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a  b  s  t  r  a  c  t

Actinomycetes  are  virtually  unlimited  sources  of novel  compounds  with  many  therapeutic  applications
and  hold  a  prominent  position  due  to  their  diversity  and  proven  ability  to  produce  novel  bioactive
compounds.  There  are  more  than  22,000  known  microbial  secondary  metabolites,  70%  of  which  are
produced  by  actinomycetes,  20%  from  fungi,  7%  from  Bacillus  spp. and 1–2%  by other  bacteria.  Among  the
actinomycetes,  streptomycetes  group  are  considered  economically  important  because  out  of  the  approx-
imately more  than  10,000  known  antibiotics,  50–55%  are  produced  by  this  genus.  The  ecological  role
of  actinomycetes  in  the  marine  ecosystem  is largely  neglected  and  various  assumptions  meant  there
was little  incentive  to  isolate  marine  strains  for  search  and  discovery  of new  drugs.  The  search  for  and
discovery  of  rare and  new  actinomycetes  is  of significant  interest  to  drug  discovery  due  to a  growing
need  for the  development  of  new  and  potent  therapeutic  agents.  Modern  molecular  technologies  are
adding  strength  to  the target-directed  search  for detection  and  isolation  of  bioactive  actinomycetes,  and
continued development  of  improved  cultivation  methods  and  molecular  technologies  for  accessing  the
marine  environment  promises  to provide  access  to this  significant  new  source  of  chemical  diversity  with
novel/rare  actinomycetes  including  new  species  of  previously  reported  actinomycetes.

© 2012 Elsevier GmbH. All rights reserved.
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1. Introduction

The sea, covering more than 70% of the surface of planet Earth,
contains an exceptional biological diversity, accounting for more
than 95% of the whole biosphere (Qasim 1999). Microbial diver-
sity constitutes an infinite pool of novel chemistry, making up a
valuable source for innovative biotechnology (Berdy 2005; Fenical
and Jensen 2006). So far only the surface has been scratched. The

! Corresponding author. Tel.: +679 323 2941; fax: +679 323 1534.
E-mail address: subramani r@usp.ac.fj (R. Subramani).

recent estimates suggest that the culturability of microorganisms
in marine sediments (0.25%) (Jones 1977; Amann et al. 1995), and
especially seawater (0.001–0.10%) (Kogure et al. 1979; Kogure et al.
1980; Ferguson et al. 1984; Amann et al. 1995) is considerably lower
compared to soil (0.30%) (Torsvik et al. 1990; Amann et al. 1995). A
number of valuable antibiotics and metabolites have been derived
from terrestrial microorganisms (99% of the known microbial com-
pounds) although efforts in this area have diminished since the late
1980s because of the feeling that this resource has been exhaus-
tively studied (Zahner and Fiedler 1995). In this respect, researchers
switched over to new environments for novel pharmaceutical
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compounds and for combating human pathogens. The ocean floor
has been recently demonstrated as an ecosystem with many unique
forms of actinomycetes (Jensen et al. 2005b; Fenical and Jensen
2006). It appears that they are widely distributed throughout the
ocean and found in intertidal zones (Goodfellow and Williams
1983), seawater (Ramesh et al. 2006; Ramesh and Mathivanan
2009), animals (Ramesh and Mathivanan 2009), plants (Castillo
et al. 2005), sponges (Zhang et al. 2008; Sun et al. 2010), and in
ocean sediments (Jensen et al. 2005b; Das et al. 2008; Thornburg
et al. 2010; Xiao et al. 2011). Some of the rare marine acti-
nomycetes require seawater for their growth (Maldonado et al.
2005a; Jensen et al. 2005b; Jensen and Mafnas 2006). This kind
of unique adaptation characteristic of actinomycetes (Maldonado
et al. 2005a; Jensen et al. 2005b, 2007) in the marine environment
is a source of interesting research for new species and a promis-
ing source of pharmaceutically important compounds (Fenical and
Jensen 2006). Despite this promise, relatively little work has been
done on marine actinomycetes and only a small fraction of that
has been directed at examining metabolite profiles (Lam 2006;
Bull and Stach 2007). Since environmental conditions of the sea
are extremely different from terrestrial conditions (Carte 1996;
Kijjoa and Sawangwong 2004), it is felt that marine actinomycetes
may  have different characteristics from terrestrial actinomycetes
and therefore might produce novel bioactive compounds and new
antibiotics (Ellaiah and Reddy 1987; Ramesh and Mathivanan
2009). The research to date supports this hypothesis and it has been
shown that marine actinomycetes produce novel types of new sec-
ondary metabolites (Lam 2006; Fenical and Jensen 2006). Many of
these metabolites possess novel biological activities and have the
potential to be developed as therapeutic agents (Feling et al. 2003;
Maldonado et al. 2005a).  Additionally, sequencing marine actino-
mycete genomes may  provide insights useful in the discovery of
novel agents (Jensen et al. 2007; Jensen 2010; Rath et al. 2011).
This review article highlights the study of marine actinomycetes
for the discovery of novel/new secondary metabolites.

2. Actinomycetes in the marine environment

Of the total sea surface, only 7–8% is coastal area and the rest
is deep sea, of which 60% is covered by water more than 2000 m
deep (Das et al. 2006). The deep sea is a unique and extreme envi-
ronment characterized by high pressure, low temperature, lack of
light and variable salinity and oxygen concentration (Bull et al.
2000). Though the deep sea area is geographically vast, scientific
knowledge and research on deep sea microbial diversity is mea-
ger (Das et al. 2006). However, it has been shown to be a good
source of novel microorganisms for the discovery of new antibiotics
(Bull et al. 2000). Actinobacteria isolated from deep sea sediments
in earlier studies however poorly characterized (Goodfellow and
Williams 1983). More recently, culture independent studies have
shown that indigenous marine actinomycetes certainly exist in
the oceans (Ward and Bora 2006). These include members of the
genera Dietzia, Rhodococcus (Nesterenko et al. 1982; Helmke and
Weyland 1984; Rainey et al. 1995; Heald et al. 2001), Strepto-
myces (Moran et al. 1995), the newly described genera Salinispora
(Mincer et al. 2005; Jensen et al. 2005a; Maldonado et al. 2005a)  and
Marinispora (Jensen et al. 2005a; Kwon et al. 2006) both of which
require seawater for growth and have marine chemotype signa-
tures; and Aeromicrobium marinum (Bruns et al. 2003) which also
has an obligate requirement for salt. Another recently character-
ized genus, Salinibacterium, can tolerate up to 10% NaCl but does not
have a salt requirement for growth (Han et al. 2003). The recently
reported Verrucosispora strain AB-18-032 (Riedlinger et al. 2004)
also might qualify as an indigenous marine actinobacterium. Some
of these species were found to produce unique compounds, such as

salinosporamides, that are now in clinical trials as potent anticancer
agents (Feling et al. 2003).

The actinomycetes are active components of marine microbial
communities (Jensen et al. 2005a,b) and form stable, persistent
populations in various marine ecosystems (Das  et al. 2006). The
discovery of several new marine actinomycete taxa with unique
metabolic activity in their natural environments (Fenical and
Jensen 2006), and their ability to form stable populations in differ-
ent habitats and produce novel compounds with various biological
activities (Magarvey et al. 2004; Jensen et al. 2005a, 2007; Lam
2006; Prudhomme et al. 2008; Olano et al. 2009; Asolkar et al. 2010;
Rahman et al. 2010) clearly illustrate that indigenous marine acti-
nomycetes indeed exist in the oceans and are an important source
of novel secondary metabolites.

3. Role of actinomycetes in marine environment

Actinomycetes have a profound role in the marine environment
apart from antibiotic production (Das et al. 2006). The degrada-
tion and turnover of various materials are a continuous process
mediated by the action of a variety of microorganisms (Jensen
et al. 2005a; Lam 2006). There is a speculation that the increase
or decrease of a particular enzyme-producing microorganism may
indicate the concentration of natural substrate and conditions of
the environment (Ramesh and Mathivanan 2009). The cellulolytic
activity of marine actinomycetes was  described by Chandramohan
et al. (1972),  chitinolytic actinomycetes were reported by Pisano
et al. (1992) and various industrially important enzyme produc-
ing actinomycetes have been reported (Ramesh and Mathivanan
2009). Actinomycetes are also reported to contribute to the break-
down and recycling of organic compounds (Goodfellow and Haynes
1984). In addition, they play a significant role in mineralization
of organic matter, immobilization of mineral nutrients, fixation of
nitrogen, improvement of physical parameters and environmental
protection (Goodfellow and Williams 1983).

4. Rare actinomycetes and selective isolation

The present relatively low occurrence of rare actinomycetes, in
contrast to the diverse Streptomyces species, is derived from the
facts that they are hard to isolate from the environment and diffi-
cult to cultivate and maintain under conventional conditions (Berdy
2005). The assumption is rare actinomycetes are more difficult to
cultivate than Streptomyces species due to the requirement to use
appropriate isolation procedures (Terekhova 2003), and to apply a
variety of different selection methods (Qiu et al. 2008; Khanna et al.
2011), each for the isolation of certain taxonomical groups of acti-
nomycetes (Bredholdt et al. 2007; Sun et al. 2010; Khanna et al.
2011). For example, the spores of some rare actinomycete gen-
era including Streptosporangium and Microbispora can withstand
treatment with various chemicals (Khanna et al. 2011). There-
fore the isolation of rare actinomycetes warrants suitable isolation
procedures including (i) the use of appropriate selective media
containing macromolecules like casein, chitin and humic acid for
promoting growth of rare actinomycetes present in the samples
and simultaneously suppressing and hindering contaminant bac-
terial/fungal colonies (Qiu et al. 2008; Bredholdt et al. 2008; Hong
et al. 2009; Zhang and Zhang 2011; Cuesta et al. 2012), (ii) addition
of different antibacterial and antifungal antibiotics to the isolation
media enhances the selection of members of the family actinomyc-
etales (Qiu et al. 2008; Hong et al. 2009; Zhang and Zhang 2011), (iii)
selective isolation of sporulating actinomycetes known to produce
motile spores is done by the use of xylose, chloride, !-collidine, bro-
mide and vanillin (Hayakawa 2008) which act as chemo-attractants
for accumulating spores of Actinoplanes, Dactylosporangium and
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Catenuloplanes (Hayakawa 2008), (iv) selective isolation of genera
Herbidospora, Microbispora, Microtetraspora and Streptosporangium
can be done by chloramine treatment (Hong et al. 2009), as chlo-
rination is known to suppress growth of contaminant bacteria and
promotes the growth of these rare actinomycetes when plated on
humic acid-vitamin enriched media (Hong et al. 2009), (v) different
kinds of radiation (Bredholdt et al. 2007) favor selective isolation
of different actinomycetes genera, for example, SHF (super-high
frequency) irradiation allowed efficient isolation of Streptospo-
rangium and Rhodococcus species, EHF (extremely high frequency)
irradiation was mostly favorable for Nocardiopsis, Nocardia and
Streptosporangium spp., and UV-irradiation was effective for isola-
tion of Nocardiopsis, Nocardia and Pseudonocardia spp., (vi) the use
of seawater based media for the isolation of Salinispora,  the first
obligate marine genus in the order Actinomycetales (Maldonado
et al. 2005a).

