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ABSTRACT OF THE DISSERTATION
Phylogenetic and Chemical Diversity of Marine Derived Actinomycetes from
Southern California Sediments

By

Alejandra Prieto-Davó
Doctor of Philosophy in Oceanography
University of California, San Diego, 2008
Professor William Fenical, Chair

In the past 150 years, marine microbial ecology has followed and exciting
journey. Beginning with the isolation of a few marine bacteria, it went on to establish
the omnipresence of these microorganisms in the marine environment as well as their
crucial roles in global nutrient and carbon cycles. Advances in molecular techniques
have allowed the study of the microbial realm including the exploration of the whole
ocean’s microbial genes. It is underneath the ocean and covering over 70% of our
planet that lays an incredible reservoir of 1x109 bacteria per gram of marine sediment.
This environment represents a new frontier for microbial diversity, including that of
marine actinomycetes. These Gram-positive, high G+C content, filamentous bacteria

xv

have been extensively studied due to their widely known ability to produce bioactive
secondary metabolites.
The diversity of cultured actinomycete bacteria was compared between nearshore and offshore marine sediments.

Results revealed that even though the

requirement of seawater for growth is not a common trait among marine-derived
actinomycetes, there are high levels of marine adaptation among some lineages. At
the same time, marine sediment communities include considerable actinomycete
diversity that does not occur on land (33-35% marine specific Operational Taxonomic
Units at 98% sequence identity) including distinct marine OTU clades whose richness
increases in offshore sediments. High terrestrial influence was observed out to 100
km from shore, yet statistical analyses suggest higher actinomycete diversity at
offshore locations.
Cultivation independent studies on the Families Streptomycetaceae and
Micromonosporaceae revealed a broader snapshot of the diversity present in the
marine sediment samples. This study also exposed the importance of a polyphasic
approach towards the assessment of actinomycete diversity in marine sediments.
Distinct OTUs were observed when compared to cultivated Sterptomycetaceae and
Micromonosporaceae diversity, yet the phylogenetic distribution of both
communities (cultivated and environmental) did not significantly differ from each
other. This method supported observations perceived during cultivation-dependent
studies suggesting a more extensive diversity of members of these actinomycete
families in offshore marine sediments.

xvi

Cultivation efforts rendered novel groups of marine-derived actinomycetes,
the phylogenetic novelty of these groups and the diversity of bioactive natural
products they produce, including three new chemical types, are discussed.

xvii

CHAPTER 1
Introduction: Marine Microbiology And Microbial Ecology

The Beginnings of Marine Microbiology
The beginnings of marine microbiology dates back to 1884 when
German professor Bernard Fischer first reported the cultivation of indigenous
marine bacteria from deep ocean waters, and suggested that they played key
ecological roles in this habitat (5). By the 1940’s the importance of these
microorganisms in the degradation of organic matter, nutrient recycling and
their influence in the diagenesis of sedimentary materials was emphasized
(132). These first studies were aimed at estimating the abundance of bacteria in
seawater and marine sediments and they were based on traditional methods
including: extinction dilution, direct microscopic counts and plating on
solidified media.
Even though the composition of the medium was recognized as an
important determinant of the numbers and kinds of microorganisms that would
be observed (132), for a number of years, marine microbial ecologists still faced
two major hurdles. Traditional plating methods were not effective to cultivate
the high numbers of bacteria that could be observed under the microscope,
which lead to a general perception that the bacteria observed under the
microscope were dormant or dead, and it was therefore assumed that these
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organisms were not active in the oceanic environment. Consequently, although
the presence of bacteria in the ocean was known for a long time a back, lack of
proper quantification methods prevented scientists from comprehending the
crucial role that bacteria play in the marine environment.

Ocean processes and marine bacteria
It was not until the 1970’s, ninety years after the first observation of
marine bacteria, that epifluorescence microscopy techniques, cleverly combined
with the use of Nuclepore filters, allowed for the observation of small bacterial
cells (0.5 µm) in surprisingly high numbers (106 / mL) in the ocean (52). A few
years later, synthesis of bacterial stable ribonucleic acid (RNA) was measured
by uptake and incorporation of exogenous radiolabeled adenine and thymidine
(3H-adenine and 3H-thymidine) into cellular RNA (35, 65), revealing
surprisingly high rates of de novo RNA production. This finding strengthened
Lawrence Pomeroy’s hypothesis that a major part of the available energy
obtained from oceanic primary production was being consumed through
bacterial (marine nannoplankton) pathways (91). The idea of large populations
of heterotrophic marine microbes utilizing energy inputs into the system via
autotrophic bacteria required the availability of large amounts of primary
productivity to support the food chain. A decade later, discoveries of highly
abundant photosynthetic picoplankton

(e.

g. Synechococcus and

Prochlorococcus) demonstrated that approximately 60 % of the oceanic primary
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productivity was supplied by these metabolically active autotrophic
microorganisms (17, 90). These crucial oceanographic studies were key in
structuring the “microbial loop” paradigm, which demonstrated how the role of
microbes in the production and fate of organic matter highly influences the
carbon flux patterns through the ocean, and revealed the magnitude and
importance of microbial processes in the marine environment (4).
Now the focus in marine microbiology has shifted towards identification
of the bacteria involved, as once the roles were established it became the utmost
importance to understand who the players were. The inability to culture and to
taxonomically identify microorganisms in the ocean posed the next great
challenge to microbial oceanographers. While planktonic bacterial processes
began to be understood, even the most abundant of the microorganisms
involved in them had yet to be cultured from natural habitats. In general, only
about 1% of the bacteria that could be accounted for by epifluorescent
microscopy could be cultivated. Although this “great plate count anomaly”
(108) still poses a challenge in marine microbiology, efforts to improve the
efficiency of isolation of marine bacteria have often times been successful.
Examples of these efforts encompass a wide range of techniques including those
where the actual environment surrounding the bacterial cells has been taken into
consideration resulting, in one case, on an increase in the number of cultivable
strains to up to 64% of the total cell count only by reducing the concentration of
the isolation nutrient broth by 100 fold (56). The use of “dilution isolation”
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techniques, which simulates the actual substrate concentrations and cell
numbers in natural waters is another good example of a simple technique which
allowed for the cultivation of ubiquitous Bacteria and Archaea that dominate
marine bacterioplankton communities (92). On the other hand, much more
complex techniques include the use of a selective isolation strategy based on
assignment of a single nif operon to an uncultivated member of the
Leptospirillum group III after assessment of community genomic data, and its
subsequent isolation (113). One of the main aims of the research presented in
this dissertation was to use several simple cultivation methods designed to
increase the number of actinomycete bacterial isolates recovered from marine
sediment samples.

The 16S rRNA gene: A new era for microbiology
For a long time, determination of evolutionary relationships among
bacteria attempted to be based on their morphological and physiological traits,
therefore, a false taxonomical classification was created that left microbiologists
working under a “paradigm devoid of evolutionary concepts” (125). Pioneering
studies, in which molecular mechanisms would underlie observations of
classical biology were conducted by Zuckerkandl and Pauling in the 1960’s
leading to the idea that amino acid sequences of certain structural proteins
(“informational macromolecules”) could be in fact used to measure
“phylogenetic distance”. This technique was used to generate phylogenetic
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trees based on molecular information alone (133). This was the first allusion to
the fact that the genealogical history of an organism could be written into its
genes’ sequences, and would ultimately lead to the creation of a universal
phylogenetic tree where Archaea were recognized as an independent cellular
lineage. This allowed phylogenetic relationships to be defined within a group
whose members’ phenotypes were invariant (127). Two decades later, studies
on the 16S rRNA gene as a reliable, evolutionarily-informative molecule,
established this gene sequence to be used as a marker for the evolutionary
history of bacteria, i.e., as a molecular clock (125). The research presented in
this thesis is based on the use of the 16S rRNA gene as a “molecular clock” to
infer the phylogenetic relationships among actinomycete bacteria present in
marine sediment samples. The basic concepts which support the use of the 16S
rRNA gene as an evolutionary marker, were introduced in 1987 by Carl Woese:
“They [16S rRNA genes] show a high degree of functionally constancy,
which assures relatively good clocklike behavior. They occur in all organisms,
and different position in their sequences change at very different rates, allowing
most phylogenetic relationships (including the most distant) to be measured,
which makes their range all-encompassing. Their sizes are large and they
consist of many domains…[they can be sequenced directly].”
The use of the 16S rRNA gene as a phylogenetic marker has been
sometimes questioned due to its low resolution at the species level (33). It has
been shown, for example, that strains with identical 16S rRNA gene sequences
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have genomes which exhibit profound differences, as is the case for E. coli K12 and E. coli O157:H7, which despite having identical 16S rRNA gene
sequences, have a genome size difference of 0.89 Mb which is enough to make
one of them pathogenic (57). Nevertheless, the use of 16S rRNA genes in
phylogenetic studies has become a primary tool to explore the distribution, and
even the microdiversity (a term used to describe phylogenetically closely related
but physiologically distinct bacterial populations) of these organisms in diverse
environments (57).
Another technique that has been suggested to be useful in delimiting
bacterial species is DNA:DNA pairing. This indirect comparison of nucleotide
sequences is based on the principle that denatured DNA complementary strands
will reassociate and reform their natural duplex structures under appropriate
experimental conditions (44). Its higher resolution has designated this method
as the preferred one when measuring the degree of relatedness between closely
related organisms (44). Nevertheless, the simplicity and at present low-cost of
sequencing has made the 16S rRNA gene method prevail over the more
expensive and complicated DNA:DNA pairing method. This method has
generated the biggest collection of sequence data that can be compared in order
to generate informative phylogenetic trees (e.g. >780,000 16S rRNA sequences
found in the GenBank database of the National Center for Biotechnology
Information http://www.ncbi.nlm.nih.gov/).

The use of 16S rRNA gene

sequences allowed the delineation of the first 12 bacterial phyla ever recognized
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(125) including the Proteobacteria, Firmicutes, Actinobacteria, and
Cyanobacteria, and in the 20 years that followed this initial census, 41 new
phyla have been discovered, among which 16 have been formerly described and
25 are considered candidate phyla (102).
The large increase in the number of known bacterial phyla can be
partially attributed to a technique that revolutionized microbial ecology: the
ability to examine uncultivated bacterial diversity directly from environmental
samples. This technique was developed by a group lead by Norman Pace in the
mid-1980’s.

The method based on rapid nucleic acid sequencing and

recombinant DNA methodologies, involved a protocol to clone and sequence
ribosomal RNA genes directly from the environment making it possible to
access the phylogenetic diversity of natural microbial communities (85).
Common use of these techniques for the study of microbial diversity in different
environments has illustrated numerous phyla, 50% of which have no cultivated
representatives (53).
The analysis presented in this thesis takes advantage of both: cultivation
dependent and cultivation independent methods, to investigate the phylogenetic
diversity of actinomycetes present in marine sediments.
In marine microbiology, the development of these new methodological
approaches brought about intensive studies of marine bacterioplankton that
yielded considerable improvements in our understanding of the scope of
microbial diversity in the oceans and the evolutionary links between them.

8

Major breakthroughs, which broadened our notion of marine microbes include
the discovery of SAR11, an ubiquitous bacterium that dominates marine
bacterioplankton (38), as well as its subsequent isolation (92).

Equally

important was the realization that various Archaea extremophiles were present
and widely distributed within the marine environment, as well as the detection
and widespread occurrence of an unusual non-extremophilic group in coastal
waters (22). Consequently, application of these molecular phylogenetic analyses
to resolve long-standing ecological problems, have widened our perspective of
the functions that marine microorganisms have in major oceanic processes,
which gave scientists the possibility to link the previously described roles with
their newly discovered players.

Marine Sediment Microbiology.
Despite the fact that marine sediments cover 70% of the earth’s surface,
and that coastal and that shelf sediments have an important role in the
remineralization (diagenesis) of organic matter, the diversity of bacteria that
occur in this environment appears to have been neglected when compared to
their pelagic counterpart. In coastal marine sediments, for example, 32 to 46%
of the primary production reaches the sea-floor and, although much of it
remains buried, a considerable amount gets remineralized by sediment dwelling
bacteria (128). The analyses presented in this thesis are directed toward: 1) the
examination of the phylogenetic diversity of cultivable actinomycetes present in
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coastal marine sediments (Chapter 2), and 2) the study of the diversity of
members from the genus Streptomyces observed in both coastal and pelagic
sediments (Chapter 3).
Lack of proper methodologies may have been the real reason behind the
initial apathy observed toward the study of marine sediment bacteria, however,
in the last 12 years, the availability of effective procedures has increased the
efforts to explore the diversity of microorganisms that occur in this environment
(131). The bacterial communities present in marine sediments have now been
studied, and insights into the dominating bacterial classes in diverse marine
sediment environments have been reported (11, 46, 70, 96, 97, 114, 128). Some
of these studies have suggested that relatives of gram-negative sulfur reducing
bacteria, together with members of the class Proteobacteria, dominate coastal
shelf sediments from Antarctica (97). Although relatively little is still known
about the prokaryotic diversity, their distribution and function in oceanic
sediments, the first insights on the community structure of these organisms
appear to describe a community as complex and diverse as the one found in
terrestrial soils, including the presence of many phylotype groups that are
ubiquitous in marine sediments (11).

