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Actinomycetes are the single most important source of bioactive microbial
products yet discovered. Although these bacteria are best known from soils, they can
also be recovered from marine samples if the appropriate growth conditions are
provided. The goals of this research were to gain a better understanding of marine
actinomycete diversity, population genetics, and secondary metabolite production.
The results have been interpreted using modern theories of prokaryotic genomics,
speciation, and population biology. The research detailed herein is focused on marine
actinomycetes belonging to the genus Salinispora as species within this taxon are
proving to be model organisms with which to address fundamental questions about
actinomycete biology. Chapter I provides an introduction to marine actinomycetes
and the context within which the research described in subsequent chapters was
performed. Chapter II presents a detailed study of the actinomycete diversity cultured
from marine sediments collected around the island of Guam in the South Pacific.
Chapter III explores the biogeographical distributions of the actinomycete genus

Salinispora. Chapter 1V is the result of the surprising discovery that Salinispora
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species produce secondary metabolites in a predictable, species-specific manner.
This chapter includes a description of the patterns observed and the evolutionary
implications of this finding. Chapter V provides a summary of the research

performed and directions for future research in this field.
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CHAPTER 1

Introduction to the thesis research



Introduction

The actinomycetes. Actinomycetes are common soil bacteria best known
from an environmental perspective for the breakdown of recalcitrant organic materials
(Williams et al., 1984). Among prokaryotes, these bacteria possess some of the largest
genomes observed (up to 8 million base pairs) and a complex life cycle that can
include the formation of a well-developed substrate mycelium followed by
differentiation into actinospores, usually in response to nutrient limitation or
unfavorable environmental conditions. Actinomycetes generally grow slowly relative
to many Gram-negative bacteria and produce structurally diverse, biologically active
secondary metabolites that likely perform important but largely undefined ecological
functions (Chalis and Hopwood, 2003). These secondary metabolites have proven
effective at treating a variety of human diseases and include some of the most
important antibiotics discovered to date (Okami and Hotta, 1988).

The term actinomycete is a common name that is most appropriately applied to
bacteria belonging to the Order Actinomycetales (E. Stackebrant and A. Ward, pers.
comm.). This Order falls within the recently redefined Class Actinobacteria
(Stackebrant et al., 1997) and, as a result, all Actinobacteria are not actinomycetes.
This is of particular relevance to discussions of marine actinomycetes, as
Actinobacteria are frequently observed when culture-independent techniques are
applied to studies of marine bacterioplankton (eg., Giovannoni and Ulrich, 2005), yet,
to the best of this author's knowledge, actinomycetes have not been observed among

these communities (see future directions, Chapter V).



To further complicate the picture, the application of molecular techniques to
bacterial systematics has revealed that actinomycetes form a monophyletic group that
includes many species that do not possess the typical mycelial growth forms
commonly associated with these bacteria. Thus, some actinomycetes are not readily
recognizable as such based on colony morphology alone and therefore have been
largely overlooked in past, morphology-based studies of actinomycete diversity.
These "non-traditional" actinomycetes are non-the-less of interest, from both an
ecological and biomedical perspective, as their diversity and ability to produce
antibiotics has not been studied. Non-traditional actinomycetes also possess relatively
small genomes (eg., Mycobacterium spp. range from 2.8-4.4 million base pairs,
Casjens, 1998), possibly a reflection of the fact that they do not undergo the complex
developmental stages typical of filamentous forms. Smaller genomes may also be an
indication that they do not possess pathways encoding secondary metabolite
production, a hypothesis currently under investigation by another graduate student in
the laboratory. For the purpose of the research described herein, discussions of
actinomycetes are restricted to "traditional" forms, ie., those producing tough, leathery
colonies on agar media, and a well-developed and branching vegetative mycelium that
may or may not fragment with age. This includes common taxa, such as Streptomyces
spp., the single most prolific source of microbial antibiotics yet discovered (Berdy,
2005), and new marine genera such as Salinispora (Maldonado et al., 2005).

Marine actinomycetes. It has long been recognized that actinomycetes can be
recovered from marine samples (Weyland, 1969). However, they are recovered in low

abundance relative to other marine bacteria and to the populations typically observed



from soils. Given that actinomycetes are common in soils and produce resistance
spores that are undoubtedly introduced in large numbers into near-shore marine
environments, it is not surprising that questions have been raised about the origin and
metabolic activity of marine-derived strains (Goodfellow and Haynes, 1984). These
questions are not without merit, as it is highly likely that some, as of yet unknown
percentage of the strains recovered from marine samples are of terrestrial origin and
metabolically dormant until plated on a suitable growth medium by an unsuspecting
microbiologist. Even the ability to grow on a seawater-based medium is not an
indication that a specific strain was metabolically active in the marine environment, as
non-marine actinomycetes are known to be salt tolerant (Okazaki and Okami, 1975).
This ability is merely an indication that a strain has the potential to grow in the marine
environment given the appropriate environmental conditions.

The proposal that some marine-derived strains were recently introduced from
land is supported by molecular sequence data, as it is not uncommon for cultivars from
both environments to possess 100% 16S rDNA sequence identity, especially when
working with samples collected near-shore (pers. obs.). It is also clear however that
some strains cultivated from marine samples are phylogenetically distinct from all
previously sequenced strains and thus have the potential to represent new marine taxa.
This potential is strengthened in cases where phylogenetically unique strains are not
only capable of growth on media prepared with seawater but require seawater for
growth, thus providing clear evidence of a marine adaptation that results from

metabolic activity in the sea.



Although many questions about actinomycetes in the sea remain unanswered, a
new understanding of this field is beginning to emerge. This understanding began in
1984 with the taxonomic description of the first marine actinomycete taxon
Rhodococcus marinonascens (Helmke and Weyland, 1984). Although R.
marinonascens does not require seawater for growth, a physiological trait traditionally
associated with Gram-negative, marine bacteria (Macleod, 1965), it provided the first
formal recognition that marine actinomycete taxa reside in the sea. The genus
Rhodococcus, however, falls into the "non-traditional" actinomycete category, due to
its unicellular life style, and it wasn't until 1991 that the first evidence supporting the
existence of filamentous, marine-adapted actinomycete populations was reported
(Jensen et al., 1991, Appendix A). These actinomycetes were cultured from sediments
collected around the Bahamas and were the first marine-derived strains observed that
possessed a demonstrable requirement of seawater (more specifically sodium) for
growth. Although little more was done with these actinomycetes at the time, they
were subsequently re-investigated approximately 10 years later (Mincer et al., 2002)
and formally described as the genus Salinispora, comprised of the two species S.
tropica and S. arenicola (Maldonado et al., 2005). Salinispora species remain the
only actinomycetes described to date that require seawater for growth and are proving
to be a source of useful information about actinomycete ecology, evolution, natural
product production, and adaptations to life in the sea. Future studies on marine
actinomycetes will be greatly facilitated by the S. arenicola and S. tropica genomes,
currently being sequenced at the Joint Genome Institute (JGI), US Department of

Energy.



Despite a rocky start to the acceptance of actinomycetes as a component of the
autochthanous marine microbiota, it is now abundantly clear that marine
actinomycetes exist and warrant continued study as a part of the marine bacterial
community. Evidence that interest in these bacteria is on the rise can be found in a
recent issue in the journal Antonie van Leeuwenhoek (to which this author
contributed, Jensen et al., 2005, Appendix C) devoted solely to marine actinomycetes.
This interest is undoubtedly linked to reports that marine actinomycetes are proving to
be a productive resource for the discovery of new medicines (Bernan et al., 2004).

Little is known about the distributions of actinomycetes in the sea. There is
currently little evidence that they occur in seawater (although this certainly warrants
additional study), while they are consistently recovered from marine sediments.
Despite the regularity with which actinomycetes are cultured from marine sediments,
their spatial distributions and biogeography remain largely unstudied. A recent
exception was a report on the diversity of bacteria in subsurface sediments in which
Actinobacteria were cultured from core sections 50-100 cm below the surface (Kopke
et al., 2005). Although in this case it is not clear if the cultured Actinobacteria include
actinomycetes, it is none-the-less a step in the right direction. These types of studies
can be used to indirectly assess in situ metabolic activity, as it may be possible to
recognize actinomycetes that were recently introduced from land by their
distributional patterns. Progress was made in this direction when it was demonstrated
that certain taxa (ie., Streptomyces sp.) are more common in near-shore sediments
while others increase in abundance as distances from shore increase (Jensen et al.,

1991, Appendix A). This information was used to suggest that certain taxa are washed



in from land while others are metabolically active members of the sediment bacterial
community. This is not to rule out the possibility that some common soil
actinomycetes are metabolically active in the sea, as Moran and co-workers
demonstrated that streptomycetes occur in sediments as mycelia, not merely as spores
(Moran et al., 1995).

Bacterial diversity. The application of molecular techniques to the field of
microbial ecology has provided unprecedented opportunities to address questions
about bacterial diversity. Not only have these techniques made it possible to
determine that bacterial diversity is far greater than previously perceived, but they
have been applied extensively to marine samples and, as a result, seawater
communities are now among the most intensively studied microbial habitats on the
planet (Giovannoni, 2004). What is most clear from culture-independent studies of
marine bacterial diversity is that major groups of bacteria exist for which
representative strains have yet to be cultured (Rappé and Giovannoni, 2003).
Although of great value to our understanding of bacterial diversity, this fact creates a
dilemma as, with few exceptions, a strain must be cultured before a formal taxonomic
description can be made. In the absence of cultured strains, we are left with
impressive phylogenetic trees, and growing sequence databases, but little information
about the ecology or physiology of the organisms that occur in nature.

Clearly it is of fundamental importance to develop improved methods for the
cultivation of marine bacteria. Fortunately, great strides have been made in this
regard, including the cultivation of the ubiquitous SAR11 clade of bacterioplankton

(Rappé et al., 2003), for which the name Pelagibacter unbiquitous has been proposed.



Other improvements include the development of high throughput cultivation
techniques (Zengler et al., 2002), which have the potential to increase the rate at which
new species are brought into culture. Despite these advances, the effort devoted to
cultivation has been disproportionately small in comparison to that devoted to culture-
independent studies, and as a result we are faced with a growing scientific discipline
that is forced to draw ecological conclusions based on extrapolations from gene
sequences as opposed to empirical data derived from laboratory experimentation with
living microorganisms. Cultivation remains an important, microbiological research
technique that, in combination with molecular approaches, remains the most practical
method by which to study microbial ecology.

Molecular microbial ecology has opened many doors to the world of microbial
diversity (Pace, 1997). This is especially true when considering phylogenetic analyses
based on 16S rDNA gene sequence data. Molecular techniques, however, although
widely applied, are subject to significant and often overlooked biases (eg., Kobayashi
et al., 1999). For example, it can be mistakenly perceived that culture-independent
techniques always provide a more accurate picture of bacterial diversity than culture
dependant methods. Although this may be correct in many or even most cases, there
are dramatic examples where culture independent techniques are unable to recognize
dominant members of a bacterial community (eg., Polz et al., 1999). This type of bias
is of particular concern when considering Gram-positive bacteria, whose cells walls
are relatively difficult to lyse due to a thick peptidoglycan layer. In addition, many
Gram-positive species spend a portion of their life cycle in a spore stage that is

particularly recalcitrant to standard DNA extraction procedures. These bacteria have



undoubtedly been under-represented in most studies of marine bacterial diversity, as
special efforts are required to obtain their DNA from environmental samples.

Actinomycetes clearly represent a group of bacteria that can be difficult to
detect when applying culture independent techniques to environmental samples. Even
when culture-based methods demonstrate that actinomycetes occur in sediment
samples at abundances of 10° CFU/ml, extraordinary efforts can be required to detect
these bacteria in those same samples using culture independent techniques (Mincer et
al., 2005, Appendix B). These experiences made it clear that culturing can be the
preferred method when studying certain bacterial taxa. This conclusion is supported
by previous culture-independent studies of the marine actinomycete Salinispora, as no
new species-level diversity was detected in comparison to that which could be
cultured. In addition, the presence of this genus could only be detected using culture-
independent techniques in 3 of 12 samples, and only following the application of a
more sensitive, semi-nested PCR technique, despite the ease with which strains could
be cultured from all of the samples analyzed (Mincer et al., 2005).

A final bias associated with the application of culture-independent techniques
that warrants discussion (although there are more) is PCR and sequencing error. If a
strain is in culture, it is a simple procedure to check for sequencing and PCR error, as
these procedures can be repeated. In the case of culture-independent studies, there is
no simple way to determine if a nucleotide change that is observed one time in one
clone is a real substitution or an error. Once again, in the case of cultured Salinispora,
strains, the re-analysis of an early set of sequence data led to the detection of 18 single

nucleotide changes that occurred only once and in highly conserved regions of the 16S
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rRNA gene. A second round of PCR and sequencing revealed that all 18 of these
nucleotide substitutions were due to error and, once corrected, revealed that the
intraspecific diversity within Salinispora spp. was considerably less than originally
believed. Thus, unless careful corrections are made for these types of errors (eg.,
Acinas et al., 2004), it is likely that a considerable amount of the micro-diversity
observed in environmental clones libraries is due to experimental artifact.

Speciation in the Prokaryotes. Classifying life into species, the primary unit
of diversity, has long been a challenging but fundamental scientific endeavor. One
widely applied species definition developed by Mayr (1963) is the biological species
concept (BSC). This concept states that a species can be delineated as a group of
interbreeding populations, and that divergence within these populations is constrained
by genetic exchange. This constraint is a cohesive force that unifies individual species
into the sets of tightly clustered traits that form the basis of all classification schemes.
Species cohesion is maintained by recurrent interbreeding, which tends to homogenize
populations at all genetic loci. In the absence of this genetic mixing, these same
populations would become free to diverge without limits (Cohan, 2002), as is
observed when animal populations become geographically isolated. Although the
BSC has worked well for sexually reproducing organisms, it fails to adequately
describe bacterial species, as prokaryotic reproduction is an asexual process.

Given that the BSC doesn't accommodate asexual reproduction, how can the
species concept be applied to bacteria? First, it must be clarified that non-reproductive
genetic exchange occurs among bacteria in the form of lateral gene transfer (LGT),

however this event is relatively rare and insufficient to constrain diversification. What
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then is the cohesive force that maintains species structure in bacteria? Templeton
(1989) has argued that natural selection accomplishes this task by purging all genetic
diversity from an asexual population. This process, also known as "period selection",
re-sets within species genetic diversity to zero at all loci. Thus, an adaptive mutation
that improves fitness will become fixed within a population resulting in the loss of not
only the less fit (non-mutated) wild-type allele but also the genetic diversity at all
other loci.

Cohan used the concept of periodic selection to develop a model of bacterial
speciation that groups bacteria into ecologically distinct populations that can be
recognized, at the molecular level, as clusters of closely related gene sequences
(Cohan, 2002). In this model, a species is formed when an asexual lineage evolves to
the point where it can occupy a new ecological niche. This new lineage, or ecotype, is
no longer affected by adaptive mutations (ie., period selection) within its former
population as it is no longer competing for spatial or temporal resources with that
population. Thus, the diversity of asexual species (as well as sexually reproducing
species) is constrained by forces of cohesion and, once speciation has occurred, it is
understood that these species are irreversibly separate from one another and subject to
distinct evolutionary fates (Cohan, 2002).

There is currently little empirical data to support the ecotype model of bacterial
diversification. It is clear that most marine bacteria fall into closely related clusters
that can be recognized by gene sequence analysis (eg., Acinas et al., 2004). However,
in most cases, the bacteria from which the sequences were derived have not been

cultured and therefore the ecological factors that differentiate individual ecotypes have
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seldom been identified. One of the best examples in which this distinction has been
made is in the marine cyanobacterium Prochlorococcus (Moore et al., 1998). In this
study, co-occurring Prochlorococcus strains, possessing different light-dependant
physiologies, were cultured from the same water sample. These distinct ecotypes
could be differentiated by 16S rRNA gene sequence analysis leading the authors to
conclude that the microdiversity typically observed in marine bacterial communities
can be the result of co-existing but physiologically distinct populations.

Analysis of the complete genome sequences of the high and low-light adapted
Prochlorococcus ecotypes has provided dramatic new insight into how these strains
are differentiated (Rocar et al., 2003). Most significantly, the genomes differ by ca.
0.5 Mb and are highly dissimilar in GC content. The high light adapted strain, which
has the smaller of the two genomes, has undergone numerous gene deletions, lacking
923 genes that are present in the low-light adapted strain. These results provide strong
support for Cohan's theory that ecotypes can be differentiated based on sequence data
and that individual ecotypes have the fundamental properties of species, as the two
strains differ at the genomic level by > 30%. As genome sequencing becomes more
readily available, and culture methods continue to improve, it will be interesting to see
how these developments affect the classification of individual bacterial species. This
author, for one, agrees with Cohan's proposal that most currently named bacterial
species would be more appropriately described as groups of related species. If this
proves to be correct, it will have a dramatic effect on global estimates of bacterial

species diversity.
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Overview of the thesis. The format of this thesis has been influenced by the
fact that much of the research presented has been published or submitted for
publication. The introductory material presented in Chapter I was intended to cover
topics that are relevant to the thesis without being redundant with the introductory
sections of any of the other chapters. This chapter also addresses some of the
challenges associated with molecular studies of bacterial diversity. Chapter II
describes the results of a culture-dependant study of actinomycete diversity in marine
sediments. The samples were collected and processed during an expedition to the
island of Guam in the South Pacific and the chapter consists of a reprint of the
resulting publication as it appeared in Environmental Microbiology. This study was
spurred by our recent discovery of the marine actinomycete genus Salinispora, and the
major goals of the research were to test new cultivation techniques in an attempt to
discover additional new diversity within this genus and to determine if other marine
actinomycete taxa could be cultured from marine sediments.

Chapter III addresses the biogeographical distributions of the genus
Salinispora. Taking advantage of a culture collection that contains thousands of
Salinispora strains derived from global collection sites sampled over a 15-year time
frame, this study represents a detailed examination of the phylogenetic diversity of a
biomedically important group of actinomycetes. The results have been submitted to
Environmental Microbiology for consideration for publication. While studying the
secondary metabolites produced by various Salinispora strains, a clear pattern began
to emerge. Chapter IV describes these patterns and presents an evolutionary

interpretation of how secondary metabolite production may affect speciation in
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actinomycetes. This chapter has been submitted to the Proceedings of the National
Academy of Sciences for publication.

Three papers with relevance to this thesis have been included as appendixes.
Appendix A is the 1991 publication in which I describe the original cultivation of
Salinispora strains. At the time, I proposed that these bacteria represented a new
species in the genus Micromonospora, as phylogenetic methods to delineate these two
genera were not readily available. This paper provides the historical framework from
which the entire thesis was developed as well as the results of the only sodium
requirement experiments that have been performed to date with these bacteria.
Appendix B is a manuscript that resulted from a portion of Tracy Mincer's thesis
research. This manuscript was our first attempt to fully characterize the culture
independent diversity within the genus Salinispora and to compare that diversity to
what we had observed using culture-dependent methods. This paper provides
important introductory material as well as strong support for the biogeographical
patterns presented in chapter III. Finally, Appendix C provides a brief review of the
secondary metabolites that we have discovered from marine actinomycetes and the
first suggestion that there may be a correlation between phylogeny and secondary
metabolite production in the genus Salinispora. This publication is part of an entire
issue of the journal Antonie van Leeuwenhoek devoted to the subject of marine

actinomycetes. All of these appendixes are included in reprint format.
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Summary

Actinomycetes were cultivated using a variety of
media and selective isolation techniques from 275
marine samples collected around the island of Guam.
In total, 6425 actinomycete colonies were observed
and 983 (15%) of these, representing the range of
morphological diversity observed from each sample,
were obtained in pure culture. The majority of the
strains isolated (58%) required seawater for growth
indicating a high degree of marine adaptation.
The dominant actinomycete recovered (568
strains) belonged to the seawater-requiring marine
taxon ‘Salinospora’, a new genus within the family
Micromonosporaceae. A formal description of this
taxon has been accepted for publication (Maldonado
et al., 2005) and includes a revision of the generic
epithet to Salinispora gen. nov. Members of two major
new clades related to Streptomyces spp., tentatively
called MAR2 and MAR3, were cultivated and appear
to represent new genera within the Streptomyceta-
ceae. In total, five new marine phylotypes, including
two within the Thermomonosporaceae that appear to
represent new taxa, were obtained in culture. These
results support the existence of taxonomically
diverse populations of phylogenetically distinct acti-
nomycetes residing in the marine environment. These
bacteria can be readily cultured using low nutrient
media and represent an unexplored resource for phar-
maceutical drug discovery.

Introduction

As of 1988, approximately two-thirds of the known, natu-
rally derived antibiotics, including many pharmaceuticals
in current clinical use, were discovered as fermentation
products from cultured actinomycetes (Okami and Hotta,
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1988). Although the positive impact of actinomycete prod-
ucts on human health is clear, there is a perception that
50 years of intensive research by the pharmaceutical
industry has exhausted the supply of compounds that can
be discovered from this group. This perception has been
a driving force behind the recent shift away from natural
products as a source of small molecule therapeutics
towards other drug discovery platforms including high
throughput combinatorial synthesis and rational drug
design (Blondelle and Houghten, 1996; Bull et al., 2000;
Wijkmans and Beckett, 2002).

Historically, actinomycetes are best known as soil bac-
teria and were generally believed to occur in the ocean
largely as dormant spores that were washed into the sea
(Goodfellow and Haynes, 1984). Despite evidence to sug-
gest that this may not be the case (Helmke and Weyland,
1984; Jensen et al,, 1991; Takizawa et al., 1993; Moran
et al., 1995; Colguhoun et al., 1998), the distributions and
ecological roles of actinomycetes in the marine environ-
ment, and the extent to which obligate marine species
occur, have remained an unresolved issue in marine
microbiology.

Recently, we reported the cultivation from marine sedi-
ments of a major new group of marine actinomycetes
(originally called MAR1) for which the generic epithet
‘Salinospora was proposed (Mincer etal., 2002). The
systematics of this taxon have now been studied in more
detail and a formal description of two species, ‘Salino-
spora arenicola' and 'Salinospora tropica, is forthcoming,
including a revision of the generic epithet ‘Salinospora’ to
Salinispora gen. nov. (Maldonado et al., 2005). To date, in
excess of 1000 Salinispora strains have been recovered
from sediments collected from the subtropical Atlantic, the
Red Sea and the Sea of Cortez suggesting a pan-tropical
distribution. All strains tested have required seawater and,
more specifically, sodium for growth indicating a high level
of marine adaptation. In addition, the taxon has proven to
be a productive source of structurally unique and biologi-
cally active secondary metabolites (Feling et al., 2003;
Jensen et al., 2005). Thus, there is mounting evidence
that marine actinomycetes represent an autochthonous
yet little understood component of the sediment microbial
community as well as a useful resource for pharmaceuti-
cal discovery.