Application of a variety of selective isolation methods thus
resulted in successful cultivation of unexpectedly diverse/rare
group of actinomycetes from only a limited number of the sediment
samples (Bredholdt et al. 2007). In 1970 only 11 rare actinomycetes
species producing altogether 50 bioactive compounds were known
(Berdy 2005). Today the number of taxonomically described rare
actinomycetes is close to 100, and due to recently developed
genetic and isolation techniques this number is quickly increas-
ing (Berdy 2005; Bredholdt et al. 2007). New advanced isolation
techniques include unique enrichment procedures (Magarvey et al.
2004), pre-treatment of samples (Iwai et al. 2009), selective isola-
tion methods (Bredholdt et al. 2007; Hayakawa 2008), construction
of environmental genomic libraries (Donadio et al. 2002a,b), the use
of selective isolation media and phylogenetic analysis (Jensen et al.
2005b; Hozzein et al. 2008), culture-independent methods (Mincer
et al. 2005) and digital image analysis (Velho-Pereira and Kamat
2010). This has resulted in the isolation of increasing members of
rare actionomycetes. In the light of our accumulated knowledge,
however, the potential of the more common Streptomyces species
should not be overlooked (Berdy 2005). Their capacity to produce
promising new compounds will certainly be unsurpassed for a long
time and they are still responsible for producing the majority of
clinically applied antibiotics (Lam 2006; Niu et al. 2007; Anzai et al.
2008; Arumugam et al. 2009; Hohmann et al. 2009; Carlson et al.
2009; Hong et al. 2009; Rahman et al. 2010; Pimentel-Elardo et al.
2010; Xu et al. 2010).

5. Molecular approaches to search for indigenous marine
actinomycetes

The presence of native actinomycetes has been confirmed
by culture-independent molecular approach studies (Monciardini
et al. 2002; Das et al. 2007; Sun et al. 2010). These culture-
independent methods employ direct extraction of nucleic acids
from the samples (Mincer et al. 2005). It often involves the ampli-
fication of DNA or cDNA from RNA extracted from environmental
samples by PCR and the subsequent analysis of the diversity of the
amplified molecules (community fingerprinting) (Bull et al. 2005).
Alternatively, the amplified products may  be cloned and sequenced
to identify and enumerate rare/new actinomycetes present in the
sample (Stach et al. 2003; Riedlinger et al. 2004). Monciardini et al.
(2002) developed selective primer sets for PCR amplification of
16S rDNA from the Actinomycetales families Micromonosporaceae,
Streptomycetaceae, Streptosporangiaceae and Thermomonospo-
raceae, and from the genus Dactylosporangium. Each primer set,
evaluated on genomic DNA from reference strains, showed high
specificity and good sensitivity (Monciardini et al. 2002). The appli-
cation of these primers to environmental samples showed the
frequent occurrence of these groups of actinomycetes and also

revealed sequences that can be attributed to new groups of actino-
mycetes (Monciardini et al. 2002). An advanced method, terminal
restriction fragment length polymorphism (T-RFLP) analysis, mea-
sures the size polymorphism of terminal restriction fragments
from a PCR-amplified marker (Wawrik et al. 2005). It combines
at least three technologies, including comparative genomics/RFLP,
PCR and electrophoresis. In addition, denaturing gradient gel elec-
trophoresis (DGGE) and TGGE (thermal-GGE) are methods by which
fragments of DNA of the same length but different sequences can
be resolved electrophoretically (Muyzer 1999; Wawrik et al. 2005).
Separation is based on the decreased electrophoretic mobility of a
partially melted double-stranded DNA molecule in polyacrylamide
gels containing a linear gradient of a denaturing reagent or a linear
temperature gradient. PCR-DGGE was widely used to determine
the diversity and community of actinomycetes in environmental
samples (Wawrik et al. 2005; Das et al. 2007; Nimnoi et al. 2010).

It is now widely accepted that <1% of microbes can be iso-
lated using traditional culturing techniques, leaving the vast
majority of microorganisms and their biochemical pathways inac-
cessible (Kennedy et al. 2010; Rath et al. 2011). The emergence
of culture-independent and metagenomic techniques has how-
ever provided us with the tools to determine the full extent
of the uncultured microbial diversity and allowed access to the
biochemical pathways within these uncultured microorganisms
(Riesenfeld et al. 2004; Venter et al. 2004). Metagenomics is defined
as the study of the pooled genetic complement of an environ-
mental sample, and analyses can be either sequence or function
driven (Handelsman 2004; Riesenfeld et al. 2004; Venter et al.
2004; Kennedy et al. 2010). Recent conceptual and technologi-
cal advances have allowed the increased use of sequence guided
metagenomic investigations of the marine environment. Also,
advances in high-throughput sequencing technology and lower
cost sequencing technologies have made random shotgun sequenc-
ing of environmental DNA economically feasible (Kennedy et al.
2010). The majority of metagenomic investigations to date have
employed whole metagenome shotgun sequencing approaches for
the cloning and sequencing of microbial DNA from marine environ-
ments (Kennedy et al. 2010). This approach can give a fuller context
for any gene detected, thus giving a greater probability of recon-
structing the metabolic pathways of individual members within a
particular marine microbial consortium (Rath et al. 2011).

Metagenomic and metaproteomic technologies enable pow-
erful new approaches to gene, genome, protein and metabolic
pathway discovery (Rath et al. 2011). The number of uncul-
tivable marine bacterial and fungal strains that produce secondary
metabolites has limited our access to a huge genetic diversity
relating to untapped chemical resources for therapeutic and other
industrial applications (Bull et al. 2005; Fenical and Jensen 2006).
This includes complex marine (e.g., sponge, tunicates, dinoflag-
ellates) and terrestrial (e.g., plant-microbe, biofilm, insect-gut,
human gut) microbial consortia where the presence of large
populations of diverse microorganisms and their corresponding
genomes that bear natural product gene clusters remains unex-
plored (Rath et al. 2011). This new source of metabolic and chemical
diversity will lead to important new basic knowledge and also
contribute to ongoing drug discovery efforts against many disease
indications (Rath et al. 2011). For example, Sherman and colleagues
(Rath et al. 2011) recently reported a model system for developing a
meta-omic approach to identify and characterize the natural prod-
uct pathways from invertebrate-derived microbial consortia using
the ET-743 (Yondelis) biosynthetic pathway. The total DNA of this
tunicate/microbial consortium was metagenomically sequenced
and they targeted and assembled a 35 kb contig containing 25 genes
that comprise the core of the nonribosomal peptide synthetases
(NRPS) biosynthetic pathway for this valuable anticancer agent.
Further, they reported that metaproteomic analysis confirmed the
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expression of biosynthetic proteins. Therefore, this work provides
a foundation for direct production of the drug and new chemical
derivatives through metabolic engineering (Rath et al. 2011).

Pyrosequencing, which is also known as 454 sequencing in
reference to the company 454 Life Sciences (Branford, CT, USA)
that markets pyrosequencing platforms, currently appears to be
the most widely used next-generation sequencing method for de
novo microbial genome sequencing (MacLean et al. 2009). Pyrose-
quencing, involving a novel sequencing by synthesis technology,
is also now gaining popularity as a cost effective methodology
that can be employed for metagenomic analysis of marine micro-
bial communities (Kennedy et al. 2010). While the benefits of the
technology both from a sequence data generation and cost stand-
point [25–40 Mb  of DNA sequence per run at an accuracy of "98%
(Edwards et al. 2006)] are obvious, the limitations of lower read
lengths of between 200 and 300 bp can be problematic (Wommack
et al. 2008). Read lengths achievable using pyrosequencing are cur-
rently around 450 bp, and this is likely to continue to improve,
which should improve the amount of useful data generated from
pyrosequencing of metagenomic samples. The shorter contigs gen-
erated with this method, often do not enable the assignment of
function, and reconstruction of the metabolic pathways present in
individual microbes is only possible for the simplest of consortia.
However, notwithstanding this, these random shotgun sequencing
and pyrosequencing approaches require no prior sequence knowl-
edge for data generation, and thus there is a good possibility that
novel gene sequences can be discovered (Kennedy et al. 2010).

These molecular tools exemplified by 16S rRNA analyses have
facilitated the study of marine microbial populations without cul-
tivation which has made quantitative assessment of microbial
diversity now conceivable (Olsen et al. 1986; Pace et al. 1986;
Amann et al. 1995; Monciardini et al. 2002). Many variations of
the 16S rRNA approach are currently used for defining microbial
diversity (Brinkhoff et al. 1998). These include analysis of PCR
amplified 16S rDNA sequences and their digestion with restric-
tion endonucleases to obtain RFLP of whole 16S rDNA amplicons
(Monciardini et al. 2002). In some studies, this molecular approach
has been combined with microbiological methods in an attempt
to isolate the relevant microorganisms (Großkopf et al. 1998).
In other studies molecular biological techniques have been used
in combination with geochemical techniques or with microsen-
sors [see the reference (Amann and Kuhl 1998) for an overview]
to characterize environmental parameters. However, molecular
biological techniques, microbiological methods, and geochemical
techniques or microsensors have been used together in only a
few studies (Ramsing et al. 1996; Teske et al. 1996). Neverthe-
less, combining techniques and concepts from different disciplines
is necessary to obtain a better understanding of the interactions
between microorganisms and their natural environments, which is
the aim of microbial ecology. Therefore, no single tool allows defini-
tive assessment of the actinobacterial diversity (Brinkhoff et al.
1998). So, the use of a polyphasic approach involving a combina-
tion of molecular biology techniques, microbiological methods and
geochemical techniques or microsensors is necessary to obtain a
better understanding of actinomycetes in the marine environment.
Cultivation of these novel actinomycetes will facilitate the investi-
gation of their ecological roles and provide an important source for
discovery of metabolites.