Nevertheless, the biogeographical

distribution of marine sediment bacteria is still in its infancy and, although a
cosmopolitan distribution of free-living bacteria has been proposed to be the
governing rule behind prokaryotic life (31), only further examination of large
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clone libraries from different oceanic locations will help establish if actual
endemic distributions of bacterial taxa are possible in marine sediments.
A frequently encountered phenomenon in microbiology is the
discrepancy between the extensive diversity observed when applying 16S rRNA
gene based methods, and the diversity which can be obtained in pure culture
(94). Although studies on the diversity of marine sediment bacteria have clearly
increased in the past 12 years (see above), few of them have attempted a
cultivation-dependent approach to this problem (41, 75). The majority of the
cultivation-dependent studies tend to be directed towards the isolation of
medically and biotechnologically important microorganisms, among them the
actinomycetes (75). One of the main goals of this thesis project was to combine
these two concepts (diversity study and cultivation of biotechnologically
important bacterial taxa), and propose a “diversity approach” for the discovery
of novel bioactive natural products by studying the phylogenetic diversity of
cultivable actinomycetes from marine sediments (Chapter 4).
Most cultivation-independent studies of microbial diversity in marine
sediments have revealed the occurrence of unknown groups that are only
distantly related to those that have been previously cultivated (11). In most of
these studies, the majority of bacteria detected using PCR methods belong to the
class Proteobacteria and to the Cytophaga-Flavobacter cluster, while members
of the class Actinobacteria represent about 1-6% of the total diversity explored
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(11, 70, 96). It is in this low percentage that we stumble upon the group of
microorganism that draws our interest.

Actinomycetes
The actinomycetes (class Actinobacteria, order Actinomycetales) are
high G+C, Gram-positive bacteria best known for their ability to produce
biologically active secondary metabolites. These bacteria are credited for the
production of approximately 50 % of the total bioactive microbial natural
products reported to 2002 (10). Attempts to recover actinomycetes from marine
sediments date back to the 1960’s when the isolation of members of four
different families from depths of over 600 m were reported (121). However,
even though actinomycetes were isolated from the deepest marine trenches (20),
it was suggested that these communities existed solely as spores and were thus
not metabolically active in the marine environment (43). After many years of
debate over the topic, evidence of marine adaptation and growth of
actinomycetes in the marine environment was reported (77, 81), confirming that
these bacteria can in fact, be marine. Due mostly to their biotechnological
importance and their ability to produce novel bioactive metabolites (25), efforts
to cultivate these organisms from the marine environment have increasingly
grown and initial isolation efforts in which only a few representative families
were cultivated (20), have now substantially improved resulting in the isolation
of up to 18 families from this order (41, 75). The phylogenetic diversity of
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marine-derived actinomycetes has become a major topic of interest and has led
to the discovery of various marine actinomycete taxa (51, 77, 130), including
the description of the first marine obligate genus Salinispora (75). As
previously stated, the medical and biotechnological importance of marine
actinomycetes has driven our interests to study the diversity, distribution and
cultivability of these microorganisms that can be reached in marine sediments
(Chapter 2). Chapter 3 is devoted specifically to the diversity and distribution
of the genera Streptomyces and Micromonospora due to their high abundances
generally observed in marine sediments (Chapter 2) and to the fact that they
represent the two most important secondary metabolite producers with 75% and
7% of the total known bioactive microbial metabolite production, respectively
(10).

Genomics and Metagenomics: An Exciting Future Has Already Dawned
The beginning of the new millennium brought with it access to new
technological tools that had previously been limited due to their high costs of
operation. Perhaps the most awaited techniques have been genome sequencing
of environmentally relevant axenic cultivars (39, 86), and the cultivationindependent study of whole community DNA genomes or “metagenomics”
(100, 115).
Marine microbiology and microbial ecology have benefited from the
positive influence of genomics, rapidly improving our comprehension of marine
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microbial diversity, their gene and biochemical pathway distributions and their
adaptations to the marine environment. This work has been facilitated by an
unprecedented initiative directed by the Gordon and Betty Moore Foundation,
which has provided funding for genome sequencing of over 150 marine bacteria
in the last few years (88), and facilitated the recovery of tens of millions of
genes from community genomic (metagenomic) studies at different oceanic
locations (101, 115). This wealth of information illustrates a new horizon for
discovery and for enhanced understanding of the genetic processes controlling
marine microbial ecology.
The potential of the application of microbial genomics in the ocean is
perhaps best illustrated by the discovery of proteorhodopsin. By using a
phylogenetic marker (16S rRNA gene) as a starting point to sequence flanking
regions (9), a clone containing a new class of prokaryotic genes from the
rhodopsin family was sequenced (8). Expression of the gene sequence in E. coli
was successful allowing resolution of its function as a light-driven proton pump
(8). Recently, shotgun sequencing in the Sargasso Sea has demonstrated the
abundance and diversity of this new class of photoproteins (115).
Similarly, the potential of metagenomics in the discovery of natural
products represents a critical new opportunity for this field. The ability to
explore the whole genetic content of microbes directly from their natural
environments, allows the detection of genes encoding pathways coding for the
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synthesis of bioactive secondary metabolites. In some cases, this permits their
isolation without a need to cultivate the producing organism (37).
Because of the massive numbers of bacteria (1 x 109 cells!gr-1 sediment),
and their expected vast diversity in marine sediments, this environment certainly
represents a challenging and exciting future for microbial oceanographers as
well as for natural product discovery.

CHAPTER 2
Actinomycete Diversity In Marine Sediments

Abstract
The diversity of cultured actinomycete bacteria was compared between nearshore and offshore marine sediments. Strains were tested for the effects of seawater
on growth and analyzed for 16S rRNA gene sequence diversity. In total, 622 strains
representing six families in the Actinomycetales were cultured. These strains were
binned into 16 to 63 Operational Taxonomic Units (OTUs) over a range of 97-100%
sequence identity. The majority of the OTUs were closely related (>98% sequence
identity) to strains previously reported from non-marine sources indicating that many
are not restricted to the sea. However, new OTUs averaged 96.6% sequence identity
with previously cultured strains and 33-35% of the OTUs observed were marinespecific indicating that sediment communities include considerable actinomycete
diversity that does not occur on land. Marine specificity did not increase at the
offshore sites suggesting high levels of terrestrial influence out to 100 km from shore.
The requirement of seawater for growth was observed among less than 6% of the
strains while all members of nine OTUs possessed this trait indicating a high level of
marine adaptation among some lineages. Statistical analyses predict greater OTU
diversity in the offshore sites providing a rationale for expanded access to deep-sea
samples. A change in community composition was observed with the number of
Micromonospora OTUs increasing in the offshore samples. UniFrac statistics
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support a difference in community composition between near-shore and offshore
locations. Overall, 123 of 176 strains had distinct 16S rRNA gene sequences
indicating a high level of actinomycete diversity in marine sediments.

Introduction
Bacteria belonging to the order Actinomycetales, commonly called
actinomycetes, represent one of the most studied and exploited classes of bacteria due
to their ability to make a wide range of biologically active metabolites (14, 45).
These microorganisms have been recovered from diverse environments including rain
forests, lake sediments, and deep ocean trenches (19, 110, 111, 118, 119, 129). With
respect to the marine environment, it has long been known that actinomycetes can be
cultured from ocean samples including sediments collected at depths > 3 km
(eg.,(121)). Marine-derived strains have more recently become the focus of renewed
attention, in part because they have shown promise as a resource for biotechnology
(13, 30). To date, taxonomic studies of marine-derived actinomycetes have led to the
description of 3 new genera: Salinibacterium, Serinicoccus and Salinispora (25, 74,
130) the proposal of Solwaraspora as a fourth (73), and various new species (51, 74,
104). These studies have made it clear that new taxa reside in the ocean, however the
extent to which land and sea inhabiting actinomycete communities differ remains
unknown.
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Although actinomycetes are regularly recovered from marine samples, they
are also common soil inhabitants and are undoubtedly transported in large numbers
from land into the sea. Considering that many species produce resistant spores and
some are salt tolerant (7), it is not surprising that some strains recovered from nearshore marine samples also occur on land. To date, the component of the marine
actinomycete community that appears to be specific to the marine environment has
not been defined for any environmental samples. It has also yet to be determined
which members of these communities are metabolically active in marine sediments
(43), although evidence of marine adaptation and growth in the marine environment
has been reported (77, 81).

In an effort to gain a better understanding of the phylogenetic novelty of
marine actinomycete communities, a survey of near-shore and offshore sediments
was conducted to test the hypothesis that the number of marine-specific strains would
increase at sites more distant from shore where terrestrial input was presumed to be
less. The requirement of seawater for growth was also assessed as an indicator of
marine adaptation and to determine if this trait could be used as a tool to enhance the
recovery of new marine taxa. The results indicate that new actinomycete phylotypes
can readily be cultured from marine samples yet differences in community structure
between near-shore and offshore sites could not be linked to marine-specificity or
seawater dependence.
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Materials and Methods
Sample collection and processing.
Fifty-seven near-shore marine sediments were collected using a modified,
surface-deployed grab sampler (model #214WA110, Khalsico, El Cajon, CA) from a
depth range of 30-150 m within a 0.5 km2 quadrat centered 1.8 km off the coast of La
Jolla, CA on August, September and November 2001. Eleven offshore samples were
collected from 6 different San Diego locations using an un-tethered coring device
designed and constructed at the Scripps Institution of Oceanography (SIO) from
which 20-30 cm cores were obtained. When possible, the cores were separated into
2-6 sections (ca. 5 cm each). Five additional offshore samples were obtained from ca.
100 km West of San Francisco (kindly provided by Mr. Seth Jones, Merkel &
Associates, Inc.). All near-shore samples were placed in sterile 50 mL centrifuge
tubes using an ethanol-sterilized spatula and transported to SIO for processing
(generally within 4 h). For the offshore San Diego samples, core sections were
placed in sterile Petri dishes and kept at 4oC until processing (generally within one
week). The San Francisco samples were collected using a 0.25 m2 box corer (Sandia
MK-III, Ocean Instruments, San Diego, CA). For each sample, approximately 10 mL
of wet sediment was removed from the top 10 cm of the core using an alcohol
sterilized stainless steel spoon, placed in a 50 mL centrifuge tube, and maintained at
4oC for approximately 2 weeks before processing.
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All samples were processed using previously described methods (77) and
inoculated onto medium M1 (10 g starch, 4 g yeast extract, 2 g peptone, 18 g agar, 1
L of natural seawater). M1 was amended with cycloheximide (10 µg ml-1 final
concentration) and either rifamycin (5 µg ml-1 final concentration) or gentamicin (10
µg ml-1 final concentration). Briefly, for the heat-shock method, 1 mL of wet
sediment was added to 4 mL of sterile seawater (for San Diego offshore samples 2
mL of wet sediment was used), heated for 6 min at 55°C, vigorously shaken, further
diluted (1:100 and 1:1000) in sterile seawater, and 50 µl of each dilution inoculated
onto medium M1 by spreading with a sterile glass rod. For the stamping method,
approximately 10 mL of wet sediment were aseptically placed into a sterile petri dish
and dried (ca. 24 h) in a laminar flow hood. A sterile foam plug (14 mm diameter)
was pressed into the dried sediment and used to inoculate the medium by stamping
eight or nine times in a circular fashion, giving a serial dilution effect. Due to the low
yield of actinomycete colonies obtained from the San Diego offshore sediments, these
samples were also stamped onto 1/4th and 1/8th strength M1 medium.

Actinomycetes were recognized based on colony and microscopic
morphology. Colonies with a tough leathery texture, dry or folded appearance, and
branching filaments with or without aerial mycelia that could be observed either
unaided by eye or using a dissecting microscope (64X maximum magnification) were
transferred from the primary plates onto new media. Hence, this study was limited to
filamentous bacteria within the order Actinomycetales. An attempt was made to
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obtain in pure culture all accessible actinomycete-like colonies observed on the
plates. Actinomycetes form near-shore sediments generally appeared after 2 to 6
weeks of incubation at 25-28°C while colonies from the offshore samples took 8-12
weeks to appear.

Effects of seawater on growth.
All strains were tested for the effects of seawater on growth using medium M1
prepared with either seawater or de-ionized water. A single colony from each isolate
was carefully transferred from a culture growing on M1 (seawater) and dilution
streaked onto plates of the same medium prepared with either seawater or de-ionized
water. In cases where only a few colonies appeared on the de-ionized water plates,
the process was repeated using one of these colonies to determine if growth was due
to salts carried over from the initial transfer. Strains were categorized as seawater
dependent (no growth on M1/de-ionized water) or non-seawater dependent (growth
on both media). The number of strains for which the relative amount of visually
assessed growth was reduced in the absence of seawater was also recorded.

16S rRNA gene (16S rDNA) amplification and sequencing.
The PCR amplification of the 16S rRNA gene was carried out with primers
FC27 (5’ to 3’ AGAGTTTGATCCTGGCTCAG) and RC1492 (5’ to 3’
TACGGCTACCTTGTTACGACTT). PCR products were purified with a Qiagen
QIAquick PCR cleanup kit using the manufacturer’s protocols (Qiagen Inc.,
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Chatsworth, Calif.). Partial gene sequences were obtained using the FC27 primer and
full, double stranded sequences were obtained for select strains using the additional
sequencing primers F514 (5’ to 3’ GTGCCAGCAGCCGCGGTAA), F1114 (5’ to 3’
GCAACGAGCGCAACCC), RC1492 (5’ to 3’ TACGGCTACCTTGTTACGACTT),
R936 (5’ to 3’ GTGCGGGCCCCCGTCAATT), and R530 (5’ to 3’
CCGCGGCTGCTGGCACGTA). Upper and lower strand contigs were assembled
using Sequencher (version 4.5 Gene Codes, Ann Arbor, Michigan, United States) into
nearly complete (1484 bp, E. coli positions 8 to 1492) 16S rRNA gene sequences.

Phylogenetic analysis.
Partial and nearly complete 16S rRNA gene sequences were compared to
sequences within the NCBI database (http://www.ncbi.nlm.nkh.gov/) using the Basic
Local Alignment Search Tool (BLAST, (1)) and the percent identity of the closest
cultured strain determined. Operational taxonomic units (OTUs) were calculated for
all partial sequences (573 bp near-shore, 642 bp offshore) at 97, 98, 99, and 100
percent

sequence

identity

using

the

program

Clusterer

(http://www.bugaco.com/mioritic/clusterer_jlp.php) by setting the distance parameter
to the number of nucleotides required to give the desired consensus groups. If all of
the strains in an OTU shared !98% 16S rRNA gene sequence identity with any
previously cultured strain for which sequence data was available, it was defined as a
"new" OTU. If all NCBI sequence deposits sharing >98% sequence identity were
from marine sources, the OTU was considered "known marine". One representative
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of each OTU in the 98% consensus group was selected for nearly complete 16S
rRNA gene sequencing. Assembled sequences were imported into the ARB database
(http://www.arb-home.de/), automatically then manually aligned along with their
closest BLAST matches, and exported into PAUP (109) for phylogenetic analyses.
Parsimony-heuristic, distance-neighbor joining and distance-UPGMA trees were
constructed using PAUP.