In an effort to gain a better understanding of marine
actinomycete diversity, a culture-dependant study was
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undertaken using samples collected around the island of
Guam. The goals of this study were to determine whether
Salinispora strains could be recovered from this Pacific
Ocean location, to test new cultivation methods in an effort
to discover new Salinispora diversity and to determine
whether additional new marine actinomycete taxa could
be recovered.

Results
Actinomycete isolation

A total of 288 samples were processed for actinomycete
isolation of which 223 (77%) yielded actinomycete growth.
The samples consisted largely of sediments (240); how-
ever, they also included a relatively small number of algae
(33) and sponges (15). Samples were inoculated onto
1909 primary isolation plates of which 832 (44%) yielded
actinomycete colonies. In many cases, actinomycete
hyphae could be observed growing away from sand grains
or shells (Fig. 1) suggesting that they were associated
with particles. Microscopic examination (SEM) of these
sands grains revealed branching filaments, a diagnostic
characteristic of many actinomycetes, and spores borne
singly on substrate mycelium, a morphological feature
associated with the genus Micromonospora (Fig. 2). Many
of these colonies, when growing on low nutrient media,
could only be visualized with the aid of a stereomicro-
scope even after 2-3 weeks of incubation.

The total number of actinomycete colonies observed on
all primary isolation plates was 6425. On average, we
observed 3.4 actinomycete colonies per plate with that
number increasing to 7.7 per plate when only considering
those plates that yielded actinomycetes. Of the total (6425)
actinomycetes colonies observed, 2772 (43%) could be
tentatively grouped with the genera Salinispora (Mincer

Fig. 1. Light micrograph (64x) of an actinomycete colony growing
away from a sand grain.

Fig. 2. Microscopic examination (SEM) (16 000x) of an actinomycete
growing on a sand grain. Branching filaments, a diagnostic charac-

teristic of many actinomycetes, and spores are clearly evident. HV,

high voltage; WD, working distance, Sig, signal; HFW, horizontal field
widih; Mag, magnification.

et al., 2002) and Micromonospora based on colony mor-
phology. Many of these colonies were subsequently iso-
lated and their precise generic affiliations confirmed by
SSU rBNA gene sequencing and by testing for a require-
ment of seawater for growth, a consistent feature of the
Salinispora clade that has yet to be reported for any other
member of the Micromonosporaceae.

Representatives of all actinomycete morphotypes
observed from each sample were obtained in pure culture
resulting in the isolation of 983 individual strains (15.3%
of the colonies observed). Once isolated, 643 (65%) were
tentatively assigned to the Salinispora/Micromonospora
group based on morphological features supporting our
initial observation that these two genera represented
the majority of the actinomycetes cultured. On nutrient-
rich media (e.g. medium 1), both Salinispora and
Micromonospora spp. generally produce orange-pig-
mented colonies that lack aerial hyphae and black spores
that darken the colony surface thus making them difficult
to differentiate based on colony morphology alone. Five
hundred and sixty-eight (88%) of the 643 strains that were
grouped in these two genera required seawater for growth
suggesting that they were Salinispora species. This sug-
gestion was confirmed for 57 strains by partial SSU rRNA
gene sequence analyses. All of these strains, encompass-
ing a range of Salinispora morphotypes derived from
diverse samples, demonstrated a clear phylogenetic affil-
iation with the Salinispora clade and possessed all four of
the signature nucleotides reported for the first 600 base
pairs of the SSU rRNA gene (Mincer et al., 2002).
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Likewise, the remaining 75 strains, initially placed in the
Salinispora/Micromonospora group, did not require sea-
water for growth and therefore were presumed to be
Micromonospora spp. Five of these strains were subjected
to partial SSU rRNA gene sequencing and all five were
from 99% to 100% identical with Micromonospora spp.
including strain CNH394 (AY221497) which was previ-
ously isolated from marine sediments collected in the
Bahamas (Mincer et al, 2002). Thus, Salinispora was
the most common actinomycete cultured (58% of the total
983 strains isolated) while Micromonospora strains were
relatively uncommon. In addition, a demonstrable require-
ment of seawater for growth remains a rapid and accurate
method to distinguish between these two genera.

Excluding the 568 Salinispora strains obtained in pure
culture, only seven additional seawater-requiring actino-
mycetes were recovered. The requirement of seawater for
growth was first reported in the actinomycetes for Salin-
ispora strains (Mincer et al, 2002) and, outside of this
group, thus far appears to be uncommon among marine-
derived actinomycetes. Of the non-seawater-requiring
strains, 61 grew poorly in the absence of seawater while
the remainder grew equally well when seawater was
replaced with purified water in a complex nutrient medium
(medium 1). When considering the total number of actino-
mycetes obtained in pure culture (983), 58% required
seawater for growth indicating that the majority of actino-
mycetes recovered were highly adapted to growth in the
marine environment.

From the algal and sponge samples processed, there
were dramatically different rates of actinomycete recovery.
From 33 algal samples, a total of 343 actinomycete colo-
nies were observed (on average, 2.9 per primary isolation
plate), 55% of which were assigned to the Salinispora/
Micromonospora group. Of the 15 sponges processed,
only four actinomycete colonies were observed (on aver-
age, <0.1 colony per plate), and only one of these
was ascribed to the Salinispora/Micromonospora group.
Although different processing methods were used, it
appears that actinomycetes are less abundant in sponges
than on algal surfaces or at least more difficult to recover.

Phylogenetic diversity

One of the objectives of this study was to determine if new
Salinispora diversity could be cultured as a result of
sampling new locations and testing new culture tech-
niques. Based on the partial SSU rRNA gene sequence
data obtained from the 57 Salinispora strains discussed
above, 13 strains were selected for full SSU rRNA gene
sequencing and three of these (CNR040, CNR107 and
CNR425) are presented in Fig. 3. These strains all fall
within the S. arenicola (CNR425, CNR107) and S. tropica
(CNRO040) clades, possess the five previously reported

Marine sediment actinomycete diversity

Salinispora-specific  signature nuclectides (207 = A,
366 =C, 467 =U, 468=U, 1456 =G, Escherichia coli
numbering; Mincer et al, 2002), are > 99.0% similar to
previously reported Salinispora strains (Mincer et al.,
2002) and are from 98.3% to 98.6% similar to Micro-
monospora olivasterospora, the most closely related non-
Salinispora species. Given that sequence differences of
<1% have been used to define an operational taxonomic
unit (reviewed by Hughes et al, 2001), and the inconsis-
tent correlation between genomic DNA-DNA hybridization
results and SSU rRNA sequence similarities (Rossell-
Mora and Amann, 2001), it remains possible that new
Salinispora species were cultivated. However, despite the
large number of strains examined, it is clear that no sig-
nificant new SSU rRNA-based phylogenetic diversity was
recovered within the Salinispora clade.

A second objective of this study was to determine
whether additional new actinomycete taxa could be cul-
tured from marine samples, and in this regard, the results
were highly encouraging. Thus far, we have focused our
analyses on seawater-requiring strains and strains that
grew poorly in the absence of seawater. Based on
phylogenetic relationships inferred from partial SSU
rRANA sequence data, 13 non-Salinispora strains were
sequenced in full (Fig. 3). These strains form two major
new clades within the Streptomycetaceae that have ten-
tatively been called MAR2 and MARS3. The four MAR2
strains (CNQ695, CNQ703, CNQ732 and CNR252),
which grew poorly or not at all in the absence of seawater
(Table 1), share from 96.2% to 96.9% similarity with Strep-
tomyces alkalophilus (AY331685), the most closely
related sequence based on an NCBI BLAST (BLASTN)
search, and appear to represent a new genus. The six
members of the MAR3 clade (CNQ530, CNQ687,
CNQ698, CNQ719, CNQ857, CNR530) possess from
97.2% to 98.3% sequence similarity to an unidentified
Streptomyces sp. (AY236339) and similarly may represent
another new genus within the family. With the exception
of CNR530, all six of the MARS strains required seawater
for growth (Table 1). A MARS intraclade similarity of 96.8%
suggests that this group is comprised of multiple species.

The tree topology illustrated in Fig. 3 was maintained
using multiple treeing methods with the exception that
strain CNR530 fell outside of the MAR3 clade following
parsimony analysis. As mentioned, this is the only strain
among the six MAR3 clade members that did not require
seawater for growth. In addition to the MAR2 and MAR3
clades, CNQ766 also falls within the Streptomycetaceae
and, based on its requirement of seawater for growth and
sequence similarity of 98.6% to Streptomyces kasugaen-
sis (AB024442), this strain may also represent a new
taxon that we have provisionally called MAR4. In addition
to the new phylogenetic diversity observed within the
Streptomycetaceae, CNR363 and CNR431 fall within
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the family Thermomonosporaceae. These strains are
97.8% and 96.7% similar to Actinomadura formosens
(AF0420140) and A. fulvescens (AJ420137), respectively,
and appear to represent new taxa that have tentatively
been named MAR5 and MARG. Thus, strains belonging
to six new marine actinomycete phylotypes (MAR1—
MARE), representing three families within the order Acti-
nomycetales, have been successfully cultivated from
marine samples collected around the island of Guam.

Cultivation techniques

The percentage of plates yielding actinomycete colonies
ranged on the low end from 16% to 25% for medium 2

Fig. 3. Phylogenetic relationships among
nearly complete (1476 nucleotide positions)
SSU rRNA gene sequences of cultured marine
actinomycetes (in bold) and closely related
sequences obtained from an NCBI BLAST
(BLASTN) search. MAR1-MARG are tentative
designations for new marine actinomycete phy=-
lotypes. The generic epithet Salinispora
({revised to Salinispora) has been proposed for
the MAR1 clade which currently consists of two
species S. arenicola (CNR425, CNR107) and
S. tropica (CNR040). The tree was constructed
using the neighbour-joining method with the
percentage of bootstrap replicates (1000 re-
samplings) supporting the proposed branching
order shown at the relevant nodes (values
below 55% not shown). Bifidobacterium angu-
latum and Propionibacterium propionicus were
used as outgroups.

Smeptomycetaceae

[nutrient-poor sediment (NPS)] and medium 3 [nutrient-
rich sediment (NRS)], respectively, to a maximum of 69%
for medium 1 (Table 2). Interestingly, although NPS and
NRS, which contain no added organics other than those
present in seawater, noble agar and the sediment
extracts, yielded the lowest percentage of plates with act-
inomycetes, they yielded the highest percentage (82—
91%) of actinomycetes that required seawater for growth.
Medium 6, which contained low concentrations of manni-
tol and peptone, also produced a high percentage of sea-
water requiring strains (79%). As the majority of these
strains were Salinispora, these media proved to be
among the most effective for isolating members of that
group. Medium 1, which was the only high nutrient
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Table 1. New actinomycete phylotypes cultured from marine sediments.

Marine sediment actinomycete diversity

Strain No. Collection Sample Isolation Seawater
(Accession No.) Phylotype Family depth (m) number method Medium requirement
CNR425 (AY464533) MAR1 Micromonosporaceas 115 GU02-184 5 9 (SRC) Yes
CNR107 (AY464534) MAR1 Micromonosporaceae 40 GU02-313 1 B (SMP) Yes
CNRO40 (AY464535) MAR1 Micromonosporaceae 42 GU02-246 1 6 (SMP) Yes
CNR252 (AY464536) MAR2 Streptomycetaceae 3 GU02-290 6 6 (SMP) No
CNQB95 (AY464537) MAR2 Streptomycetaceae 500 GU02-178 1 9 (SRC) Yes
CNQ703 (AY464538) MARZ Streptomycetaceae 75 GU02-316 1 6 (SMP) No
CNQ732 (AY464539) MAR2 Streptomycetaceae 3 GU02-284 4 12 (SMY) No
CNR530 (AY464540) MAR3 Streptomycetaceae 45 GU02-225 1 9 (SRC) No
CNQ530 (AY464541) MAR3 Streptomycetaceae 50 GU02-39 1 5 (SMC) Yes
CNQBE87 (AY464542) MAR3 Streptomycetaceae < Guoz-172 4 5 (SMC) Yes
CNQB98 (AY464543) MAR3 Streptomycetaceae 3 GuU02-290 1 3 (NRS) Yes
CNQ719 (AY464544) MAR3 Streptomycetaceae <1 GU02-164 1 8 (SPC) Yes
CNQB857 (AY464545) MAR3 Streptomycetaceae 10 GU02-194 1 10 (SSC) Yes
CNQ766 (AY464546) MAR4 Streptomycetaceae 500 GU02-178 1 9 (SRC) Yes
CNR363 (AY464547) MARS Thermomonosporaceae 3 GU02-292 4 9 (SRC) No
CNR431 (AY464548) MARG Thermomonosporaceag 500 GU02-178 1 9 (SRC) No

medium tested and contained more than 20 times the
nutrient concentration of any other formulation, yielded
the lowest percentage (29%) of seawater-requiring
strains.

Of the three anti-bacterial agents compared in media
7-9, the highest percentage of plates yielding actino-
mycetes occurred on those containing novobiocin
(Table 2, medium 7, 61%), and this antibiotic also yielded
the second highest average number of colonies per plate
(6.1). Medium 6 also yielded good actinomycete recovery;
however, none of the combinations of organic substrates
tested yielded dramatically improved actinomycete cultur-
ability. Although the vast majority of the strains reported
in this study were cultivated on media containing relatively
low nutrient concentrations, all of these strains were capa-
ble of growth on the high nutrient medium 1 suggesting
that obligate oligotrophy is not common among marine
actinomycetes and that the effectiveness of low nutrient
formulas in this case may result from a reduction in growth
by non-actinomycete bacteria.

The majority of the samples were processed using
methods 1 (dry/stamp) and 4 (dilute/heat). These methods
yielded good actinomycete recovery with 44% and 47%,
respectively, of the plates yielding actinomycete colonies
(data not shown). Interestingly, although method 2 (dry/
scrape) was only used on 13 samples, 9 of these yielded
actinomycetes suggesting that rock surfaces may be a
good source from which to isolate these bacteria. Sam-
ples processed using method 6 yielded the highest rate
of actinomycete recovery (70%) suggesting that increas-
ing the amount of material inoculated could further
improve recovery rates. Freezing as a selective pre-treat-
ment (method 7) was relatively ineffective with 20% of the
plates yielding actinomycetes and a 48 h post-thaw incu-
bation (method 8) further reduced recovery rates to the
lowest levels observed with only 2% vyielding actino-
mycetes. Drying followed by dilution (method 3) and two
cycles of heating (method 5) were among the least effec-
tive methods employed yielding actinomycetes on 8% and
18% of the plates respectively.

Table 2, Actinomycete recovery and seawater requirements using various isolation media.

Total No. of Mean No. of No. of No. of seawater

No. of plates No. of plates with actinomycetes actinomycetes actinomycetes requiring

Medium inoculated actinomycetes (%) observed per plate isolated actinomycetes (%)
1 (AMM) 48 33 (69) 196 4.1 30 9 (30)
2 (NPS) 217 35 (18) 191 0.9 47 43 (91)
3 (NRS) 218 54 25 236 1.1 72 59 (82)
4 (SHG) 97 44 (45) 303 34 37 10 (27)
5 (SMC) 94 49 (52) 354 38 61 27 (44)
6 (SMP) 172 96 (56) 1199 7.0 180 143 (79)
7 (SNC) 303 184 (61) 1839 8.1 233 137 (59)
8 (SPC) 93 52 (56) 395 42 50 26 (52)
9 (SRC) 376 175 (47) 1139 3.0 196 94 (48)
10 (SSC) 97 35 (36) 178 1.8 25 12 (48)
11 (STC) 93 33 (35) 131 1.4 14 4 (29)
12 (SMY) 101 42 (42) 264 26 38 17 (45)
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The unique actinomycete phylotypes that were recov-
ered (Table 1) came from a wide range of depths (3—
500 m) and samples. Sample GU02-178, which was
among the deepest samples obtained (500 m), yielded 35
actinomycete strains that included members of three
unique phylotypes (CNQ695 = MAR2, CNQ766 = MAR4,
CNR431 = MARG) in addition to a relatively low percent-
age (7%) of Salinispora isolates. This sample was col-
lected off the southwestern corner of the island at one of
the few deep sites where mud samples were successfully
retrieved as most other areas >100 m appeared to be
dominated by hard, rocky bottom. This result suggests
that further efforts to sample deep sediments may vyield
new actinomycete diversity.

Although the actinomycetes cultivated in this study span
three families within the order Actinomycetales, the major-
ity of the new diversity (three phylotypes) falls within the
Streptomycetaceae. With the exception of the Salinispora
clade, few strains were recovered for any of the new
phylotypes (MAR2-MARSG) indicating that members of
these groups are either rare or not readily cultured with
the methods employed. Media 6 and 9 yielded the highest
numbers of new phylotypes along with method 1; however,
this method was applied to the largest number of plates
so it is not clear that it is more effective for the cultivation
of new taxa.

Discussion

It has long been known that actinomycetes can be recov-
ered from marine sediments (Weyland, 1969) raising the
possibility that these bacteria, like their terrestrial counter-
parts in soils, play important roles in the decomposition of
recalcitrant organic matter in the sea floor. More recently,
marine-derived actinomycetes have become recognized
as a source of novel antibiotics and anti-cancer agents
(Faulkner, 2002 and references cited therein) suggesting
that they represent a new resource for natural product
drug discovery (Bull efal, 2000; Jensen and Fenical,
2000). For this to be correct, actinomycetes must be met-
abolically active in the marine environment and this activ-
ity must lead to the production of compounds that are not
observed from terrestrial strains. Thus, to understand the
importance of marine-derived actinomycetes in ecological
terms and as a resource for biotechnology, we must
understand the extent to which they are capable of growth
in the ocean, the degree to which they display specific
marine adaptations and the extent to which these adap-
tations have affected secondary metabolite production.
Although prior evidence has been presented for the exist-
ence of indigenous marine actinomycete populations
(Jensen et al, 1991; Takizawa et al., 1993; Colguhoun
ef al., 1998) and for in situ metabolic activity (Moran et al.,
1995), we have only begun to define the extent to which

marine-adapted actinomycetes differ from their terrestrial
relatives,

In the present study, actinomycetes were cultivated
from the majority of the samples collected (77%) indicat-
ing that these bacteria were widely dispersed in marine
sediments around the island of Guam and that the isola-
tion methods employed were largely appropriate for the
selective cultivation of these slow growing bacteria. As
has been our experience with tropical marine sediments,
the most abundant actinomycete recovered belonged to
the MAR1 clade for which the generic epithet Salinispora
(Mincer et al., 2002) and the species S. arenicola and S.
tropica (Maldonado et al., 2005) have been proposed. In
total, 568 (58%) of the 984 strains obtained in pure culture
could be confidently assigned to this genus based on a
requirement of seawater for growth, which they all pos-
sessed, and a phylogenetic analysis of a subset of 57
strains.

It is noteworthy that the island of Guam can now be
added to the Bahamas, the US Virgin Islands, the Red
Sea and the Sea of Cortez as sites from which we have
thus far recovered Salinispora strains from marine sedi-
ments. Guam being the first tropical Pacific site sampled
adds support for a pan-tropical Salinispora distribution. To
date, we have failed to isolate Salinispora strains from
more temperate locations in the Pacific Ocean off La Jolla,
CA, and from sediments collected off Alaska suggesting
distinct latitudinal distribution limits. We have successfully
cultivated Salinispora at 10°C but not at 4°C suggesting
that temperature may be an important variable affecting
their distribution.

Early reports describing Micromonospora from temper-
ate and polar marine sediments (Weyland, 1981) raised
the possibility that these isolates actually belong to the
Salinispora clade. However, phylogenetic analysis of two
North Atlantic isolates (provided by E. Helmke) collected
at depths of 700 m and 2970 m between 45°N and 47°N
latitudes off the coast of France (data not shown) clearly
placed these organisms within the genus Micromono-
spora thus adding further support for the absence of
Salinispora from colder biomes. As part of the present
study, we successfully recovered Salinispora strains from
the deepest site sampled (570 m) so a lower depth limit
has yet to be determined for this group.

The observation that the majority of actinomycetes cul-
tured in this study required seawater for growth is remark-
able considering that until recently there has been little
support for the existence of autochthonous marine actino-
mycete populations. The requirement of seawater for
growth is a well-defined marine adaptation (Macleod,
1965) that cannot be accounted for by the hypothesis that
these bacteria were washed in from shore and reside in
marine sediments merely as dormant spores. In addition,
all Salinispora strains tested to date have a demonstrable
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requirement of sodium for growth (Jensen et al, 1991), a
defining characteristic of many marine bacteria. Based on
the results obtained from the present study, it can be
concluded that the majority of actinomycetes isolated are
highly adapted to life in the sea and that the recovery of
‘washed-in’ strains may be the exception rather than the
rule. Given that the vast majority of the seawater-requiring
strains cultivated belonged to the Salinispora clade, this
taxon may play important microbiological roles in marine
sediments, e.g. the recycling of recalcitrant organic
materials.

Despite performing phylogenetic analyses on 57 Salin-
ispora strains obtained using a variety of isolation tech-
niques, relatively little new diversity was observed within
this taxon. In contrast, significant new diversity was
observed within the Streptomycetaceae in the form of two
new, well-delineated clades (MAR2 and MARS3). Although
these clades are comprised of relatively few strains (four
and six respectively), the within-clade sequence dissimi-
larity is high ranging from 1.7% for MAR2 to 3.3% for
MARS. Considering that Streptomyces and Kitasataspora
are the only recognized genera in the family (Anderson
and Wellington, 2001), the addition of two new marine
genera would add considerably to the extant diversity
within this family. In addition, considering the historical
significance of the genus Streptomyces as a source of
novel antibiotics, these new taxa may represent a useful
natural product resource. Thus far, preliminary chemical
studies of one MAR2 clade member have revealed the
production of a series of structurally unprecedented mac-
rolide antibiotics called marinomycins (to be published
elsewhere) further supporting the concept that marine
actinomycetes represent a new resource for pharmaceu-
tical discovery.