6. Different genera of marine actinomycetes

Slightly acidic conditions tend to harbor a greater diversity of
actinomycetes than neutral water (Goodfellow and Williams 1983;
Ramesh and Mathivanan 2009). Many studies have been done on
the isolation of actinomycetes from marine sediments (Barcina

et al. 1987) and Lechevalier and Lechevalier (1970) described 32
genera based on chemical composition from this marine habitat.
In addition from recent assessments, Micromonospora (Bull et al.
2005), Streptomyces (Moran et al. 1995), Nocardia, Rhodococcus and
Dietzia (Rainey et al. 1995; Heald et al. 2001), Prauserella (Kim and
Goodfellow 1999), Serinicoccus (Yi et al. 2004; Xiao et al. 2011),
Salinispora (Mincer et al. 2005; Jensen et al. 2005a; Maldonado
et al. 2005a), Marinophilus (Lam 2006), Solwaraspora (Magarvey
et al. 2004), Lamerjespora (Fortman et al. 2005), Marinospora (Jensen
et al. 2005b; Kwon et al. 2006), Salinibacterium (Han et al. 2003),
Aeromicrobium (Bruns et al. 2003), Williamsia (Stach et al. 2004),
Verrucosispora (Riedlinger et al. 2004), Marinactinospora (Tian et al.
2009b) and Sciscionella (Tian et al. 2009a)  have been reported from
the marine environment.

7. Marine streptomycetes – a boundary microorganism

Streptomycetes are an economically important group of organ-
isms among actinomycetes and they are the pivotal source for wide
range of biologically active compounds (Berdy 2005). About three
quarters of all the known commercially and medicinally useful
antibiotics (Cundlife 1989; Kieser et al. 2000) and several agri-
culturally important compounds (Okami and Hotta 1988) were
obtained from the streptomycetes. Moreover, approximately 60%
of the antibiotics discovered in the year 1990 and most of the antibi-
otics used in agriculture are from the genus Streptomyces (Tanaka
and Omura 1993). Streptomycetes have been shown to have the
ability to synthesize antibacterial (Berdy 1980, 2005; Ramesh
and Mathivanan 2009), antifungal (Berdy 1980, 2005; Prabavathy
et al. 2006; Prapagdee et al. 2008; Ramesh and Mathivanan 2009;
Ebrahimi Zarandi et al. 2009), insecticidal (Pimentel-Elardo et al.
2010), antitumor (Berdy 2005; Lam 2006; Hong et al. 2009), anti-
inflammatory (Renner et al. 1999), anti-parasitic (Pimentel-Elardo
et al. 2010), antiviral (Sacramento et al. 2004), antifouling (Xu
et al. 2010), anti-infective (Rahman et al. 2010) and herbicidal
and plant growth promoting compounds (Sousa et al. 2008) as
well as many other agents such as enzyme inhibitors (Hong et al.
2009) and vitamins (Atta 2007) and hence, they are widely rec-
ognized as industrially important microorganisms (Williams et al.
1983; Tamehiro et al. 2003; Higginbotham and Murphy 2010). Fur-
ther, they are well known for their capability of producing various
extracellular hydrolytic enzymes including ribonucleases (Cal et al.
1995; Nicieza et al. 1999; Brunakova et al. 2004; Ramesh et al. 2009;
Ramesh and Mathivanan 2009; Hong et al. 2009). These charac-
teristics make this genus an important research subject from the
academic and industrial point of view (Tanaka and Omura 1993).

8. Fermentation process for metabolites production

Actinomycetes are high G+C content Gram-positive bacteria
with an unparalleled ability to produce diverse secondary metabo-
lites (Das et al. 2008). Optimization of fermentation conditions
(Martin and Demain 1980; Sanchez and Demain 2002; Sujatha et al.
2005) can increase the production of secondary metabolites by
several folds (Bode et al. 2002; Fourati et al. 2005; Sujatha et al.
2005). The synthesis of secondary metabolites begins when growth
is slowing or stopped (Demain et al. 1983; Doull and Vining 1990;
Sanchez and Demain 2002; Augustine et al. 2004) so secondary
metabolite production can be repressed by readily available car-
bon source, abundant nitrogen or high levels of phosphorous; all
of which contribute in keeping the actinomycetes actively grow-
ing (Iwai and Omura 1982). Therefore in the preparatory (lag)
phase, growth is very slow and the regulatory proteins are syn-
thesized on the basis of new information (Martin and Demain
1980). In the exponential or growth (log) phase, microbial growth is
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Table  1
A  number of novel/new metabolites produced by marine actinomycetes during the period 2005–2010.

Compound Source Biological activity Reference

Chinikomycins Streptomyces sp. Anticancer Li et al. (2005)
Chloro-dihydroquinones Novel actinomycete Antibacterial; anticancer Soria-Mercado et al. (2005)
Glaciapyrroles Streptomyces sp. Antibacterial Macherla et al. (2005)
Frigocyclinone Streptomyces griseus Antibacterial Bruntner et al. (2005)
Lajollamycin Streptomyces nodosus Antibacterial Manam et al. (2005)
Mechercharmycins Thermoactinomyces sp. Anticancer Kanoh et al. (2005)
Salinosporamide A Salinispora tropica Anticancer; antimalarial Jensen et al. (2007) and Prudhomme et al. (2008)
Sporolide A Salinispora tropica Unknown Jensen et al. (2007)
Salinosporamides B & C Salinispora tropica Cytotoxicity Williams et al. (2005)
2-Allyloxyphenol Streptomyces sp. Antimicrobial; food preservative;

oral disinfectant
Arumugam et al. (2009)

Saliniketal Salinispora arenicola Cancer chemoprevention Jensen et al. (2007)
Marinomycins A-D Marinispora Antimicrobial; anticancer Kwon et al. (2006)
Cyanosporaside A Salinispora pacifica Unknown Jensen et al. (2007)
Lodopyridone Saccharomonospora sp. Anticancer Maloney et al. (2009)
Arenimycin Salinispora arenicola Antibacterial; anticancer Asolkar et al. (2010)
Salinispyrone Salinispora pacifica Unknown Jensen et al. (2007)
Salinipyrones A & B Salinispora pacifica Mild cytotoxicity Oh et al. (2008)
Pacificanones A & B Salinispora pacifica Antibacterial Oh et al. (2008)
Arenicolides A-C Salinispora arenicola Mild cytotoxicity Jensen et al. (2007) and Williams et al. (2007)
1-hydroxy-1-

norresistomycin
Streptomyces chinaensis Antibacterial; anticancer Gorajana et al. (2005) and Kock et al. (2005)

Resistoflavin methyl ether Streptomyces sp. Antibacterial; anti-oxidative Kock et al. (2005)
Staurosporinone Streptomyces sp. Antitumor; phycotoxicity Wu et al. (2006)
Sesquiterpene Streptomyces sp. Unknown Wu et al. (2006)
1,8-Dihydroxy-2-ethyl-3-

methylanthraquinone
Streptomyces sp. Antitumor Huang et al. (2006)

Caboxamycin Streptomyces sp. Antibacterial; anticancer Hohmann et al. (2009)
Butenolides Streptoverticillium luteoverticillatum Antitumor Li et al. (2006)
Daryamides Streptomyces sp. Antifungal; anticancer Asolkar et al. (2006)
Piericidins Streptomyces sp. Antitumor Hayakawa et al. (2007a)
Proximicins Verrucosispora sp. Antibacterial; anticancer Fiedler et al. (2008)
Streptokordin Streptomyces sp. Antitumor Jeong et al. (2006)
ZHD-0501 Actinomadura sp. Anticancer Han et al. (2005)
Bisanthraquinone Streptomyces sp. Antibacterial Socha et al. (2006)
Tirandamycins Streptomyces sp. Antibacterial Carlson et al. (2009)

intensive, but the production of secondary metabolites is still low.
The transition phase is the one, in which the growth rate and protein
synthesis are slowed down; enzymes of the secondary metabolism
are intensively synthesized and secondary metabolite production
starts (Demain 1998; Bibb 2005). In the production phase, the
growth rate is decreased, dry weight is constant and secondary
metabolite production is highest. On the other hand, to reach a
high secondary metabolites production, a sufficient biomass yield
accomplished in a short period (e.g., short log phase) is necessary
(Bibb 2005).

The production of secondary metabolites in actinomycetes is
greatly influenced by various fermentation parameters such as
available nutrients (Augustine et al. 2004; Fourati et al. 2005), pH
(Sujatha et al. 2005), partial pressure of oxygen (pO2) (Iwai and
Omura 1982), temperature (Sujatha et al. 2005), agitation (Bode
et al. 2002), mineral salts (Wang et al. 2003), metal ions (Gesheva
et al. 2005), precursors (Martin and Demain 1980; Omura and
Tanaka 1986), inducers (Martin and Demain 1980; Doull and Vining
1990; Cheng et al. 1995) and inhibitors (Bibb 2005) which often
vary from organism to organism (Iwai and Omura 1982; Stanbury
et al. 1997).

Actinomycetes that produce secondary metabolites often have
the potential to produce various compounds from a single strain
(Schiewe and Zeeck 1999). The molecular basis for this well-known
observation has been confirmed by several sequencing projects of
different microorganisms (Barcina et al. 1987; Höfs et al. 2000a,b).
In spite of well-known examples about induction of a selected
biosynthesis (e.g., by high- or low-phosphate cultivation media),
no overview about the potential in this field for finding natural
products has been reported suggesting an interesting possibility
for research.

Interestingly, Bode et al. (2002) investigated the system-
atic alteration of easily accessible cultivation parameters (i.e.,
media composition, aeration, culture vessel, addition of enzyme
inhibitors) in order to increase the number of secondary metabo-
lites available from one microbial source. They termed this way
of revealing nature’s chemical diversity the “OSMAC (One Strain-
Many Compounds) approach” and using it they were able to isolate
up to 20 different metabolites with yields up to 2.6 g L#1 from
a single organism (Bode et al. 2002). These compounds covered
nearly all major natural product families, and in some cases the
high production titer opens new possibilities for semi-synthetic
methods to produce even more chemical diversity of selected com-
pounds. The OSMAC approach offers a good alternative to industrial
high-throughput screening that focuses on the active principle in a
distinct bioassay (Bode et al. 2002).