Statistical analyses.
Non-parametric diversity estimators as well as Shannon and Simpson indexes
were calculated using EstimateS (Version 7, (21) http://purl.oclc.org/estimates). For
the 111 near-shore strains sequenced, coverage was calculated after the equation: C =
1 - (n/N) X 100; where: n = number of unique OTUs and N = total number of OTUs
examined (42). The UniFrac web tool (www.bmf.colorado.edu/unifrac) is a
multivariate statistic that was employed to further analyze and compare the
phylogenetic diversity between the near-shore and offshore actinomycete
communities.

Results
Fifty-seven near-shore marine sediment samples were collected at depths of
30-50 m and distances of 1.5-2.0 km off the coast of San Diego. Sixteen additional
samples were collected from two offshore sites (depths 1100-3100 m and 100 km
from shore), 11 of these came from a site off San Diego and five from a site off San
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Francisco (table 2.1). All 73 samples were processed for the selective cultivation of
actinomycete bacteria and an attempt was made to obtain in pure culture all
accessible actinomycete colonies observed on the isolation plates.

In total, 622 actinomycete strains were isolated, the vast majority of which
(557) were obtained from the near-shore locations. Although more samples were
collected from the near-shore sites, these samples also yielded 2 and 5 times as many
strains per sample as the offshore San Diego and San Francisco sites, respectively.
Of the 622 strains cultured, 32 (<6%) required seawater for growth while 39 (7%),
showed reduced growth when seawater was replaced with de-ionized water in the
growth medium (table 1). All strains for which the absence of seawater in the culture
medium affected growth originated from the near-shore samples. The vast majority
(89%) of the actinomycetes cultured grew equally well when seawater was replaced
with de-ionized water in the cultivation medium.

Partial 16S rRNA gene sequences were obtained for all of the strains isolated
from samples collected offshore San Diego (56 strains) and San Francisco (9 strains)
(table 1). For the near-shore samples, 111 strains were selected for sequencing based
on their response to the absence of seawater in the growth medium. These included
all 32 strains that required seawater for growth, the 39 strains that displayed reduced
growth without seawater, and 40 randomly chosen strains that grew equally well on
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both media.

In total, partial 16S rRNA gene sequence data was obtained for 176

strains.

Given that various 16S rRNA gene sequence identity values have been used to
assess species-level diversity (e.g., (49), Operational Taxonomic Units (OTUs) were
calculated over a range from 97-100% sequence identity. These analyses resulted in
the detection of 18-60 OTUs from the near-shore sediments (573 bp analyzed) and
16-63 OTUs from the offshore sediments (642 bp analyzed, table 2). OTUs were
designated as new if all strains within that OTU shared < 98% sequence identity to
any previously cultured strains for which NCBI sequence data was available. OTUs
were otherwise considered known or, if all of the reference sequences sharing > 98%
sequence identity were derived from marine sources, that OTU was further
characterized as "known marine". In near-shore sediments, new OTUs ranged from
17-32% of the total while in offshore sediments the range was 16-25% (table 2). On
average for all sequence identity groups, 26% of the near-shore and 20% of the
offshore OTUs were new to this study. In all but the 97% consensus group, new
OTUs were more common in the near-shore samples. Known marine OTUs ranged
from 5-12% among the near-shore strains and from 12-16% among the offshore
strains (table 2). In total, the number of OTUs recovered in this study that have only
been reported from marine sources averaged 35% over all consensus groups for the
near-shore samples and 32% for the offshore samples. All of the new OTUs
recovered from the offshore San Diego samples originated from the 5-10 cm sections
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of the cores (data not shown) supporting further studies of vertical actinomycete
profiles in marine sediments. Only two strains were isolated from below the top 10
cm of any core despite the fact that actinomycetes have been detected down to 46 cm
when culture-independent techniques were applied to a deep-sea core (106).

Based on BLAST analyses of partial 16S rRNA gene sequence data, the 176
strains sequenced were most closely related to eight genera (table 3). The majority of
these (85%) were affiliated with the genus Streptomyces (105 strains) or
Micromonospora (44 strains). The abundance of Micromonospora relative to
Streptomyces increased by greater than 10-fold in the offshore San Diego sites. Both
near-shore and offshore sediments had one to three strains related to the genera
Actinomadura, Saccharomonospora, and Verrucosispora, while Nocardiopsis,
Streptomonospora, and Streptosporangium were only recovered from sediments
collected near-shore. Two of the five OTUs belonging to these later three groups
were new to this study (table 3). The OTU to sample ratio was considerably higher
for offshore samples (37:16 compared to 35:57) yet the total number of genera
observed was greater in the near-shore samples. BLAST identity scores for all strains
ranged from 91.3-100% (mean = 98.4%) and averaged 96.6% for the strains in the
new OTUs.

Considering the total diversity observed in this study, the number of OTUs in
which all strains required seawater for growth ranged from 14 of 126 (11%) within
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the 100% consensus group to 6 of 34 (18%) within the 97% consensus group (figure
2.1). There was no evidence for an increase in the probability of an OTU being new
or “known marine” based on the requirement of seawater for growth (S-test of
proportions, p = 0.2505). Of the nine seawater requiring OTUs identified based on
98% sequence identity (table 2.3, figure 2.1), five were previously reported form nonmarine sources. Each of the four sequence identity groups (97-100%) contained 3 or
4 OTUs in which the requirement of seawater for growth varied among strains. All of
these “variable” OTUs were affiliated with the genus Streptomyces and two of three
have only been reported from marine sources.

Representatives of the 35 near-shore and 37 offshore OTUs delineated at 98%
sequence identity were chosen for nearly complete 16S rRNA gene sequencing and
phylogenetic analysis (figure 2.2-b).

The shift from S t r e p t o m y c e s to

Micromonospora dominated communities is evident when comparing the trees
generated from these two sites. New OTUs are scattered throughout the near-shore
tree (figure 2.2a) while all new diversity at the offshore sites, with the exception of
one Micromonopora OTU, was restricted to the genus Streptomyces. Three distinct
marine clades related to the genus Streptomyces are evident in the near-shore strains
(figure 2.2a). The clade at the top of the tree is comprised of 24 strains that fall into
five OTUs, three of which are new. All OTUs within this clade and all NCBI
reference strains that share > 98% sequence identity with members of this clade were
derived from marine sources making this a highly diverse marine lineage within the
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genus Streptomyces. Seventeen strains belonging to this clade were also isolated
from the offshore samples (figure 2.2b, represented by strain CNS-775). These
strains fall into nine OTUs, all of which are marine and three of which are new. A
second marine clade observed among the near-shore strains (represented by strain
CNQ-509) is comprised of two OTUs. The two NCBI reference sequences in this
clade were also reported from marine sediments and are part of a chemically prolific
group of actinomycetes (previously referred to as MAR4) that are known to produce
hybrid polyketide-terpenoid secondary metabolites (29). There is strong bootstrap
support that the third marine clade, which was observed in both the near-shore and
offshore communities, is a sister lineage to Streptomyces thus suggesting that these
strains represent a new genus. This clade has previously been referred to as MAR2
and has proven to be a rich source of macrolide antibiotics (eg., (68)).

Well-delineated marine clades comprised of two OTUs each are also observed
within the genera Streptomonospora and Nocardiopsis. Interestingly, all strains
within these OTUs required seawater for growth and the most closely related
reference strains are either from a marine source or a high salt environment. Three
additional seawater requiring OTUs are scattered throughout the genus Streptomyces
(figure 2a) and one is related to the genus Saccharomonospora. Interestingly, all but
one of the three (CNQ-090) belong to an OTU that has also been reported from nonmarine sources. None of the OTUs from the genus Micromonospora required
seawater for growth, while the related, seawater dependent genus Salinispora, which
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has been consistently cultured from tropical and subtropical sediments (58), was not
observed despite the use of cultivation methods known to support the growth of this
taxon.

Using the OTUs delineated at 98% sequence identity, the percent coverage
(C) of the near-shore collection was calculated to be 74%, suggesting that the
diversity within the 557 strain collection was well represented by the 111 strains
sequenced. Since all of the strains isolated from offshore sediments were sequenced,
a coverage calculation was not performed. Accumulation curves were generated and
three diversity estimators used to predict the total number of OTUs that occur in the
near-shore (figure 2.3a) and offshore (figure 2.3b) samples. The non-linearity of the
curves reflects well-sampled communities (76), and the fact that saturation was not
reached in either environment indicates that additional processing would yield more
diversity. The diversity estimators ACE, Chao 1, and Jackknife all predict greater
diversity in the offshore samples with the first two methods predicting approximately
twice as many OTUs (table 2.4). Species richness and the Shannon index were
approximately equal for both environments while the Simpson index was
considerably greater for the offshore sediments. Although greater diversity is
predicted for the offshore samples, actinomycete colonies were recovered less
frequently from this environment suggesting that obtaining the full extent of this
diversity would require the application of additional cultivation procedures.
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Rank abundance curves were generated for near-shore and offshore
communities to assess the richness and evenness of the pool of sequenced strains
(figures 2.4a-b). For both analyses, the curves show a long right-hand tail as is
typical of highly diverse communities (55), with 50% or more of the OTUs comprised
of a single strain. For the near-shore community, 29% of the strains fell into the two
most populated OTUs, both of which are most closely related to the genus
Streptomyces. One of these (OTU number 2, figure 2.4a) is a “variable” OTU
comprised of 5 seawater-dependent and 10 non-seawater-dependent strains.
Phylogenetic analysis of all strains within this variable OTU did not delineate
seawater-dependent from non-dependent strains (data not shown).

The most

populated seawater-dependent OTU (number 4) is comprised of 7 strains and is most
closely related to the genus Nocardiopsis. The seawater requirements for the large
number of poorly populated OTUs must be considered tentative until additional
strains can be obtained and tested.

When statistical comparisons were made between near-shore and offshore
communities, the UniFrac measurement was significant (p = 0.01) but the Ptest was
not (p = 0.33) suggesting that the phylogenetic distribution of the OTUs is similar for
both environments yet the OTUs that comprise them are unique. When strains from
both environments are pooled, 54 OTUs are delineated at the 98% consensus level
(data not shown). Although 40 of these were specific to either near-shore or offshore
samples (20 each), 13 of the near-shore and 17 of the offshore specific OTUs are
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populated by only one strain (data not shown) suggesting that this result may be
influenced by sample size.

Discussion
Actinomycetes are regularly isolated from marine samples (eg, (13, 75, 105)),
yet the extent to which these bacteria are genetically distinct from those recovered
from non-marine sources remains unknown. The main objectives of this study were
to assess the culture-dependent diversity, phylogenetic novelty, and seawater
requirements of filamentous, mycelium-forming actinomycetes cultured from marine
sediments collected off the coast of California.

These parameters were then

compared among strains isolated from near-shore and offshore locations to test the
hypotheses that marine specificity and the requirement of seawater for growth would
be encountered more commonly at sites more distant from shore. In addition, we
tested for a correlation between the requirement of seawater for growth and
phylogenetic novelty in an effort to determine if this trait could be used to guide the
isolation of new marine taxa and to assess the level of marine adaptation in sedimentderived actinomycete communities. All cultivation media were based on seawater
and therefore the isolated strains were selected for by their ability to grow in highly
saline environments.

Phylogenetic analyses were performed on 176 strains representing 65 offshore
and 111 near-shore isolates. The later group was comprised of 32-40 representatives
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of three groups delineated based upon the effects of seawater on growth. In total,
actinomycetes related to eight genera within six families were isolated indicating that
considerable actinomycete diversity can be recovered from marine sediments
including representatives of five genera (Nocardiopsis, A c t i n o m a d u r a ,
Saccharomnospora, Streptosporangium and Verrucosispora) that have seldom been
reported from the marine environment.

Various 16S rRNA gene sequence identity values have been used to delineate
bacterial OTUs in sequence-based diversity studies (e.g.,(49)). Although the highly
conservative value of 97% has been used in the past, it is becoming increasingly clear
that this level of sequence similarity underestimates species-level diversity. For
example, the diverse bacterial ecotypes encountered even with 16S rRNA gene
sequence similarities of less than 97% (80, 99). At the same time, it has been shown
for Actinobacteria that >99% sequence similarity minimized the inclusion of strains
with DNA-DNA re-association values of <70% and incorporated 70% of the values
>70% (106, 107). To contrast the diversity realized using different sequence identity
values, strains were binned into consensus groups over a range from 97-100%
similarity (table 2). These analyses revealed considerable OTU diversity at 99%
sequence identity with 111 near-shore and 65 offshore strains (table 1) falling into 44
and 51 OTUs respectively (table 2). Comparatively, only 18 near-shore and 16
offshore OTUs were resolved using 97% sequence identity. Given the slow rate of
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change in the 16S rRNA gene (126), it is likely that less conservative estimates are
more accurate predictors of species level diversity in these communities.