To date, Salinispora forms the only multispecies actino-
mycete taxon within which all of the individuals thus far
cultivated require seawater for growth. The observation
that seawater requirements varied among members of the
MARZ2 and MARS clades warrants further study into the
genetic basis of this trait and the rates at which individual
strains can adapt to varying salt concentrations. It will be
important to isolate additional members of the MAR2—
MARS phylotypes to better assess the intragroup variabil-
ity of this physiological requirement. It is also evident that
non-seawater-requiring strains must also be examined if
we are to gain a more complete understanding of actino-
mycete diversity in the marine environment. Likewise, any
attempt to define marine bacteria by specific physiclogical
characteristics such as a requirement of seawater for
growth may overlook unique and environmentally impor-
tant taxa.

A recent culture-independent study of actinobacterial
diversity in marine sediments revealed the presence of
numerous new phylotypes including many clones that

Marine sediment actinomycete diversity

were most closely related to Streptomyces sp. (Stach
etal, 2003). Many of these clones possessed <97%
identity with previously cultured species suggesting the
existence of multiple new genera. NCBI BLAST searches
of the new phylotypes cultured as part of the present study
did not yield any of the accession numbers reported by
Stach and co-workers indicating that additional marine
actinomycete taxa remain to be cultured from marine sed-
iments. Although major progress has been made recently
in the development of innovative techniques for the culti-
vation of marine bacteria (e.g. Rappé et al, 2002), it is
clear that continued improvements in taxa-specific cultiva-
tion methods have the potential to yield significant new
marine actinomycete diversity.

Our results support previous observations that Strepfo-
myces are metabolically active in marine sediments
(Moran et al, 1995) and suggest that a lack of genetic
mixing with terrestrial strains, coupled with the adapta-
tions required for survival in the marine environment, has
led to the evolution of obligate marine taxa within the
Streptomycetaceae and other actinomycete families. Con-
tinued efforts to improve cultivation techniques, along with
the application of culture independent methods, will help
reveal the true extent of marine actinomycete diversity and
the potential importance of these bacteria as a resource
for pharmaceutical discovery.

Experimental procedures
Sample collection and processing

Two hundred and seventy-five marine samples were col-
lected around the island of Guam in the Southern reaches of
the Northern Mariana Islands from 10 to 26 January 2002.
The samples consisted of 227 sediments (ranging from fine
muds to small rocks), 33 algae and 15 sponges. Algae,
invertebrates and shallow sediments were collected by divers
from depths of 1-20 m. The remaining sediments were col-
lected using a modified, surface-deployed sediment sampler
(Kahlsico, El Cajon, CA, model #214WA110) to depths of
570 m. All samples were processed within a few hours of
collection at the marine laboratery of the University of Guam
using a variety of techniques designed to reduce the numbers
of Gram-negative bacteria and to enrich for slow-growing,
spore-forming actinomycetes. Samples were processed and
inoculated onto various agar media using one, or in some
cases (especially for the deeper sediments) as many as
three, of the eight methods described below. All algal sam-
ples were processed using method 1 (with grinding) while all
sponges were processed using method 3.

Method 1 (dry/stamp). Sediment was dried overnight in a
laminar flow hood and, when clumping occurred, ground
lightly with an alcohol-sterilized mortar and pestle. An auto-
claved foam plug (2 cm in diameter) was pressed onto the
sediment and then repeatedly onto the surface of an agar
plate in a clockwise direction creating a serial dilution effect.
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Method 2 (dry/scrape). This method was used for small
rocks that had been dried overnight in a laminar flow hood
and then scraped with a sterile spatula generating a powder
that was processed as per method 1. In some cases, the
powder was collected with a wet cotton-tipped applicator or
the rock was rubbed directly with the applicator which was
then used to inoculate the surface of an agar plate.

Method 3 (dry/dilute). Dried sediment (c. 0.5 g) was diluted
with 5 ml of sterile (autoclaved) seawater (SSW). The diluted
sample was vortex mixed, allowed to settle for a few minutes,
and 50 pl of the resulting solution inoculated onto the surface
of an agar plate and spread with an alcohol-sterilized glass
rod.

Method 4 (dilute/heat). Dried sediment was volumetrically
added to 3 ml of SSW (dilutions 1:3 or 1:6), heated to 55°C
for 6 min, and 50-75 ul of the resulting suspension inocu-
lated onto an agar plate as per method 3.

Method 5 (dilute/heat/2). Dried sediment was treated as per
method 4 (dilution 1:6) with the addition of a second heat
treatment at 60°C for 10 min.

Method 6 (dry/stamp + dilute/heat). The surface of an agar
medium was inoculated using a sample treated as per
method 1. The dried sediment was then processed using
method 4 and the same agar plate inoculated a second time
with the heat-treated samples.

Method 7 (freeze/dilute). Wet sediment was frozen at -20°C
for at least 24 h, thawed, volumetrically diluted in SSW (1:3—
1:120 depending on particle size), and 50 ul of the resulting
suspension inoculated onto the surface of an agar plate as
per method 3.

Method 8 (freeze/dilute/2). Wet sediment was treated as per
method 7 except that the thawed and diluted sample was
incubated at room temperature for 48 h before inoculation
onto the surface of an agar plate.

Processed samples were inoculated as described above
onto the surface of from one to eight of the following agar
media. All media were prepared with 1 | of natural seawa-
ter and contained the anti-fungal agents cycloheximide
(100 pug ml™') and, when listed, nystatin (50 ug ml™").

Medium 1 (AMM). Eighteen grams of agar, 10 g of starch,
4 g of yeast extract, 2 g of peptone.

Medium 2 (NPS). Eight grams of noble (purified) agar,
100 ml of NPS extract, rifampicin (5 ug ml'). Nutrient-poor
sediment extract was prepared by washing (extracting)
900 ml (wet volume) of sand collected from a high-energy
beach with 500 ml of seawater, The water (extract) was
decanted and stored at 4°C before use.

Medium 3 (MRS). Eight grams of noble (purified) agar,
100 ml of NRS extract, rifampicin (5 pg ml™"). Nutrient-rich
sediment extract was prepared as above using 300 ml (wet
volume) of sediment collected at low tide from a mangrove
channel.

Medium 4 (SHG). Eight grams of noble (purified) agar,
100 mg of humic acids sodium salt, 500 mg of galactose,
nystatin (50 g mi™"), 10 ml of trace metal solution (0.43 g of

Na,B,07, 0.25 g of FeS0,, 0.18 g of MnCl,, 0.004 g of CoCl,,
0.003 g of Na,MoOQ,, 0.004 g of ZnCl, 1 | of deionized water).

Medium 5 (SMC). Eight grams of noble (purified) agar,
500 mg of manitol, 100 mg of casamino acids, nystatin
(50 ug mi).

Medium 6 (SMP). Eight grams of noble (purified) agar,
500 mg of mannitol, 100 mg of peptone, rifampicin (5 pg mi™').

Medium 7 (SNC). Eighteen grams of agar, novobiocin
(25 ug mi™"y.

Medium 8 (SPC). Eighteen grams of agar, polymixin B sul-
fate (5 ug mi).

Medium 9 (SRC). Eighteen grams of agar,
(5ug mi).

Medium 10 (SSC). Eight grams of noble (purified) agar,
500 mg of soluble seaweed (Ascophylium nodosum, Crop-
master hitp://www.uas-cropmaster.com/index1.htm), 100 mg
of casamino acids, nystatin (50 ug mi™).

rifampicin

Medium 11 (STC). Eighteen grams of agar, 2 ml of Tween
80.

Medium 12 (SMY). Eight grams of noble (purified) agar,
500 mg of mannitol, 100 mg of yeast extract.

Actinomycete quantification and isolation

Inoculated Petri dishes were incubated at room temperature
(c. 28°C) and monitored periodically over 3 months for acti-
nomycete growth. Actinomycetes were quantified on each
plate by eye and with the aid of a Leica MZ6 stereomicro-
scope (10-64x). Actinomycetes were recognized by the pres-
ence of filamentous hyphae, a characteristic that was just
within the range of detection at the highest magnification
used, and/or by the formation of tough, leathery colonies that
adhered to the agar surface. Thus, only mycelium-forming
bacteria belonging to the order Actinomycetales were
included in this study. Colonies were tentatively assigned to
the genera Salinispora/Micromonospora if, for larger colo-
nies, they produced orange pigment, black spores that dark-
ened the colony surface, and lacked areal hyphae. Smaller
colonies, viewed microscopically, could be ascribed to the
Salinispora/Micromonospora group if they possessed finely
branched, scattered hyphae that formed a moderately devel-
oped substrate mycelium. Hundreds of these colonies were
successively transferred onto new media until pure cultures
were obtained and a distinction between the genera Salin-
ispora and Micromonospora could be made by sequence
analysis and by testing for the requirement of seawater for
growth (see below). With experience, it became possible to
rapidly and accurately assign very small colonies (0.5 mm in
diameter) to the Salinispora/Micromonospora group based
on low magnification (64x) evaluation. No new actinomycete
colonies were observed after 3 months of monitoring. For
every plate that yielded actinomycete colonies, the total num-
ber of colonies cbserved was counted and representatives
of all morphotypes were obtained in pure culture by repeated
transfer from a single colony. All pure strains were grown in
liquid culture (medium 1 without agar) and cryopreserved at
~80°C in 10% glycerol.
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Seawater requirements

All of the actinomycetes isolated were tested for the require-
ment of seawater for growth. Frozen stocks were inoculated
onto the surface of an agar medium (usually medium 1) and,
once sufficient growth had occurred, either a sterile cotton
swab or wire loop was used to transfer cell material onto a
new plate of the same medium prepared with seawater and
a plate prepared with purified water (Fisher Scientific, Optima
grade). Growth was monitored on both plates visually and
with the aid of a stereomicroscope for up to 4 weeks. If no
growth was observed on the plate prepared with purified
water, that strain was determined to require seawater for
growth.

DNA extraction, polymerase chain reaction amplification
and phylogenetic analyses

Seawater-requiring actinomycetes and select strains that
grew poorly in the absence of seawater were divided into
groups based on colony size, morphology, pigmentation,
spore appearance and the presence or absence of aerial
hyphae. Representatives of each group were selected for
partial small subunit (SSU) rRNA gene sequence analysis.
An additional 45 strains that morphologically resembled
Salinispora and were isolated using a range of cultivation
techniques from diverse samples were also included to help
ensure that the full range of cultured Salinispora diversity was
assessed. Five additional strains that had been placed in the
Salinispora/Micromonospora group but did not require sea-
water for growth were selected for sequencing to confirm their
affiliation with the genus Micromonospora.

Genomic DNA template was prepared as previously
described (Mincer ef al., 2002) following a method madified
from Marmur (1961). The SSU rRNA gene was polymerase
chain reaction (PCR) amplified using the primers FC27 (5"-
AGAGTTTGATCCTGGCTCAG-3) and RC1492 (5-TACG-
GCTACCTTGTTACGACTT-3") and the products purified
using a Qiagen QlAquick PCR clean-up kit following the
manufacturers protocols (Qiagen, Chatsworth, CA). Poly-
merase chain reaction products were quantified and submit-
ted to the UCSD Cancer Center DNA Sequencing Shared
Resource for partial sequencing (3100 Genetic Analyzer, PE-
Applied Biosystems, USA) using the primer FC27. Partial
SSU rRBNA gene sequences (c. 0.6 kb) were aligned using
the Ribosomal Database Project (RDPII) Phylip interface
(Michigan State University, East Lansing, Michigan, release
number 8.1, Cole etal, 2003). Aligned sequences and
related sequences obtained from an NCBI BLAST (BLASTN)
search were imported into MacClade (version 4.03; Maddi-
son and Maddison, 2001) and further aligned by hand. Neigh-
bour-joining trees were created using PAUP (version 4.0b10;
Swofford, 2002) and phylogenetically diverse strains selected
for nearly full SSU rBNA gene sequencing of both top and
bottom strands using the additional forward primers F514 (5
GTGCCAGCAGCCGCGGTAA-3") and F1114 (5-GCAAC
GAGCGCAACCC-3") and the reverse primers R530 (5~
CCGCGGCTGCTGGCACGTA-3) and R936 (5-
GTGCGGGCCCCCGTCAATT-3').

Upper and lower strand contigs were assembled in Mac-
Clade and base calling ambiguities resclved by reviewing the

Marine sediment actinomycete diversity

sequencing chromatograms in Editview (version 1.0.1,
Applied Biosystems, Foster City, CA). The resulting ¢. 1.5 kb
sequences, along with related sequences obtained from an
NCBI BLAST (BLASTN) search, were imported into CLUSTAL X
(version 1.8; Thompson et al., 1997) where multiple align-
ments were performed using the default alignment parame-
ters. Aligned sequences were imported into MacClade where
manual refinements were made and ambiguous nucleotides
masked resulting in the inclusion of 1476 nucleotide positions
in the phylogenetic analyses. Phylogenetic neighbour-joining
and maximum parsimony analyses were performed using
PAUP (4.0b10, Sinauer Associates, Sunderland, MA). Similar-
ity values were generated using the RDPII Phylip interface
distance matrix function following the Kimura 2-parameter
method.

Nucleotide sequence accession numbers

The nucleotide sequence data reported in this study have
been deposited in GenBank under Accession No.
AY464533-AY 464548,
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Abstract

Marine actinomycetes belonging to the genus Salinispora were cultured from
marine sediments collected at six geographically distinct locations. Detailed
phylogenetic analyses of both 16S rRNA and gyrB gene sequences reveal that this
genus is comprised of three distinct but closely related clades corresponding to the
species S. tropica, S. arenicola, and a third species for which the name "S. pacifica" is
proposed. S. arenicola was cultured from all locations sampled and provides clear
evidence for the cosmopolitan distribution of an individual bacterial species. The co-
occurrence of S. arenicola with S. tropica and S. pacifica suggests that ecotype
differentiation as opposed to geographical isolation is driving speciation within the
genus. All Salinispora strains cultured to date share greater than 99% sequence
identity and thus comprise what has been described as a microdiverse ribotype cluster.
The description of this cluster as a new genus, containing multiple species, affects
global estimates of bacterial species diversity and provides evidence that fine-scale
16S rRNA gene sequence analysis can be used to delineate among closely related
species. The remarkable lack of interspecific 16S rRNA sequence diversity indicates
recent speciation with the genus while non-synonymous/synonymous nucleotide

substitution patterns indicate recent selection on the gyrB gene in S. tropica.

Introduction

Bacterial biogeography remains an unresolved issue in microbiology (Fenchel,

2003). Due to their small size, high abundance, and ease of dispersal, the prevailing
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hypothesis in the field is that free-living bacteria are not subject to geographical
isolation and, without this constraint, should exhibit a cosmopolitan distribution
(reviewed by Staley and Gosink, 1999). While it is widely accepted that bacterial
genera are widely distributed in their respective habitats (Hedlund and Staley, 2004),
there is currently little empirical support for the "everything is everywhere" paradigm
when applied at the species level. Without a better understanding of the extent to
which geographical isolation affects the population structure of individual bacterial
species, it will not be possible to effectively estimate global species richness or to
understand the forces driving speciation among bacteria.

Little emphasis has been given to the study of microbial biogeography (Cho
and Tiedje, 2000), and as a result the "everything is everywhere" paradigm has not
been rigorously tested. The most outspoken support for microbial cosmopolitanism
comes from studies of microeukaryotes (Findlay, 2002) however this support is based
largely on the analysis of protozoan morphospecies. As might be expected, evidence
for cosmopolitanism among environmental prokaryotes includes taxa with robust
survival strategies, such as the spore-forming genus Bacillus, for which it has been
shown that migration rates are sufficiently high to prevent geographical isolation
(Roberts and Cohan, 1995). Additional evidence comes from a study of fluorescent
Pseudomonas strains where cosmopolitanism was evident by the analysis of 16S
rDNA and, to a lesser extent, 16S-23S intergenic spacer regions (Cho and Tiedje,
2000). Evidence for endemism was documented at the infraspecific level among the
same Pseudomonas strains when higher resolution genomic fingerprinting methods

were applied. Additional evidence for endemism is found among prokaryotes
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inhabiting extreme environments where the barriers to surviving dispersal are high.
This includes gas vacuolated sea ice bacteria (Staley and Gosink, 1999), the
thermophilic archeon Sulfolobus (Whitaker et al., 2003), and the thermophilic
cyanobacterium Synecococcus (Papke et al., 2003).

Any discussion of species-level bacterial biogeography is affected by
uncertainty surrounding the species concept for bacteria (Cohan, 2002; Gevers et al.,
2005). Recently, it has been proposed that molecular sequence data can be used to
define natural units of bacterial diversity termed ecotypes (Cohan, 2002). These units
can be recognized as clusters of sequences that share greater similarity to each other
than to related sequences and are proposed to represent ecologically distinct
populations (Cohan, 2002). Ecotype assignment can require a level of phylogenetic
resolution that is difficult to achieve using the 16S rRNA gene (Fox et al., 1992; Palys
1997; Staley and Gosink, 1999) and easily obscured by PCR and sequencing errors
(Acinas et al., 2004). This has led to an increased reliance on protein coding genes
and, more recently, multi-locus sequence analysis (MLSA) for the resolution of
intrageneric relationships (Gevers et al., 2005). In several cases, it has been
demonstrated that named species are comprised of multiple, distinct ecotypes (Palys et
al., 2000), leading to the suggestion that the bacterial species generally recognized
today are in fact comprised of multiple ecotypes each possessing the dynamic
properties of individual species (Cohan, 2002).

We recently reported the discovery of the actinomycete genus Salinispora,
which is widely distributed in tropical and sub-tropical marine sediments (Mincer et

al., 2002, Maldonado et al., 2005). To date, two species have been formally described
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(S. arenicola and S. tropica), and a third, for which the name "S. pacifica" is proposed,
has been cultured. Salinispora belongs to the Micromonosporaceae and is the first
actinomycete genus known to require seawater for growth. Since these bacteria
produce resistant spores and have been cultured from worldwide locations, they
represent model organisms to test hypotheses about bacterial biogeography and the
processes that drive speciation. In this paper, the phylogenetic relationships of 152
strains were assessed using 16S rRNA and gyrB gene sequences. The results provide
compelling evidence that individual bacterial species can exhibit a cosmopolitan
distribution and that speciation within the genus Salinispora is not due to geographical

isolation.

Results

Salinispora strains were cultivated from all six tropical/sub-tropical locations
sampled. These locations included multiple collection sites within the Bahamas,
where they were originally discovered (Jensen et al., 1991), the U.S. Virgin Islands,
the Red Sea, the Sea of Cortez, Palau, and Guam (Fig. 1). In addition, strains were
recently reported from the sponge Pseudoceratum clavata collected from the Great
Barrier Reef (Kim et al., 2005) and the ascidian Polysyncraton lithostrotum collected
from Fiji (He et al., 2001), providing the first Southern hemisphere sites from which
Salinispora strains have been recovered. Despite extensive effort, we have yet to
cultivate Salinispora strains from temperate Pacific Ocean sediments collected off La

Jolla, California. They also do not appear to be among the numerous
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Micromonospora strains recovered from North Sea sediments (E. Helmke, personal
communication). Detailed phylogenetic analyses of 46 Salinispora strains clearly
reveal that the genus, as we know it today, is comprised of three distinct but closely
related phylotypes (Figs. 2 and 3). These three phylotypes correspond to the recently
described species S. arenicola and S. tropica (Maldonado et al., 2005) and, based on <
60% interspecies DNA-DNA hybridization (performed by the DSMZ, German
Collection of Microorganisms and Cell Cultures, Braunschweig), a third species for
which the name "Salinispora pacifica" is proposed.

Biogeographical distribution. The three Salinispora phylotypes vary in their
biogeographical distributions (Figs. 1-3). S. arenicola has a cosmopolitan distribution
having been recovered from all six of the locations sampled. It is also consistently the
most abundant phylotype observed, representing 86% of the 152 strains examined in
this study. S. tropica has the most restricted distribution having thus far only been
detected from the Bahamas, where it has been consistently recovered over a 15 year
period and represents 7 of the 19 strains examined. Surprisingly, this phylotype was
not recovered from the U.S. Virgin Islands, despite the examination of 20 strains from
this site and its proximity to the Bahamas. "S. pacifica" has been recovered from
Guam, Palau, and the Red Sea, with only one strain being recovered from the later.
This phylotype is also considerably less common than S. arenicola (3 of 59 strains
from Guam, 7 of 23 strains from Palau, 1 of 18 strains from The Red Sea). Although
more widely distributed than S. tropica, "S. pacifica" was absent or remained below
the detection limit in the Caribbean and the Sea of Cortez and represents a second

species that, at present, appears to be geographically restricted relative to S. arenicola.
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The Salinispora strains recently reported from the Great Barrier Reef (Kim et al.,
2005) fall within both the S. arenicola and "S. pacifica" phylotypes, while the single
strain reported from Fiji (He et al., 2001) is identical (based on 16S rRNA gene
sequence) to "S. pacifica".

SSU rRNA gene diversity. There is a remarkable lack of intraclade diversity
within the three Salinispora phylotypes. Despite the inclusion of strains isolated over
a 15-year period from multiple collections sites throughout the Bahamas, all S. tropica
strains cultured to date share 100% sequence identity throughout the 1479 base pairs
examined (Table 1). This absence of sequence variation could only be detected once
careful corrections were made for PCR and sequencing errors, including corrections to
previously reported data (Mincer et al., 2002; Jensen et al, 2005). The 34 S. arenicola
strains examined in detail possessed nearly identical sequences (99.86% similarity)
with the only variations arising from strains cultured from the Sea of Cortez, all of
which contained one of two possible single nucleotide polymorphisms resulting in the
subclades S. arenicola "A" (12 strains observed) and S. arenicola "B" (5 strains
observed, Fig. 2). None of the Sea of Cortez strains were a perfect sequence match
with the S. arenicola type strain (CNH-643) providing extremely fine scale (one
nucleotide) biogeographical resolution of these two Sea of Cortez populations.
Despite analyzing partial sequence data for an additional 96 S. arenicola strains,
including multiple representatives from all locations, no new intraclade sequence
diversity was detected. As with S. arenicola, "S. pacifica" intraclde similarity was

99.86% (2 variable nucleotide positions out of 1479 examined). Both of these
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nucleotide variations occurred in strain CNS-055 relative to the proposed type strain
(CNS-143) and delineate the "S. "pacifica A" phylotype.