9. Secondary metabolites from actinomycetes

The discovery of penicillin in 1929 heralded the era of antibi-
otics and the realization that microorganisms are a rich source of
clinically useful natural products (Betina 1983). Since then, about
50,000 natural products have been discovered from microorgan-
isms, more than 10,000 of which are biologically active (Berdy
2005). At present more than 1000 microbial products are in
use as antibiotics, antitumor agents and agrochemicals (Berdy
1980, 2005). Until recently, most antibiotics of microbial ori-
gin came from terrestrial bacteria belonging to one taxonomic
group, the order Actinomycetales (Berdy 2005; Bull et al. 2005;
Lam 2006). Among the different microorganisms, actinomycetes
are undoubtedly the largest producers of secondary metabolites
(Berdy 2005). Among the presently known microbial metabolites,
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Fig. 1. Some novel/new secondary metabolites produced by marine actinomycetes.

45% ("10,000 compounds) were isolated from various Actino-
mycetales. Of these Actinomycetales compounds, 75% were from
Streptomyces and 25% were from rare actinomycetes (Berdy 2005).
The representation of rare actinomycetes metabolites in the 20th
century was only 5% (Berdy 2005). However, Micromonospora,
Actinomadura, Streptoverticillium,  Actinoplanes, Nocardia, Saccha-
ropolyspora and Streptosporangium spp. are increasingly playing a
significant role in the production of a wide spectrum of antimicro-
bial metabolites and antibiotics (Berdy 2005; Bull et al. 2005; Lam
2006).

The rare actinomycetes produce diverse and unique, unprece-
dented, sometimes very complicated compounds exhibiting
excellent bioactive potency and usually low toxicity (Berdy
2005; Kurtböke 2012). Various antimicrobial substances from
actinomycetes have been isolated and characterized includ-
ing aminoglycosides, anthracyclines, glycopeptides, beta-lactams,
macrolides, nucleosides, peptides, polyenes, polyesters, polyke-
tides, actionomycins and tetracyclines (Berdy 2005). Most of
the antibiotics are extracellular metabolites which are normally
secreted in culture media (Bode et al. 2002) and have been used
as various drugs (Charoensopharat et al. 2008). Actinomycetes
are known to produce various types of antibiotics namely pep-
tides/glycopeptides (Singh and Gurusiddaiah 1984; Kimura et al.
1996) angucyclinone (Sun et al. 2007), tetracyclines (Hatsu et al.
1992), phenazines (Maskey et al. 2003), macrolides (Tanaka et al.
1997), anthraquinones (Takahashi et al. 1988), polyenes (Cidaria
et al. 1993; Ouhdouch et al. 2001; Lemriss et al. 2003), anthracy-
clines (Maeda et al. 1994), "-lactams (Aoki et al. 1976), piercidins
(Hayakawa et al. 2007a,b), octaketides (Radzom et al. 2006), ben-
zoxazolophenanthridines (Doull et al. 1994), heptadecaglycosides
(Singh et al. 2000), lactones (Imai et al. 1987) and others (Berdy
2005).

10. Novel/new metabolites from marine actinomycetes

Although more than 30,000 diseases have been clinically
described, less than one third of these can be treated symptomat-
ically and fewer can be cured (Schultz and Tsaklakidis 1997). New
therapeutic agents are urgently needed to fulfill the medical needs
that are currently unmet (Wright and Sutherland 2007). Natural
products once played a major role in drug discovery (Demain and
Zhang 2005; Zhang 2005). Although the exploitation of marine
actinomycetes as a source for discovery of novel secondary metabo-
lites is at an early stage, numerous novel metabolites have been
isolated in the past few years (Lam 2006). Table 1 shows some
examples of new secondary metabolites isolated from marine acti-
nomycetes from 2005 to 2010. This is by no means an exhaustive
search of all novel secondary metabolites produced by marine
actinomycetes during this 5-year period, nevertheless this list is
impressive and illustrate the many different diverse structures with
biological activities reported. Among them, a few compounds such
as staurosporinone, salinosporamide A, lodopyridone, arenimycin,
marinomycins and proximicins from Table 1 are of particular inter-
est due to their rarity and potent and diverse bioactivity.

Salinosporamide A (Fig. 1a) is a novel rare bicyclic beta-lactone
gamma-lactam isolated from an obligate marine actinomycete,
Salinispora tropica (Feling et al. 2003; Jensen et al. 2007). Sali-
nosporamide A is an orally active proteasome inhibitor that
induces apoptosis in multiple myeloma cells with mechanisms
distinct from the commercial proteasome inhibitor anticancer
drug Bortezomib (Chauhan et al. 2005). It is being developed by
Nereus Pharmaceuticals, Inc. (as NPI-0052) and was scheduled
to enter clinical studies for treatment of cancer in humans in
2006. NPI-0052 is currently being evaluated in multiple phase
I trials for solid tumors, lymphoma and multiple myeloma
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(http://www.nereuspharm.com/NPI-0052.shtml). NPI-0052 repre-
sents the first clinical candidate for the treatment of cancer
produced by saline fermentation of an obligate marine actino-
mycete.

Salinipyrones A and B (Fig. 1b and c) are new polyketides isolated
from a phylogenetically unique strain of the obligate marine actino-
mycete, Salinispora pacifica (Oh et al. 2008). The biological activity of
salinipyrones A and B did not show appreciable antibacterial activ-
ity against drug resistant human pathogens. However, salinipyrone
A displayed moderate inhibition of interleukin-5 production by 50%
at 10 #g/mL without measurable human cell cytotoxicity (HCT-
116).

Lodopyridone (Fig. 1d) is a unique alkaloid produced by a marine
Saccharomonospora sp. isolated from marine sediments collected at
the mouth of the La Jolla Submarine Canyon (Maloney et al. 2009).
Lodopyridone possess activity against the human colon adenocar-
cinoma cell line HCT-116 with an IC50 of 3.6 #M.

Arenimycin (Fig. 1e) is a new antibiotic belonging to the
benzo[$]naphthacene quinone class produced by the obligate
marine actinomycete, Salinispora arenicola (Asolkar et al. 2010).
This new structural derivative is the first report of this class of
antibiotics from this strain S. arenicola. Arenimycin has effective
antibacterial activity against rifampin- and methicillin-resistant
Staphylococcus aureus and it exhibits potent antimicrobial activi-
ties against drug-resistant Staphylococci and other Gram-positive
human pathogens.

In addition, the Salinispora tropica strain also produces four
unprecedented compounds, Sporolide A (Fig. 1f), Arenicolide A
(Fig. 1g), Cyanosporaside A (Fig. 1h) and Salinispyrone A (Fig. 1i)
(Jensen et al. 2007). These highlighted structures demonstrate the
tremendous potential of marine actinomycetes for the production
of novel secondary metabolites.

11. Conclusions

In view of the immense biological diversity in the sea as a whole,
it is increasingly recognized that a large number of novel chemical
entities exists in the oceans. As marine microorganisms, partic-
ularly actinomycetes, have evolved with the greatest genomic
and metabolic diversity (Jensen 2010), efforts should be directed
towards exploring marine actinomycetes as a source of novel sec-
ondary metabolites. Bonafide actinomycetes not only exist in the
oceans, but they are also widely distributed in different marine
ecosystems. The exploitation of marine actinomycetes as a source
for novel secondary metabolites is in its infancy. Even with the
limited screening efforts that have been dedicated to marine actino-
mycetes to date, the discovery rate of novel secondary metabolites
from marine actinomycetes has recently surpassed that of their
terrestrial counterparts, as evident by the isolation of many new
chemical entities from marine actinomycetes. In this respect, future
success relies on our ability to isolate novel actinomycetes from
the marine environments. Although isolation strategies directed
towards new marine-derived actinomycetes have been lacking,
some progress has recently been made in this area using enrich-
ment techniques and new selection methods and media (Magarvey
et al. 2004; Jensen et al. 2005a; Mincer et al. 2005; Bredholdt et al.
2007; Qiu et al. 2008; Sun et al. 2010; Velho-Pereira and Kamat
2010; Khanna et al. 2011).

Recent culture-independent studies (Mincer et al. 2005; Sun
et al. 2010) have shown that marine environment still contains a
high diversity of rare actinomycetes. Culture-independent studies
of the presence and distribution of marine actinomycetes in the
samples and the information obtained from these studies has also
been used to design selective isolation schemes enabling success-
ful isolation of a wide variety of marine actinomycetes including

novel taxa from the same environmental samples (Maldonado
et al. 2005b; Jensen et al. 2007). Therefore the adaptation of more
efficient techniques (Rath et al. 2011) to the screening of new
chemical compounds in the marine ecosystem and understand-
ing of actinomycetes’s biology, ecology, taxonomy and chemical
biology combined with the help of polyphasic taxonomy includ-
ing advanced molecular techniques (Jensen 2010; Rath et al. 2011)
will provide detailed information on the taxonomy, ecology and
chemical characteristics of uncultivable or rare actinomycetes.
Developing methods for the culture of currently unculturable or
rare marine actinomycetes would represent a unique and promis-
ing source for the discovery of novel secondary metabolites. It is
clear from the analysis of low or rare diversity marine actinomycete
taxon (the genus Salinispora)  that patterns of secondary-metabolite
production are highly complex and that molecular studies can
improve the drug discovery process.

Acknowledgement

We thank Dr. Brad Carte for critically reading the manuscript,
his helpful comments and his encouraging remarks.

References

Amann RI, Kuhl M.  In situ methods for assessment of microorganisms and their
activities. Curr Opin Microbiol 1998;1:352–8.

Amann RI, Ludwig W,  Schleifer KH. Phylogenetic identification and in situ detection
of  individual microbial cells without cultivation. Microbiol Rev 1995;59:143–69.

Anzai K, Ohno M,  Nakashima T, Kuwahara N, Suzuki R, Tamura T, et al. Tax-
onomic distribution of Streptomyces species capable of producing bioactive
compounds among strains preserved at NITE/NBRC. Appl Microbiol Biotechnol
2008;80:287–95.

Aoki H, Sakai H, Koshaka M,  Konomi T, Hosoda J, Kubochi Y, et al. Nocardicin A, a
new monocyclin "-lactam antibiotic: discovery, isolation and characterization.
J  Antibiot 1976;29:492–500.

Arumugam M,  Mitra A, Jaisankar P, Dasgupta S, Sen T, Gachhui R, et al. Isolation of
an  unusual metabolite 2-allyloxyphenol from a marine actinobacterium, its bio-
logical activities and applications. Appl Microbiol Biotechnol 2009;86:109–17.