For this study, OTUs generated based on 98% sequence identity were used for
statistical analyses and considered “new” if all of the strains within an OTU shared
<98% sequence identity with NCBI reference sequences. Using this criterion, new
OTUs accounted for 9 of 35 near-shore OTUs and 6 of 37 offshore OTUs (table 2).
Thus, the majority of the OTUs detected were not new and occurred both on land and
in the sea. Given the relatively high abundance of actinomycetes in soil and the
preponderance of material being introduced from land into the sea, it can be
suggested that many of these actinomycetes ultimately originated from land.
Surprisingly, neither the level of phylogenetic novelty nor marine specificity
increased in the offshore sites despite the observation that only 12 of the 54 total
OTUs delineated based on 98% sequence identity occurred in both locations.
Although these observations provide preliminary evidence for the occurrence of
distinct communities in the two environments, 30 of the 40 site-specific OTUs were
populated by only one strain suggesting that the level of specificity would decrease
given a larger sample size. Most of the actinomycete diversity observed in this study
was not marine-specific, an observation that could be explained by a high level of
terrestrial input and mixing out to 100 km from shore. This is not to preclude the
possibility that higher levels of marine-specific diversity occur at sites more distant
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from shore and that some marine-specific diversity was missed due to limitations of
the culturing techniques employed.

The requirement of seawater for growth was not a common physiological trait
among the actinomycetes cultured, being observed among less than 6% of the strains
isolated and nine of the 35 OTUs delineated at 98% sequence identity. In addition,
phylogenetic novelty was not correlated to this requirement (figure 2.2a), which may
be due in part to the NaCl tolerance of soil actinomycetes (7) or our inability to
accurately resolve ecotypes using the 16S rRNA gene (18). It is also possible that the
requirement of seawater for growth is a rapidly acquired or lost phenotype, however
we have been unable to eliminate this requirement following successive transfers onto
media prepared with decreasing concentrations of seawater (data not shown)
suggesting that this trait is fixed and possibly associated with a specific sodium ion
requirement as has been shown for Gram-negative marine bacteria (64, 82). The
seawater dependent strains cultured from the near-shore collection sites were
scattered throughout the phylogenetic tree (figure 2.2a) suggesting they did not arise
from a common marine ancestor but that this trait instead evolved independently in
multiple lineages. Although the requirement of seawater for growth was not
common, it was observed among all OTUs related to Nocardiopsis and
Streptomonospora suggesting a high level of marine adaptation in these groups
(figure 2.2a).

34

A deeply rooted marine lineage has been identified within the phylum
Actinobacteria (93), however members of this group have yet to be cultured. As in
other cultivation-based studies of actinomycetes in marine sediments (19, 89), the
dominant genera recovered were Streptomyces and Micromonospora. As has also
been previously observed (59, 122), there was a shift in community composition from
Streptomyces to Micromonospora between near-shore and offshore samples (figures
2.2a-b). The cause of this shift remains unresolved as neither OTU novelty, seawater
dependence, nor the relative abundance of marine OTUs increased among the
offshore Micromonospora strains. Marine lineages related to the genus Streptomyces
however were observed in both near-shore and offshore samples.

From a

phylogenetic perspective, at least two of these appear to represent new species and
one a new genus. Given the breadth of phylogenetic diversity currently ascribed to
the genus Streptomyces, revision of this taxon appears warranted.

Fewer actinomycetes were obtained per sample from the offshore sites despite
the fact that the amount of material inoculated was greater and two additional media
were used. These results suggest that actinomycetes may be less common in the
offshore locations. However, the fact that colonies originating from the offshore
samples generally took longer to appear suggests that culture conditions, such as
incubation temperature, may have played a role. Despite the relative difficulty
obtaining actinomycetes from the offshore samples, the number of OTUs delineated
from each communities was nearly identical (table 2.2) and the number of OTUs
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predicted from the offshore sites was almost double that from near-shore sediments
(Figures 2.3a-b).

Remarkably, little redundancy was observed among the cultures as "75% of
the OTUs delineated at 100% sequence identity was represented by only one strain.
The large number of single strain OTUs made it difficult to confidently assign habitat
specificity and the occurrence and distribution of seawater-requirements. Shannon
and Simpson’s indices as well as UniFrac statistics (71) show differences between
shallow and deep actinomycete communities supporting the hypothesis that greater
access to deep-sea environments will render greater bacterial diversity, although
cultivation at low temperature or high pressure may be required to improve the
recovery rate. In summary, phylogenetic novelty and marine specificity was not
greater at the offshore sites suggesting high rates of mixing out to distances 100 km
from shore. None-the-less, considerable new actinomycete diversity was obtained in
culture and community diversity was predicted to be greater at the offshore sites
encouraging continued sampling of deep-sea samples as these bacteria are proving to
be a valuable resource for biotechnology (14, 60).
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Table 2.1. Marine sediment sampling sites, ocean depth, distance from shore,
numbers of actinomycetes isolated, and the effects of seawater for growth.
Site

b

Distance
(km)

No.
samples

Strain
isolated
(sequenced)

Strains
/
sample

Seawater
requirement
No
486

Noa
39

San Diego
(nearshore)

0.03-0.050

1.5-2

57

557 (111)

9.8

Yes
32

San Diego
(offshore)b
San
Francisco
(offshore)

1.1-2.0

100

11

56 (56)

5.1

0

56

0

2.3-3.1

100

5

9 (9)

1.8

0

8

0

NA

NA

73

622 (176)

8.5

32

550

39

Total
a

Depth
(km)

reduced growth in the absence of seawater.
2x material inoculated and two additional media used.
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Table 2.2. Number of Operational Taxonomic Units (OTUs) recovered from nearshore (NS) and offshore (OS) marine sediments at consensus groups ranging from 97
to 100% 16S rRNA gene sequence identity with % of total given in parentheses.
OTUs were delineated as new, known (previously cultured), or known marine
(previously cultured from marine sources) based on comparisons with GeneBank
sequence data.

OTUs
97 NS

97 OS

% Sequence Identity
98 NS 98 OS 99 NS 99 OS

New

3 (17)

4 (25)

9 (26)

6 (16)

14 (32)

9 (18)

18 (30)

12 (19)

Known marine

1 (6)

2 (13)

4 (11)

6 (16)

4 (9)

6 (12)

7 (12)

8 (13)

Known
Total

14
18

10
16

22
35

25
37

26
44

36
51

35
60

43
63

100 NS

100 OS

39

Table 2.3. Generic affiliation and abundance of actinomycete strains and OTUs
recovered from near-shore and offshore samples as delineated by 98% 16S rRNA
gene sequence identity. The numbers of new OTUs are given in parentheses and
those requiring seawater for growth in italics.
Genus

Actinomadura
Micromonospora
Nocardiopsis
Saccharomonospora
Streptomonospora
Streptomyces
Streptosporangium
Verrucosispora
Total

Near-shore San
Diego
Strains
OTUs
1
1
11
5
9
2, (1), 2
3
1, 1
5
2, (1), 2
79
22, (7), 4
1
1
2
1
111
35

Offshore San
Diego
Strains
OTUs
0
0
31
15 (1)
0
0
1
1
0
0
22
12, (3)
0
0
3
1
57
29

Offshore San
Francisco
Strains
OTUs
1
1
0
0
0
0
0
0
0
0
6
7, (2)
0
0
1
1
8
9
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Table 2.4. Actinomycete richness and diversity estimates based on 16S rRNA gene
sequence data for San Diego samples.
Statistic
Richness
ACE
Chao1
Jackknife1
Shannon index
Simpson index

Near-shore (n = 111) Offshore (n=64)
35
58.6
54.6
51.85
3.1
17.74

37
112.19
125.59
63.58
3.35
31.5
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Figure 2.1. Number of seawater dependent, non-seawater dependent, and variable
OTUs at consensus groups ranging from 97-100% for combined near-shore and
offshore data sets.
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Figure 2.2

Neighbor-joining distance trees detailing the phylogenetic

relationships among representatives of the OTUs (based on 98% sequence
identity, 1378 bp) cultured from near-shore (a) and offshore (b) marine
sediments, respectively. The closest BLAST matches to each OTU are included
with strain name and GenBank accession number. Strains representing each
OTU are shown with strain number (eg., CNQ-082), collection location (SD =
San Diego, SF = San Francisco) and year (eg., 01 = 2001). The number of strains
in each OTU is presented in parentheses. Bold = new OTUs, * = seawaterdependent OTUs, italics = variable OTUs (containing both seawater-dependent
and non-dependent strains), M = marine OTUs (all reference sequences sharing >
98% sequence identity are from marine sources), m = reference sequence derived
from a marine source. P. propionicum and Bifidobacterium sp. were used to root
the trees. Bootstrap values greater than 50 are placed at their respective nodes.
The topologies of the trees are supported by parsimony-heuristic and distanceUPGMA analyses which show consistent clades.
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Figure 2.2a
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Figure 2.2b continued
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Figure 2.3. Observed number of OTUs (accumulation curve,) and diversity estimates
calculated using Chao 1 (!)ACE (Abundance-based Coverage Estimator, ") and Jackknife 1
(#) for a) near-shore and b) offshore actinomycete communities.
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Figure 2.4. Rank abundance curves for OTU diversity at 98% sequence identity from
a) near-shore and b) offshore sediments. White indicates non-seawater dependent
strains

and

black

indicates

seawater

dependent

strains.

CHAPTER 3
Molecular Identification Of Streptomycetaceae And Micromonosporaceae In
Offshore San Diego Sediments

Introduction
Advances in molecular biology marked a renaissance in microbiology. The
application of molecular techniques to bacterial classification of bacteria made it
possible to more accurately identify evolutionary relationships and, moreover, it was
based on genetic content and not on vague morphological evaluations.

The

comparison of 16S rRNA genes from cultivated strains coupled with the detailed
examination of physiological and metabolic traits like cell wall proteins and carbon
metabolism has greatly expanded our knowledge of bacterial diversity resulting in the
description of over sixty bacterial Phyla to date (http://www.bacterio.cict.fr/).
The amplification and sequencing of the16S rRNA gene has proven its value
not only as a powerful method to assess the phylogenetic diversity of cultivated
strains (see Chapter 2), but also as a method to accomplish what was once thought to
be impossible: to study bacterial diversity without a need for cultivation. This
outstandingly clever technique was developed in Norman Pace’s lab in the mid1980’s (85), and provides a means to explore the “uncultured microbial majority”
present in any environmental sample (94). By extracting total genomic DNA directly
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from the sampled environment, PCR-amplifying the 16SrRNA genes present in the
sample and cloning them into a vector, one can assess the phylogenetic diversity of
the amplified genes without having to cultivate the strains from which they originated.
This technique has been widely used for the past 20 years and has
tremendously improved our knowledge of microbial diversity in various environments
(23, 53). Among these environments, marine sediments have become an unexpected
source of microbial diversity with 37,000 bacterial species predicted to be present in
one gram of marine sediment (105).

In the past decade newly developed

methodologies simplified the isolation of DNA from environmental sediment samples
(46, 131) increasing the number of reports on bacterial communities in marine
sediments. The first studies on continental shelves and near shore marine sediments
revealed high abundances of sulfate reducing bacteria and other members of the !, ",
#- Proteobacteria, including the marine genera Oceanospoirillum and Marinomonas
(46). While 10% of the clones in a near-shore location of the Pacific North American
coast represented a new branch of Gram-positive bacteria (46), coastal Arctic
sediments revealed the presence of Clostridium, Microthrix and Anaerobranca when
using Gram-positive specific primers (97). A more detailed comparison between
marine sediment clone libraries revealed the occurrence of potentially ubiquitous
groups of sulfur cycling ", #- Proteobacteria while, at the same time, the existence of
endemic bacterial populations adapted to specific environmental conditions was
suggested (11).

49

A study on the diversity of bacteria found in environmental clone libraries
from deep-sea locations agrees with Bowman and collaborators’ observations. When
seven sediment samples between 1159 m and 6 482 m were examined, members of
the !, ", #- Proteobacteria were dominant, and only four clones from the 149 clones
examined belonged to the Gram-positive bacteria, including two from the
Actinomycetales (70).
Although actinomycetes are frequently isolated from marine sediments when
selective methods are employed (see Chapter 2), most cultivation-independent
methods have repeatedly missed them when general bacterial primers are used,
confirming the low abundances observed when compared with other marine sediment
dwellers in cultivation independent studies. It is reasonable then to use a more
specific targeting strategy like the use of group specific primers in order to study the
distribution of these rare phylotypes. This method proves extremely useful when such
groups represent only a small fraction of the total bacterial population, as is the case
for actinomycetes. Rarely have studies utilized Family-specific primers to describe
the actinobacterial diversity present in marine sediment samples, never-the-less, some
have clearly illustrated the presence and dominance of Streptomyces in the first 5-12
cm of a marine sediment core, while Rhodococcus seem to prevail in the 15-18 cm
and 43-46 cm sections from this environment (106). Moreover, the use of genus
specific primers was applied to explore the species diversity and geographical
distribution of the first obligate marine actinomycete genus Salinispora, stressing the
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importance of this method in bio-prospecting studies of important secondary
metabolite producing marine actinomycetes (77).
In the past, members of the genera Streptomyces and Micromonospora have
proven to be an excellent source of biologically active natural products (10, 29). At
the same time, these two genera were the most abundant in a cultivation dependent
study from marine sediments (see Chapter 2). In an effort to further explore the
diversity of members of the Streptomycetaceae and Micromonosporaceae families
present in marine sediment samples, a cultivation-independent experiment was
carried out on these two actinomycete families and the results compared to those
obtained when cultivation techniques were applied to the same samples as described
in Chapter 2. The novelty of these clones and the efficiency of the isolation methods
were evaluated by comparing representative OTUs isolated during a previous
cultivation study to the observed clone diversity obtained from environmental
samples.

Methods
Collection of samples
Marine sediment samples were collected in 2006 from five locations off San
Diego, CA, at depths ranging from 1100 to 2000 m (see Chapter 2). One sample was
taken from a near-shore location (La Jolla Shores, CA. < 2miles from shore) at a
depth of 137 m.
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Five offshore (3D, 42A, 44A, 62A, and 63A-E) and one near-shore (61A)
sediment samples were processed to obtain total environmental DNA and family
specific primers were employed to amplify the 16S rRNA genes of bacteria from the
Streptomycetaceae and Micromonosporaceae in the samples. Material from the top 5
cm of each sample was used for processing except for one of the offshore samples,
which was processed as a core and dissected into five segments (5 cm each),
including the top section, giving a total of ten samples for this study. Isolates
cultivated from the five offshore samples used for environmental DNA extraction are
included among the total 16 offshore samples used for cultivation-dependent
comparisons.
Microbial genomic DNA from the environmental samples was extracted using
a soil DNA extraction kit (DNeasy tissue kit, cat. No. 69506), according to
manufacturer’s protocol (Qiagen Corp. CA USA). Primers described by Monciardini
et al., were used to detect the 16S rRNA gene of members of the Streptomycetaceae
family and the forward primer (M2F) for the Micromonosporaceae family (78) was
used in combination with a primer designed specifically for this study (A4R).