Interclade diversity among the three Salinispora phylotypes was also low and
places the entire genus into what has been described as a microdiverse sequence
cluster (Acinas et al., 2004). Pairwise similarities (BLAST bl2seq, NCBI) reveal that
S. tropica and S. arenicola share 99.53% 16S rRNA gene sequence identity (Table 1).
This is a difference of 7 nucleotides out of 1479 examined. S. tropica was found to
differ from the S. arenicola subclades "A" and "B" by one additional nucleotide
(99.46% similarity). The greatest sequence differences occurred between S. arenicola
and "S. pacifica" (11 nucleotides, 99.26%) and between S. arenicola subclade "A" or
"B" and "S. pacifica" (12 nucleotides, 99.19% similarity). The most similar species
were S. tropica and "S. pacifica" which differed by only 6 nucleotides (99.59%
similarity). Despite the high level of sequence identity, S. tropica and S. arenicola
have been classified as distinct species (Maldonado et al., 2005), while the
classification of "S. pacifica" as a third species is supported by genomic DNA-DNA
hybridization experiments (Wayne et al., 1987) in which the proposed type strain was
<60% similar to S. tropica and S. arenicola (data provided by the DSMZ).
Salinispora species share 96.50%-96.60% similarity with M. chalcea, the type strain
for the genus Micromonospora, and 97.28%-97.56% similarity with M. rosaria, the
most closely related Micromonospora species.

The majority of the Salinispora sequence diversity thus far detected occurs in
appropriately variable regions of the SSU rRNA gene and, with the exception of CNS-

055, in multiple strains, providing strong evidence that these changes are not due to
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PCR or sequencing errors. Nine of 15 variable nucleotide positions (138-232) occur
in the V2 variable region (Rijik et al., 1992) with all but one of these (position 183)
occurring in non-conserved helixes (Table 2). Of the remaining substitutions, only the
G < A hairpin loop transition (position 262) occurs in a conserved region (90-98%
among all bacteria). Eight of the helix-associated changes are transitions that result in
wobble (G:U) base parings (5 G:C to G:U pyrimidine changes, 3 A:U to G:U purine
changes) and as such show no positional co-variation. Two of the three helix-
associated transversions (G<=U, nts 188 and 202) are positional co-variants in helix 10
of the V2 region, thus maintaining Watson-Crick pairing. The remaining helix-
associated transversion (U< G, position 637) results in the heteropurine G:A base
pair. As already mentioned, the isolation of 12 strains with this S. arenicola "A"
nucleotide substitution pattern confirms the validity of this subclade. The four
remaining substitutions occur in a single base bulge or in conserved loop structures
and thus are not affected by base pairing.

gyrB phylogeny. The phylogenetic tree based on nearly complete gyrB DNA
sequences (1164 nucleotides) re-affirms the monophyletic nature of the Salinispora
clade and its separation from other genera within the Micromonosporaceae (Fig. 3).
The three Salinispora phylotypes, corresponding to S. tropica, S. arenicola, and "S.
pacifica" are clearly delineated providing additional phylogenetic support for the
separation of these taxa. There were no variations among any of the 46 strains in
terms of species-specific 16S rDNA and gyrB cladding patterns, although there is a
difference in the branching patterns in the two trees. The basal position of phylotype

A (CNS-055) in the "S. pacifica" clade is maintained in both the 16S rDNA and gyrB
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trees using both neighbor joining and parsimony (not shown) treeing methods. The S.
arenicola subclades "A" and "B" are maintained in the gyrB tree with the exception of
strain CNH-962.

As with the 16S rRNA gene sequence data, there was a remarkably high level
of sequence similarity within the three Salinispora gyrB phylotypes (Table 1), with S.
tropica strains sharing 99.57% sequence identity, S. arenicola strains sharing 96.13%
sequence identity, and "S. pacifica" strains sharing 97.16% sequence identity, with 26
of the 33 variable positions being attributed to the "S. pacifica" A phylotype. The
interspecies similarity was greatest between S. tropica and "S. pacifica" (95.10%) and
least between S. arenicola and the other two phylotypes (92.87%). The closest Blastn
gyrB sequence match for all three of the Salinispora phylotypes was Micromonospora
rosaria (BAA89737) for which the sequence identity was 89-90%. No additional
biogeographical patterns could be resolved based on the sequencing of this protein-
coding gene.

The Salinispora gyrB sequence data was translated into 388 amino acids and
representatives of each species aligned with M rosaria and E. coli K12 (Table 3). As

expected, both the intra and interspecies amino acid similarities are high (98.45-
99.23% and 96.39-98.71%, respectively). The intraspecific non-synonymous (dy) to
synonymous (dg) ratios were approximately equal for "S. pacifica" and S. arenicola

while for S. tropica the ratio increased by a factor of ten providing evidence of

positive selection on this protein (Page and Holmes, 1998). Salinispora species share
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90-92% amino acid sequence identity with M rosaria, the closest BLASTp (NCBI)
match.

Effects of temperature on growth. In previous studies, we have observed
that Salinispora strains are capable of growth at 10°C but not at 4°C. To test the
effects of exposure to 4°C on Salinispora growth and viability, seven strains were
maintained at 4°C for 2, 4, 6, or 8 weeks then incubated at 25°C for 2 months. All
strains incubated at 4°C for 2 or 4 weeks showed no reduction in growth relative to
controls upon transfer to 25°C. After six weeks at 4°C however, all strains exhibited
reduced growth at 25°C with two strains (CNS-103 and CNR-114) remaining reduced
even after two months at this temperature. After 8 weeks at 4°C, these same two
strains lost viability while the remaining 5 strains all displayed a reduction in growth

relative to controls. Both of the strains that lost viability belong to the "S. pacifica"

phylotype.

Discussion

The extent to which individual bacterial species are globally distributed in all
environments capable of supporting their growth remains a fundamental question in
microbiology. Although this question is mired in uncertainty over how to apply the
species concept to bacteria (Rossell6-Mora and Amann, 2001), the analysis of
molecular sequence data is providing new insight into the biogeographical
distributions of specific bacterial types. Recent examples of sequence-based analyses

have included clear evidence for species-level endemism among bacteria inhabiting
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extreme environments (Staley and Gosink, 1999; Papke et al., 2003). At the
infraspecific level, endemism has also been documented among free-living bacteria
(Cho and Tiedje, 2000). Based on these results, it is becoming increasingly clear that
all bacteria are not cosmopolitan in distribution and that the ability to detect bacterial
endemism is a function of the bacterial populations studied and the resolution of the
analytical techniques applied.

The detailed phylogenetic characterization of the actinomycete genus
Salinispora provides clear evidence that an individual bacterial species can be globally
distributed among environments in which its growth requirements are meet. This
evidence comes from S. arenicola, which to the best of our knowledge represents the
first free-living bacterial species within which multiple strains possessing 100% 16S
rRNA gene sequence identity have been cultured from worldwide locations. Analysis
of Salinispora gyrB gene sequences further supports the cosmopolitan distribution of
S. arenicola as no new biogeographical patterns were revealed despite the added
phylogenetic resolution provided by this protein-coding gene (Kasai et al., 2000). At
this time, it cannot be determined if the relative regional endemism detected for "S.
pacifica" and S. tropica is due to insufficient sampling, reduced fitness, less effective
dispersal, recent speciation, or limited niche availability. Of these, insufficient
sampling seems least likely, as culture-independent studies of sediments collected in
the Bahamas did not reveal the presence of "S. pacifica" or any previously uncultured
species (Mincer et al., 2005).

There is a remarkable lack of 16S rDNA sequence diversity within the genus

Salinispora suggesting relatively recent divergence among the three species. The co-
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occurrence of S. arenicola with S. tropica and "S. pacifica" indicates ecotype selection
as the force driving speciation, as opposed to genetic drift due to geographical
isolation. That genetic drift is not driving speciation is further supported by low
global species diversity (despite the examination of more than 150 strains collected
over 14 years from six worldwide locations), rapid coalescence in the phylogenetic
trees (Figs. 2 and 3), and the lack of correlation between genetic and geographic
distances (ie., S. tropica and "S. pacifica" are not the most dissimilar by 16S or gyrB
gene sequence comparisons). One potential example of genetic drift due to
geographical isolation occurs at the infraspecific level among S. arenicola strains
cultured from the Sea of Cortez (phylotypes "A" and "B"), which differ at one of two
nucleotide positions (Table 2) from all other S. arenicola strains. This drift remains
apparent (with the exception of CNH-962), yet subtle, in the gyrB sequence data
where it is restricted to synonymous nucleotide changes.

Members of the genus Salinispora share >99% sequence identity and thus
exemplify what has been described as a microdiverse ribotype cluster (Acinas et al.,
2004). Molecular analyses of environmental samples reveal that most
bacterioplankton fall into such clusters, however it has not been possible to determine
if they represent ecologically distinct populations (Acinas et al., 2004). The
classification of the Salinispora sequence cluster as a new actinomycete genus
provides culture-based evidence that a microdiverse sequence cluster can represent a
clearly defined unit of bacterial diversity. The characterization of three species within
this genus further demonstrates that sequence clusters can be more complex than

previously believed, with taxonomic significance extending to consensus groups that
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share >99% sequence identity. Although it can not be determined if the lack of 16S
rRNA gene sequence diversity within individual Salinispora species is maintained by
periodic selection or the result of recent ecological differentiation, it has been possible
to use fine-scale phylogenetic analyses to resolve closely related species within a
single ribotype cluster thus affecting 16S rDNA-based estimates of global species
diversity.

The negative effects of exposure to 4°C on growth and survival may explain
why we have not successfully cultured Salinispora strains from temperate waters off
San Diego. To date, the deepest sediment we have examined was collected at 1100 m
off the Bahamas, and Salinispora strains were successfully recovered from this sample
(Mincer et al., 2005). Given that the vast majority of the world's ocean temperatures
at 1500 m are below 4°C (Fig. 1), it will be important to determine if Salinispora
strains can be recovered from samples collected at greater depths and, if so, how they
are related to the strains recovered from near-shore sediments.

Ocean sediments cover 70% of the earth's surface, yet little is known about the
bacterial diversity within this vast environment. The present study provides evidence
that an individual bacterial species within the spore-forming actinomycete genus
Salinispora is globally distributed in tropical and sub-tropical ocean sediments and
that speciation within this genus is driven by ecotype selection not geographical
isolation. Although the ecological characteristics that distinguish these species are
presently unknown, the results provide evidence that commonly applied OTU
(Operational Taxonomic Unit) criteria (eg., 97% sequence identity) may underestimate

global species diversity. These results support the occurrence of species-level
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cosmopolitanism among free-living bacteria that possess robust survival strategies and
the concept that many currently named species consist of multiple units of diversity

that possess the fundamental properties of individual species (Cohan, 2002).

Experimental Procedures

Strain isolation. Marine sediments were collected from six distinct
geographical locations (the Bahamas, the U.S. Virgin Islands, Guam, the Sea of
Cortez, the Republic of Palau, and the Red Sea) and processed for the cultivation of
actinomycetes using previously described methods (Jensen et al., 1991; 2005; Mincer
et al., 2002; 2005). In general, these methods consisted of pre-treatment, usually
either drying in a laminar flow hood or diluting in seawater and heating, prior to
inoculation onto various types of agar media prepared with natural seawater and
selective antibiotics. Salinispora strains were initially recognized on primary isolation
plates by colony morphology and the taxonomic assignment of pure cultures
subsequently confirmed by partial 16S rRNA gene sequence analysis.

One hundred and fifty-two strains from various locations and sample depths
were examined. These strains consisted of 19 from the Bahamas, 20 from the U.S.
Virgin Islands, 56 from Guam, 17 from the Sea of Cortez, 23 from Palau, and 17 from
the Red Sea. Of these strains, 36 were selected for nearly complete 16S rRNA gene
sequence analysis. These strains were obtained from independent sediment samples
and include multiple representatives of each phylotype (based on partial 16S rRNA

gene sequence analysis) observed from each collection site and year. An additional 10
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strains (5 from the Bahamas, 3 from Guam, 1 from the Red Sea, and 1 from the Sea of
Cortez) from previous studies (Mincer et al., 2002; Jensen et al., 2005) were also
included in the analyses.

DNA extraction, 16S rRNA gene amplification and sequencing. Genomic
DNA template was prepared as previously described (Mincer et al., 2002) using a
method modified from Marmur (1961). Nearly complete 16S rRNA genes were PCR
amplified in 50 ul reactions using from 10 to 50 ng of genomic DNA template, 0.5
uM of the forward FC27 (5'to 3' AGAGTTTGATCCTGGCTCAG) and reverse
RC1492 (5' to 3' TACGGCTACCTTGTTACGACTT) primers, 100 uM (each) dATP,
dCTP, dGTP, and dTTP, 2.5U taq polymerase (New England Biolabs), and 1x PCR
buffer. The PCR condition were 94°C for 5 min followed by 35 cycles of 94°C for 45
sec, 50°C for 45 sec, 72°C for 45 sec, followed by 72°C for 7 min. The PCR products
were purified using a Qiagen QIAquick PCR clean-up kit following the manufacturers
protocols (Qiagen, Chatsworth, CA), quantified, and submitted for sequencing to the
UCSD Cancer Center DNA Sequencing Shared Resource (3100 Genetic Analyzer,
PE-Applied Biosystems, USA). Partial sequences were obtained using the forward
primer FC27 while nearly complete gene sequences were obtained for top and bottom
strands using the additional forward primers F514 (5'-3'
GTGCCAGCAGCCGCGGTAA) and F1114 (5'-3' GCAACGAGCGCAACCC) and
the reverse primers R530 (5'-3' CCGCGGCTGCTGGCACGTA), R936 (5'-3'
GTGCGGGCCCCCGTCAATT) and RC1492.

gyrB gene amplification and sequencing. Two sets of primers were designed

to amplify partially overlapping, double stranded contigs encompassing the nearly
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complete gyrB gene (1164 bps). These primer sets were 1) F33NT and R662T (5'to 3'
TGTAAAACGACGGCCAGTgtctccggecggyctgcaccg and
CAGGAAACAGCTATGACCcctcgtgggtrccgececte) and 2) F611T and R1300T (5'to 3'
TGTAAAACGACGGCCAGTcgartcstayggcgagtcggtctacacec and
CAGGAAACAGCTATGACCcagcacsaycttgtggtascgcagett). M13 forward and
reverse sequencing tags (capitalized) were added to the 5' ends. PCR reactions were
performed in a total volume of 50 ul that contained for primer set 1, 50-100 ng DNA
template, 1.0 uM each F33NT and R662T, 200 uM (each) dATP, dCTP, dGTP, and
dTTP, 5.0U AmpliTaq Gold (Applied Biosystems), 1x MgCl,, 1x PCR buffer. For
primer set 2, all reagent concentrations were halved except for the template and DNA
polymerase. PCR products were purified and sequenced as described above using
M13 forward and reverse primers. The PCR conditions were as follows: 95°C for 10
min followed by 35 cycles of 94°C for 1 min, 65°C for 1 min (primer set 1) or 68°C
for 1 min (primer set 2), 72°C for 1 min, followed by 72°C for 7 min.

Phylogenetic analyses. 16S rRNA gene sequence contigs were assembled and
checked for accurate base calling using Sequencher (ver. 4.5, Gene Codes Corp., Ann
Arbor, MI), aligned using Clustal X, and imported into MacClade (ver. 4.07, Sinauer
Assoc., Sunderland, MA) for manual alignment and masking. Single nucleotide
changes that were observed in only one strain and occurred in areas of > 98%
conservation among all bacteria (Cannone et al., 2002) were confirmed by performing
a new PCR reaction. Secondary structure analyses were performed using the ARB
software package (Ludwig et al., 2004). Neighbor-joining, parsimony, and bootstrap

analyses were performed using PAUP (ver. 4.0b10, Sinauer Assoc., Sunderland, MA).
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gyrB DNA sequences were aligned, translated, and analyzed using MacClade.
Sequence similarities were calculated using various NCBI (National Center for
Biotechnology Information Basic Alignment Search Tool (BLAST) functions.
Sequence data have been deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov/Genbank/index.html) under accession numbers
AY040617-AY040623, AY464533-AY464534, DQ224159-DQ224165, DQ092624
for 16S rRNA genes and DQ228678-DQ228693 for gyrB genes.

Effects of temperature on growth. Seven strains were tested for the effects
of storage at 4°C on growth and viability. The strains tested were CNB-440, CNR-
699 (S. tropica), CNR-114, CNS-103, CNS-143 ("S. pacifica"), CNB-527, CNR-425
(S. arenicola). Strains were started in 25 ml liquid cultures (A1 medium, 1.0% starch,
0.4% peptone, 0.2% yeast extract, 100% seawater) then inoculated by dilution
streaking onto five replicate Al agar plates. One replicate for each strain was
immediately incubated at 25°C (positive control). All of the positive controls reached
maximum visible growth within two weeks at 25°C. The remaining replicate plates
were incubated at 4°C with one replicate per strain being transferred to 25°C after 2, 4,
6, and 8 weeks at reduced temperature. Following transfer to 25°C, plates were
monitored for 2 months and growth recorded as equal, reduced, or no growth relative

to controls.
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Table 1. Salinispora intra- and interspecific genetic similarity (number of strains in
parentheses after species identifier). St = S. tropica, Sa = S. arenicola, Sp ="S.
pacifica". 16S similarities generated from 1479 nucleotide positions, gyrB DNA
similarities generated from 1164 nucleotide positions, gyrB amino acid similarities
generated from 388 positions. Number of invariant positions in parentheses after
percent similarities. dy = gyrB non-synonymous nucleotide substitution, d, = gyrB

synonymous nucleotide substitution. Interspecific comparisons made using the type

strains for each species.

Species  16S (rDNA) gyrB (DNA) gyrB (aa) dy__dg dpldg
St (6) 100% (1479) 99.57% (1159)  99.23% (385) 3 2 1.5

Sa (34) 99.86% (1477) 96.13% (1119)  98.45% (382) 6 39 0.15
Sp(6)  99.86% (1477) 97.16% (1131)  99.23% (385) 5 30 0.17
St:Sp 99.59% (1473) 95.10% (1107)  98.71% (383) 5 52 0.10
Sa:Sp  99.26% (1468) 92.87% (1081)  96.65% (375) 13 70 0.19
St:Sa 99.53% (1472) 92.87% (1081)  96.39% (374) 14 69 0.20
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Table 2. Salinispora phylotype-specific nucleotides. St = §. tropica, Sa = §.
arenicola, Sp = "S. pacifica", * = positional co-variants, H = helix, B = bulge, HL =
hairpin loop, IL = internal loop, ML = multistem loop, TS = transition, TV =

transversion.

Nucleotide position (E. coli numbering)

138 183 186 187 188 192 202 219 232 262 546 613 637 837 1251

St Cc G UGG CUUGGATCUA A
Sa Cc G C AUUSGUSGSGATCUG ¢
Sa"A" Cc G C A UUAGUSGSGATCG GG ¢
Sa"B" Cc G C A UUGUSGSGAUWUG @G
Sp Uu G U G G C UZCAAGTCUG A
SP"A" c U U G G CUZCAAGTCUG A
Loction H B H H H H H H H HLML H H H IL
Base GC - GCAUGUGCGUG: CAU - - GCUAAU -

pairing G:U - G:.UGUU.GG:UU:UGUG:U - - GUGAGU -

Change TS TV TS TS TV* TS TV*TS TS TS TS TS TV TS TS
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Table 3. Amino acid alignments of gyrB sequence data from S. pacifica, S. tropica,

and S. arenicola.

M. rosaria (BAA89737) 110VSGGLHGVGVSVVNALSTRMAVEIHKAGFVWRQQYTNSKP-SPLEKGETT
"S. pacifica" (CNS143) 110...... Riceeeeoosnosncnns Q.D.YF...S..D...-Tu..on. P.
S. tropica (CNB440) 110...... Riceerveoosnosnenns Q.D.YL S..D...-T...... S.
S. arenicola (CNH643) 110...... Riceeeeoosnosncnns Q.D.YF SeeDevemeennnn P.
E. coli K12 (P06982) 110ceeeeeeeeeennnnns QKLELV.QRE.KIH..I.EHGV.QA..AVTGE.
M. rosaria (BAA89737) 160DRTGSAVSFWPDPDVFETV-DLDFQTIYRRLQEMAFLNRGLTIHLLDERV

"S. pacifica" (CNS143) 160.A........... L
S. tropica (CNB440) 160.A..ceeeeen.. RV L
S. arenicola (CNH643) 160.A........... AV St ettt cec ettt
E. coli K12 (P06982) 160EK..TM.R...SLET.TN.TEFEYEILAK. .R.LS. .N-SGVSIR.RDKR
M. rosaria (BAA89737) 209AEDEDGKQREVTFCYKGGIADFVRHLNASKNPIHKSVVEFGAEEEGMSVE
"S. pacifica" (CNS143) 209D.GD.S.M....... o TP TSt eeeeeennanennnns
S. tropica (CNB440) 209D.GD...M....... Qecvnennnconnne TS eeeeeeeneeennnnnns
S. arenicola (CNH643) 209.A..... Miceosooesosneossoonane 2
E. coli K12 (P06982) 209----...--.DH.H.E...KA..EY..KN.T...PNIFY.ST.KD.IG..
M. rosaria (BAA89737) 253IAMQWNESYGESVYTFANTINTHEGGTHEEGFRAALTGIVNRYG-ADKKL
"S. pacifica" (CNS143) 253...cciereneenncann Neveeooeoonannn Sevenennnns -.E.R.
S. tropica (CNB440) 253 . ittt e Neeceoveoesnoons [ -.E.R.
S. arenicola (CNH643) 253.....ccveeeennncann Necioveoesnooasoonsonncons -T..R.
E. coli K12 (P06982) 253vVAL...DGFQ.NI.C.T.N.PQRD....LA..... M.RTL.A.MDKEGYS
M. rosaria (BAA89737) 303.KGDEKLSGEDIREGLAAIISVKLANPQFEGQTKTKLGNTPVKSFVQRVC
"S. pacifica" (CNS143) 303..S..uueeueeeeeeeenseensesnassnssssnsessssanssnnnnns
S. tropica (CNB440) ]
S. arenicola (CNH643) 303..S...iceeeceencenncanns 1
E. coli K12 (P06982) 303K.AKVSAT.D.A....I.VV...VPD.K.SS...D..VSSE...A.EQQM
M. rosaria (BAA89737) 353NEWLVDWLDRNPAEAKIIITKASQAARARIAAQQARKLARRKSLLESGSM
"S. pacifica" (CNS143) 353...ccuieecncennns Veeeeeooennns Vet eoeeeooneneeennnns
Table 3. Continued
S. tropica (CNB440) 353ccicccccscccnsncs Vieeosososooss Vieeeeeeoeoeeanonnnnns
S. arenicola (CNH643) 353.....ccceeeennns Vieeosososooss Ve eeeoeoeoeeanonnnnns
E. coli K12 (P06982) 353..L.AEY.LE..TD...VVG.IID..... E..RR..EMT...GA.DLAGL
M. rosaria (BAA89737) 403PGKLADCQSTDPRESEVFIVEGDSAGGSAKQGRDPRTQAILPIRGKILNV
"S. pacifica" (CNS143) 403.......c000n.n Clattteennnneeeeeeannnnseassannnnnnns
S. tropica (CNB440) 403. .0t Coecieoneooscconssoosncossosncnssconsone
S. arenicola (CNH643) 403.............. Coecieoneooscconssoosncossosncnssconsone
E. coli K12 (P06982) 403...00.. ER..AL..LYL....cceeeeeenn NRKN..... LK......
M. rosaria (BAA89737) 453EKARIDRVLKNNEVQALITALGTGIH-DDFDIEKLRYHKIVL
"S. pacifica" (CNS143) 453...ccuiiienneeenccnnccnnnnn I,
S. tropica (CNB440) 453 . ciceccessccssccncccccsnes m et teeeee e
S. arenicola (CNH643) 453....cuuiieenecnncenncnnnnns et X

coli K12 (P06982) 453....F.KM.SSQ..AT...... C..GR.EYNPD..... S.II
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Figure 1. Annual mean ocean temperatures (°C) at 1500 m (Stephens et al., 2002)
with sites from which Salinispora strains have been cultivated indicated. 1 = the
Bahamas, 2 = the U.S. Virgin Islands, 3 = the Sea of Cortez, 4 = Guam, 5 = Palau, 6 =
the Red Sea, 7 = the Great Barrier Reef (Kim et al., 2005), 8 = Fiji (data provided by
V. Bernan and R. Raju). S. arenicola has been cultivated from all 8 sites. S. tropica
has only been recovered from site 1 while "S. pacifica" has been recovered from sites