Asolkar RN, Jensen PR, Kauffman CA, Fenical W.  Daryamides A-C, weakly cyto-
toxic polyketides from a marine-derived actinomycete of the genus Streptomyces
strain CNQ-085. J Nat Prod 2006;69:1756–9.

Asolkar RN, Kirkland TN, Jensen PR, Fenical W.  Arenimycin, an antibiotic effec-
tive against rifampin- and methicillin-resistant Staphylococcus aureus from the
marine actinomycete Salinispora arenicola. J Antibiot (Tokyo) 2010;63:37–9.

Atta HM. Production of vitamin B12 by Streptomyces fulvissimus.  Egypt J Biomed Sci
2007;23:1–19.

Augustine SK, Bhavsar SP, Baserisalehi M,  Kapadnis BP. Isolation and characteriza-
tion of antifungal activity of an actinomycete of soil origin. Indian J Exp Biol
2004;42:928–32.

Barcina I, Iriberri J, Egea L. Enumeration, isolation and some physiological prop-
erties of actinomycetes from sea water and sediment. Syst Appl Microbiol
1987;10:85–91.

Berdy J. Bioactive microbial metabolites. J Antibiot (Tokyo) 2005;58:1–26.
Berdy J. Recent advances in and prospects for antibiotic research. Process Biochem

1980;15:28–35.
Betina V. The chemistry and biology of antibiotics. Amsterdam: Elsevier Scientific

Pub. Co; 1983. p. 190.
Bibb MJ.  Regulation of secondary metabolism in Streptomycetes. Curr Opin Microbiol

2005;8:208–15.
Bode HB, Bethe B, Höfs R, Zeeck A. Big effects from small changes: possible ways to

explore nature’s chemical diversity. Chem Biol Chem 2002;3:619–27.
Bredholdt H, Galatenko OA, Engelhardt K, Fjaervik E, Terekhova LP, Zotchev SB.

Rare actinomycete bacteria from the shallow water sediments of the Trodheim
fjord, Norway: isolation, diversity and biological activity. Environ Microbiol
2007;9:2756–64.

Bredholdt H, Fjaervik E, Johnsen G, Zotchev SB. Actinomycetes from sediments
in  the Trondheim fjord, Norway: diversity and biological activity. Mar  Drugs
2008;23:12–24.

Brinkhoff T, Santegoeds CM,  Sahm K, Kuever J, Muyzer G. A polyphasic approach to
study the diversity and vertical distribution of sulfur-oxidizing Thiomicrospira
species in coastal sediments of the German Wadden sea. Appl Environ Microbiol
1998;64:4650–7.

Brunakova Z, Godnay A, Timko J. An extracellular endodeoxyribonuclease from
Sterptomyces aureofaciens. Biochim Biophys Acta 2004;1721:116–23.

Bruns A, Philipp H, Cypionka H, Brinkhoff T. Aeromicrobium marinum sp. nov., an
abundant pelagic bacterium isolated from the German Wadden sea. Antonie
Van Leeuwenhoek 2003;53:1917–23.

dx.doi.org/10.1016/j.micres.2012.06.005
http://www.nereuspharm.com/NPI-0052.shtml


Please cite this article in press as: Subramani R, Aalbersberg W.  Marine actinomycetes: An ongoing source of novel bioactive metabolites.
Microbiol Res (2012), http://dx.doi.org/10.1016/j.micres.2012.06.005

ARTICLE IN PRESSG Model

MICRES-25490; No. of Pages 10

8 R. Subramani, W.  Aalbersberg / Microbiological Research xxx (2012) xxx– xxx

Bruntner C, Binder T, Pathom-aree W,  Goodfellow M,  Bull AT, Potterat O, et al. Frigo-
cyclinone, a novel angucyclinone antibiotic produced by a Streptomyces griseus
strain from Antarctica. J Antibiot (Tokyo) 2005;58:346–9.

Bull AT, Stach JEM, Ward AC, Goodfellow M.  Marine actinobacteria: perspectives,
challenges, future directions. Antonie Van Leeuwenhoek 2005;87:65–79.

Bull AT, Stach JEM. Marine actinobacteria: new opportunities for natural product
search and discovery. Trends Microbiol 2007;15:491–9.

Bull AT, Ward AC, Goodfellow M.  Search and discovery strategies for biotechnology:
the paradigm shift. Microbiol Mol  Biol Rev 2000;64:573–606.

Cal  S, Aparicio JF, De Los Reyes-Gavilan CG, Nicieza J, Sanchez A. A novel exocy-
toplasmic endonuclease from Streptomyces antibioticus. J Biochem 1995;306:
93–100.

Carlson JC, Li S, Burr DA, Sherman DH. Isolation and characterization of tiran-
damycins from a marine-derived Streptomyces sp. J Nat Prod 2009;72:2076–9.

Carte BK. Biomedical potential of marine natural products. Biosciences
1996;46:271–86.

Castillo U, Myera S, Brown L, Strobel G, Hess WM,  Hanks J, et al. Scanning elec-
tron microscopy of some endophytic Streptomycetes in snakevine-Kennedia
nigricans.  Scanning 2005;27:305–11.

Chandramohan D, Ramu S, Natarajan R. Cellulolytic activity of marine strepto-
mycetes. Curr Sci 1972;41:245–6.

Charoensopharat K, Thummbenjapone P, Sirithorn P, Thammasirirak S. Antibacterial
substance produced by Streptomyces sp. No 87. Afr J Biotechnol 2008;7:1362–8.

Chauhan D, Catley L, Li G, Podar K, Hideshima T, Velankar M,  et al. A novel orally
active proteasome inhibitor induces apoptosis in multiple myeloma cells with
mechanisms distinct from Bortezomib. Cancer Cell 2005;8:407–19.

Cheng JR, Fang A, Demain AL. Effect of amino acids on rapamycin biosynthesis in
Streptomyces hygroscopicus.  Appl Microbiol Biotechnol 1995;43:1096–8.

Cidaria D, Borgonovi G, Pirali G. AB023, novel polyene antibiotics I. Taxonomy
of the producing organism, fermentation and antifungal activity. J Antibiot
1993;46:251–4.

Cuesta C, Garcia-de-la-Fuente R, Abad M,  Fornes J. Isolation and identification of acti-
nomycetes from a compost-amended soil with potential as biocontrol agents. J
Environ Manage 2012;95:S280–4.

Cundlife E. How antibiotic producing organisms avoid suicide. Annu Rev Microbiol
1989;43:207–33.

Das  M, Royer TV, Leff LG. Diversity of fungi, bacteria, and actinomycetes on leaves
decomposing in a stream. Appl Environ Microbiol 2007;73:756–67.

Das S, Lyla PS, Ajmal Khan S. Distribution and generic composition of culturable
marine actinomycetes from the sediments of Indian continental slope of Bay of
Bengal. Chin J Oceanol Limnol 2008;26:166–77.

Das S, Lyla PS, Khan SA. Marine microbial diversity and ecology: importance and
future perspectives. Curr Sci 2006;90:1325–35.

Demain AL, Aharonowitz Y, Martin JF. Metabolite control of secondary biosynthetic
pathways. In: Vining LC, editor. Biochemistry and genetic regulation of commer-
cially important antibiotics. London: Addison-Wesley; 1983. p. 49–67.

Demain AL, Zhang L. Natural products and drug discovery. In: Zhang L, Demain A,
editors. Natural products: drug discovery and therapeutics medicines. Totowa,
NJ:  Humana Press; 2005. p. 3–32.

Demain AL. Induction of microbial secondary metabolism. Int Microbiol
1998;1:259–64.

Donadio S, Carrano L, Brandi L, Serina S, Soffientini A, Raimondi E, et al. Targets and
assay for discovering novel antibacterial agents. J Biotechnol 2002a;99:175–85.

Donadio S, Monciardini P, Alduina R, Mazza P, Chiocchini C, Cavaletti L, et al. Micro-
bial technologies for the discovery of novel bioactive metabolites. J Biotechnol
2002b;99:187–98.

Doull J, Vining L. Nutritional control of actinorhodin production by Streptomyces
coelicolor A (3) 2: suppressive effects of nitrogen and phosphate. Appl Microbiol
Biotechnol 1990;32:449–54.

Doull JL, Singh AK, Hoare M, Ayer SW.  Conditions for the production of jadomycin
B  by Streptomyces venezuelae ISP5230: effects of heat shock, ethanol treatment
and phage infection. Ind J Microb 1994;13:120–5.

Ebrahimi Zarandi M,  Shahidi Bonjar GH, Padasht Dehkaei F, Ayatollahi Moosavi
SA,  Rashid Farokhi P, Aghighi S. Biological control of rice blast (Magnaporthe
oryzae)  by use of Streptomyces sindeneusis isolate 263 in greenhouse. Am J Appl
Sci  2009;6:194–9.

Edwards RA, Rodriguez-Brito B, Wegley L, Haynes M,  Breitbart M,  Peterson DM,
et  al. Using pyrosequencing to shed light on deep mine microbial ecology. BMC
Genomics 2006;7:57.

Ellaiah P, Reddy APC. Isolation of actinomycetes from marine sediments off Visakha-
patnam, east coast of India. Indian J Mar  Sci 1987;16:34–135.

Feling RH, Buchanan GO, Mincer TJ, Kauffman CA, Jensen PR, Fenical W.  Salinospo-
ramide A: a highly cytotoxic proteasome inhibitor from a novel microbial source,
a  marine bacterium of the new genus Salinospora. Angew Chem Int Ed Engl
2003;42:355–7.

Fenical W,  Jensen PR. Developing a new resource for drug discovery: marine actino-
mycete bacteria. Nat Chem Biol 2006;2:666–73.

Ferguson RL, Buckley EN, Palumbo AV. Response of marine bacterioplankton
to  differential filtration and confinement. Appl Environ Microbiol 1984;47:
49–55.

Fiedler HP, Bruntner C, Riedlinger J, Bull AT, Knutsen G, Goodfellow M,  et al. Prox-
imicin A, B and C, novel aminofuran antibiotic and anticancer compounds
isolated from marine strains of the actinomycete Verrucosispora. J Antibiot
2008;61:158–63.

Fortman JL, Magarvey NA, Sherman DH. Something old, something new; ongoing
studies of marine actinomycetes. Proc SIM 2005 [Abstract S86].