Primers
Streptomycetaceae:
Sm6F 5’-GGTGGCGAAGGCGGA-3’ (E. coli 721-735)
Sm5R 5’-GAACTGAGACCGGCTTTTTGA-3’ (E. coli 1283-1303)
Micromonosporaceae:
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M2F 5’-CCAGCCCCACCTTCGAC-3’ (E. coli 492-508)
A4R 5’-GGAAGCCCCCGCCASTGTCC-3’ (E. coli 1030-1050)

PCR amplification and cloning
PCR amplification of one to four micro liters of environmental DNA (18-20
ng/mL) was done in triplicate for each sample as follows:
Initial denaturation at 95oC for 10 minutes, followed by 30 cycles of 94oC for 45 s,
65oC for 45s and 72oC for 1 min, followed by a 10 min extension at 72oC. Triplicate
PCR products were pooled and purified using MiniElute PCR purification columns
according to manufacturer’s instructions (Qiagen). Purified DNA was ligated to the
plasmid vector pCR® 2.1-TOPO® and used to transform One Shot® Mach1™ -T1®
chemically competent cells using a Topo TA® cloning kit according to the
manufacturer’s protocol (Invitrogen). Transformed clones were identified using a
white blue selection and inoculated into 10mL Falcon tubes containing 3 mL of LB
broth with 50 µg / mL kanamycin. Plasmid DNA was extracted using a QiaPrep®
MiniPrep extraction kit (Qiagen) according to manufacturer’s instructions. Plasmid
DNA was then subjected to restriction enzyme analysis with enzyme BstX I (New
England BioLabs) and the product was ran on a 1 % agarose gel to confirm presence
of an insert of the correct size.
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OTU grouping
For all Streptomyces clones, 16S rRNA gene sequences (560 bp) were
clustered into OTUs based on 98% sequence identity, i.e., each OTU was populated
with clones that shared " 98% similarity in their 16S rRNA gene sequences. The
sequences were used to generate phylogenetic trees.

For members of the

Micromonosporacea family the same procedures were followed using sequences of
536 bp in length.

Phylogenetic analysis
Plasmids containing Streptomyces or Micromonospora 16S rDNA inserts
were sequenced commercially (Rebecca and John Moore Cancer Center sequencing
facilities) using the M13 primer included in the vector (Invitrogen). Sequences were
analyzed using the Basic Local Alignment Search Tool (BLAST) function of
GenBank (1). Sequences were aligned using ClustalX (112) and then imported into
MacClade (72) where manual alignments were made. Parsimony-heuristic, distanceneighbor joining and distance-UPGMA rooted phylogenetic trees for the
Streptomycetaceae and Micromonosporaceae families were constructed using PAUP
(109) with 560 and 536 base pairs respectively.
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Statistical analyses
Non-parametric diversity estimators as well as Shannon and Simpson indexes
were

calculated

using

EstimateS

(Version

7,

Colwell

2004

http://purl.oclc.org/estimates). An accumulation curve and diversity estimators were
then calculated to evaluate the number of clones that needed to be sequenced.
Coverage of the clone library was calculated after the equation: C = 1 - (n/N) X 100;
where: n = number of OTUs and N = total number of clones examined (42).
Phylogenetic statistics including the UniFrac distance metric and the Ptest were
calculated

using

the

UniFrac

interfase

program

(http://bmf2.colorado.edu/unifrac/index.psp).

Results
The diversity of actinomycetes in the Families Streptomycetaceae and
Micromonosporaceae was assessed using cultivation-independent techniques and the
results compared to that obtained when cultivation-dependent methods were applied
to the same samples (Chapter 2).

Cultivation-independent study: effectiveness of primers
Cloning and Sequencing
1) For the Streptomyctaceae-specific primers: Five clones from each of the
five offshore samples plus one clone form a near-shore sample were
sequenced. The 26 sequences were delineated into OTUs with 98%
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sequence identity and an accumulation curve combining all sequence data
was created (Figure 3.1). Three diversity estimators (Chao1, Abundance
Based Coverage Estimator (ACE) and Jackknife 1) were used. The
average number of OTUs the three estimators predicted for the clone
libraries was 28. A power curve best fitted the accumulation curve and
was thus used to obtain a curve equation. The average number of
predicted OTUs (twenty-eight) was used as the y intercept and the
equation: y = 1.22 x0.6636, was solved for x to obtain 112 as the number of
clones that would need to be sequenced in order to obtain the number of
OTUs that are predicted to occur in the library (Figure 3.1). Based on
these calculations, ten clones from the five offshore samples, ten clones
from each of the four core sections below the top (0-5 cm) section, and ten
clones from the near-shore sample were sequenced for a total of 100
clones. For eight of these sequences, BLAST analysis showed only
homology to the vector used for cloning. The rest of the clone sequences
that were analyzed (92 clones) using BLAST showed high sequence
homology (> 98%) to previously reported Streptomyces strains or
environmental clones. The specificity was thus considered 100% for the
Streptomyctaceae primers reported by Monciardini et al. Once the clones
were sequenced and the number of OTUs present was determined, a
coverage calculation equation was used and calculations indicated that the
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92 clones covered 73% of the OTU diversity present in the clone library.
These 92 clones were used for the phylogenetic analyses described.
2) For the Micromonosporaceae- specific primers: Due to difficulty in
obtaining PCR products with the Micromonosporaceae-specific primers,
the results presented for this taxon are considered preliminary. In total 70
clones, including at least five clones from each sample, were sequenced.
Sample 62A had a higher cloning efficiency and therefore 20 clones from
this sample were sequenced. From the 70 clones that were sequenced, a
total of 22 showed high sequence homology (< 98%) to members of the
Family Micromonoporaceae. The majority of the sequences were not
related to the genus Micromonospora, as would be expected given the
high abundance of this genus observed during a previous cultivation study
(Chapter 2). Instead, 41% of the clone sequences (9/22) showed high
homology (> 98%) to previously reported Catellatospora strains and
another 41% of the clone sequences showed even higher homology (>
99%) to cultivated Salinispora strains, representing the first report of a
sighting of this genus at the sampled latitude (N 32 o). Only 18% of the
clone sequences were related to previously reported Micromonospora
strains (> 98%). There was one clone sequence that did not BLAST to a
member of the Micromonosporacea family, and the rest of the clones (47
clones) were only similar to the vector that was used for the cloning
procedure. Cloning procedures select for transformed E. coli colonies
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with a successful ligation using a blue/white coloring distinction ($galactosidase gene disruption) between transformed cells that posses or
don’t possess a vector insert, respectively. Since all analyzed clones were
white, the sequences whose BLAST neighbor was only the vector were
not used for primer specificity calculations.

Considering this, the

specificity of the primers appeared to be 95%. A coverage calculation
determined that only 45% of the diversity in the library was observed with
the number of clones sequenced.

Cultivation-independent study
1) Diversity of Streptomycetaceae
The 92 clones sequenced from 10 sediment samples represented 25
Streptomyces OTUs. Twenty-four percent of these OTUs (6/25) were considered new
phylotypes (< 98% 16S rDNA sequence homology to previously reported strains or
clones), and four of the previously observed OTUs were known from marine sources.
Thus, the total number of marine-specific OTUs detected using cultivationindependent methods was 10, which represents 40% of the observed Streptomyces
diversity (Figure 3.2, table 3.1). Of the total Streptomyces richness detected in San
Diego marine sediments (32 OTUs), 78% were observed when using cultivation
independent methods, while 28 % was recovered when using cultivation dependent
methods.
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Three diversity estimators (ACE, Chao 1 and Jackknife 1) were used to predict
the total diversity within the Streptomycetaceae by combining information from all
the analyses performed (including clones and cultivated OTUs). An average of 103
OTUs was estimated to be present in San Diego marine sediments (Figure 3.3).
Therefore, by combining cultivation dependent and independent methods,
approximately 31% of this diversity was observed (32 OTUs).

Although the

accumulation curve is not linear, a clear plateau is not yet reached, corroborating that
the Streptomycetaceae diversity present in these marine sediment samples has not
been fully characterized.

2) Diversity of Micromonosporaceae
Preliminary results of the cultivation-independent analysis revealed the
occurrence of three genera from the family Micromonosporaceae in San Diego
marine sediments (Figure 3.4). Members from the genera Micromonospora,
Salinispora, and Catellatospora were observed. A monophyletic branch is not
observed in the phylogeny of the Micromonospora genus, probably due to the length
of sequence analyzed (535 bp). Although different cultivation efforts were applied
(see Chapter 2), only strains belonging to the genera Micromonospora and
Verrucosispora were cultured from the sediment samples. Altogether, 19 OTUs were
observed when combining the 39 sequences obtained with cultivation-dependent and
independent methods. The estimated diversity to be present in these sediments was
45 OTUs (Figure 3.5). Therefore, 42% of the predicted diversity was observed when
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the results from both methods are considered. The wide diversity of the genus
Micromonospora present in these sediments was well exemplified by the
phylogenetic delineation observed with the ten cultivated OTUs. On the other hand,
cultivation-independent methods were only able to detect four OTUs from this genus,
three of which are shared with cultivated strains (Figure 3.4).

The genera

Catellatospora and Salinispora were more broadly represented with the cultivationindependent methods, encompassing nine sequences affiliated with each genus that
represent five and three OTUs respectively (Figure 3.4, table 3.2). This difference is
also observed in the phylogenetic distribution of the OTUs obtained with each
method and is strongly supported by low UniFrac metric (p !0.0001) and low Ptest (p
!0.0001) values.
In general, cultivation-independent methods detected a richer diversity since
the number of OTUs per sample was twice that observed with cultivation-dependent
methods. At the same time, the ratio of distinct OTUs per sequence analyzed was
also doubled with this method (Table 3.2). No new phylotypes were detected with
the number of clones sequenced and the length of the sequence used for these
comparisons (536 bp), nevertheless, one of the OTUs can be considered marine
(Figure 3.4).

Diversity of Streptomyces observed with cultivation dependent and cultivation
independent methods :
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The Streptomycetaceae-specific diversity observed in the five offshore
locations was compared to that observed with cultivation dependent methods in 16
offshore locations, which included the five locations used for environmental DNA
extractions.
Unlike most cultivation-independent studies, the phylogeny delineated by the
OTUs observed in the five marine sediment samples does not broadly differ to that
observed with cultivation-dependent methods in the 16 offshore samples examined
(Figure 3.6). In addition, two OTUs were populated by both clones and strains.
These OTUs are most closely related to Streptomyces sp. DQ013368, and DQ088172.
Although not populated by cultured strains, the rest of the clone OTUs fall well
within the Streptomyces phylogeny delineated by the cultivated OTUs (Figure 3.6).
The similarity in composition and phylogenetic distribution between OTUs from both
studies is supported by high UniFrac metric Ptest values (p < 0.001).
Twenty two percent (5/22) of the clone OTUs represents new phylotypes (!
98% 16S rRNA sequence identity to previously reported strains (see Chapter 2),
while 30% (3/10) of the cultivated OTUs possessed this level of phylogenetic novelty
(Table 3.3a). Cultivation efforts on 16 offshore samples yielded 10
Streptomycetaceae OTUs, two of which were considered new phylotypes and an
additional OTU was considered known from marine sources. Therefore, a total of
three OTUs, which represent 30% of the cultivated Streptomyces diversity, appear to
be marine specific (Figure 3.2). The number of Streptomcyes OTUs observed per
sample was seven times greater when using cultivation independent methods (Table
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3.3a), but the ratio of distinct OTUs per sequence analyzed was similar with both
methods (strains = 10/23 and clones = 22/47). When comparing the five samples in
which both methods were employed, it is clear that the cultivation methods did not
reveal as much diversity per sample, with the cultivation-independent results
recovering up to eight times more OTUs per sample (Table 3.3b). It is also clear that
certain OTUs populated only by clones were shared among different samples but
none of these clone-specific OTUs were present in all five samples (Fig. 3.6). There
was, however, one clone-specific OTU that was found in four of the five locations
studied. Interestingly, this OTU was cultivated from a sample collected offshore San
Francisco, CA, a site not included in the cultivation-independent studies, and is
denoted in figure 3.6 as CNT-074. In summary, no cultivated OTUs were shared
among the five samples. In addition, the number of cultivated OTUs is almost seven
times less than that observed with cultivation independent methods (Table 3.3b).

Comparison of the Streptomyces diversity in near-shore (< 2 km from shore) and
offshore (> 100 km from shore) samples.
Cultivation-dependent studies demonstrated a difference in the abundance of
Streptomyces OTUs isolated from near-shore and offshore marine sediments (Chapter
2). In order to investigate if this observation could be supported using cultivationindependent techniques, a comparison between one near-shore and one offshore
sample was performed. The results reveal that only one of the 11 OTUs observed
was shared between the two samples (Figure 3.7, Table 3.4) thus supporting
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differences between the two communities. The number of OTUs was also higher in
the offshore sample suggesting greater diversity contrary to what was observed in the
cultivation-dependent studies.