4-8.
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Actinoplanes auranticolor (ABO47491)
7 Catellatospora ferruginea (AF152108)
Micromonospora olivasterospora (X92613)
M. eburnea (AB107231)
M. halophytica (X92601)
M. aurantiaca (X92604)
M. rosaria (X92631)
M. endolithica (AJ560635)
S. tropica (CNB-440) BA 89 (AY 040617)
S. tropica (CNB-476) BA 89
S. tropica (CNB-392) BA 89
S. tropica (CNB-536) BA 89 (AY 040618)
99 S. tropica (CNH-898) BA 00 (AY040622)
S. tropica (CNR-699) BA 03
S. arenicola (CNS-205) PA 04
S. arenicola (CNS-051) PA 04
S. arenicola (CNB-458) BA 89
. arenicola (CNB-527) BA 89
. arenicola (CNR-107) GU 02 (AY464534)
. arenicola (CNH-643) BA 99 (AY040619)
. arenicola (CNH-646) BA 99 (AY 040620)
. arenicola (CNH-877) BA 00
. arenicola (CNH-905) BA 00
S. arenicola (CNQ-817) GU 02
56 S. arenicola (CNR-921) PA 04
S. arenicola (CNQ-748) GU 02
S. arenicola (CNR-425) GU 02 (AY464533)
. arenicola (CNQ-884) GU 02
S. arenicola (CNQ-976) GU 02
S. arenicola (CNR-005) GU 02
S. arenicola (CNR-416) GU 02
S. arenicola (CNR-075) GU 02
. arenicola (CNH-719 RS 00
S. arenicola (CNH-718) RS 00
S. arenicola (CNH-725) RS 00 (AY040621)
S. arenicola (CNH-721) RS 00
S. arenicola (CNH-713) RS 00
L_| S. arenicola (CNP-161) USVI 01
S. arenicola (CNP-173) USVI 01
100 S. arenicola (CNP-188) USVI 01
y. arenicola "A" (CNH-962 )SC 00
S. arenicola "A" (CNH-963) SC 00 (DQ224162)
S. arenicola "A" (CNH-941) SC 01 (DQ224163)
. arenicola "A" (CNH-996) SC 01
S. arenicola "B" (CNP-152) SC 01 (DQ224164)
y. arenicola "B" (CNP-193) SC 01
y. arenicola "B" (CNP-105) SC 00
. arenicola "B" (CNH-964) SC 00 (AY040623)
"S. pacifica" (CNH-732) RS 00 (DQ224165)
"S. pacifica" (CNR-114) GU 02 (DQ224161)
"S. pacifica" (CNQ-768) GU 02
"S. pacifica" (CNS-103) PA 04 (DQ224160)
—' "S. pacifica" (CNS-143) PA 04 (DQ092624)
% L g, pacifica” A (CNS-055) PA 04 (DQ224159)
Blastococcus aggregatus (AJ430193)
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Figure 2. Neighbor-joining phylogenetic tree created from 46 nearly complete (1449 nucleotides)

16S rRNA gene sequences from Salinispora strains cultured from worldwide locations. The three
major Salinispora phylotypes, consisting of the two formally described species S. tropica and S.
arenicola and the proposed species "S. pacifica", are clearly delineated. Type strains representing the
five Micromonospora species most closely related to Salinispora, along with M. halophytic, are
included. Species names are followed by strain number, strain source (BA = Bahamas, RS = Red Sea,
GU = Guam, PA = Palau, VI = Virgin Islands, SC = Sea of Cortez), year of collection (89 = 1989, etc,)
and accession number (for representative sequences). P. propionicus and B. aggregatus were used as

outgroups.
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Pseudoalteromonas haloplanktis (AF007283)
Streptomyces mashuensis (AB072864)
(lmoplanes brasiliensis (AB014125)
Couchloplanes caeruleus (AB014138)
Actinoplanes cyaneus (AB014126)
Mtcromonospora aurantiaca (AB015621)
Micromonospora rosaria (IFO13697)
Micromonospora halophytica (AB014157)
Micromonospora carbonacea (AB014147)

Micromonospora olivasterospora (AB014159)

Micromonospora echinospora (AB014153)
66 Micromonospora purpurea (AB014160)
S. tropica (CNB-536) BA 89 (DQ228692)
S. tropica (CNH-898) BA 00 (DQ228683)
100 | 8. tropica (CNR-699) BA 03
S. tropica (CNB-476) BA 89
S. tropica (CNB-392) BA 89
S. tropica (CNB-440) BA 89 (DQ228684)
100 "S. pacifica" (CNS-143) PA 04 (DQ228693)
"S. pacifica" (CNH-732) RS 00 (DQ228687)
"S. pacifica" (CNS-103) PA 04 (DQ228685)
100 "S. pacifica" (CNQ-768) GU 02
"S. pacifica" (CNR-114) GU 02 (DQ228686)
"S. pacifica" A (CNS-055) PA 04 (DQ228691)
arenicola (CNH-877) BA 00
arenicola (CNP-161) USVI 01
arenicola (CNP-173) USVI 01
arenicola (CNH-905) BA 00
arenicola (CNH-646) BA 99 (DQ228680)
arenicola "A" (CNH-962 )SC 00
arenicola (CNQ-817) GU 02
arenicola (CNS-205) PA 04
arenicola "B" (CNH-964) SC 00 (DQ263620)
. arenicola "B" (CNP-105) SC 00
. arenicola "B" (CNP-193) SC 01
arenicola "B" (CNP-152) SC 01 (DQ228688)
arenicola (CNR-107) GU 02 (DQ228682)
arenicola (CNH-643) BA 99 (DQ228681)
arenicola (CNR-921) PA 04
arenicola (CNQ-748) GU 02
arenicola (CNQ-976) GU 02
. arenicola (CNQ-884) GU 02
arenicola (CNR-425) GU 02 (DQ228679)
arenicola (CNH-721) RS 00
arenicola (CNH-713) RS 00
. arenicola (CNH-718) RS 00
arenicola (CNH-725) RS 00 (DQ228678)
arenicola (CNH-719 RS 00
arenicola (CNR-005) GU 02
arenicola (CNR-075) GU 02
. arenicola (CNR-416) GU 02
. arenicola (CNS-051) PA 04
. arenicola (CNP-188) USVI 01
. arenicola "A" (CNH-963) SC 00 (DQ228690)
. arenicola "A" (CNH-941) SC 01 (DQ228689)
y. arenicola "A" (CNH-996) SC 01
I S. arenicola (CNB-458) BA 89
S. arenicola (CNB-527) BA 89
Dactylosporangium maisuzakiense (AB014104)

100

100 [
100

100
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Figure 3. Neighbor joining phylogenetic tree created from 46 nearly complete (1164 nucleotides) gyrB
gene sequences from Salinispora strains cultured from worldwide locations. Labeling is similar to Fig.

2. P. haloplanktis was used as an outgroup.
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Abstract

Fine-scale phylogenetic analyses of environmental libraries have revealed that
bacterial populations can be delineated as clusters of closely related gene sequences,
the ecological significance of which remain largely unknown (Acinas, et al. 2004).
Here we report an invariant correlation between secondary metabolite production and
phylogenetically distinct but closely related groups of marine actinomycetes belonging
to the genus Salinispora. These patterns were observed on a global scale and indicate
that secondary metabolite production can be a species-specific, phenotypic trait
associated with a widely distributed bacterial population. Correlations between
actinomycete phylotype and chemotype provide an effective, diversity-based approach
to natural product discovery and contradict the conventional wisdom that secondary
metabolite production is strain specific. The structural diversity of the metabolites
observed, coupled with gene probing and phylogenetic analyses, implicate lateral gene
transfer as the source of the biosynthetic pathways responsible for compound
production. Correspondence between pathway acquisition and phylogenetic
divergence, in addition to species-specific compound production, supports the
hypothesis that secondary metabolite production is a previously unrecognized
selective force driving actinomycete diversification. These results provide important
new evidence for the adaptive significance of secondary metabolism and a rare
example in which clearly defined biochemical distinctions have been made among

closely related bacterial populations.
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Introduction

Lateral gene transfer (LGT) is widely recognized to have played an integral
role in the evolution of bacterial genomes (Doolittle, 1999; Ochman et al., 2000). This
mechanism of genetic exchange provides an extremely effective strategy by which
bacteria can rapidly exploit new resources (Ochman et al., 2005) and has been
proposed as the selective force behind the physical clustering of genes within bacterial
genomes (Lawrence, 1997). While it is increasingly clear that most bacterial genomes
include large numbers of acquired genes (Koonin et al., 2001), not all genes are
equally subject to this process. As detailed in the complexity hypothesis (Jain et al.,
1999), LGT is largely restricted to contingency genes, such as those involved with
metabolism or virulence, and is generally not associated with informational genes,
such as RNAs, which are typically members of large, complex systems.

Streptomycetes possess a single linear chromosome (Bently and Parkhill,
2004) consisting of a conserved core flanked by two non-conserved arms (Bently et
al., 2002). The arms of the chromosome contain largely acquired DNA and are the
location of most contingency genes, including those that code for non-essential
functions such as secondary metabolite production (Bently et al., 2002). Evidence that
genes involved with actinomycete secondary metabolism are subject to LGT has been
inferred from incongruent phylogenies (Koonin et al., 2001), the occurrence of
biosynthetic pathways on plasmids (Kinashi et al., 1987), their association with mobile

genetic elements (Omura et al., 2001), and sequence analysis (Egan et al., 2001).
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If the biosynthetic pathways encoding secondary metabolite production move
freely and with little evolutionary affect among actinomycetes, there should be no
species specificity associated with the products of these pathways. This was the
historical paradigm adopted by the pharmaceutical industry in response to the
observation that strains within the same species frequently produce different
secondary metabolites. This paradigm, which was developed using traditional
taxonomic methods, necessitates the screening of large numbers of strains for every
new structural class of molecules discovered, and suffered from the unavoidable
isolation of many redundant compounds. The inefficiency associated with the
frequent re-discovery of known, biologically active secondary metabolites contributed
to the decision by the pharmaceutical industry at large to move away from microbial
natural products drug discovery in favor of alternative (and ultimately less productive)
discovery platforms (Koehn and Carter, 2005), despite the wealth of drug quality
molecules derived using the former approach (Bérdy, 2005).

Modern evolutionary theory predicts that bacterial taxa are natural units of
diversity that can be recognized as clusters of closely related gene sequences (Cohan,
2002). The genetic diversity within these taxa is constrained by periodic selection, a
cohesive force that selectively sweeps within population diversity from all genetic loci
while having no effect on co-occurring ecotypes (Palys et al., 1997). We have been
studying a unique group of marine actinomycetes that conform to the ecotype model
of bacterial diversity. Phylogenetic analyses of these bacteria reveal three distinct but
closely related clades corresponding to the species Salinispora arenicola, S. tropica

(Maldonado et al., 2005; Mincer et al., 2002; 2005), and a third species for which the
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name "S. pacifica" has been proposed (fig. 1). We recently reported the cultivation
from world-wide locations of S. arenicola strains that share 100% 16S rDNA
sequence identity thus providing new evidence for the cosmopolitan distribution of an
individual bacterial species (Jensen and Mafnas, submitted). The co-occurrence of
Salinispora species was used as evidence that diversification within the genus is the
result of ecological differentiation not geographical isolation. What remains unclear,
however, is the ecological basis upon which the three species are differentiated.
Salinispora strains are a prolific source of structurally diverse secondary
metabolites including salinosporamide A (Feling et al., 2003), a potent proteasome
inhibitor that is rapidly advancing towards clinical trials for the treatment of multiple
myeloma. Detailed chemical analyses of 46 Salinispora strains reveal clear metabolic
distinctions among the three species in the form of unprecedented, species-specific
secondary metabolite production. Evidence that the pathways encoding secondary
metabolite production were acquired by LGT suggests that the ability to produce a
specific set of molecules fosters ecological differentiation and that pathway

acquisition is a here-to-for unrecognized force driving actinomycete diversification.

Results

Salinispora species have been cultured from worldwide tropical and sub-
tropical locations (Jensen and Mafnas, submitted) thus providing a unique opportunity
to address the relationships between actinomycete population structure and secondary

metabolite production. Time course LC-MS analyses were performed on 46 strains
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that originated from six global collection sites including multiple representatives of all
phylotypes cultured from each site and collection year. The results of >300 analyses
reveal a high degree of structural diversity (fig. 2) and an unprecedented correlation
between phylotype and secondary metabolite production. To the best of our
knowledge, this is the first evidence that fine-scale phylogenetic analyses can be used
to differentiate among strains that produce different secondary metabolites.

Regardless of the geographical origin of the Salinispora strains, secondary
metabolite production followed a well-defined pattern. Of the three species, S. tropica
has thus far only been cultured from the Bahamas and the six strains examined all
share 100% 16S rDNA sequence identity. These six strains, which were obtained in
culture during three expeditions spanning 14 years, all produced the same two sets of
secondary metabolites (fig. 2). These molecules are represented by the proteasome
inhibitor salinosporamide A (1, Feling et al., 2003), which contains a rare bicyclic
beta-lactone gamma-lactam ring system, and sporolide A (2), an unprecedented,
polyketide-derived macrolide (Buchanan et al., 2005) with unknown biological
activity. No other secondary metabolites were identified from this species.

Unlike S. tropica, S. arenicola has a cosmopolitan distribution in tropical and
subtropical sediments (Jensen and Mafnas, submitted). A total of 30 S. arenicola
strains from six geographically distinct locations were examined and they all produced
compounds in the well-studied rifamycin (3, antibiotic) and staurosporine (4, protein
kinase inhibitor) classes, as well as the new, bicyclic compound salinoketal (5), which
shares some biosynthetic features with rifamycin (3). These three compounds (3-5)

were produced by all 30 of the strains examined and represent the common S.
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arenicola chemotype. Like S. tropica, the S. arenicola strains share 100% 16S rDNA
sequence identity with the exception of phylotypes "A" and "B", both cultured from
the Sea of Cortez, which each differ from all other S. arenicola strains at one of two
nucleotide positions (fig. 1). The secondary metabolites produced by phylotypes "A"
and "B" did not differ from the common S. arenicola chemotype.

In addition to the production of compounds 3-5, four S. arenicola strains
cultured from Guam (CNR-005, CNR-416, CNR-075, and CNQ-884) also produced
the unique polyketide derived 804-macrolide (6). These four strains, all cultured from
different sediment samples, cannot be distinguished phylogenetically based on 16S or
gyrB (data not shown) sequence analysis. A second deviation from the common S.
arenicola secondary metabolite profile was observed in strains CNS-205 (Palau) and
CNR-425 (Guam). These strains produced the cyclic peptide cyclomarin A (7),
previously reported by our laboratory from a marine-derived Streptomyces species
(Renner et al., 1999), in addition to compounds 3-5. Like the 804-macrolide
producing strains, these two strains are phylogenetically indistinguishable within the
S. arenicola clade. Thus, while all S. arenicola strains produced compounds 3-5, we
identified 6 cases in which strains produced one additional secondary metabolite (6 or
7), and none of these strains could be distinguished phylogenetically based on 16S or
gyrB gene sequences.

"S. pacifica" is the third species thus far detected and, although it was not as
frequently encountered or as widely distributed as S. arenicola, it possesses the
greatest phylogenetic diversity (fig. 1). The most commonly encountered "S. pacifica"

phylotype is represented by five strains that share 100% 16S rDNA sequence identity.
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These strains, which were isolated from Guam, Palau, and the Red Sea, all produced
cyanosporoside A (8), a novel cyclopenta[a]indene glycoside with a rare cyano
functionality and a new 3-keto-pyanohexose sugar (Oh et al., in press). Interestingly,
two additional "S. pacifica" phylotypes, each represented by only one strain, have
recently been identified. Both of these strains possessed unique secondary metabolite
profiles with phylotype "A" (strain CNS-055) producing a new polyene macrolide, the
structure of which is currently under investigation, and phylotype "B" (strain CNS-
237) producing a series of unique pyrones characterized by salinispyrone A (9).
Neither of these strains produced cyanosporoside A (8). Although phylotypes "A" and
"B" differ from "S. pacifica" by only 2 and 3 nucleotides, respectively, no overlap has
been detected among the secondary metabolites produced by the three chemotypes.
Efforts are currently underway to obtain additional "S. pacifica" strains in culture to
better understand the relationships between chemotype and phylotype within this
relatively diverse species.

The secondary metabolites isolated to date from Salinispora species have
varied biological activities (table 1). These compounds however have only been tested
in biomedically relevant assays and therefore their activities in nature remain
unknown. The fact that only two of the compounds (3 and §) possess antibiotic
properties suggests that antibiosis may not be a common ecological function of
Salinispora secondary metabolites. Further tests with appropriate microorganisms
would be required however before such a conclusion could be reached.

Based on the analyses performed to date, five unique Salinispora chemotypes

have been identified, one each from S. tropica and S. arenicola, and three from "S.
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pacifica". All five of these chemotypes can be clearly distinguished by 16S rDNA
sequence analysis. In addition, all phylotypes that differ by more than one nucleotide
produced unrelated secondary metabolites. The dramatic structural differences and
lack of overlap in the secondary metabolites produced by the five closely related
Salinispora phylotypes suggests that the biosynthetic pathways responsible for their
production were not inherited vertically from a common Salinispora ancestor. The
observation that three of the compounds (cyclomarin A, 7, rifamycin, 3, and
staurosporine, 4) have been reported from other actinomycete families (Renner et al.,
1999; Floss and Yu, 2005; Omura et al., 1995, respectively) further supports this
suggestion. To investigate the role of LGT in the acquisition of biosynthetic pathways
in Salinispora species, and to determine if the secondary metabolites produced in
culture by one Salinispora species are predictive of the genetic capacity of that
species, we probed all three species for the presence of the rifamycin biosynthetic
pathway, the product of which is consistently observed in S. arenicola. The gene
selected to represent this pathway was AHBA (3-amino 5-hydroxy benzoic acid)
synthase (rifK), which catalyzes the last step in the biosynthesis of AHBA, the unusual
starter unit in the rifamycin (3) mixed PKS/NRPS pathway (Floss and Yu, 2005).
Using rifK-specific primers, seven S. arenicola (rifamycin-producing) strains
all yielded PCR products of the expected size (440 bp) and with a high level of
homology (90% amino acid identity) to the AHBA synthase gene from the rifamycin
producer Amycolatopsis mediterranei (fig. 3). No PCR products were observed from
two S. tropica or two "S. pacifica" (non-rifamycin producing) strains. These results

provide evidence that S. arenicola is the only species that possesses the rifamycin



67

pathway and that the LC-MS results for this compound were indicative of Salinospora
genotype as opposed to phenotypic responses to culture conditions. Phylogenetic
analysis of the S. arenicola AHBA synthase gene reveals a recently shared
evolutionary history with A. mediterranei, a member of the Pseudonocardiaceae, and a
more distant relationship with Micromonospora and Actinoplanes homologues, even
though the later two genera share membership with Salinispora in the
Micromonosporaceae (fig. 4). The high level of sequence homology between the A.
mediterranei and S. arenicola rifK genes suggests that the pathway responsible for

rifamycin biosynthesis has recently moved by LGT between these two species.

Discussion

We previously reported the cultivation from marine sediments of unusual
populations of seawater requiring actinomycetes (Jensen et al., 1991; Mincer et al.,
2002) belonging to the genus Salinispora (Maldonado et al., 2005). Careful analysis
of Salinispora secondary metabolite production reveals an unprecedented species
specificity that was maintained regardless of the geographical site from which the
strains were collected. This unusual observation indicates that a suite of secondary
metabolites can represent a consistent phenotype characterizing a globally distributed
population and contradicts the conventional wisdom that actinomycete secondary
metabolite production is strain specific. These results are also what would be
expected if Salinispora secondary metabolites provide ecological opportunities that

foster ecotype diversification and, ultimately, phylogenetic divergence.
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Although consistent secondary metabolite profiles were observed for the three
Salinispora species, these results must be carefully interpreted in the context of most
currently described actinomtycete taxa, as they include considerably more intra-
specific diversity than the species analyzed here. If similar correlations occur among
other actinomycetes, they would be observed at the infra-specific level following fine-
scale phylogenetic analysis. This level of resolution pushes the limits of 16S sequence
analysis and may in some cases require the analysis of more rapidly evolving protein-
coding genes (Gevers et al., 2005). Despite concerns over the lack of species-level
resolution attainable by 16S gene sequencing (Rossell6-Mora and Amann, 2001), it is
remarkable that the three Salinispora species, which share >99% 16S rDNA sequence
identity, could be readily distinguished once careful corrections were made for PCR
error (Jensen and Mafnas, submitted). The species-level classification of the three
closely related Salinispora phylotypes supports the suggestion by Cohan that many
currently named species are comprised of multiple ecotypes, each with the attributes
of individual species (Cohan, 2002).