Fourati BFL, Fotso S, Ben Ameur-Mehdi R, Mellouli L, Laatsch H. Purification and
structure elucidation of antifungal and antibacterial activities of newly isolated
Streptomyces sp. strain US80. Res Microbiol 2005;156:341–7.

Gesheva V, Ivanova V, Gesheva R. Effects of nutrients on the production of
AK-111-81 macrolide antibiotic by Streptomyces hygroscopicus.  Microbiol Res
2005;160:243–8.

Goodfellow M,  Haynes JA. Actinomycetes in marine sediments. In: Ortiz-ortiz L,
Bojalil LF, Yokoleff V, editors. Biological, biochemical and biomedical aspects of
actinomycetes. Orlando: Academic press; 1984. p. 453–72.

Goodfellow M, Williams ST. Ecology of actinomycetes. Annu Rev Microbiol
1983;37:189–216.

Gorajana A, Kurada BV, Peela S, Jangam P, Vinjamuri S, Poluri E, et al. 1-Hydroxy-
1-norresistomycin, a new cytotoxic compound from a marine actinomycete,
Streptomyces chibaensis AUBN1/7. J Antibiot 2005;58:526–9.

Großkopf R, Janssen PH, Liesack W.  Diversity and structure of the methanogenic
community in anoxic rice paddy soil microcosms as examined by cultiva-
tion  and direct 16S rRNA gene sequence retrieval. Appl Environ Microbiol
1998;64:960–9.

Han SK, Nadashkovskaya OI, Mikhailov VV, Kim SB, Bae KS. Salinibacterium
amurskyense gen. nov., sp. nov., a novel genus of the family Microbacte-
riaceae from the marine environment. Int J Syst Evol Microbiol 2003;53:
2061–6.

Han X, Cui C, Gu Q, Zhu W,  Liu H, Gu J, et al. ZHD-0501, a novel naturally
occurring staurosporine analog from Actinomadura sp. 007. Tetrahedron Lett
2005;46:6137–40.

Handelsman J. Metagenomics: application of genomics to uncultured microorgan-
isms. Microbiol Mol  Biol Rev 2004;68:669–85.

Hatsu M,  Sasaki T, Watabe H,  Miyadoh S, Nagasawa M, Shomura T, et al. A new
tetracycline antibiotic with antitumor activity I. Taxonomy and fermentation
of  the producing strain, isolation and characterization of SF2575. J Antibiot
1992;45:320–4.

Hayakawa M. Studies on the isolation and distribution of rare actinomycetes in soil.
Actinomycetologica 2008;22:12–9.

Hayakawa Y, Shirasaki S, Kawasaki T, Matsuo Y, Adachi K, Shizuri Y. Structures of
new cytotoxic antibiotics, piericidins C7 and C8. J Antibiot 2007a;60:201–3.

Hayakawa Y, Shirasaki S, Shiba S, Kawasaki T, Matsuo Y, Adachi K, et al. Piericidins
C7  and C8, new cytotoxic antibiotics produced by a marine Streptomyces sp. J
Antibiot 2007b;60:196–200.

Heald SC, Brandao PFB, Hardicre R, Bull AT. Physiology, biochemistry and taxonomy
of  deep-sea nitrile metabolising Rhodococcus strains. Antonie Van  Leeuwenhoek
2001;80:169–83.

Helmke E, Weyland H. Rhodococcus marinonascens sp. nov., an actinomycete from
the  sea. Int J Syst Bacteriol 1984;34:127–38.

Higginbotham SJ, Murphy CD. Identification and characterisation of a Streptomyces
sp.  isolate exhibiting activity against methicillin-resistant Staphylococcus aureus.
Microbiol Res 2010;165:82–6.

Höfs R, Walker M,  Zeeck A. Hexacyclic acid, a polypeptide from Streptomyces with a
novel carbon skeleton. Angew Chem Int Ed 2000a;39:3258–61.

Höfs R, Schoppe S, Thiericke R, Zeeck A. Biosynthesis of gabosines A, B and C, carba
sugars from Streptomyces cellulosae. Eur J Org Chem 2000b;10:1883–7.

Hohmann C, Schneider K, Bruntner C, Irran E, Nicholson G,  Bull AT, et al. Caboxam-
ycin, a new antibiotic of the benzoxazole family produced by the deep-sea strain
Streptomyces sp. NTK 937. J Antibiot 2009;62:99–104.

Hong K, Gao AH, Xie QY, Gao H, Zhuang L, Lin HP, et al. Actinomycetes for marine
drug discovery isolated from mangrove soils and plants in China. Mar  Drugs
2009;7:24–44.

Hozzein WN,  Ali MIA, Rabie W.  A new preferential medium for enumeration
and isolation of desert actinomycetes. World J Microbiol Biotechnol 2008;24:
1547–52.

Huang YF, Tian L, Fu HW,  Hua HM,  Pei YH. One new anthraquinone from marine
Streptomyces sp. FX-58. Nat Prod Res 2006;20:1207–10.

Imai H, Suzuki K, Morioka M,  Numasaki Y, Kadota S, Nagai K, et al. Okilactomycin, a
novel antibiotic produced by a Streptomyces species I. Taxonomy, fermentation,
isolation and characterization. J Antibiot 1987;60:1475–82.

Iwai K, Iwamoto S, Aisaka K, Suzuki M.  Isolation of novel actinomycetes from spider
materials. Actinomycetologica 2009;23:8–15.

Iwai Y, Omura S. Culture conditions for screening of new antibiotics. J Antibiot
1982;35:123–41.

Jensen PR, Mincer TJ, Williams PG, Fenical W.  Marine actinomycete diversity and
natural product discovery. Antonie Van Leeuwenhoek 2005a;87:43–8.

Jensen PR, Gontang E, Mafnas C, Mincer TJ, Fenical W.  Culturable marine actino-
mycetes diversity from tropical Pacific Ocean sediments. Environ Microbiol
2005b;7:1039–48.

Jensen PR, Mafnas C. Biogeography of the marine actinomycetes Salinispora. Environ
Microbiol 2006;8:1881–8.

Jensen PR, Williams PG, Oh DC, Zeigler L, Fenical W.  Species-specific secondary
metabolite production in marine actinomycetes of the genus Salinispora. Appl
Environ Microbiol 2007;73:1146–52.

Jensen PR. Linking species concepts to natural product discovery in the post-genomic
era. J Ind Microbiol Biotechnol 2010;37:219–24.

Jeong S, Shin HJ, Kim TS, Lee HS, Park SK, Kim HM. Streptokordin, a new cytotoxic
compound of the methylpyridine class from a marine-derived Streptomyces sp.
KORDI-3238. J Antibiot 2006;59:234–40.

Jones JG. The effect of environmental factors on estimated viable and total popula-
tions of planktonic bacteria in lakes and experimental enclosures. Freshw Biol
1977;7:67–91.

dx.doi.org/10.1016/j.micres.2012.06.005


Please cite this article in press as: Subramani R, Aalbersberg W. Marine actinomycetes: An ongoing source of novel bioactive metabolites.
Microbiol Res (2012), http://dx.doi.org/10.1016/j.micres.2012.06.005

ARTICLE IN PRESSG Model

MICRES-25490; No. of Pages 10

R. Subramani, W.  Aalbersberg / Microbiological Research xxx (2012) xxx– xxx 9

Kanoh  K, Matsuo Y, Adachi K, Imagawa H, Nishizawa M,  Shizuri Y. Mechercharmycins
A  and B, cytotoxic substances from marine-derived Thermoactinomyces sp. YM3-
251. J Antibiot (Tokyo) 2005;58:289–92.

Kennedy J, Flemer B, Jackson SA, Lejon DPH, Morrissey JP, O’Gara F, et al. Marine
metagenomics: new tools for the study and exploitation of marine microbial
metabolism. Mar  Drugs 2010;8:608–28.

Khanna M,  Solanki R, Lal R. Selective isolation of rare actinomycetes producing novel
antimicrobial compounds. Int J Adv Biotechnol Res 2011;2:357–75.

Kieser T, Bibb MJ,  Butner MJ,  Charter KF, Hopwood DA. Preparation and analysis
of the genomic and plasmid DNA. In: Practical Streptomyces genetics. Norwich,
England: The John Innes Foundation; 2000. p. 162–170.

Kijjoa A, Sawangwong P. Drugs and cosmetics from the sea. Mar  Drugs
2004;2:73–82.

Kim SB, Goodfellow M.  Reclassification of Amycolatopsis rugosa Lechevalier
et  al. 1986 as Prauserella rugosa gen. nov., comb. now. Int J Syst Bacteriol
1999;49:507–12.

Kimura K, Kanou F, Takahashi H, Esumi Y, Uramoto M,  Yoshihama M.  Propeptin, a
new inhibitor of Prolyl endopeptidase produced by Microbispora I. Fermentation,
isolation and biological properties. J Antibiot 1996;59:373–8.

Kock I, Maskey RP, Biabani MA,  Helmke E, Laatsch H. 1-Hydroxy-1-norresistomycin
and resistoflavin methyl ether: new antibiotics from marine-derived strepto-
mycetes. J Antibiot 2005;58:530–4.

Kogure K, Simidu U, Taga N. A tentative direct microscopic method for counting
living marine bacteria. Can J Microbiol 1979;25:415–20.

Kogure K, Simidu U, Taga N. Distribution of viable marine bacteria in neritic seawater
around Japan. Can J Microbiol 1980;26:318–23.

Kurtböke DI. Biodiscovery from rare actinomycetes: an eco-taxonomical perspec-
tive.  Appl Microbiol Biotechnol 2012;93:1843–52.

Kwon HC, Kauffman CA, Jensen PR, Fenical W.  Marinomycins A-D, antitumor antibi-
otics of a new structure class from a marine actinomycete of the recently
discovered genus Marinispora. J Am Chem Soc 2006;128:1622–32.

Lam KS. Discovery of novel metabolites from marine actinomycetes. Curr Opin
Microbiol 2006;9:245–51.

Lechevalier MP,  Lechevalier H. Chemical composition as a criterion in the classifica-
tion  of aerobic actinomycetes. Int J Syst Bacteriol 1970;20:435–43.

Lemriss S, Laurent F, Couble A, Casoli E, Lancelin JM,  Saintpierre-Bonaccio D, et al.
Screening of nonpolyenic antifungal metabolites produced by clinical isolates
of actinomycetes. Can J Microbiol 2003;49:669–74.