Core section analysis
Sampling efforts designed to recover actinomycetes from marine sediments
have traditionally concentrated on obtaining organisms from the sediment surface
down to ca. 5 cm. The use of a coring device (informally called a “bounce corer”)
designed and constructed at the Scripps Institution of Oceanography (SIO), allowed
the recovery of five deep (> 1900 m) marine sediment samples from offshore San
Diego, CA. Studies on these sediment cores exposed the difficulty of cultivating
actinomycetes from different core sections (Chapter 2). In order to further explore
the wealth and diversity of actinomycetes in the Family Streptomycetaceae at
different depths in a sediment core, one deep sample (> 1900 m) recovered from the
most distant from shore location was chosen used for a cultivation-independent
analysis of Streptomyces diversity. When comparing five sections of one sediment
core (c.a. 25 cm total depth) the results were somewhat surprising as many OTUs
were shared among all sections of the core and no clear differential phylogenetic
pattern between core sections could be observed (Figure 3.8, table 3.5). Seventeen
distinct OTUs were observed when data for all core sections was combined (Figure
3.8). The first section analyzed (S63A) presented the highest number of total and
unique OTUs, indicating that most diversity was encountered within the first 5 cm of
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the sediment cores (Table 3.5). Nevertheless, more than half of these OTUs were
shared with representatives from the rest of the sections (Figure 3.8). The lowest
number of OTUs was observed in core sections B and C, showing a decrease in
Streptomycetaceae diversity in the middle of the core. Although the number of
Streptomyces OTUs observed in section S63D was also high, the great majority of the
OTUs were not specific to that depth range (Figure 3.8, table 3.5). The high number
of shared OTUs observed between different sediment sections suggests that
considerable horizontal mixing may occur in these environments. High Ptest and
UniFrac metric values (p " 0.001) observed during statistical comparisons of all
sections support this observation.
Discussion
In recent years, marine sediments have become an interesting source for the
isolation of novel actinomycetes (41, 75, 77). Due to the wide diversity of bioactive
natural products that have been isolated from these microorganisms and their
subsequent application in various biotechnological fields (10), understanding the
diversity of these microorganisms has proven to be extremely valuable, both from a
scientific and an economical point of view (29). The majority of cultivationindependent studies on bacterial diversity have demonstrated that the rRNA
sequences observed generally represent the most abundant microorganisms present in
the studied environment (53), and have shown significant discrepancy between the
bacterial compositions that have been determined with culture dependent approaches
(24, 26). Similarly, recent cultivation-independent studies on diverse marine
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environments have demonstrated the presence of a distinct group of as yet noncultured actinomycetes (95, 120), which shows a distant phylogenetic relationship to
the actinomycetes “traditionally” cultivated as a source of novel natural products.
Surprisingly, little has been done to explore the cultivation-independent diversity of
these chemically prolific actinomycetes (75, 105). One reason for this may be the
low abundances at which these microorganisms occur when compared with the total
bacterial diversity present in marine sediments (70), therefore requiring further
targeting approaches like the use of group specific PCR primers (77, 105).
While the ability to cultivate new actinomycetes is prerequisite to the
discovery of novel natural products (see Chapter 4), cultivation-independent methods
used to assess their diversity may give a more accurate picture of the actinomycetes
present and available for cultivation (75). In order to characterize the diversity and
community structure of the two most abundant families of actinomycetes observed
during cultivation studies, a cultivation-independent survey of 16S rRNA gene
sequence diversity was performed.
In total, combining all clone sequence data obtained using primers specific for
the Family Streptomycetaceae (five offshore samples, one near-shore sample and five
core sections), 25 OTUs were observed using 560 bp for phylogenetic analyses. The
clone libraries covered 78% of the total diversity estimated to occur in the samples,
which included six OTUs representing new phylotypes, demonstrating that a
cultivation-independent approach can be used to detect a broad diversity of
Streptomyces, including previously unknown phylotypes, even within a genus as
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widely studied as this one. One of these new phylotypes was populated by seven
clone sequences sugesting that novel taxa may be abundant in the sediment samples
analyzed. In the phylogenetic analyses performed for this chapter, cultivationindependent methods detected three times as many new phylotypes than previous
cultivation techniques. Concurrently, the diversity of Streptomyces observed within
the clones overlapped with three of the ten OTUs recovered during cultivation,
including the detection of the MAR4 group, which has consistently been isolated
from near-shore and offshore sediments (Figure 3.2) and has proven to be a rich
source of secondary metabolites. The total estimated diversity for actinomycetes in
the Family Streptomycetaceae in San Diego marine sediments suggests that further
sequencing and cultivation efforts would continue to yield new OTUs and would help
provide a better understanding of the extant diversity within this taxon.
Throughout this study, there was consistent difficulty in obtaining
Micromonosporaceae-specific PCR products. At the same time, lower cloning
efficiencies were obtained when using the PCR products of the
Micromonosporaceae-specific amplifications. Multiple bands were observed during
the restriction enzyme procedure, suggesting the primers were not specific and
increasing the difficulty of selecting clones with the correct insert size (538 bp). Only
31% of the analyzed sequences corresponded to members of the Family
Micromonosporaceae, nevertheless, the low efficiency cannot be explained by errors
during sample storing or whole genomic DNA extraction since Streptomyces DNA
was easily amplified and cloned form the same samples. Difficulty in obtaining and
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amplifying DNA for members of the Family Micromonosporaceae has been
previously reported (34, 77). Even though a low number of clones were analyzed, the
results obtained during this preliminary study present a very interesting profile of the
diversity of this family of actinomycetes in San Diego marine sediments.
When combined, all clone and cultivated strain sequence data obtained for the
Family Micromonosporaceae reveals a wide range of diversity within the members of
this family present in San Diego marine sediments. Four different genera comprised
a total of 22 OTUs, three of which were observed regardless of the method used.
Although no new phylotypes were observed, cultivation-independent methods were
able to detect sequences related to two genera that were not cultivated from these
sediments, including the marine genus Salinispora. Contradicting results between
cultivation-dependent and independent techniques in the study of this genus have
been previously reported (77). When primers targeted to amplify 16S rDNA from the
genus Salinispora were designed, no Salinispora amplification products were
obtained from the majority of the samples from which this genus had been cultivated
(77). Interestingly, even though no Salinispora colonies were cultivated from any of
the San Diego sediment samples, 40% of the clones (encompassing 3 OTUs) showed
high sequence homology (> 99 %) to members of this genus, indicating the first
report of the presence of this marine actinomycete taxon outside of tropical and subtropical latitudes (77). At the same time, another genus that was not observed using
selective cultivation methods (Catellatospora) was consistently detected in the
sediment samples using cultivation-independent techniques. However, the use of
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cultivation methods should not be underestimated, as it was only by utilizing this
traditional approach that the genus Verrucosispora was observed. These observations
clearly reveal the importance of a polyphasic approach when studying the diversity of
microorganisms in marine sediments.
In conclusion, better methods need to be developed to increase the yield of
DNA and improve the PCR amplification of genes from members of the Family
Micromonosporaceae. These bacteria warrant continued study as they appear to be
relatively abundant among actinomycetes and are a source of interesting chemical
diversity (10, 25, 84), further studies on its diversity should be pursued. An
interesting approach to follow would be the development of selective cultivation
methods that target the genera that were detected using molecular methods. This
approach has proven to be effective for different actinomycete phylotypes (75),
suggesting that it can be successful if applied to San Diego marine sediments.
In a more detailed analysis of the methods used, along with the different
locations and environments sampled to study streptomycete in San Diego marine
sediments, specific phylogenetic comparisons were performed.
The results revealed that, even though cultivation-independent methods were
able to detect up to eight times the richness recovered with selective cultivation
procedures (Tables 3.a, 3.b), the Streptomyces phylogeny did not statistically differ
from that observed with cultivation techniques. This finding suggests that, although
the isolation methods employed during cultivation missed some Streptomyces
diversity, the isolated strains provide a good representation of the total diversity

68

present in San Diego marine sediments. In most bacterial diversity studies, the results
of cultivation-independent surveys disagree with the bacterial community
compositions observed with culture-dependent techniques (26). This observation is
also true for studies of Actinobacteria from diverse marine environments as they have
mostly identified the presence of a group that is only distantly related to some
thermophilic and acidophilic actinomycete species (95, 120). Nevertheless, the
results presented in this chapter were obtained using Family-specific primers, thus
supporting the hypothesis of the use of more specific targeting strategies in order to
facilitate studies of the actual distribution of rarer phylotypes, which would otherwise
be considered absent (11). Previous studies on marine sediments support this
observation, although no comparisons between cultivation dependent and
independent methods were performed (106).
The number of OTUs observed exclusively with cultivation-independent
techniques, as well as the number of new phylotypes detected with the amount of
sequence analyzed in this study (560 bp), tripled that observed with cultivationdependent methods. However, although the comparison presented in this chapter
may not be considered adequate due to the different number of samples used to obtain
results from both techniques, the percentage of new Streptomyces phylotypes
obtained with cultivation-independent methods (24%), was comparable to
percentages obtained in previous cultivation-dependent studies (see Chapter 2)1,

1

Note: The length of the sequences analyzed for the study in Chapter 2 is almost
three times the length of the one used in this study, which explains why the number of
Streptomyces OTUs has been reduced in this chapter.
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suggesting that the cultivation methods employed to study Streptomyces diversity (i.e.
the use of seawater in the isolation media) are good selective methods that promote
cultivation of new Streptomyces OTUs. Further analysis on the Streptomyces clone
libraries is needed to answer this question, however, these analyses represent the first
attempt towards studying the Streptomyces diversity present in offshore marine
sediment samples and they give a first insight to the wide Streptomyces diversity
present in this environment as well as the difficulty of encountering novel taxa from
this genus. No other members of the Family Streptomycetaceae were detected during
the cultivation-independent study, suggesting the use of multiple Streptomyces
sequences when the primers were designed (78). The detection of additional
members of this Family can be accomplished by designing less specific (degenerate)
primers that may allow the amplification of their 16S rRNA gene sequences.
Differences among the phylotypes encountered in near-shore and offshore
sediments were observed, however, these were not significant enough to depict a
distinct phylogenetic distribution for each environment. Although these comparisons
have been performed with a small data set, they support the hypothesis that the nearshore and offshore sites are subjected to mixing thus homogenizing the actinomycete
communities (see Chapter 2).
The presence of Streptomyces in core sections of 5-18 cm below the sediment
surface has been previously reported (106). Due to the expected differences in the
biogeochemistry of the different sections, it was speculated that they would contain
distinct actinomycete OTUs. Surprisingly, no obvious depth stratification was
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observed in the Streptomyces OTUs in the five sediment core sections suggesting
either that biogeochemical conditions in these sediments are similar, considerable
mixing occurs even down to 25 cm, or the number of clones examined were not
sufficient to detect differences. However, even if further clone analyses revealed
differences in the distribution of the Streptomyces OTUs with depth, it is still clear
that Streptomyces sp. can inhabit the first 25 cm of San Diego marine sediments.
Even though arguments have been made favoring molecular approaches to
study bacterial diversity directly from the environment (53), the studies on members
of the Families Streptomycetaceae and the Micromonosporaceae presented in this
chapter have shown that, when a low number of clones were analyzed, the majority of
the species richness present in the sediment samples was recovered. Nevertheless, it
was only by the use of traditional cultivation methods that certain exciting new
actinomycete taxa were recovered, as was the case for the chemically prolific group
MAR2, which was consistently isolated from near-shore and offshore sediments but
was not represented by the Streptomyces clone sequences. Analysis of a larger
number of clones in libraries, together with cultivation-dependent studies are
recommended in order to explore in greater extent the diversity of actinomycetes
present in marine sediments.
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Figure 3.1. Diversity estimators calculated for 26 Streptomycetaceae clone sequences.
The averaged total estimated diversity calculated using the three estimators = 28.
ACE = Abundance-based Coverage Estimator.
*Power curve equation: y = 1.22x0.6636
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Figure 3.2. Neighbor-joining phylogenetic tree of total Streptomcyes diversity
observed combining cultivation dependent and independent methods. Sequenced
clones from all locations and core sections are included along with representative
strains from cultivated OTUs. Clone sequences are labeled as follows: S, for
Streptomyces, sample number (3D, 42A, 44A, 61A, 62A, and 63A-E), and clone
number (1-10). Numbers in parenthesis provide the following information:
number of sequences in OTU, number of samples where OTU was observed,
number of core sections where OTU was observed. Cu;tured OTUs are labeled as
follows: Culture number (CN), letter in alphabetical order (A-Z), and Arabic
numbering (001-999). Numbers in parentheses refer to the number of strains
present in that OTU. New phylotypes are denoted by an N. Marine phylotypes
are denoted by an M . OTUs detected using both cultivation-dependent and
cultivation-independent techniques are denoted by a star (*). Bootstrap values
greater than 50 (100 re-samplings) are placed at their respective nodes. The
topology of the tree is supported by parsimony-heuristic and distance-UPGMA
analyses

which

show
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clades.
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Table 3.1. Overall comparison of Streptomycetaceae diversity observed with
cultivation independent and cultivation dependent methods. Clone sequences include
those obtained for all sampled locations and all core sections from the most remote
sample.

Sequence Type
Clones
Cultivated
Strains
*

Total
Number of
Sequences

Total
Number of
OTUs

Unique*
OTUs

Shared+
OTUs

New
OTUs

Marine OTUs
(new +
marine)

92
15

25
10

22
7

3
3

6
2

10
3

Unique = OTUs exclusively populated by cloned or cultivated sequences.
Shared = OTUs populated by clones and cultivated strains.