It is now widely recognized that bacterial secondary metabolites have
important ecological functions and are not merely artifacts of laboratory culture or
metabolic waste products (Chalis and Hopwood, 2003; Firn and Jones, 2000). It has
not, however, been proposed that these ecological functions may be associated with
ecotype diversification or that they may foster speciation. The remarkable species-
specificity of Salinispora secondary metabolite production, and evidence that the
pathways responsible for their production were acquired by LGT, opens the possibility

that pathway acquisition represent a previously unrecognized evolutionary force
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driving diversification within the actinomycetes. To test this hypothesis, the rate of
1% 16S change per 50x10° years (Ochman et al., 1999) was used to estimate that S.
arenicola shared a common ancestor with S. tropica 11.8x10° years ago (7
substitutions in 1479 nucleotide positions) while S. arenicola and "S. pacifica" shared
a common ancestor 18.6x10° years ago (11 substitutions in 1479 nucleotide positions).
Likewise, it can be calculated that S. arenicola and A. mediterranei shared an ancestral
AHBA synthase gene approximately 19.3x10° years ago, based on the estimate of
0.45% change per 1x10° years (Ochman et al., 1999) and 38 synonymous site
substitutions in 437 nucleotide positions. Although these evolutionary rates are
estimates, they indicate that the acquisition of the rifamycin pathway occurred at
approximately the same time as the initiation of 16S phylogenetic divergence within
the genus Salinispora, thus supporting an association between pathway acquisition and
phylogenetic diversification. While the importance of acquired genes to niche
invasion has been discussed in relation to pathogens (Hacker and Kaper, 2000), this is
the first evidence that the genes involved in secondary metabolism may provide the
ecological basis upon which individual populations are differentiated.

An alternative hypothesis is that the pathways responsible for compound
production were acquired post-speciation or following the initiation of population
diversification. In this scenario, it would not be expected that all strains within a given
species would produce a species-specific set of secondary metabolites unless
expression of the pathways provided a selective advantage that resulted in their
fixation in all populations. Based on the data presented here, the later scenario would

have to be the case if this alternative hypothesis is correct. Thus, if pathway
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acquisition is not initiating speciation it is none-the-less playing a role in interspecies
genomic differentiation. With the exception of minor differences in sole carbon
source utilization (Maldonado et al., 2005), the secondary metabolite profiles of each
species are the single most significant phenotypic traits that can be used for their
differentiation. The genomes S. arenicola and S. tropica (currently being sequenced at
JGI) will provide much new insight into the ecological basis that differentiates these
two species.

The remarkable diversity of secondary metabolites produced by individual
Salinispora species complicates the interpretation of their ecological significance.
Given the absolute consistency with which compounds 3-5 were produced by S.
arenicola, each may have a distinct, ecological function. Alternatively, these
compounds may act synergistically, a well-known phenomenon associated with
actinomycete secondary metabolism (Chalis and Hopewood, 2003). It is of particular
interest that six S. arenicola strains produced compounds (6 or 7) in addition to the
standard chemotype (compounds 3-5). These are the only strains observed that
displayed variation within a chemotype. Given that these strains could not be
differentiated phylogenetically (fig. 1), it is possible that the pathways encoding the
production of these compounds were acquired relatively recently and have not yet
become fixed in the population or, if they foster ecotype differentiation, reflected in
the 16S sequence data. Alternatively, the products of these pathways may not offer
opportunities for niche expansion and therefore, even if they provide a selective
advantage, they may not foster phylogenetic divergence. Finally, it is possible that

these pathways are present in all S. arenicola strains but expressed by only six of 30
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under the fermentation conditions applied. These questions will be addressed using
data from the S. arenicola genome, currently being sequenced at the Joint Genome
Institute.

Adaptive evolution within a bacterial lineage may proceed slowly by the
sequential accumulation of favorable mutations or rapidly by gene or gene pathway
acquisition. The later has clear advantages as a gene or gene pathway that improves
fitness can lead to rapid ecotype differentiation (Ochman et al., 2004; Cohan, 2002)
while an acquisition with neutral or negative effects will be rapidly lost at little or no
cost to the population. The genetic organization of the biosynthetic pathways
encoding actinomycete secondary metabolite production has been studied in detail and
reveals a generally ordered and tight packaging of genes into multi-operon clusters
that include not only structural and regulatory elements but resistance genes that allow
the producing strain to avoid auto-toxicity (eg., Pojet et al., 2002). This genetic
arrangement is facilitated by lateral gene transfer and provides a fitting corollary to the
selfish operon model (Lawrence, 1997). Regardless of the mechanisms by which
genes are acquired (transformation, transduction, or conjugation), the data presented
here provides evidence that the lateral transmission of pathways involved in secondary
metabolite production provides an effective strategy to sample (as opposed to
accumulate, Ochman et al., 2000) genes from a common gene pool, the products of
which may provide opportunities for immediate access to a new ecological niche
(ecotype differentiation) or an effective mechanism to out-compete con-specifics
(selective sweep). This concept compliments previous ideas of “a global gene pool"

(Maiden et al., 1996), expands our understanding of LGT as a driving force in
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bacterial diversification (Ochman et al., 2000; Levin and Bergstrom, 2000), and
provides new evidence for the evolutionary significance of secondary metabolism.

Based on recent actinomycete genome sequences (Bently et al., 2002; Omura
et al., 2001), it is unlikely that the full biosynthetic potential of the three Salinispora
species has been expressed. Nor is it surprising that individual actinomycetes produce
diverse suites of secondary metabolites. What is surprising about the results presented
here is that careful phylogenetic analyses of closely related strains reveal distinct
sequence clusters that can be used as indicators of secondary metabolite production.
These results contradict the traditional (pre-molecular systematics) paradigm of the
antibiotic discovery era in which secondary metabolite profiles were believed to
represent a strain-specific phenotype (Zahner, 1979). Furthermore, these results
invalidate the widely applied stochastic model of microbial drug discovery that
necessitates the screening of large numbers of strains, and in the process the inevitable
isolation of large numbers of redundant compounds, for every new metabolite
discovered.

Further research is required to determine the extent to which secondary
metabolite production is correlated to phylogeny in the actinomycetes. Additional
evidence will also be needed to better understand the potential link between the
acquisition of pathways encoding secondary metabolite biosynthesis and ecotype
diversification. What is clear, however, from analysis of the genus Salinispora is that
phylogenetic diversity can be used as an effective tool to guide secondary metabolite
isolation and, as such, a method to identify strains capable of producing different

suites of secondary metabolites. Although it remains unknown how broadly these
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findings can be applied to other bacteria, it is clear that a diversity-based discovery
strategy, focused on chemically-prolific actinomycetes residing in poorly studied
environments such as marine sediments, will yield a high rate of novel natural product
discovery and present an improved strategy for the discovery of novel microbial

products.

Experimental Procedures

Bacterial strains and genetic analyses. The 46 strains included in this study
were obtained in culture as previously described (Jensen et al., 1991; Mincer et al.,
2002). They consist of 2-9 representatives of each unique 16S rDNA phylotype
observed from six worldwide collection sites (Jensen and Mafnas, submitted) with the
exception of "S. pacifica" phylotypes "A" and "B" for which only a single strain was
examined. Phylogenetic analyses were performed as previously described (Jensen et
al., 2005).

A 440 base pair segment of the AHBA synthase (rifK) gene was PCR
amplified using the forward (MAOIF 5°-3' TTCGAGCGGGAGTTTGCSG) and
reverse (MAOIR 5’-3" CSGTCATCAGCTTGCCGTTC) primers designed based on
previously reported amino acid sequences (Mao et al., 1999). PCR reactions (50 ul)
contained 10-100 ng DNA template, 0.4 uM each MAOIF and MAOIR primer, 200
uM (each) dATP, dCTP, dGTP, and dTTP, 1.25 U AmpliTaq (Applied Biosystems),
5 wl MgCl,, 5 ul 10x PCR buffer, 10% DMSO. The PCR conditions were as follows:

95°C for 12 min followed by 35 cycles of 94°C for 1 min, 59.6°C for 1 min, 72°C for
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1 min, followed by 72°C for 7 min. PCR products were purified and sequenced (using
the MAOI1F and MAOIR primers) as described above. Sequence contigs were
assembled using Sequencher (ver. 4.5, Gene Codes Corp., Ann Arbor, MI) and
phylogenetic analyses performed using PAUP (ver. 4.0b10, Sinauer Assoc.,
Sunderland, MA).

Secondary metabolite screening. For comparison purposes, all 46
Salinispora strains were cultured in identical fermentation conditions. These consisted
of shaking (230 rpm) at 25-27°C in medium 1 (10 g starch, 4 g yeast extract, 2 g
peptone, 5 mL Fe,(SO,)-4H,0 at 8g/L., 5 mL KBr at 20 g/L, 1 liter seawater). Aliquots
(25 ml) of the fermentation broth were removed, extracted three times with 25 mL
EtOAc, the organic layer concentrated to dryness in vaccuo, and the residue re-
suspended at 10 mg/mL in 50% aqueous methanol. Samples were taken every two
days from days 3-21 (for at least one representative of all phylotypes and collection
sites) or from days 7-13 (which proved to be the optimal time range to detect all of the
compounds).

Chemotype analysis. Ten ul of each extract was analyzed by LC-MS
(Agilent 1100) using a linear gradient of 10-80% aqueous acetonitrile over 30 min
(Hypersil ODS, 4.6x100 mm column, flow 0.7 mL/min, UV detection 190-800 nm).
Mass spectra were collected (scanning 100-2000 AMUs) in the positive mode (ESI
voltage 6.0 kV, capillary temperature 200°C, auxiliary and sheath gas pressure 5 units
and 70 psi, respectively). Compounds were identified by comparison of molecular
weights, UV spectra, and retention times with authentic standards or, in the case of the

rifamycins and staurosporines, by comparison with published UV and MS values. The
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limits of accurate LC-MS detection were determined by serial dilution of standards to
be ca. 5-50 pg compound per liter culture, well below the lowest yield at which any of
the compounds were recovered (200 pg/L). Details for compounds 1, 2, and 8, which
are new structures isolated from Salinispora strains, are as previously reported
(Buchanan et al., 2005; Feling et al., 2003; Oh et al., in press; respectively). Details
for compounds 5, 6, and 9, which are also new structures, will be published elsewhere.
Retention times and molecular ions for new Salinispora compounds are as follows:
salinosporamide A (17.0 min, MH" 314, MNa" 336), sporolide A (12 min, MH" 539,
MNa* 561), salinoketal (15.8 min, MNa" 418), cyanosporaside A (10.1 min, MNa*

440), 804-macrolide (19.2 min, MNa* 827), salinispyrone A (19.0 min., MNa* 315).
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Table 1. Secondary metabolites isolated from Salinispora spp. and their biological

activities.
Compound Source Biological activity Molecular target
(1) salinosporamide A | S. tropica anticancer proteasome
(2) sporolide A S. tropica unknown unknown
(3) rifamycin S. arenicola antibiotic RNA polymerase
(4) staurosporine S. arenicola anticancer protein kinase
(5) salinoketal S. arenicola antibiotic unknown
(6) 804-macrolide S. arenicola unknown unknown
(7) cyclomarin A S. arenicola antiinflammatory unknown
(8) cyanosporoside A | "S. pacifica" unknown unknown
(9) salinipyrone A "S. pacifica" B | unknown unknown
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S. tropica (CNB-392) BA 89
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"S. pacifica" (CNH-732) RS 00 (DQ224165)
64 "S. pacifica" (CNR-114) GU 02 (DQ224161)
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. arenicola (CNS-205) PA 04**
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S. arenicola (CNB-458) BA 89
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Figure 1. Neighbor-joining phylogenetic tree created from 46 nearly complete (1449 nucleotides)
Salinispora 16S rRNA gene sequences. The three major Salinispora phylotypes, consisting of the two
formally described species S. tropica and S. arenicola and the proposed species "S. pacifica", are
clearly delineated. Species names are followed by strain number, source (BA = Bahamas, RS = Red
Sea, GU = Guam, PA = Palau, USVI = US Virgin Islands, SC = Sea of Cortez), year of collection (89 =
1989, etc,) and accession number (for representative sequences). * produces 804-macrolide (6), **

produces cyclomarin A (7). P. propionicus and B. aggregatus were used as outgroups.
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Figure 2. Secondary metabolites produced by Salinispora species. Compound names and the
producing species are listed under the structures. Compounds 1, 2,5, 6, 8, and 9 are new secondary
metabolites recently discovered from Salinispora species while compounds 3, 4, and 7 were previously

reported from other actinomycetes (22,23,20, respectively).
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Figure 3. AHBA synthase (rifK) PCR amplification. Presence of the AHBA synthase (rifK) gene in
three Salinispora species was determined using PCR primers specific for a 440 bp region of the gene.
M = 100 bp marker, lanes 1-6 = S. arenicola (strains CNH-643, CNR-562, CNP-161, CNR-107, CNP-
193, CNS-051), lanes 7-8 = S. tropica (strains CNB-440, CNB-476), lanes 8-9 "S. pacifica" (strains

CNH-732, CNQ-768).
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Figure 4. Neighbor-joining cladogram of AHBA synthase gene sequences (based on 264 nucleotides)
obtained from S. arenicola and NCBI BLAST analyses. The S. arenicola (Micromonosporaceae)
sequences clade with A. mediterranei (Pseudonocardiaceae), not with Micromonospora or Actinoplanes

homologues (also Micromonosporaceae
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Summary

The research presented in this thesis adds to the growing body of literature
describing actinomycetes in the marine environment. What is made clear from this
research is that actinomycetes can be readily cultivated from marine samples, however
it is relatively uncommon to find strains that require seawater for growth. It is also
uncommon to find strains that share <97% 16S rRNA gene sequence identity with
strains previously reported from land. Despite the extensive cultivation efforts
discussed in chapter 2, the only marine-derived actinomycete taxon observed to date
that appears to have genus-level status and within which all strains consistently require
seawater for growth is Salinispora (Maldonado et al., 2005). Thus, it appears that a
requirement of seawater for growth is a rare physiological trait among marine
actinomycetes.

It is also noteworthy that the phylogenetically unique marine actinomycetes
observed to date are being described as new genera or, more commonly, new species.
Thus, marine actinomycetes appear to be more closely related to their terrestrial
relatives than some common marine bacterioplankton, which have been distinguished
at the Family level, eg., the SARI11 clade. This observation implies that, among
bacteria, actinomycetes were either introduced into the sea relatively recently or they
are relatively successful at transitioning the land-sea barrier and thus not restricted to
either environment for periods of time sufficient for differentiation into higher-level

taxa. This later concept would imply that any combination of effective dispersal, lack
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of geographical isolation, and rapid adaptation and genomic evolution has reduced the
level of diversification that can result from the selective pressures associated with life
in the marine environment.

Supporting the rapid and widespread dispersal of actinomycetes in the marine
environment is the recovery of clonal (16S rDNA) populations of S. arenicola from
global collecting sites. As mentioned in chapter 3, I believe this is the first report of
its kind for any bacterium and provides clear evidence that some bacterial species
exhibit a cosmopolitanism distribution in the marine environment. This finding has
important implications for studies of microbial diversity as it implies that sampling
from distant but environmentally similar locations will not necessarily increase the
likelihood of recovering new species. The key to discovering new diversity will be to
explore new ecological niches, regardless of geographical location, and to develop
new cultivation techniques in an effort to recover new ecotypes. This concept is
equally applicable to the discovery of secondary metabolites as, if the pattern observed
for Salinispora holds true for other actinomycetes, new ecotypes will yield new suites
of secondary metabolites, while similar ecotypes, regardless of where they were
recovered, will produce the same metabolites. This finding has profound implications
for natural product discovery as it largely eliminates the need to study
phylogenetically redundant strains thus streamlining the screening process. Fine-scale
phylogenetic analyses could instead be used to identify new phylotypes and
representatives of these groups selected for detailed natural product study. Although
not widely disseminated, there is evidence that this paradigm applies to fungal

secondary metabolite production (Larsen et al., 2005).



89

Streptomycetes devote a significant portion of their genome to secondary
metabolite production. Of the two genomes that have been sequenced to date (Bentley
et al., 2002; Omura et al., 2001), this proportion ranges from 5-6%. Clearly, this
volume of genetic material, and the structural architecture of the biosynthetic
pathways that encode secondary metabolite production, is the result of long and
complex evolutionary processes. But are the products of these pathways of sufficient
ecological significance to foster ecotype differentiation and ultimately speciation?
Chapter 4 directly addresses this question and, once again in the case of Salinispora,
all evidence supports a role for secondary metabolism in speciation. Since most
bacteria do not produce secondary metabolites, this observation may be restricted to
the actinomycetes. In fact, it may be restricted to only a few actinomycete genera as
only a small handful account for more than 90% of the metabolites discovered to date

(Berdy, 2005).

Future Directions

Clearly a great deal of research remains to be performed before we will begin
to have a clear understanding of the diversity and ecology of actinomycetes in the sea.
In some ways, it is fortunate that these bacteria have important industrial
applications, as this may help drive basic research forward, as well as lead to new,
useful products, that hopefully include medicines to treat recalcitrant diseases such as
cancer and antibiotic resistant infectious disease. Hopefully future research on marine

bacteria will include careful studies of actinomycetes in the sea so that we can begin to
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learn how they participate in the microbiological processes that are fundamental to all
marine ecosystems.

It is clear that some of the highest priority research that remains to be
performed includes an assessment of actinomycete abundance and diversity in
seawater. One place to start would be with an analysis of the Sargasso Sea dataset, as
Actinobacteria are a clear component of the communities sampled, yet how many of
these are actinomycetes and what types of actinomycetes they represent has not been
determined. A second priority is to look at samples collected further from shore.
Ocean sediments cover 70% of the planet's surface yet only a small handful of deep-
sea sediments have been analyzed for actinomycete diversity. Certainly, if additional,
indigenous marine actinomycetes exist, they will be found in these environments.

It is of particular interest that few marine-derived actinomycetes appear to
require seawater for growth. Given that Salinispora has this requirement, it should be
possible to address the genetic basis of actinomycete sodium dependency and compare
this to other types of marine bacteria. One priority will be to determine if marine
actinomycetes possess a sodium-dependant quinone reductase as has been reported in
Gram-negative marine bacteria (Hayashi et al., 2001). It should also be possible to
screen for actinomycetes that possess alternative sodium dependent genes, once these
are defined, and use this information as a rapid method to select for marine-adapted
strains. A high priority of the Salinispora genome analyses will be to identify marine
adaptation genes and develop probes for their rapid identification in both samples and

strains. We have observed that seawater requirements can be a transient phenotype in
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some marine-derived actinomycetes so the molecular basis behind this transition must
also be deciphered.

No discussion of actinomycete secondary metabolites would be complete
without raising the question of their ecological significance. Although I have
proposed that selection acts on strains producing specific suites of secondary
metabolites, I have offered no suggestions as to what ecological roles these
compounds may play in the natural environment. Assuming that they are expressed in
nature (it is unlikely that such complex genetic machinery would be maintained
without expression), the most obvious suggestion is that these molecules are used as
agents of chemical warfare. The fact that some of the compounds produced by
Salinispora strains are potent antibiotics supports this suggestion. However, the in
situ effects of these compounds are undoubtedly much more complex than simple
direct cell killing, and it will take considerable experimentation for their effects to be
deciphered. For example, actinomycete secondary metabolites may inhibit bacterial
quorum sensing or render sediments unpalatable to eukaryotic mesograzers. These
types of effects could provide significant selective advantage but remain undetected
when testing for standard, biomedically oriented biological activity. It will be
important to develop new bioassays that can be used to explore the ecological roles of
these compounds in marine sediments.

Finally, it will be of great interest to determine if the correlations observed
between Salinispora chemotype and phylotype are maintained in other actinomycete
taxa. Salinispora has proven to be a model organism with which to address these

types of questions, however the evolutionary significance of secondary metabolism
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will not be fully appreciated until this model is tested more broadly. This will require
the cultivation of large numbers of strains followed by careful phylogenetic and
secondary metabolite analyses. The results of these studies may help support recent
suggestions that bacterial species, as currently described, more appropriately represent
composites of ecologically distinct phylotypes, each with the characteristics of
individual species (Cohan, 2002). Thus, the search for new medicines from marine
actinomycetes may ultimately add important new information about the diversity of

bacteria in the sea and how individual species are distinguished.
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Actinomycetes were isolated from near-shore marine sediments collected at 15 island locations throughout
the Bahamas. A total of 289 actinomycete colonies were observed, and all but 6 could be assigned to the
suprageneric groups actinoplanetes and streptomycetes. A bimodal distribution in the actinomycete population
in relation to depth was recorded, with the maximum numbers occurring in the shallow and deep sampling
sites. This distribution can be accounted for by a rapid decrease in streptomycetes and an increase in
actinoplanetes with increasing depth and does not conform to the theory that actinomycetes isolated from
marine sources are of terrestrial origin. Sixty-three of the isolated actinomycetes were tested for the effects of
seawater on growth. Streptomycete growth in nonsaline media was reduced by 39% compared with that in
seawater. The actinoplanetes had a near obligate requirement of seawater for growth, and this is presented as

evidence that actinomycetes can be physiologically active in the marine envir t. Probl enc

tered

with the enumeration of actinomycetes in marine sediments are also discussed.

It is well documented that actinomycetes can be isolated
from marine sediments (see review by Goodfellow and
Haynes [4] and, more recently, references 1, 14, 15, and 23),
including samples from the deep sea (19). In addition, the
descriptions of Rhodococcus marinonascens (8), along with
other marine species (6), show that certain actinomycetes
are indigenous to the marine environment. However, be-
cause actinomycetes are more abundant in terrestrial soils
relative to marine sediments (5), show varying degrees of
salt tolerance (9, 12, 13, 18), and produce spores that are
undoubtedly washed in large numbers from shore into the
sea, it remains unclear what component of the actino-
mycetes isolated from marine sources represents an autoch-
thonous marine microflora (4, 6, 13).

In addition to uncertainties about the origin of actino-
mycetes in marine habitats, it is not known to what extent
these bacteria represent a physiologically active component
of the marine microbial community. It has been shown that
actinomycetes can grow in a seawater-based medium (22)
and at increased hydrostatic pressures (7) and that increased
numbers of Micromonospora occur with increasing depth in
deep-sea sediments (21, 23). Yet, due to the overall obser-
vation that actinomycetes decrease in number as distances
from shore increase (19-21), and a lack of experimental
evidence describing the distribution and metabolic activity
of these bacteria in marine habitats, it has been concluded
that, unless exceptional conditions occur, actinomycetes
isolated from marine sources arise from spores or resting
propagules (4, 5).

We report here the occurrence of actinomycetes in near-
shore tropical marine sediments collected throughout the
Bahamas. The observed actinomycetes were grouped taxo-
nomically, and their distributions and the effects of seawater
on biomass production were determined for the dominant
taxonomic groups. Based on these results, conclusions are
made regarding the ability of actinomycetes to grow in the
marine environment.