Li  DH, Zhu TJ, Liu HB, Fang YC, Gu QQ, Zhu WM.  Four butenolides are novel cytotoxic
compounds isolated from the marine-derived bacterium, Streptoverticillium
luteoverticillatum 11014. Arch Pharm Res 2006;29:624–6.

Li  F, Maskey RP, Qin S, Sattler I, Fiebig HH, Maier A, et al. Chinikomycins A and B:
isolation, structure elucidation, and biological activity of novel antibiotics from
a  marine Streptomyces sp. Isolate M045. J Nat Prod 2005;68:349–53.

Macherla VR, Liu J, Bellows C, Teisan S, Lam KS, Potts BCM. Glaciapyrroles A, B and C,
pyrrolosesquiterpenes from a Streptomyces sp. isolated from an Alaskan marine
sediment. J Nat Prod 2005;68:780–3.

MacLean D, Jones JDG, Studholme DJ. Application of ‘next-generation’ sequencing
technologies to microbial genetics. Nat Rev Microbiol 2009;7:287–96.

Maeda A, Nagai H, Yazawa K, Tanaka Y, Imai T, Mikami Y, et al. Three new
reduced anthracycline related compounds from pathogenic Nocardia brasiliensis.
J  Antibiot 1994;47:976–81.

Magarvey NA, Keller JM,  Bernan V, Dworkin M,  Sherman DH. Isolation and character-
ization of novel marine-derived actinomycete taxa rich in bioactive metabolites.
Appl Environ Microbiol 2004;70:7520–9.

Maldonado LA, Fenical W,  Jensen PR, Kauffman CA, Mincer TJ, Ward AC, et al. Salinis-
pora arenicola gen. nov., sp. nov. and Salinispora tropica sp. nov., obligate marine
actinomycetes belonging to the family Micromonosporaceae. Int J Syst Evol
Microbiol 2005a;55:1759–66.

Maldonado LA, Stach JEM, Pathom-aree W,  Ward AC, Bull AT, Goodfellow M. Diver-
sity of cultivable actinobacteria in geographically widespread marine sediments.
Antonie Van Leeuwenhoek 2005b;87:11–8.

Maloney KN, MacMillan JB, Kauffman CA, Jensen PR, DiPasquale AG, Rheingold AL,
et al. Lodopyridone, a structurally unprecedented alkaloid from a marine acti-
nomycete. Org Lett 2009;11:5422.

Manam RR, Teisan S, White DJ, Nicholson B, Grodberg J, Neuteboom STC, et al. Lajol-
lamycin, a nitro-tetraene spiro-b-lactone-g-lactam antibiotic from the marine
actinomycete Streptomyces nodosus. J Nat Prod 2005;68:240–3.

Martin JF, Demain AL. Control of antibiotic biosynthesis. Microbiol Rev
1980;44:230–51.

Maskey RP, Kock I, Helmke E, Laatsch H. Isolation and structure determination of
phenazostatin D, a new phenazine from a marine actinomycete isolate Pseudono-
cardia sp. B6273. Z Naturforsch 2003;58b:692–4.

Mincer TJ, Fenical W,  Jensen PR. Culture-dependent and culture-independent diver-
sity within the obligate marine actinomycete genus Salinispora. Appl Environ
Microbiol 2005;71:7019–28.

Monciardini P, Sosio M,  Cavaletti L, Chiocchini C, Donadio S. New PCR primers for
the  selective amplification of 16S rDNA from different groups of actinomycetes.
FEMS Microbiol Ecol 2002;42:419–29.

Moran MA,  Rutherfford LT, Hodson RE. Evidence for indigenous Streptomyces popula-
tions in a marine environment determined with a 16S rRNA probe. Appl Environ
Microbiol 1995;61:3695–700.

Muyzer G. DGGE/TGGE: a method for identifying genes from natural ecosystems.
Curr Opin Microbiol 1999;2:317–22.

Nesterenko GA, Nogina TM,  Kasumova EJ, Batrakov SG. Rhodococcus luteus nom. nov.
and Rhodococcus maris nom. nov. Int J Syst Bacteriol 1982;32:1–14.

Nicieza RG, Huergo J, Connolly BA, Sanchex J. Purification, characterization and role
of  nucleases and serine proteases in Streptomyces differentiation. J Biol Chem
1999;274:20366–75.

Nimnoi P, Pongsilpb N, Lumyong S. Genetic diversity and community of endophytic
actinomycetes within the roots of Aquilaria crassna Pierre ex Lec assessed by
Actinomycetes-specific PCR and PCR-DGGE of 16S rRNA gene. Biochem Syst Ecol
2010;38:595–601.

Niu  XM, Li SH, Görls H, Schollmeyer D, Hilliger M,  Grabley S, et al. Abyssomicin E, a
highly functionalized polycyclic metabolite from Streptomyces species. Org Lett
2007;9:2437–40.

Oh  DC, Gontang EA, Kauffman CA, Jensen PR, Fenical W. Salinipyrones and
pacificanones, mixed-precursor polyketides from the marine actinomycete
Salinispora pacifica. J Nat Prod 2008;71:570–5.

Okami Y, Hotta K. Search and discovery of new antibiotics. In: Goodfellow M,
Williams ST, Mordaski M,  editors. Actinomycetes in biotechnology. London:
Academic Press; 1988. p. 33–67.

Olano C, Méndez C, Salas JA. Antitumor compounds from actinomycetes: from
gene clusters to new derivatives by combinatorial biosynthesis. Nat Prod Rep
2009;26:628–60.

Olsen GJ, Lane DJ, Giovannoni SJ, Pace NR. Microbial ecology and evolution: a ribo-
somal RNA approach. Annu Rev Microbiol 1986;40:337–65.

Omura S, Tanaka Y. Macrolide antibiotics. In: Pape H, Rehn HJ, editors. Biotechnology,
IV.  Weinheim: VCH Verlagsgesellschaft; 1986. p. 360–91.

Ouhdouch Y, Barakate M,  Finance C. Actinomycetes of Moroccan habitats: isolation
and  screening for antifungal activities. Eur J Soil Biol 2001;37:69–74.

Pace NR, Stahl DA, Lane DJ, Olsen GJ. The analysis of natural microbial populations
by ribosomal RNA sequences. Adv Microb Ecol 1986;9:1–55.

Pimentel-Elardo SM,  Kozytska S, Bugni TS, Ireland CM,  Moll H, Hentschel U. Anti-
parasitic compounds from Streptomyces sp. strains isolated from Mediterranean
sponges. Mar  Drugs 2010;8:373–80.

Pisano MA,  Sommer MJ,  Taras L. Bioactivity of chitinolytic actinomycetes of marine
origin. Appl Microbiol Biotechnol 1992;36:553–5.

Prabavathy VR, Mathivanan N, Murugesan K. Control of blast and sheath blight dis-
eases of rice using antifungal metabolites produced by Streptomyces sp. PM5.
Biol Control 2006;39:313–9.

Prapagdee B, Kuekulvong C, Mongkolsuk S. Antifungal potential of extracellular
metabolites produced by Streptomyces hygroscopicus against phytopathogenic
fungi. Int J Biol Sci 2008;4:330–7.

Prudhomme J, McDaniel E, Ponts N, Bertani S, Fenical W,  Jensen P, et al. Marine
actinomycetes: a new source of compounds against the human malaria parasite.
PLoS One 2008;3:e2335.

Qasim SZ. The Indian Ocean: images and realities. New Delhi: Oxford and IBH; 1999.
p.  57–90.

Qiu D, Ruan J, Huang Y. Selective isolation and rapid identification of members of
the  genus Micromonospora. Appl Environ Microbiol 2008;74:5593–7.

Radzom M, Zeeck A, Antal N, Fiedler H. Fogacin, a novel cyclic Octaketide produced
by  Streptomyces strain Tu6319. J Antibiot 2006;9:315–7.

Rahman H, Austin B, Mitchell WJ,  Morris PC, Jamieson DJ, Adams DR, et al. Novel
anti-infective compounds from marine bacteria. Mar  Drugs 2010;8:498–518.

Rainey FA, Burghardt J, Kroppenstedt RM,  Klatte S, Stackebrandt E. Phylogenetic
analysis of the genera Rhodococcus and Nocardia and evidence for the evolu-
tionary origin of the genus Nocardia from within the radiation of Rhodococcus
species. Microbiology (UK) 1995;141:523–8.

Ramesh S, Jayaprakashvel M,  Mathivanan N. Microbial status in seawater and coastal
sediments during pre- and post-tsunami periods in the Bay of Bengal, India. Mar
Ecol 2006;27:198–203.

Ramesh S, Mathivanan N. Screening of marine actinomycetes isolated from the
Bay of Bengal, India for antimicrobial activity and industrial enzymes. World
J  Microbiol Biotechnol 2009;25:2103–11.

Ramesh S, Rajesh M, Mathivanan N. Characterization of a thermostable alkaline
protease produced by marine Streptomyces fungicidicus MML1614. Bioprocess
Biosyst Eng 2009;32:791–800.

Ramsing NB, Fossing H, Ferdelman TG, Anderson F, Thamdrup B. Distribution of
bacterial populations in a stratified fjord (Mariager Fjord, Denmark) quantified
by  in situ hybridization and related to chemical gradients in the water column.
Appl Environ Microbiol 1996;62:1391–404.

Rath CM,  Janto B, Earl J, Ahmed A, Hu FZ, Hiller L, et al. Meta-omic characterization
of  the marine invertebrate microbial consortium that produces the chemother-
apeutic natural product ET-743. ACS Chem Biol 2011;6:1244–56.

Renner MK,  Shen YC, Cheng XC, Jensen PR, Frankmoelle W,  Kauffman CA, et al.
Cyclomarins A-C, new anti-inflammatory cyclic peptides produced by a marine
bacterium (Streptomyces sp.). J Am Chem Soc 1999;121:11273–6.

Riedlinger J, Reicke A, Krismer B, Zahner H, Bull AT, Maldonado LA, et al.
Abyssomicins, inhibitors of para-aminobenzoic acid pathway produced by the
marine Verrucosispora strain AB-18-032. J Antibiot 2004;57:271–9.

Riesenfeld CS, Schloss PD, Handelsman J. Metagenomics: genomic analysis of micro-
bial  communities. Annu Rev Genet 2004;38:525–52.

Sacramento DR, Coelho RRR, Wigg MD,  Linhares LFTL, Santos MGM,  Semedo LTAS,
et  al. Antimicrobial and antiviral activities of an actinomycete (Streptomyces
sp.) isolated from a Brazilian tropical forest soil. World J Microbiol Biotechnol
2004;20:225–9.