+
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Figure 3.3 Streptomycetaceae diversity estimated to be present on San Diego, CA
marine sediments. The accumulation curve reflects the total number of OTUs
observed combining cultivation dependent and independent methods. The average
total estimated diversity calculated using the three estimators = 103 OTUs. ACE =
Abundance-based Coverage Estimator.
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Figure 3.4. Neighbor-joining phylogenetic tree (536 bp) of total
Micromonosporacea diversity observed combining cultivation dependent and
independent methods. Sequenced clones from three locations and two core depths
are included along with representative strains from cultivated OTUs. Clone
sequences are labeled as follows: M, for Micromonosporaceae, sample number
(61A, 62A, and 63A-B), and clone number (1-17). Numbers in parenthesis refer
to: number of clone sequences in OTU, number of samples where OTU is found,
number of core sections where OTU is found. Cultured OTUs are labeled as
follows: Culture number (CN), letter in alphabetical order (A-Z), and Arabic
number (001-999). Numbers in parentheses refer to the number of strains present
in that OTU. Marine phylotypes are denoted by an M. OTUs detected using both
cultivation-dependent and cultivation-independent techniques are denoted by a
star (*). Bootstrap values greater than 50 (100 re-samplings) are placed at their
respective nodes. The topology of the tree is supported by parsimony-heuristic
and distance-UPGMA analyses which show consistent clades.
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Figure 3.5. Diversity of Micromonosporaceae estimated to be present on San Diego,
CA marine sediments. The accumulation curve reflects the total number of OTUs
observed combining cultivation dependent and independent methods. The average
total estimated diversity calculated using the three estimators = 45 OTUs. Sequences
comprise cultivated OTUs and clones from three different samples including two core
sections from the most remote location. ACE = Abundance-based Coverage
Estimator.

80

Table 3.2. Overall comparison of Micromonosporaceae diversity observed with
cultivation independent and cultivation dependent methods. Clone sequences include
those obtained for three sampled locations (61A, 62A, 63A) and one core section
from the most remote sample (63B).

Total

Total number of

Unique*

Shared+

New

Marine

Number of

OTUs (number

OTUs

OTUs

OTUs

OTUs

Sequences

of genera)

Clones

22

12 (3)

9

3

0

4

Cultivated

41

10 (2)

7

3

0

1

Sequence Type

Strains
*Unique = OTUs populated exclusively cloned or cultivated sequences.
+
Shared = OTUs populated by both sequence types.
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Figure 3.6. Neighbor-joining tree (560 bp) of cultured and cloned 16S rRNA gene
sequences belonging to the Family Streptomycetaceae from five offshore samples
and 16 offshore samples, respectively. Red indicates OTUs that are populated
exclusively by cultivated strains. Green indicates OTUs that are populated
exclusively by clones (dark green = single clone OTUs, light green = multiple
clone OTUs). Blue indicates cultivars+clones clustered in a shared OTU. Nearest
BLAST neighbors to a representative from the OTU are shown with taxonomic
name and accession number. Clones are labeled as follows: S, for Streptomyces,
sample number (3D, 42A, 44A, 62A and 63A), and clone number (1-10). Strain
OTUs are labeled as follows: Culture number (CN), letter in alphabetical order
(A-Z), and Arabic number (0-999).
CNT-074 was included to indicate that a strain in this OTU had been cultured
from a sample that was not included in the study. Micromonsopora
echinaurantiaca is used as an outgroup. Bootstrap values greater than 50 are
placed at their respective nodes. The topology of the tree is supported by
parsimony-heuristic and distance-UPGMA analyses which show consistent
clades.
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Table 3.3a. Comparison between Streptomyces clones from the top 5 cm of five
offshore samples and cultivated Streptomyces strains from the top 5 cm of 16 offshore
samples.
Sequence
Type

Cultivated
Strains
Clones

Total
Number
of
Sequences
23

Total
Number
of
OTUs
10

Unique*
OTUs

Shared+
OTUs

New
OTU
s

Streptomyce
s/sample

Streptomyces
OTUs/sample

8

2

3

1.4

0.62

47

22

21

2

5

9.4

4.4

*

Unique = OTUs populated exclusively clone or cultivated sequences.
+
Shared = OTUs populated by both sequence types.

Table 3.3b. Sample-specific comparison between Streptomyces clones and cultivated
strains from five offshore samples.
Sample

Number of

Number of

Number of

Number of

Number of

Number

Clones

Clone

Unique*

Cultivated

Total

of Unique

Sequenced

OTUs

Clone

Strains

Cultivated

Cultivated

OTUs

OTUs

OTUs
S3D

10

6

1

1

1

1

S42A

10

8

5

0

0

0

S44A

7

4

2

0

0

0

S62A

10

7

2

1

1

1

S63A

10

9

4

3

3

3

Total

47

34

14

5

5

5

* Unique = OTUs populated exclusively by members (clones/strains) of that sample.

84

Figure 3.7. Neighbor joining phylogenetic tree of Streptomyces clones obtained
from near-shore (S61A+clone number, in green) and offshore (S63A+clone
number, in red) sediment samples. Sequences belonging to the shared OTU are
colored in blue. Nearest neighbors to a representative from the OTU are shown
with taxonomic name and accession number. Micromonsopora echinaurantiaca
is used as an outgroup. Bootstrap values greater than 50 (100 re-samplings) are
placed at their respective nodes. The topology of the tree is supported by
parsimony-heuristic and distance-UPGMA analyses which show consistent
clades.
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Table 3.4. Comparison between Streptomyces OTUs from a near-shore (S61A) and an
offshore (S63A) sediment sample.
Number of

Number of

Number of Unique*

Number of

Sequenced Clones

Total OTUs

OTUs

Shared+ OTUs

S61A

8

4

3

1

S63A

9

7

6

1

Sample

*

Unique = OTUs exclusively populated by clones from that sample.
Shared = OTUs populated by clones from both samples.

+

87

Figure 3.8. Neighbor joining phylogenetic tree (560 bp) of Streptomyces clones
from different sections of a core sample (S63A-E + clone number). Different colors
represent different OTUs. Single strain OTUs are shown in gray. Nearest neighbors
to a representative from the OTU are shown with name and accession number.
Micromonospora echinaurantiaca is used as an outgroup. Bootstrap values greater
than 50 are placed at their respective nodes. The topology of the tree is supported
by parsimony-heuristic and distance-UPGMA analyses which show consistent
clades.
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Table 3.5. Comparison between Streptomyces OTUs from different sections of a core
sample (S63A-E).

Section (core depth)

Number of

Number of

Number of

Number of

Sequenced

Total OTUs

Unique* Clone

Shared

OTUs

OTUs

Clones
S63A (0-5 cm)

9

8

3

5

S63B (6-10 cm)

10

5

2

3

S63C (11-15 cm)

8

5

2

3

S63D (16-20 cm)

9

7

1

6

S63E (21-25 cm)

10

6

2

4

*

Unique = OTUs observed exclusively at specified section (depth range).
Shared
=
OTUs
observed
in
more
than

+

one

section

(depth

range)

CHAPTER 4

Screening Of Marine Derived Actinomycetes For The Production Of Biologically
Active Compounds
Introduction
All living organisms produce and degrade chemical molecules. Whether the
purpose is to synthesize a cellular structure, control gene expression or establish
communication among cells, these processes have all been well studied and
collectively are called metabolism. When the production of specific chemicals is
essential for growth and the energetics of the organism, they are named primary
metabolites. Through the years, a wide range of chemical compounds that are not
involved in primary metabolic processes have also been detected in cells. These
compounds have been termed secondary metabolites (50). After many years of being
considered waste products of primary metabolism, it is now accepted that these
natural products play ecologically important roles and that they contribute to the
survival of the producing organism (124). The enormous value of natural products in
the fields of medicine and biotechnology has led to an extensive search for these
compounds in widely diverse organisms.
Actinomycetes (Gram-positive, high G+C content filamentous bacteria),
together with fungi, are the most chemically versatile of the microorganisms together

90

91

producing over 80% of the total microbial metabolites that have been reported, with
70% being produced by the genus Streptomyces alone (10). In the past two decades,
however, escalating significance of the non-Streptomyces actinomycetes towards the
discovery of novel chemical types has been observed (10). Emerging problems like
the increased antibiotic resistance of previously eradicated illness-causing pathogens,
or the need for new chemotherapy drugs, have directed efforts of chemical
exploration to the less known “rare” actinomycetes reaching, in the past decade, up to
26% of the total bioactive metabolites so far registered (10).
The beginning of the antibiotic discovery era is dated back to 1928 with
Alexander Fleming’s fortunate discovery of penicillin. This event marked the
recognition that microorganisms are not only hazardous and pathogenic threats to
humanity, but that they also have the capacity to produce compounds that are useful
as medicines. Equally significant was the finding that soil dwelling actinomycetes
are capable of producing medically useful antibiotics directing. These early efforts
were spearheaded by Selman Waksman and led to the isolation of actinomycin,
streptomycin and neomycin (117). For the next 50 years, the “golden era” of
antibiotics saw the discovery of nearly all of the major groups of antibiotics
(tetracyclines, cephalosporins, aminoglycosides, macrolides), mainly through
antibacterial screening of members of the genus Streptomyces. As discoveries
increased, so did the applications of the newly isolated metabolites, with compounds
being used as agricultural antibiotics, antitumor and antiviral treatments, and as
targets for specific enzyme inhibition (10).

92

Unfortunately, the exponential discovery of new antibiotics has significantly
decreased in recent decades and, even though new metabolites are still being found,
the discovery of novel chemical types has significantly diminished (28). Never the
less, natural products are still the main source for drug development and design,
demonstrating their value in the drug discovery process (29). It was thus logical to
continue with further exploration of the planet’s resources, and to focus on unique
environments where microorganisms could have evolved differently from those that
had already been analyzed.
Marine sediments cover over 70% of the Earth’s surface with approximately
109 bacterial cells / mL of wet sediment (123). This environment is a magnificent
candidate for the expansion of studies on actinomycete diversity and cultivation for
drug discovery. Many studies have shown the ocean is an unprecedented source of
actinomycete diversity. Actinomycetes have been cultivated from depths of 50 to
3000 meters and even from the deepest trenches in the ocean (87). Some of these
bacteria have only been found in this environment (51, 74) supporting the existence
of marine actinomycetes. In view of the extreme differences between terrestrial and
marine environments, it is not unreasonable to surmise that marine-derived
actinomycetes will produce natural products containing novel pharmacophores with
biological activity. In fact, recent studies have supported this hypothesis by reporting
the isolation and structural elucidation of novel chemical compounds from marine
derived actinomycetes (67, 84, 98), including the isolation of Salinosporamide A

93

(25), a potent anticancer agent that inhibits the 20S proteasome with a high degree of
biological specificity (47).
The high success rate of antibiotic discovery expected with the use of modern
technologies like target-based screening, combinatorial chemistry, and highthroughput screenings has not yet been observed. When looking back at the
extraordinary results obtained with “old-fashioned” whole-cell screening programs, it
becomes of fundamental interest to investigate alternative sources of actinomycete
diversity and explore the capability of these bacteria to synthesize natural products
with unique chemical structures. Unlike synthetically designed compounds, the
innate properties of secondary metabolites directly isolated from microorganisms
increase the compounds’ chances of ensured levels of cell penetration, stability,
toxicity, and tissue distribution, thus improving their odds of becoming a
commercially available drug (6).
The focus of this thesis Chapter is directed towards the search of natural
products in marine actinomycetes which belong to the most prolific class of
microorganisms in the production of bioactive natural products (10), and are part of
one of the most successful stories in the medical application of bioactive secondary
metabolites: that of the antibiotics. The research presented here describes a powerful
methodology in which the fundamental techniques of whole-cell screening are
merged together with a phylogenetic diversity approach to the discovery of natural
products and uses three examples to illustrate how this process has allowed the
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detection of a wide range of chemical diversity produced by actinomycetes isolated
from marine sediments.

Methods
Marine-derived actinomycete isolates were obtained from near-shore and offshore
samples as described in previous chapters. A total of 621 actinomycetes from this
study were preserved in a cryogenic collection. Briefly: pure colonies were obtained
by dilution streaking of isolates, which were transferred onto solid high nutrient
medium (M1) composed of 10g of starch, 4g of peptone, 2g of yeast extract, and 16g
of agar per liter of seawater. A single colony was then transferred into 25 mL of
liquid M1 medium and grown for a period of one to two weeks. Whenever needed,
strains were homogenized using a tissue grinder to avoid cell clumping. In order to
cryopreserve cells, 5 mL of 50% glycerol were added to the liquid culture for a final
concentration of 10% glycerol; 1.5 mL of cells were transferred into 2mL sterile
cryogenic vials (Nalgene) and stored at –80oC for further use.
In the natural product discovery program, two strategies were followed in order to
select actinomycete strains for chemical screening: 1) random picking of isolates
from the collection and 2) selection of representative phylotypes found in the
diversity studies. Once the strains were selected they were given to a chemist
collaborator and subjected to the following processes:
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A) Starter cultures: From a cryopreserved pure cell culture, 1.8 mL were
transferred into a 200 mL flask containing 25 mL of M1 medium. Cultures
were set to grow in shakers for one to seven days at 250 rpm and 30 oC.
B) Fermentation: Twenty-five milliliters of starter cell culture were transferred
into 2.8 liter Fernbach flasks containing one liter of high nutrient liquid
medium (M1) and set to grow in shakers for one to seven days at 250 rpm and
30 oC.
C) Extraction of cultures: Approximately 25 g of XAD-7 resin were added per
liter of cell culture. Flasks with culture and resin were shaken for one hour to
absorb all organic compounds present in the cells and culture medium. The
resin was then collected using a simple cheesecloth filtration method. Resin
with organics and cells were transferred to a clean, one-liter flask and 200 mL
of acetone was added for every 25 g of resin. The acetone crude extract was
then concentrated using a reduced pressure distillation process (Rotovap) and
the aqueous concentrate was extracted with ethyl acetate (700 mL of EtoAc /
500 mL of aqueous solution). The ethyl acetate crude extract was then given
to a chemist for bioassay-guided fractionation as described below.
D) Fractionation: Crude ethyl acetate extracts were ran through a normal phase
silica column using a gradient of 100% isooctane to 100% ethyl acetate and a
final wash with a 90:10 ethyl acetate-methanol solution. Seven to nine
fractions were obtained and 5 mg of each fraction are sent out for evaluation
of various biological screenings.
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E) Biological screenings: Fractions were subsequently submitted to an HCT-116
human colon cancer cell bioassay. In addition to this screening, 5 mg
fractions were sent out to collaborators in order to run four different assays: 1)
quinone reductase, 2) NF-%B assay, 3) HDAC assay, and 4) antibiotic assays.
F) Bioassay-guided purification: When fractions presented an IC50 below 5
µg/mL a bioassay guided purification was followed using reverse phase (C18)
and normal phase (silica) chromatography to give pure compounds. The pure
compounds were once again submitted for bioassay evaluation.
G) Structural elucidation: Once a pure bioactive compound was isolated, their
planar structures were elucidated with a combination of various techniques
such as Nuclear Magnetic Resonance (NMR), Mass Spectrometry (MS),
Infrared Spectroscopy (IR), Ultraviolet Spectroscopy (UV). The absolute
stereochemistry was then determined using chemical modifications based on
the structure of the molecule, such as modified Moshers Reactions, Marfey
Reactions, and circular diochroism (CD).