* Corresponding author.

MATERIALS AND METHODS

Collection of samples. Marine sediments were collected
from 15 island locations throughout the Bahamas as part of a
research expedition aboard the R/V Columbus Iselin (Uni-
versity of Miami) in June 1989. The locations sampled
included the islands of Chub Cay (sites 1 to 5), Grand
Bahama (site 6), Abaco (site 7 to 9), San Salvador (sites 10
and 15), Aklins (sites 11 to 13), and Hogsty Reef (site 14).
These locations included diverse environments ranging from
an oceanic atoll (Hogsty Reef), ca. 65 km from the nearest
island, with only a sand spit and scrub vegetation above the
high-water line, to areas highly influenced by terrestrial
runoff, e.g., mangrove habitats.

At each of the 15 locations, divers collected five sediment
samples (total, 75 samples), one from each of the depths 0 to
1,1t03,3to6, 6to 15, and 15 to 33 m, by starting near shore
and heading seaward. The habitats encountered at each
sampling depth varied and were categorized as sand, man-
grove, seagrass, hard bottom, or reef. Sediments were
collected in sterile 50-ml tubes and kept refrigerated until
shipboard processing later that day.

Sample processing. Sediment samples were vigorously
shaken by hand to ensure uniformity and then allowed to
settle for ca. 10 min. The overlying water was decanted and
used for the determination of pH and salinity. Sediment
organic content was determined by drying triplicate subsam-
ples of each sediment (1 to 9 g, dry weight) to a constant
weight at 90°C, ashing at 450°C for 2 h, and reweighing. The
organic contents were determined as the average difference
between dry and ash weights for the triplicate subsamples.

Serial dilutions of the 75 sediment samples were made by
aseptically removing 1.0 ml of wet sediment and adding it to
4.0 ml of sterilized filtered seawater (dilution, 2 x 107"),
mixing, and further diluting 1:10 with sterilized filtered
seawater (dilutions, 2 x 10~2 through 2 x 10™%). The dilution
procedure was repeated in triplicate for each sample, result-
ing in a total of 225 serial dilutions. Sediment dry weight per
milliliter was determined for each sample as the average
weight of two additional (2 X 10™") dilutions prepared with
deionized water and oven dried at 90°C for 48 h.

The diluted sediments were inoculated onto two types of
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nutrient agar. Medium 1 (M1; 0.25% starch, 0.1% peptone,
0.05% vyeast extract, 0.01% glycerophosphate [disodium
pentahydrate], 1.6% agar, 75% filtered seawater, 25% deion-
ized water) was selected as a general medium for the
enumeration of heterotrophic bacteria. Medium 2 (M2; 1.0%
starch, 0.1% casein, 0.01% trace element mix [Marineland
Aquarium Products], 1.6% agar, 75% filtered seawater, 25%
deionized water) was chosen for the isolation of actino-
mycetes (6). All media contained 75 pg of filter-sterilized
cycloheximide per ml, added aseptically after the media had
been autoclaved and cooled, to reduce fungal contamination.

Plates of M1 and M2 were inoculated with 50 pl of
dilutions 2 x 1072 through 2 % 107%, and the samples were
spread with a sterilized bent glass rod and plate spinner. The
2 x 1072 and 2 x 107° dilutions were then heated to reduce
the number of unicellular bacteria in favor of actinomycetes
(2) by submersion in a water bath at 50°C for 60 min, and 50
wl of these heat-treated samples was inoculated onto M1
(M1+H).

Bacterial and actinomycete enumeration. Colonies of uni-
cellular bacteria were counted on M1 plates after 14 and 21
days of room temperature (20 to 24°C) incubation. The
average colony count at each dilution was calculated with
plates with 20 to 250 colonies. CFU per milliliter of wet
sediment were calculated for each sample, using the highest
dilution that yielded an average of >20 colonies. CFU per
gram (dry weight) were calculated based on the dry weight
per milliliter of wet sediment.

Actinomycetes were recognized by their characteristic
tough, leathery colonies, branched vegetative mycelia, and,
when present, aerial mycelia and spore formation. Due to
these criteria, only actinomycetes with well-developed and
branched hyphae were included in this study. Actinomycete
colonies were counted on M1, M2, and M1+H plates after
21, 30, and 45 days of room temperature incubation, and
information about colony morphology, including the pres-
ence or absence of aerial mycelia, was recorded.

Due to problems associated with the use of serial dilution
and plating techniques for the enumeration of actinomycetes
(21; this report), only actinomycete colonies on the 2 X 1072
dilution plates were counted. Because of the low numbers of
actinomycetes observed, counts from the triplicate plates
were summed. Total actinomycete colonies were calculated
for each depth as the individual and collective sums (15
collecting sites) for the M1, M2, and M1+H plates. Actino-
mycetes were not quantified per unit sediment, and colony
counts are of value in a relative sense for the comparison of
depth distributions, treatments, etc.

Actinomycete isol and t ic e jon. Actino-
mycetes representing all colony morphologies observed
from each sample were isolated by repeated transfer on
medium M3 (1.0% starch, 0.4% yeast extract, 0.2% peptone,
1.6% agar, 75% filtered seawater, 25% deionized water) until
pure strains were obtained as judged by colony morphology.
All isolated strains were grown at room temperature in 10 ml
of M3 without agar, observed microscopically for the pres-
ence of mycelial fragmentation, and frozen with 10% glyc-
erol as a cryoprotectant.

All isolated actinomycetes with aerial mycelia, and repre-
sentatives of all morphologies with only vegetative mycelia,
were analyzed chromatographically for isomeric diaminopi-
melic acid configurations and for whole-cell sugar composi-
tion as described by Schaal (16) with the following modifi-
cations: isolates were grown in 4.0% yeast extract—4.0%
glucose-75% filtered seawater—25% deionized water, and the
cells were hydrolyzed by autoclaving in 1 ml of 6 N HCI at
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121°C for 15 min. Chromatographies were performed by
using glass-backed cellulose-coated thin-layer chromatogra-
phy plates (Merck 5716-7). Based on isolate morphology and
diaminopimelic acid and whole-cell sugar analyses, all but a
few strains could be grouped supragenerically as described
by Goodfellow (3) and Lechavalier (10). Taxonomic infor-
mation from the representative isolates was extrapolated to
the total actinomycete population observed on the 2 x 1072
plates.

Effects of seawater on actinomycete growth. Representa-
tives of the dominant suprageneric groups were grown in
medium M4 (1% starch, 0.4% yeast extract, 0.2% peptone,
100% filtered seawater) and M4 substituted with deionized
water to determine the effects of seawater on growth as
determined by biomass production. Starter cultures were
generated by inoculating 1.0 ml of frozen culture (M3 plus
10% glycerol) into 10 ml of M3. These cultures were shaken
at 150 rpm and room temperature until adequate growth was
obtained (3 to 10 days), at which time 5.5 ml was dispensed
into 100 ml of both M4 and M4 substituted with deionized
water. Because starter cultures were grown in a seawater-
based medium (M3), the final concentration of seawater in
100 ml of M4 substituted with deionized water was approx-
imately 4%; therefore, these cultures were provided with
trace quantities of salts and minerals.

All 100-ml cultures were shaken at 230 rpm and room
temperature for 8 days, after which the entire volumes were
filtered onto 47-mm type A/E glass fiber filters (Gelman
Sciences), freeze-dried, and weighed. The average dry
weights of triplicate 100-ml volumes of uninoculated M4 and
M4 substituted with deionized water were calculated and
subtracted as medium controls.

RESULTS

A total of 289 actinomycete colonies were observed from
the 75 sediment samples collected. From these, 35 colonies
with aerial mycelia and 64 colonies with only substrate
mycelia were isolated as morphological representatives. All
35 isolates with aerial mycelia and 18 of 64 isolates with only
substrate mycelia, including representatives of all morphol-
ogies observed, were examined chemotaxonomically. The
combined morphological and chemotaxonomic evaluations
of the representative isolates were extrapolated to the entire
observed population. From this, it was determined that 91 of
the 289 observed colonies had both aerial and substrate
mycelia, did not fragment when grown in liquid culture,
possessed predominantly the LL isomer of diaminopimelic
acid, and had no diagnostic whole-cell sugar pattern. Based
on these results, 91 of the total observed actinomycetes were
assigned to the suprageneric group streptomycetes or the
genus Kitasatosporia (10). For the purpose of this study, all
91 of these actinomycetes will be considered to belong to the
streptomycete group, within which there are five genera,
including the genus Streptomyces (3).

Of the remaining 198 observed actinomycetes, 192 lacked
aerial mycelia, possessed predominantly the meso isomer of
diaminopimelic acid, and had xylose and arabinose as diag-
nostic whole-cell sugars. These bacteria commonly dis-
played orange to red-brown mycelia and, when present,
spores that blackened the surface of the colonies. Based on
these results, 192 of the observed actinomycetes belong to
the suprageneric group actinoplanetes (3). There are six
genera within this suprageneric group and, based on mor-
phological characteristics, most of the observed strains
appear to belong to the genus Micromonospora. In total,
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FIG. 1. Distribution versus depth for streptomycetes and actino-
planetes calculated as the total number of colonies observed from 15
locations (2 X 102 dilution).

97% of the observed actinomycete population could be
grouped supragenerically within the streptomycetes or acti-
noplanetes. Of the remaining six colonies, one was placed in
the suprageneric group nocardioforms, two could not be
grouped, and three could not be grown in sufficient quanti-
ties for chemotaxonomic evaluation.

The highest numbers of actinomycetes were observed
from the 0- to 1- and the 15- to 33-m sampling sites (Fig. 1).
This bimodal maxima in the actinomycete population can be
accounted for by the taxon-specific distributions of the
suprageneric groups. The number of streptomycetes de-
creased rapidly with increasing water depth, with 86% being
recovered from 0 to 1 m and 12% from 1 to 3 m. In all, 98%
of the streptomycetes observed were from water =3 m deep.
Conversely, the number of actinoplanetes increased with
increasing water depth, with 41% of the 192 observed
colonies coming from the deepest sampling site (15 to 33 m).
However, unlike the streptomycetes, the actinoplanetes
were more evenly distributed throughout the sampling
zones, with 12, 11, 18, and 18% of the total isolates coming
from0to1,1to0 3, 3to 6, and 6 to 15 m, respectively.

The large number of actinomycetes observed from the
deep sediments can, for the most part, be accounted for by
the high number of actinoplanetes obtained from the heat-
treated samples (Fig. 2). If heat treatment as a selective
isolation method had not been used, the extent of the
deep-water actinomycete population would not have been
recognized. Both the heat-treated and non-heat-treated sam-
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FIG. 2. Distribution versus depth for streptomycetes and actino-
planetes calculated as the total number of colonies observed from 15
locations (2 x 102 dilution) for M1, M2, and M1+H.

ples resulted in approximately equal numbers of strepto-
mycete colonies, with the numbers of these bacteria decreas-
ing rapidly in all cases with increasing depth.

Actinomycetes were observed and isolated from each of
the 15 sampling locations (Table 1) including site 14, an
oceanic atoll far removed from terrestrial influences, from
which all of the actinomycetes observed belonged to the
actinoplanetes group. Of the five types of habitats sampled,
none proved to be a rich source of actinomycetes, and the
numbers observed from any one habitat were variable.

The salinity, pH, and percent organic content of the
sediments became less variable as depth increased (Table 2);
however, these parameters appeared to have little effect on
the number of actinomycetes observed. High numbers of
bacteria were recorded from organic rich sediments, yet
there was no correlation between percent organic content
and number of actinomycetes or in the ratio of actino-
mycetes to bacteria as a function of depth as reported by
Weyland (21).

Standard serial dilution and plating techniques were used
in this study for the purpose of isolating and quantifying
actinomycetes. However, the actinomycete counts were not
a quantitative function of dilution as would be expected
when using these techniques. A similar observation was
reported by Weyland (21) for actinomycetes isolated from
deep-sea sediments. Of the 225 serial dilutions plated, the
incidence of a more dilute sample within one dilution series

96



VoL. 57, 1991

ACTINOMYCETES IN MARINE SEDIMENTS

TABLE 1. CFU of unicellular bacteria (10%) reported per gram (dry weight) of sediment and actinomycetes reported as the sum of all
colonies observed (M1, M2, M1+H, 2 x 1072 dilution)*

Depth
Site 0-1m 1-3m 36 m 6-15m 15-33m
Habitat Bacteria r:;;':l:; Habitat Bacteria ﬁ:g:[oe; Habitat Bacteria n‘?;;'::;; Habitat Bacteria ::;é':lg; Habitat Bacteria r':;é‘;l

1 MG 455.7 1 SG 179.9 0 SG 243.9 1 RF 19.8 1 RF 184.1 2
2 MG 560.2 28 SG 23.2 2 HB 60.3 4 RF 14.9 3 RF 70.6 1
3 SD 31 34 SG 30.0 0 RF 344 4 SD 33.7 3 RF 125.4 1
4 SD 3.3 4 HB 64.3 8 HB 34.3 3 SG 19.3 5 SD 45.8 1
5 MG 403.7 0 HB 886.7 5 HB 281.3 0 SG 6.1 0 RF 203.9 0
6 MG 194.7 0 RF 181.5 1 RF 70.9 1 RF 89.3 2 RF 101.2 6
7 MG 192.5 18 HB 190.8 2 HB 127.9 9 RF 589.3 15 RF 163.2 11
8 MG 547.4 2 HB 79.1 5 HB 65.2 3 RF 141.1 0 RF 91.6 3
9 SD 74.4 7 HB 20.0 1 HB 194.3 2 HB 75.8 1 SD 44.9 8
10 SD 41.7 5 SD 54.3 1 SD 34.9 0 SD 32.2 1 RF 25.2 5
11 SD 1.1 0 SD 40.4 6 HB 95.0 0 RF 23.1 0 RF 50.1 24
12 SD 0.5 0 SD 2.2 1 SD 67.3 7 RF 80.3 0 RF 68.8 0
13 SD 3.2 0 SD 11.6 6 SG 1.8 2 RF 5.7 2 RF 32.2 1
14 SD 1.7 1 HB 12.2 0 RF 7.2 0 RF 142.6 0 RF 125.6 7
15 SD 0.6 2 HB 79.7 [1] SD 57.8 0 RF 113.3 0 RF 65.6 8

“ Habitats were categorized as mangrove (MG). sand (SD), seagrass (SG).

yielding an equal or greater number of actinomycetes than a
less dilute sample in that same series was high. For the
purpose of this report, we have called this observation a
nonquantitative dilution. There were 14 nonquantitative
dilutions on M1 of 27 serial dilutions that yielded actino-
mycetes; for M2, 17 of 39 actinomycete-yielding serial
dilutions were nonquantitative, and for M1 following heat
treatment, 49 of 129 were nonquantitative.

Nongquantitative dilutions were not observed for unicellu-
lar bacteria or streptomycetes. They were only observed for
the actinoplanetes, occurring on both media and for the
heat-treated samples, and usually on plates with few total
bacteria. For example, a sample diluted to 2 x 107* and
plated would yield 20 colonies of unicellular bacteria and one
actinoplanete. This same sample further diluted to 2 x 10™*
would yield two unicellular bacteria and four actinoplanetes.
In many cases, the apparent inhibition of the actinoplanetes
on the plates inoculated with the more concentrated samples
was not caused by the overgrowth of unicellular bacteria,
which were few in number and formed well-isolated, indi-
vidual colonies.

Because of unexplained irregularities in the serially diluted
actinoplanete colony counts and the low numbers of total
actinomycetes observed, actinomycetes were counted only
at the 2 x 1072 dilution and were not quantified per unit
sediment. Of the three isolation methods used, M1 following
heat treatment produced a total of 185 actinomycete colo-
nies, with an average of 2.2 colonies on 85 plates. Medium 2
produced a total of 69 actinomycete colonies, with an

TABLE 2. Range and mean (x) values for salinity. pH, and
sediment organic content

Depth Salinity Organic content

(m) (%) pH )

0-1 3646 388 7.483 79 0.3-5.9 25

1-3 3639 374 7581 19 1.6-5.9 28

36 3638 371 7881 79 1.4-5.2 2.4

615 3638 365 7782 79 1.6-2.4 23
1533 3637 364 7780 719 1.6-2.4 21

. hard bottom (HB). or reef (RF).

average of 2.5 colonies on 28 plates; and M1 yielded 35
colonies, with an average of 2.5 colonies on 14 plates.

The effect of seawater on biomass production was deter-
mined for 32 of the streptomycete isolates and 31 of the
actinoplanetes. Of the streptomycetes tested, biomass pro-
duction in all but five of the isolates was reduced when
streptomycetes were grown in deionized water (Fig. 3). The
average decrease in biomass for the 32 isolates was 39%. The
actinoplanetes (with the exception of isolate 394) grew
poorly or not at all in deionized water (Fig. 4), producing on
average 92% more biomass when grown in seawater. The
dry weights recorded for the actinoplanetes grown in deion-
ized water can, for the most part, be accounted for by the
biomass of the initial inoculum.

DISCUSSION

The isolation of actinomycetes from marine sediments is
well documented, yet it remains unclear what component of
these bacteria represents an indigenous marine microflora.
This question persists, in part, because there is little pub-
lished information describing the distribution, growth, and
ecological role of actinomycetes in marine habitats. In
addition, because actinomycetes represent a small compo-
nent of the total bacterial population in marine sediments (4,
5), their role in the marine environment is difficult to assess.

It has been proposed that most actinomycetes isolated
from marine sources are of terrestrial origin and reside in the
sea as spores or resting propagules (4, 5). Goodfellow and
Haynes (4) support this proposition by showing that actino-
mycetes isolated from North Atlantic sediments, including
streptomycetes, and Micromonospora and Rhodococcus
species show no specific seawater requirements, growing
equally well on media prepared with either distilled water or
seawater. In addition, because actinomycetes are common
soil bacteria, produce resistant spores, and are known to be
salt tolerant (9, 12, 13, 18), it is likely that they are washed in
large numbers from shore into the sea, where some portions
remain viable. This concept is supported by the observations
that actinomycetes are less common in marine sediments
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FIG. 3. Dry weight biomass for streptomycetes grown in a seawater-based medium (SW) and the same medium substituted with deionized

water (DIW).

relative to terrestrial soils (5) and that they are encountered
less frequently as distances from shore increase (19-21).
Contrary to these results, it has been shown by Weyland
(22) that nocardioform actinomycetes isolated from marine
sediments possess features of bacteria indigenous to the sea
and that, with respect to seawater tolerance, Rhodococcus
species behave like typical marine bacteria (23). We believe
that various taxonomic groups of actinomycetes, when iso-
lated from marine sources, differ in their degree of adapta-
tion to the marine environment, and we conclude, based on
the results presented here, that certain actinomycetes found
in near-shore tropical marine sediments are well-adapted and
functional members of the marine microbial community.

Nearly all of the actinomycetes observed in this study
could be assigned to the suprageneric groups streptomycetes
and actinoplanetes. The streptomycetes decreased in num-
ber with increasing distance from shore and were not ob-
served from site 14, the area farthest removed from terres-
trial influence. Although the streptomycetes were capable of
growth in the absence of seawater, better growth was
observed in media containing seawater. This is in agreement
with the results of Weyland (22) for streptomycetes isolated
from deep-sea sediments.

Based on the streptomycete distribution and their ability
to grow in seawater, we speculate that these bacteria are
mainly of terrestrial origin but under appropriate conditions

ACTINOPLANETES: SW vs DIW
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FIG. 4. Dry weight biomass for actinoplanetes grown in a seawater-based medium (SW) and the same medium substituted with deionized

water (DIW),
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can grow in the marine environment. This conclusion is
supported by the finding that terrestrial streptomycetes can
adapt to salt-supplemented media by stepwise exposure to
increasing concentrations of sodium chloride (13). It is
curious, however, that the streptomycete distribution was
limited to a narrow range of sediments collected between 0
and 3 m. Although variable spore precipitation rates have
been reported for actinomycetes (11), it is difficult to explain
this distribution by the limits of dispersal alone. It is likely,
considering that streptomycetes grow well in seawater, that
other as yet unknown factors affect the occurrence of these
actinomycetes in marine sediments.

The actinoplanetes were found in highest numbers in the
deepest sediments sampled. This distribution is difficult to
explain if these bacteria are of terrestrial origin. The actino-
planetes were most commonly observed from the heat-
treated samples, and based on morphology, most of these
appear to belong to the genus Micromonospora. This genus
is more heat resistant than other actinomycetes (2, 17), and
higher numbers of Micromonospora in deeper water are
consistent with the results of Weyland (21) and Weyland and
Helmke (23) for sediments collected between 0 to 200 and
>2,000 m.

The finding that the actinoplanetes grow poorly or not at
all in the absence of seawater suggests that these bacteria are
adapted to the marine environment, an accomplishment that
would be difficult to achieve without metabolic activity. This
near obligate requirement of seawater for growth contradicts
the results of Weyland (22), who reported that Micromono-
spora from deep-sea sediments grew better in the absence of
seawater than in 100% seawater. Based on a comparison of
these results, it appears that actinoplanetes isolated from
near-shore tropical habitats are better adapted to grow in the
marine environment than strains isolated from deep-sea
sediments.

It should be emphasized that the actinomycetes reported
in this study represent only a portion of the total population.
Because all isolation methods are selective for certain
groups of bacteria, and because of the criteria used for the
recognition of actinomycete colonies, certain marine genera
that produce fragmenting mycelia, e.g., Rhodococcus mari-
nonascens (8), along with other nocardioform actino-
mycetes, may have been excluded. Certainly if members of
the suprageneric group actinobacteria (3), e.g., Micrococ-
cus, Arthrobacter, etc., were present in the marine environ-
ments sampled, they were not included in this study.

Another potential cause for the underestimation of actino-
mycetes is that spores may have been suspended during the
sediment mixing process. If these spores did not settle within
the 10 min allocated, they would have been discarded with
the supernatant. Conversely, because samples were plated
on two media prior to heat treatment and again on one
medium following heat treatment, actinomycetes able to
grow under all of these conditions would be better repre-
sented than those that could not. Although all of these
factors may have influenced the results to some extent, it is
emphasized that the numbers reported here are not an
attempt to define the total actinomycete population but
rather to show how the distributions of certain subgroups of
this population change with increasing depth as observed by
using consistent methodologies for all samples.