Sanchez S, Demain AL. Metabolic regulation of fermentation processes. Enzyme
Microb Technol 2002;31:895–906.

Schiewe HJ, Zeeck A. Cineromycin, Y-butyrolactones and ansamycins by analysis of
the  secondary metabolite pattern created by a single strain of Streptomyces. J
Antibiot 1999;52:635–42.

dx.doi.org/10.1016/j.micres.2012.06.005


Please cite this article in press as: Subramani R, Aalbersberg W.  Marine actinomycetes: An ongoing source of novel bioactive metabolites.
Microbiol Res (2012), http://dx.doi.org/10.1016/j.micres.2012.06.005

ARTICLE IN PRESSG Model

MICRES-25490; No. of Pages 10

10 R. Subramani, W.  Aalbersberg / Microbiological Research xxx (2012) xxx– xxx

Schultz M, Tsaklakidis C. Nachr Chem Tech Lab 1997;45:159–65.
Singh MP,  Petersen PJ, Weiss WJ,  Kong F, Greenstein M.  Saccharomicins, novel hep-

tadecaglycoside antibiotics produced by Saccharothrix espanaensis: antibacterial
and  Mechanistic activities. Antimicrob Agents Chemother 2000;44:2154–9.

Singh SK, Gurusiddaiah S. Production, purification and characterization of Chan-
dramycin, a polypeptide antibiotic from Streptomyces lydicus.  Antimicrob Agents
Chemother 1984;26:394–400.

Socha AM,  LaPlante KL, Rowley DC. New bisanthraquinone antibiotics and semi-
synthetic derivatives with potent activity against clinical Staphylococcus aureus
and Enterococcus faecium isolates. Bioorg Med  Chem 2006;14:8446–54.

Soria-Mercado IE, Prieto-Davo A, Jensen PR, Fenical W.  Antibiotic terpenoid chloro-
dihydroquinones from a new marine actinomycete. J Nat Prod 2005;68:904–10.

Sousa CS, Soares ACF, Garrido MS.  Characterization of streptomycetes with poten-
tial to promote plant growth and biocontrol. Sci Agric (Piracicaba, Braz)
2008;65:50–5.

Stach JEM, Maldonado LA, Ward AC, Bull AT, Goodfellow M.  Williamsia maris sp. nov.,
a  novel actinomycete isolated from the sea of Japan. Int J Syst Evol Microbiol
2004;54:191–4.

Stach JEM, Maldonado LA, Ward AC, Goodfellow M,  Bull AT. New primers specific for
taxa assigned to the class actinobacteria: application to marine and terrestrial
environments. Environ Microbiol 2003;5:828–41.

Stanbury PF, Whitaker A, Hall SJ. Principles of fermentation technology. 2nd ed. New
Delhi: Aditya Books (P) Ltd; 1997. p. 357.

Sujatha P, Bapi Raju KVVSN, Ramana T. Studies on a new marine Streptomycete
BT-408 producing polyketide antibiotic SBR-22 effective against methicillin
resistant Staphylococcus aureus.  Microbiol Res 2005;160:119–26.

Sun C, Wang Y, Wang Z, Zhou J, Jin W,  You X, et al. Chemomicin A, a new Angucycli-
none antibiotic produced by Nocardia mediterranei subsp. kanglensis 1747-64. J
Antibiot 2007;60:211–5.

Sun W,  Dai S, Jiang S, Wang G, Liu G, Wu H, et al. Culture-dependent and culture-
independent diversity of actinobacteria associated with the marine sponge
Hymeniacidon perleve from the south China sea. Antonie Van Leeuwenhoek
2010;98:65–75.

Takahashi I, Takahashi K, Asano K, Kawamoto I, Yasuzama T, Ashizawa T, et al. DC92-
B,  A new antitumor antibiotic from Actinomadura.  J Antibiot 1988;61:1151–3.

Tamehiro N, Hosaka T, Xu J, Hu H, Otake N, Ochi K. Innovative approach for improve-
ment of an antibiotic – overproducing industrial strain of Streptomyces albus.
Appl Environ Microbiol 2003;69:6412–7.

Tanaka Y, Komaki H, Yazawa K, Mikami Y. Brasilinolide A, a new macrolide antibi-
otic  produced by Nocardia brasiliensis: producing strain, isolation and biological
activity. J Antibiot 1997;50:1036–41.

Tanaka YT, Omura S. Agroactive compounds of microbial origin. Annu Rev Microbiol
1993;47:57–87.

Terekhova L. Isolation of actinomycetes with the use of microwaves and electric
pulses. In: Kurtboke DI, editor. Selective isolation of rare actinomycetes, Nam-
bour. Queensland, Australia: University of the Sunshine Coast; 2003. p. 82–101.

Teske A, Wawer C, Muyzer G, Ramsing NB. Distribution of sulfate-reducing bacteria
in a stratified fjord (Mariager Fjord, Denmark) as evaluated by most-probable-
number counts and denaturing gradient gel electrophoresis of PCR-amplified
ribosomal DNA fragments. Appl Environ Microbiol 1996;62:1405–15.

Thornburg CC, Mark Zabriskie T, McPhail KL. Deep-sea hydrothermal vents: potential
hot spots for natural products discovery? J Nat Prod 2010;73:489–99.

Tian XP, Zhi XY, Qiu YQ, Zhang YQ, Tang SK, Xu LH, et al. Sciscionella marina gen. nov.,
sp.  nov., a marine actinomycete isolated from a sediment in the northern South
China Sea. Int J Syst Evol Microbiol 2009a;59:222–8.

Tian X-P, Tang S-K, Dong J-D, Zhang Y-Q, Xu L-H, Zhang S, et al. Marinactinospora ther-
motolerans gen. nov., sp. nov., a marine actinomycete isolated from a sediment
in  the Northern South China Sea. Int J Syst Evol Microbiol 2009b;59:948–52.

Torsvik V, Goksoyr J, Daae FL. High diversity of DNA of soil bacteria. Appl Environ
Microbiol 1990;56:782–7.

Velho-Pereira S, Kamat N. Digital image analysis of actinomycetes colonies as
a  potential aid for rapid taxonomic identification. Nat Precedings 2010.,
http://dx.doi.org/10.1038/npre.2010.4209.1.

Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D, Eisen JA, et al.
Environmental genome shotgun sequencing of the Sargasso sea. Science
2004;304:66–74.

Wang YH, Yang B, Ren J, Dong ML,  Liang D, Xu AL. Optimization of medium compo-
sition for the production of clavulanic acid by Streptomyces clavuligerus. Process
Biochem 2003;40:1116–66.

Ward AC, Bora N. Diversity and biogeography of marine actinobacteria. Curr Opin
Microbiol 2006;9:279–86.

Wawrik B, Kerkhof L, Zylstra GJ, Kukor JJ. Identification of unique type II polyketide
synthase genes in soil. Appl Environ Microbiol 2005;71:2232–8.

Williams PG, Buchanan GO, Feling RH, Kauffman CA, Jensen PR, Fenical W. New
cytotoxic salinosporamides from the marine actinomycete Salinispora tropica. J
Org Chem 2005;70:6196–203.

Williams PG, Miller ED, Asolkar RN, Jensen PR, Fenical W.  Arenicolides A-C, 26-
membered ring macrolides from the marine actinomycete Salinispora arenicola.
J  Org Chem 2007;72:5025–34.

Williams ST, Goodfellow M,  Alderson G, Wellington EMH, Sneath PHA, Sackin MJ.
A  probability matrix for identification of some Streptomyces. J Gen Microbiol
1983;129:1815–30.

Wommack KE, Bhavsar J, Ravel J. Metagenomics: read length matters. Appl Environ
Microbiol 2008;74:453–1463.

Wright GD, Sutherland AD. New strategies for combating multidrug-resistant bac-
teria. Trends Mol  Med  2007;13:260–7.

Wu  SJ, Fotso S, Li F, Qin S, Kelter G, Fiebig HH, et al. 39-N-carboxamidostaurosporine
and selina-4(14),7(11)-diene-8,9-diol, new metabolites from a marine Strepto-
myces sp. J Antibiot 2006;59:331–7.

Xiao J, Luo Y, Xie S, Xu J. Serinicoccus profundi sp. nov., a novel actinomycete isolated
from deep-sea sediment and emended description of the genus Serinicoccus. Int
J  Syst Evol Microbiol 2011;61:16–9.

Xu Y, He H, Schulz S, Liu X, Fusetani N, Xiong H, et al. Potent antifouling compounds
produced by marine Streptomyces. Bioresour Technol 2010;101:1331–6.

Yi  H, Schumann P, Sohn K, Chun J. Serinicoccus marinus gen nov., sp. nov., a novel
actinomycetes with 1-ornithin and 1-serine in the peptidoglycan. Int J Syst Evol
Microbiol 2004;54:1585–9.

Zahner H, Fiedler HP. Fifty years of antimicrobials: past perspectives and future
trends. In: Hunter PA, Darby GK, Russell NJ, editors. The need for new antibi-
otics: possible ways forward. Fifty-third symposium of the society for general
microbiology bath. Cambridge, UK: Cambridge University Press; 1995. p. 67–84.

Zhang H, Zhang W,  Jin Y, Jin M,  Yu X. A comparative study on the phylogenetic
diversity of culturable actinobacteria isolated from five marine sponge species.
Antonie Van Leeuwenhoek 2008;93:241–8.

Zhang J, Zhang L. Improvement of an isolation medium for actinomycetes. Mod  Appl
Sci 2011;5:124–7.

Zhang L. Integrated approaches for discovering novel drugs from microbial natural
products. In: Zhang L, Demain A, editors. Natural products: drug discovery and
therapeutics medicines. Totowa, NJ: Human Press; 2005. p. 33–56.

dx.doi.org/10.1016/j.micres.2012.06.005
dx.doi.org/10.1038/npre.2010.4209.1

	Marine actinomycetes: An ongoing source of novel bioactive metabolites
	1 Introduction
	2 Actinomycetes in the marine environment
	3 Role of actinomycetes in marine environment
	4 Rare actinomycetes and selective isolation
	5 Molecular approaches to search for indigenous marine actinomycetes
	6 Different genera of marine actinomycetes
	7 Marine streptomycetes – a boundary microorganism
	8 Fermentation process for metabolites production
	9 Secondary metabolites from actinomycetes
	10 Novel/new metabolites from marine actinomycetes
	11 Conclusions
	Acknowledgement
	References