Of the 621 actinomycete strains that were isolated as part of this thesis research,
92 were subjected to biological screening.
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Results
Thirty-one hits were obtained in the five different biological assays. This section
highlights three examples in which novel marine natural products were isolated from
marine-derived actinomycetes that display a high level of phylogenetic divergence
from previously cultivated representatives of this class of bacteria. These examples
demonstrate the potential of using an understanding of taxonomic diversity along
with whole-cell screening programs to maximize the efficiency with which novel
bioactive secondary metabolites are discovered from marine sediment-derived
actinomycetes.

Marinomycins A-D
Phylogenetic assessment of the actinomycete diversity present in San Diego
marine sediments singled out a particular group of strains, which were repeatedly
isolated from near-shore and offshore locations (Chapter 2). The singularity of these
strains lies on the distinctive 16S rRNA gene sequences they possess, composing a
phylogenetically distinct clade within the Streptomycetaceae family. MAR2 strains
were consistently identified as bioactive and chemically prolific. Members of this
group show as little as 91% sequence homology to any other 16S rRNA genes
deposited in the GenBank database, including members of the Streptomyces,
suggesting that MAR2 represents a new genus within the Streptomycetaceae. The
phylogenetic affiliation of the MAR2 OTUs is illustrated in Figure 4.1. The broad
diversity present within the clade is depicted showing strains that share as little as
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94.8% of their 16S rRNA gene sequence. Interestingly, the MAR2 strains recovered
from 1900 m do not clade with the land-derived strain “Streptomycetoides
hainanensis” (AM398645) which does clade with the near-shore strains. Moreover,
these “deep” strains share <96% of their 16S rRNA gene sequence with it, indicating
that San Diego MAR2 strains from deep environments may well belong to a novel
marine genus within the Streptomycetaceae family.
The observation of the phylogenetic uniqueness of the MAR2 group
concurred with the description and structural elucidation of four polyene macrolide
analogs isolated from the San Diego MAR2 strain CNQ-140; marinomycins A-D
(67). Marinomycins A-D (Figure 4.2) are chemically appealing due to their long
macrodiolide dimer structure with an unprecedented 44-membered lactone ring.
Furthermore, they possess significant antibiotic activities against two antibiotic
resistant pathogens; vancomycin-resistant Enterococcus faceium (VREF) and
methicillin–resistant Staphylococcus aureus (MRSA) (MIC = 0.1-0.6 µM), and
exhibited average LC50 values of 0.2-2.7 µM against the National Cancer Institute’s
60 cancer cell line panel as well as six melanoma cell lines (67).
This class of compounds better known as polyene macrolides, polyketide
derived with large macrolactone rings and a characteristic series of conjugated double
bonds. In addition, they can contain an exocyclic carboxyl group and sometimes
even an unusual mycosamine sugar (2). Over 90 different compounds in this group
have been described including important antifungals like nystatin and amphotericin B
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which, although highly toxic, are generally used for medical treatment in synergism
with other agents (48).
The structural and functional diversity of polyketides is attributable to
combinatorial utilization and template directed elongation of building blocks such as
malonlyl-CoA and methylmalonyl-CoA. These units are sequentially added to a
chain that can be started by thioesters of either monoacyl groups (acetyl-, propionyl-,
and benzoyl-CoA), or their structural variants (malonyl-CoA or methylmalonylCoA). The characteristic order of assembly followed by the different protein modules
is dictated by specific protein domains which specify: 1) the sequence of monomer
units activated and incorporated, 2) the chemistry that occurs at each way station in
the assembly line, and 3) the length and functionality of the product released from the
distal end of the assembly line (32).
Biosynthetic gene clusters from different polyene antibiotics have been
completely sequenced (3, 12, 16) indicating an unprecedented size and number of
modules in the polyketide synthases involved in their biosynthesis. Just as important
are the post-PKS modification enzymes involved in the formation of additional
hydroxyl, epoxide and carboxyl groups on the polyene macrolactone ring, as well as
biosynthesis and attachment of mycosamine (if present) (2).
The isolation of the marinomycin polyene macrolides from a novel marinederived actinomycete genus supports the hypothesis that these organisms are an
excellent source of novel natural products.
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Napyradiomycins and Meroterpenoids
An interesting example that depicts the importance of assessing the diversity
of a collection of actinomycete isolates is epitomized by the strains belonging to the
MAR4 group related to the genus Streptomyces. These eight strains belong to two
OTUs that clade tightly in the 16S rRNA phylogenetic tree (Fig. 4.1). Although this
group is not composed of exclusively marine representatives and it does not show the
same degree of phylogenetic divergence among its members as the MAR2 group
(2.6% maximum 16S rRNA gene divergence in the MAR4 group), the correlation
between the chemistry these microorganisms produce and tight phylogenetic
proximity is equally exciting. These organisms produce a diverse array of natural
products of mixed polyketide-terpenoid origin known as meroterpenoids, including a
group of prenylated naphtoquinones belonging to the napyradiomycin family (63). In
2005, Soria-Mercado et al. reported the isolation and structural elucidation of five
napyradiomycin analogs, including three with novel structures, from the MAR4 strain
CNQ-525 (Supplemental information-1). This strain was isolated from an
approximate depth of 160 m and produces a suite of chloro-dihydroquinones that
showed significant antibiotic and anticancer proliferation activities (1.90-3.90 µM
and 0.97-2.40 µM respectively) in our bioassays (103).

All chlorinated

dihydroquinones (or napyradiomycins) possess a naphthoquinone core with two
isoprene substituents. Equally interesting is the formation of a chlorotetrahydropyran
ring by a “Cl+” induced cyclization, resembling a mechanism that has been well
studied in the formation of bromoterpenoids produced by marine algae (15, 27).
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Feeding experiments with stable isotopes have shown that the naphthoquinone
core is derived from a symmetrical pentaketide intermediate tetrahydroxynaphthalene
while, depending on the strain, the terpene side chains are biosynthesized via the
mevalonate or nonmevalonate pathways (63).
Other examples of MAR4 metabolites include a suite of sesquiterpenoid !nitropyrroles produced by strain CNQ-525.

These compounds contain an

unprecedented chloronaphthalazinone with a rare pyrrole nitration in the ! position,
and a 3-chloro-6-hydroxy-2,2,6-trimethylcyclohexylmethyl side chain (Fig. 4.4).
The soil-derived strain Streptomyces aculeolatus (AB184624) clusters well
within the MAR4 group and shares >99% sequence identity with the San Diego
strains (Fig. 4.1). This strain produces analogs of the chlorinated dihydroquinones
found from the MAR4 strain CNQ-525 (36). Never the less, various chlorinated
napyradiomycin analogs and diverse novel meroterpenoids have been isolated from
the San Diego near-shore and offshore collection of MAR4 strains indicating the
chemical richness offered by this distinct group of Streptomyces.
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Marinopyrroles
The final case that illustrates the relationship between novel phylotypes and
the synthesis of novel secondary metabolites is once again portrayed by a marinederived Streptomyces strain. A characteristic of some of the strains isolated for this
study was the requirement of seawater for growth; such is the case of CNQ-418. This
strain forms an OTU by itself and is 98.1% similar to its nearest cultivated neighbor
reported in the BLAST database (Streptomyces sannurensis AY331685) (Fig. 4.1.).
Under the conservative parameters established to define new vs known OTUs (new
OTUs ! 98 % 16S rRNA sequence identity) this OTU would not be considered new.
Never the less, it is well known that in actinomycetes, especially Streptomyces,
strains sharing even 99% of their 16S rRNA gene sequence have levels of DNA:DNA
reassociation of less than 70% (107), suggesting that they may be distinct species.
Considering its obligate marine nature and the low 16S rRNA sequence identity
shared with its nearest BLAST neighbor, CNQ-418 was considered a good candidate
to assess production of biologically active natural products.
Bioassay-guided fractionation was used to isolate marinopyrroles A and B,
which possess distinct UV profiles and molecular ion patterns (54) (Supplemental
information-2). These densely halogenated, axially chiral compounds contain novel
features that have not been described in the natural products literature, including an
N, C2-linked bispyrrole motif (Fig. 4.4). These compounds posses potent biological
activities that ranged from MIC50=0.16-0.63µM against MRSA and MIC50= 4.55.3µM HCT-116.
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Structurally related compounds possessing chlorinated pyrrole rings have been
described. Pyoluteorin, a compound produced by Pseudomonas fluorescens, is
composed of a resorcinol ring derived through polyketide biosynthesis, which is
linked to a bichlorinated pyrrole moiety (83). The characterization of the pyoluteorin
gene cluster evidenced a rare type I PKS that lacks both, the loading and thioesterase
domains responsible for the initiation and termination, respectively, of polyketide
biosynthesis. At the same time, a proline was determined as the primary precursor to
the dichloropyrrole moiety of pyoluteorin (83).
In marinopyrroles, halogenation is proposed to occur via a FADH2-dependent
halogenase which may also be responsible for the unique dimerization involving the
N, C2 bond between two pyoluteorin monomers (Chambers Hughes, personal
communication).
The fact that no other natural compounds having this N,C2 bispyrrole motif
have been described supports the hypothesis that marine actinomycetes belonging to
new phylogenetic assemblages are capable of producing novel chemical compounds
with important biological activity.
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Discussion
The biosynthesis of secondary metabolites has been well documented in many
organisms. In regards to their biological activities, the two most prolific groups are
plants and microorganisms, and amongst this latter category, the actinomycetes by far
represent the single most important source of antibiotics (10). Although a welldefined physiological role for natural products hasn’t been demonstrated in many
cases, some ecological studies have given insights into the different processes that
these secondary metabolites may have an effect on in order to give a fitness
advantage to the producing organism (66). One important result concerning the
ecological roles of antibiotics was the realization that low concentrations of
antibiotics such as erythromycin and rifampicin alter bacterial transcription patterns
affecting up to 5 % of their genetic promoters (40). In other cases, low concentrations
inhibited specific target functions preventing bacterial growth and directly affecting
the regulation of microbial communities (40).
At least 32 actinomycetes isolated from near-shore marine sediments (5 % of
total) have produced extracts with biological activities in five pharmacologically
relevant assays. Bioassay-guided fractionation of these extracts has resulted in the
isolation of various chemically valuable compounds. The three examples presented in
this thesis Chapter illustrate the wide chemical diversity that marine derived
actinomycetes are capable of producing. Although the ecological role of these
metabolites in their natural environment is not known, the high level of activities
presented in the different biological assays including cytotoxicity and antimicrobial
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effects, suggests that these compounds may well have chemically mediated strategies
to interact with other (micro)-organisms and gives the producer a better chance of
survival.
The field of marine natural products has very much benefited from the
elevated number of secondary metabolites produced by marine bacteria. Many novel
chemical structures have been elucidated and, in some cases, further biosynthetic
studies have led to the full characterization of their biosynthetic pathways (79).
Although the rates of discovery have considerably diminished in the past decade,
innovative isolation techniques combined with biological surveys of the bacterial
diversity present in unique marine environments, will likely yield new groups of
bacteria and increase the probability of finding novel chemical types with high levels
of biological activities (29, 62). The work presented in this chapter confirms that
phylogenetically divergent members of the genus Streptomyces isolated from nearshore marine sediments produce a wide variety of natural products with novel
chemical types, disagreeing with previous studies on fungi where the production of
identical compounds by diverse phylotypes was observed (69). All members of each
of the actinomycete phylotypes chemically screened during this study produced the
same chemical compounds. This observation opposes long-standing opinions
regarding strain specificity for production of secondary metabolites (116), and
supports associations between actinomycete phylotype and chemotype as recently
proposed for the novel marine genus Salinispora (61). Finally, the work presented
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here strengthened the proposed idea of a diversity directed approach to the discovery
of novel marine natural products.

Conclusions
1) Marine actinomycetes are proving to be a valuable source of secondary
metabolites (10).
2) Distinct phylogenetic groups of marine-derived actinomycetes that were
cultivated as part of a diversity study described in previous chapters have
yielded a wide diversity of novel chemical structures among them: polyene
macrolides, mixed polyketide-terpenoid and halogenated bispyrroles,
suggesting that novel actinomycete phylotypes isolated from the marine
environment are a very promising source of novel natural products.
3) Members of the genus Streptomyces represented by the MAR4 group illustrate
how a close phylogenetic affiliation among marine and land-derived
actinomycetes does not automatically signify a lack of novel chemical
compounds, which may be produced in response to the different conditions
present in the marine environment
4) Whole-cell screening of cultivable marine-derived microorganisms represents
an effective method for the discovery of bioactive natural products.
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Figure 4.1. Phylogenetic tree of the nearly complete (1354 bp) 16S rRNA gene
from strains belonging to MAR2, MAR4 and CNQ-418. Non-marine cultured
BLAST neighbors together with genus type strain and five marine sediment-derived
Streptomyces type strains are presented. The type strain for Micromonospora
chalcea was used as an outgroup. The numbers in parentheses refer to the number
of strains in that OTU. Bootstrap values greater than 50 are placed at their
respective nodes. The topology of the tree is supported by parsimony-heuristic and
distance-UPGMA analyses which show consistent clades.
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