the fundamental mechanism by which ribosomal
engineering affects antibiotic production has been summa-
rized in earlier reviews [98, 99].

Boosting translation during the stationary phase is
another way to enhance secondary metabolite production in
streptomycetes. Enhanced expression of the frr gene by muta-
tions in the rpsL gene, which encodes a ribosome recycling
factor (RRF), results in greater production of actinorhodin
due to enhanced S. coelicolor protein synthesis [100], whereas
overexpression of the frr gene increases avermectin yield
(by 3 to 3.7-fold) in S. avermitilis strains due to the “copy
number effect” of the frr gene [101]. Moreover, introducing
rpsL and rpoB mutations in S. coelicolor enhances production
of chloramphenicol and congocidine by 40-fold and 30-
fold, respectively [42]. Furthermore, mutations in rsmG gene
encoding for 16S rRNA methyltransferase [102] eventually
lead to increase of the intracellular pool of SAM [103] and
overproduction of antibiotics in streptomycetes[81, 82]. A
combination of ribosomal engineering and reporter guided
mutant selection helped to generate a daptomycin overpro-
ducing strain that produces twice as much A21978C (acidic
cyclic lipopeptide antibiotic) as that of the parental strain of
S. roseosporus [104].

5. Engineered Transcriptomics

Many successful stories of genome sequencing have been
generated by efficient mining of genome data either in silico
or in wet lab experiments. Several tools have been developed
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for functional studies of the basic unit of life; however,
transcriptomic analysis was developed using microarray chip
technology and mutational analysis and focuses on identi-
tying the genes/regulators/regulons involved in the growth
phase transition from primary to secondary metabolism
in S. coelicolor [105]. Since then, immense interest has
developed in transcriptome profiling of various Streptomyces,
and studies have concluded that the expression of antibiotic
biosynthetic genes is tightly controlled through multiple
regulatory networks [106, 107]. Exploring the role of avel
(negative regulator) by microarray in combination with real-
time reverse transcription PCR in S. avermitilis not only
showed a negative effect on the avermectin biosynthetic gene
cluster but also affected expression of the oligomycin and
filipin biosynthetic clusters. In addition, the genes involved
in precursor biosyntheses for avermectin or other antibiotics,
such as crotonyl-CoA reductase and methylmalonyl-CoA
decarboxylase, were also upregulated in the avel mutant.
Genes of several key primary metabolic pathways were
downregulated in the mutant, suggesting that the avel gene
may function as a global regulator involved in directing
carbon flux from primary to secondary metabolism [108].
Similarly, comparative transcriptome analysis between the
low and high producer S. avermitilis using a whole-genome
chip revealed the tefR family transcriptional regulator as
a global upregulator for enhanced antibiotic production
in Streptomyces species [109]. Moreover, the wblA gene is
a pleiotropic downregulator of antibiotic biosynthesis in
Streptomyces species based on a transcriptomics study using
DNA microarray analysis for analyzing the discrepancy in
mRNA abundance associated with DXR in S. peucetius
overproducing industrial mutant (OIM) [100]. Furthermore,
disruption of wblA from the S. peucetius OIM resulted in an
additional 1.7-fold increase in the production of both DXR
and daunorubicin (DNR) [107]. These results suggest that
transcriptome based studies provide a comparative profile of
gene expression at the molecular level and help to assess the
key regulators for manifesting designer strains with enhanced
secondary metabolite production.

Recent “-omics” guided reverse engineering approaches,
including comparative transcriptomics and proteomics, have
been successfully used to identify alterations in gene expres-
sion associated with overproduction of secondary metabo-
lites in industrial Streptomyces strains [79, 110-113]. The
strategy to “reverse engineer” a reference organism (with a
desirable property such as higher yield) is carried out by
identifying the genetic or molecular basis of the property
and subsequently reengineering the property into target
organisms of interest by considering the key genes involved in
complex mechanisms controlling microbial metabolism [80].
Successful reverse engineering depends on reproducibility of
the overproducing mechanism in new target strains by using
organisms whose genomic information is already available.
An overproduction mutation is identified and a similar
genetic manipulation is introduced into the same or closely
related species, which is useful for achieving higher product
titers without additional knowledge of concrete overproduc-
tion mechanisms [79]. New microarray and proteomic tools



BioMed Research International

[105, 114, 115] as well as new tools for mutagenesis and mutant
construction [116-118] are handy to characterize overproduc-
ing strains and thus bioengineer new target organisms for
enhanced production.

Similarly, precision engineering is a new approach that
has been investigated to optimize existing biotechnology
processes to improve desirable cell properties [119]. Aske-
nazi et al. [120] described an approach to decipher the
complex interrelationships between metabolite production
and gene expression events to develop improved produc-
tion strains. These advancements include transcriptional
profiling using DNA microarrays, proteome profiling by
2D gel electrophoresis, and metabolite profiling by high-
performance liquid chromatography. The cumulative infor-
mation from these sources enables a more precise iden-
tification of key genetic targets and pathways engineered
for strain improvement [121]. Single “-omic” analyses are
not sufficient to fully unravel the complexities of microbial
physiology and molecular biology associated with the pro-
duction of secondary metabolites; thus, integrating different
layers of information that is, multi “-omics” approaches,
is essential to acquire precise insight into microorganisms
and the mechanism of secondary metabolite overproduction.
Thus, transcriptomics enables quantitative measurements of
dynamic mRNA expression and variations between different
states, reflecting the genes that are being overexpressed or
downregulated at particular times and conditions. Hence,
knowledge of transcriptomics is crucial for designing a ratio-
nal integrated approach to enhance secondary metabolite
production.

6. Future Perspectives

Secondary metabolite production by streptomycetes can be
efficiently enhanced by a number of approaches described
herein; it is reasonable to expect that these techniques cannot
be the endpoint. There are many such techniques developed
for other bacterial genera to enhance secondary metabo-
lite production, as engineered microbes typically require
a high level of genetically stable expressing heterologous
genes and pathways for genetic stability. For example, Tyo
et al. developed a technique called chemically inducible
chromosomal evolution (CIChE), which is a plasmid-free
system for engineering E. coli with reduced allele segregation
and enables roughly 2 to 4-fold increases in the yields of
lycopene and the polymer poly-3-hydroxybutyrate [122, 123].
Similarly, reducing the number of plasmids to overcome
differential gene expression by assembling a large construct
from small fragments is becoming a popular technology
in synthetic biology [124]. Manipulating gene clusters into
monocistronic or pseudooperons has led to engineered
biosynthesis of many natural products [125-128]. A tandemly
placed repetitive promoter is another powerful technique for
gene overexpression and enhanced metabolite production
[129]. Strain development is still hampered by the intrinsic
inefficiency of metabolic reactions caused by simple diffusion
and random collisions of enzymes and metabolites. A scaffold
system, which promotes the proximity of metabolic enzymes
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and increases the local concentration of intermediates, is
a promising solution for this problem because scaffolds
help to (1) increase the local concentration of intermediates
around the enzymes on the scaffold, (2) prevent the loss
of intermediates by diffusion or by competing reactions
and (3) overcome feedback inhibition on other pathways
due to the rapid conversion of feedback inhibitors [130-
132]. Several successful examples of “-omics” technologies for
drug production have already appeared, and this trend will
continue at an accelerated pace. It is expected that microbial
metabolic engineering will become an essential platform for
developing and producing drugs in the near future.
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