A number of problems regarding the enumeration of
actinomycetes were encountered during the course of this
study. The first such problem is caused by the relatively low
numbers and slow growth of actinomycetes in relation to
many common unicellular bacteria (2). Neither of the meth-

ACTINOMYCETES IN MARINE SEDIMENTS

ods used for the isolation of actinomycetes in this study
yielded sufficient numbers of colonies for the extrapolation
of plate counts to CFU per unit sediment. Of the methods
used, mild heat treatment of samples prior to plating was
best for the growth of actinomycetes and was especially
effective for the actinoplanetes, while having no obvious
effect on the streptomycete population.

An additional problem was that the actinoplanete counts
were not quantitatively correlated when serial dilution and
plating techniques were used. In our experience, we com-
monly observe that actinomycetes appear to be inhibited
from forming colonies on plates that are crowded with
unicellular bacteria. However, the nonquantitative dilution
as reported here often occurred on plates with few total
bacteria and was not necessarily due to overgrowth of the
agar surface by unicellular bacteria, but rather some other
mechanism that remains to be determined.

The implications of the nonquantitative dilution can be
considered in terms of the concept that actinomycetes rep-
resent only a small fraction of the bacterial population in
marine sediments (5). In the most dilute samples, where the
inverted dilution was often observed, the actinomycete
numbers, although low, approached or in some cases ex-
ceeded the numbers of unicellular bacteria. From this, it can
be speculated that the actinomycete population is greater
than that predicted based on the use of standard colony
counting methods and that their numbers have been under-
estimated because colony development is inhibited on plates
used for the enumeration of unicellular bacteria. Evidence
has not been presented to support this conclusion, and it
remains possible that other factors are involved. For exam-
ple, fragmentation of actinomycete hyphae during vortex
mixing could result in multiple colonies arising from what
would have been a single colony. This theory may have
some validity as we only observed the nonquantitative
dilution for the actinoplanetes, and it has been shown that
Micromonospora strains are present in soils and lake mud as
a mixture of spores and mycelia, while streptomycetes are
largely spores (17).

It is clear that questions concerning the true numbers of
actinomycetes in marine sediments and the best methods for
their quantification remain unanswered. Based on the prob-
lems reported in this study and elsewhere in the literature,
we caution the use of serial dilution and plating for the
quantification of actinomycetes in marine sediments. How-
ever, if consistent methodologies are used, this technique
can provide valuable information concerning relative actino-
mycete distributions.

We conclude that actinomycetes have taxon-specific dis-
tributions in near-shore tropical marine sediments. These
distributions, and the extent that seawater is required for
growth, cannot be explained by the generalized theory that
actinomycetes isolated from marine sources are of terrestrial
origin and physiologically inactive in the marine environ-
ment. The streptomycetes observed in this study were
severely limited to shallow sediments and are probably of
terrestrial origin. However, these bacteria grew better when
seawater was present in the medium, and therefore it can be
assumed that they are capable of growth under the appro-
priate conditions in the marine environment. Clearly, the
factor limiting the distribution of streptomycetes is not their
inability to grow in seawater. The actinoplanetes appeared in
highest numbers in the deepest waters sampled and had a
near obligate requirement of seawater for growth. These
results lead us to believe that the actinoplanetes are physi-
ologically adapted to the marine environment and metabol-
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ically active members of the marine microbial community.
Based on these conclusions, it appears that the role of
actinomycetes in the marine environment is more complex
than previously believed.
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APPENDIX B

Culture-dependent and culture-independent diversity within the obligate marine
actinomycete genus Salinispora.
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Safimispora i the first obligate marine genns within the order Adirempedaks and a productive source of
biwlugically active secondary metabolites. Despite a worbiwide, tropical or subdropical distribution in marine
stlimeenis, only pee Sefimvpors spocies have U Br been enllivated, suggesting limited species-level diversity.
Tu Further explire Solinispora diversity and distribations, the phybogenetic diversilty of maore than 350 strains
isulated frons sediments collected around the Bahanins was examined, inclading strains culiired using new
enrichmint methods, A caltmreindependent method, using o Solinfsponrspecific inesbod FCR techinig)
was wsed to detect Salimspenr from environmendal INA and estimate diversity, Overall, the 168 fRNA gene
sipuence diversily of culiured stroins agrecd well with that detected in the envirenmendal done libraries
Dreapite extensive cfierl, m new species bevel diversily was detected, and 7% of the 105 straing examined by
restriction Fragment length polyneorphism belonged o one phylotype (3. cremicofa). Mew intraspecific diversity
was detected in the libraries, including an abundant new phybotype that has yed to be calinred, s o wew depth
record of 1,100 m was established for the genus, PCR-introdweed ervor, primarily from Tey polymerise,
significanily increased clone library sequence diversily and, il md masked from Uhe analyses, would have bed
byt overestimation of wotal diversity. An environmental DNA extraclion method specific for vegetative oclls
provided evidenoe for active actinengyeete growth in marie solimenls while indicating that a majority of

stlimeent samples containe] prodsminandly Safinipom

apures ol comeenirativns that coubd not e detedtel in

environmental elone libraries. Challenges imvolved with the direct sequence-hased deteclion of spore-forming
ial 1 i

mbro g in emid phis are d

Bacteria belonging to the ooder detimomyceiales, commonly
relerred 1o as acimoniyeetes, perform significant biogeochem-
cal roles in tesrestnial soils and are highly valoed for theis
imparalleled abalay 1o prodoce biologieally acire secondary
melabolites. These bacleria acoount for ¢a. 45% of the biose-
live microbial metsbolies discoverad 3} and hove played a
central role m the development of the modem phamaceutical
industry. The mmense baotechslogieal wilny of setinomyoe-
tes has led o exhaustive surveys of cultivars from ternestrial
habitans and a0 sssociated inerease i the numibers of Known
componnds being redscovered due oo high rate of redon-
davicy m e strains solated. Civen recenl advanees in our
mmclerstanding of masine actimsomycetes {7, 13, 24; see also a
recent msie of Antonse van Leeuwenhoek, valo 87, 20068, de-
vailied o the subpect), strams solated Trom the marioe eoviron-
mend represenl a melatively unesplored fronter for the diseov-
ery of new actinomyeere biodnesity and a resounce for povel
secondary metabolites.

Hecently, we reported the discovery of the fust obligate
mirine actimemycete genus for which the name “Selinepon™
was orsgimally propased (19) and subsequently revised o Solin-
wipevea (17). This mew taxon belongs (o the Tamily Micramanoe-
sporpcear and 5 the source of novel secondary metabalives

*Corresponding suthor. Madling address: Soripps Iestitetion. af
Crezanography, University of California, San Diego, La Jolla, CA
ONEL0NM. Phone: [BSE} 534.7322 Fax: [85E) SSR.AT00 Eomaik
piersenimucsd.edu

+ Present ackdress: Masschusetts Institube of Technodogy, 13 Vassar
8t., Cambridge, MA 02139

including salinosporamide A, & polest anticanees agent specif-
teally targeting the 208 sotund of te mammalian proteasome
{10 The discovery of this taxon provedes clear evidence for
the existence of autochtbomss popalations of manme actinoe.
myeetes, and the conponnds being decovered from them i
dicate that cultired straing are an important resonres fon povel
secomdary metabalites,

Cultwvatse-based auveys have shown thatl Salinispone spp.
eceir al abundances of up o 1 CFUml of sediment and can
e dsolatiead from worldwsde locatsms, including te Caribbean
Ben, the Sea of Cortes, the Red Sea. the tropieal Allanise
Dieean off The Bahamas, the trogical PFacific Ooean off Guam
{13, 19, and [rom a spongs eollected from the Great Barmer
el in Australia (15). Despite signifieant sfort, we hove yel o
cultvate Salinigporn straios from tempesate Pacifle or At
seclimenls, segpesting Uhat thear distrdbatson may be vestrictsd
1o tropieal and sobiropical latitodes, Polyphasic axonomse
studies of molates obtaimed from variows becations indseate that
thee cultmated diversaty o date o nestricted 1o the wo species
5. dropica and 8 arewiceda (17}, while athind phylotype coliuned
from Palaw is being examined (o determine s laxonomic sla-
s, This low level of species diversity, as well as the hstorical
difficulties associated wath the cultivation of manne batleri,
rivises the possibility that the foll extent of Salindspon species
diversily has vel to be realized.

The present stly was desigred o further explore Salin-
spori dsiribulions amd species divesily in mantne sedments
msing selective eultivation methods together with cultivation-
independent echnigques. Our resulls revealed lmited species-
lewel diversity in sediments collected around the Babamas, the
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TABLE 1. Sediment ssmples ard Sailnispons-specific PCR
amplification resalis

Sl I Leesatins B itunsila E::i:"h':"'
1=) oA
Bami11 A0 Lindke San Sakvador + NT
B2 I Lindke San Sahvacdor - NT
B 15 10 Lindke San Sakvador - NT
B 14 1 Littk San Sahvacdor - NT
BAI35 1025 Linke San Sabvacdor - +
B 36 1100 Lintke San Sahvacior + +
BAn2-47 545  Lomg lshnd - +
BADE-S T  Lomg lskend - +
BADZG0 08 Stirrmp Cay - ¥
BADE M Swoelings Cay - ¥
Barl-58 T4 Link San Sahvador - +
BANI-63 I Littke San Sahvador - +
Band-114 765 Cramd Bakama - +

ArpL. Exvimos, MiceogioL.

Sdvcive wilmemyoys vl sl Al S e oo pos rere processod in e
fizhd &5 so0n & possible aner wllection by wing desieaiion and neal shock as
sebeotive piltivation methods (19) These methods wens designed vs foddoe e
mambees of gran-negative bacieri ad w0 earich for sow-growing, spote-Toem-
g it npectos. Troicd smmplos wers e Maclbicd st mofian M1 (1%
siarch, DA% yeid exesct, 1% pepione, nsmal seawater, and 2% agar) or M3
{natural sgawater amd % agark s incdbaled Tof 8 w0 B weeks Al PO 1E0-
perature. Novohiozin {18 pgiml) oo rifsapin (5 pgiml) wis sdded 1o redece he
ramber of anicellulse acter. The satilmgal agen cycloheximise (108 pgul)
week aidded 1o all isoklion medie Actineaiyceie coksies wede fecognized by ihe
presence of branchiag, vegetatbe Blanens and the Tomation of wegh, kesnery
colonies thal adlered o the agss sarfece. Hence, only mpeelinn-Torming bac-
ietin bekaging o e onder Aceompedsha wese included in he preseal siudy.
Morplaslogically divedse acts EHE ing Falid: Bke Teatures {17
weere repesedly iransfeared of solid redia watil pure celites wers obtained. All
e simins wess growr in M1 beoth and cryopresened ai -BFC in 165
Ehyeeral.

In pdditésn vx direot plating, cnrichmesl methods were wed inan alleng 1o
cuivales e Silnigas diverly. Thess riethods wes deslgend bised on Safi.

“ AN samples wese collected from the Bahamas {BA) i the years 2000 {HAD),
WD (BASTE or 203 (BADI)

* In Lhe sesied PCR, all DINA samples vieked o primary amplication prodact
wsing the peinier set FIR, RCI4IL “+ snd “—~ symbok [ndisate sccondary
amplicatinn results isisg the Sabpara-specific primes set FI63, RO

“Identizsl smplifization reslis wees obained wing both mechanizal and
chemizal lysi sethods foe DNA extrsction. Clane librares were prepared from
the tws saniples thit ylebded pesitive, nested PCR ampliScation preducs.

< Enrichsient culiure DRA wen oblained wsing o chemical lysk meibod. NT,
foi tested. All ensichment celtses tesied yielded o Sslinlpoe-speciic POR
Bl

cultivation of Salinipere from a record depth (110 m), and
evidence that these bacteria are actvely growing in some sod-
iment samples while existing predominantly as spong m othe
ers. Speaal challenge involving culivaton-independent siud-
i of spone-forming microorganisms ans discussed.

MATERLALS ANT METHODS

nedi lisction il provesisy. Duriag ressarch expeditions in 2000,
MM, g W3, & Lol of miore then 8 marine ssfisient sanples were collected
arodid the [shnds of The Bahanas. Badividus ssdsient amples were hosiog-
cilzed and portion used smediately for odltiati i wilh the ‘-
reaireler frozen i — 3T {~BFC upor retuns Lo the uhnmnr_ﬁm sebeeguent
DA extraction and enrichsient cebtivalion. Sedinent samples mnged from Sae
cartsate mikk b oorsd rubble and were collected using SCUBA of & modified,
sl deplojed sanipler (sodel #2SWALIN, Kabisico, B Sajon, £4) 10
depihs of 1100 e Sediment samphes yielding T 5 10° 10 5 5 10° Sulndpoes

CFUmal, d ireed by wsing previoesly & ihed methods (17}, were oonsid-
ared Mo subsequent DNA exraction Fros this samiple poal, 13 Dedlmenl -
s ing wariows geographical Kcatk dt-pqhs. ared pliag deies
1'I'H:Ilt||'el‘¢1:hm¢niu diditioiml culi peid ﬂ{" i

independent cxpesimenis

ared The ability of aciisonmpoeses 10 degrade fecslc-
teani carbon soarces. Enfichment caliures were alo used Tor PUR-based exper-
imems deil,ylrd o distinguish berween e occurrence of Sninfipaer 6 spanes
and e fi in aarine sedi Ersichiment culinres were pre-
pared in ki viak by sdding 1.5 g of wet sedisen {homogenized and peevi-
wasly frozen] 1o either 10 0 of seawster endiched with crefe chilia {0.1%
[wifval[L 18 ml of extrEan {SE supepmELanl from a 0.5%
[wtvol] sediment-seamaler soutmnl of 10 8l of siedam M1 §0.2% smsch,
BET veasi siracl, RM% pepone, seawaterh Each of the iheee enrichaien
conditinns was supplemested with sither 5 pg of rifsmpinind or 25 g of novo-
incinira {nal comcenirations). Similas earichmenis were pregared in the field
wilh 03 g sediment and one of the Skllowing anibiotiss (Sea” coneealsations):
Earerrepein {28 pgirall, mvobiozin (10 pgial) ia (5 pg/mal), gertamicin
12 pgrml), of tetracpcline (4 mgiml). All earichrent culiures were monbated for
4 80 15 weeks al Foom lemgeraiune and obseraed al <10 o <64 magnilicalion
ESiNg & Sieseomichoecnpe. Bacteria fnal formed wisible ryoelis wers harvesied
dserily [rom 1he earichment oalases by wsing a sierle pipeute, serialy washed
Three times in 18 nal of sielle seowaied, and plated om medinm S Cobsles thet
riae phodogicall bled the gemis Sabaiy {15) were ref dly i
feared onin sew media waldl pare culiures weee obiained.

Tomonomic st pirylogenetic sl 10 1he gedus Sallwipara wis verilied
oy the fequirenient of seawaler ke growih, successil POR amplcation fros o
gemmi: DA lemplae msing Sriniipon-specific 1S PRMA geae primers (P68
and RCI40T, Table T restriction I lengih polvmiorphism {RFLF) ansd-
i o PUR, prodisct s, i sose coes, sequence sialysis. Alnosi conplete 165
RNA gene sequenees Trom cullivaled lsokiies were obiaised by using the for-
ward peimees FC2T, FS14, and FL114 and the fevere primers RE30, BUS6, and
BC 1402 (Table 1) All DNA seqeencing sanples wene subaiined v the TCSD
Cances Center DINA Sequencing Shared Hesorroe (31 Genetic Analesr;
PEApplied Bioggsems) Upper- and lower-sieand ssquence SoMigs Wele asen-
Rl in MiacClade vedskon 400 (Sirauer A.ilmhl.u. o, Surdeand, MA} and
T culling arshiguilics resolved by revicwiag the seq o m
Edit Wizw version 101, Applied &oq:lﬂﬂ. TFeadier City, TAL 165 mNApeu
secuences were aligaed by ming e Ribosomal Datsbise Project (ROFIT
Phylip interfice (6. Relited seqaences shiained froni s NCB BELAST {blasia)
search were aligaed by wing MacClade. Piotogessiic analyses were performed
by msing disdance and pessineay eriberia mplemested in PAUF versdon 40010

TABLE 2. Odigonucleotide primers used in this study

R . Baoaipee o
Frinier Sequence (937 Specificity e
FC1Tx AGAGTITGATCCTGGUTC A High G+ gram positive L&
RC1492s TACGLGCTACCTTGITACGACTT High G+ gram positive L&
FIM= ATGAGDCCGOGHOCTA Arimemyreioks This stedy
Fas« AGCAGGOACGAAGCGTIT Sallnigpant This stethy
F314 GIGOCAGCAGOOGOEGTAA Arinemyreiokes 12
F1114 GUAADGAGCGEARCTT Arinemmyreioks 12
2] COGUGECTGUTGGCACGTA Arinemyrefoks 12
BAakh GIGOEGGECOCCGTCAATT Arinemyreioks 12

“ AN primers sre mamed afber their respeciive 165 rRMA pene peiming site (E. sl numberiagh «, HPLC pasified.
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(Sluster Aswaiales). Bualsimapping we soomplihed with 1000 wplio by
Eing heuridio seanll mellods. % dary of Suki 165 fHMA
Eede sequedces (Flg 1) wedse sssigned by usisg Siaponipes oofoslor a5 &
referene (3). Whea portioas of the prinary sequence Jdifiered significanily from
Thal ol §. costiinlor, shut scotives {53 o 100 Sicleodidies []) were smileed for
ihe besi-predicted secondary b using the MIodd program {3) wiln
delanh seltings.

Ensranimenlal A catrastion. Two lals siethods (siechankesl and chemizal)
were uszd 1o obiain envinsamenial DNA and diflereatiale between the ooeur-
renee of actisomyoeies s spores and vegetative ozl in a given sangle. Mechan-
ial rysis was. performed i follows: masine sediment semples {025 g) were placed
i bead-beating Fetl¥NA spia kit wubes for soll DA extraction {C-Bingenes,
Carbbad, CA) and macerted by wsing & FastPrep 128 besd -mill accordiag o the
manpicisers protosod except thit v cyeles, Pether ian one, al & s=iliag of 5.3
were peeloemed with conling on fce berween iiervsls. Triplicaie erade environ-
menisl TRA preparstias Trom caech sanple were pooled and purified by usiag
Chaane Spin TE 100 colmsins (Becion Dickisson Bieecienes, Pelio Allo, TA)
aconpding b the s Bovared's protosoh Orersll, (hin combinstion of eoretion
and purilicaiion yiekled emiroamenial DA of high paniy sad elerelar weight

CULTURED AND CULTUREANDEPENDENT SALINIZPORA DIVERSITY

fur 1Brey comirtion were porlomed i Fiplale, and e predugls won
coaibined, parifica by isisg o QisCuick POR dean-up coimiy ard amsaiified by
Thee Pz CGareen methd.

Using 190 nig of the peivary anglificotion rection as & leaplle, & secondary
npliiation, ghelding u 10Dy prosdicl, wie wrned o8 i iplicate with e
Saliwisporu-specific forwand pimes FISE sag revesse primes BC1492 as de-
sodibed above (Tabke Zp Remdlion mixures e Benbodgoed o B an
sl e amtio of D470 Tos 10 nie vieas, Talkowed by 20 cyoles of i
ST {15 5}, annealing 65T {151}, and extemion at 70 (1 ). Agss, 1o avaid
satnration biss, prodesls were quaniified by wsing the Fio Geeen assay. Megatlve
eomarols were performed by uln,!,.!u thenmocpcles s aid in the elecirophoretic
deteetion of posdile

Chone Ebesries were ooasirecied from FOR peodecis by using ke TA cloniag
Kt {Irvitroges, Cedlsbad. CA} acconding w0 the mesalaciurer’s SoMmmends-
thor, Individua clones wese irsasfemed 10 deepowell, Mowell microliter plaies
{each well cortaining 0.3 rd of LE beoth and 50 wg of kanssivoin/ml) and grown
awernight i 370 will sheking Individeal plasred inseris wers amplified by
et FOHR of choas w2l culiupes with slandard MI2 primedss and protscols

2 1o =20 Kb} Purified amples were coaceniaied 1o 1 ngind @ TE beler
{58 mM Tris, 18 mM EDTA [pH 80]) msisg Microcon ¥M-100 Biers {Asiicon,
Bewerley, BIA) and seed ai —II'C Conirol expesiments were performed 1o
ensmie al the mechanical lysis meinod was capable of extracting DRA from
ot 5. e and & anmical spore prepasations (delalled helow). Spors hsis
elfciency win deienmiingd by plhoce-coniessl macoseopy {1,250 and DNA
cpaaliey wes by gel ehect

A chemical lysis meihod o extfact emi | NA lrom veg cells,
wing conditioas delesmined &4 10 Wae spores, was adapied Miom previoas
meihods (5). Brielly, iplicale 0.3-p akguois of hoaiogenived wet sediment from
eithes framen emi | sslples of cirick culiupes were pronessed
separately in 2-ml polyeibylens tehes Sedimenis were suspeaded in TE belfer, |
rig of horymeiml amd 0.2 mg of ENsse/ml {al Snal los) and

B i the Tawitrogen TA choning DL Arsplificstion profucs were anslmed
by RFLF after digastion with the restsiction endondclease Haelll {New Eagland
MIH:I Beverly, BA]) sad nml}l.ﬁl by electrophoress on & 3% sgarme gel
g IS pg ol s 1, S
rested FOR: anplified imseais were sequenced by ssing quantified plasmid 1em-
plate DINA and the MIFF and MR prisiens by sandand meiods
Semineatil PUR santnl Berary, To desermine Tay polyimes e mboor o
ralion Fales of olhed ERors [ proces,
a conirol Bresdy wis constracted from 2 PCH-anglified plumld DNA emphie
comtaining the msert of the almost compless 165 fANA geae from 5 fropics
Balste CNE-$40. The inltial plasrid wes cossirucied by using the PCR-ampliied
168 FRNA g (FC2T and RC1E92 prisien) fron siain CNB-440 and the TA
chling kL Plasnsd T from & singe clone wis guislified sd sequeaced by

imahstad for | hoat 37C. sedinm dodecyl sulfaie was sdded 10 & firal ooces.
1eation of 1% (witol), sad samples wers incubaied ke 1 nal 6570 To cless the
Waate of deteigenl aad debeb, 290 pl of chlomdodm and T pl of saoeaed
polassinm aceise wese added, and the iubss were vorizxed vigorosly for L min
and centsifuged st 14000 = g The aqeeois wop kyed vas irsasfered o a dean
tube, sad orode mclkei aoids were peeciphoted wilh | vwolume Bopropansd and
resuspended i 50 pl of TE bafler. Triplicate crude DNA sarsples were pooled
and purified by usiag Cheona Spin colmns and mnceatraied by using Microcon
Tizes 56 deisded aboee.

To ensiee that the chemical Iysis medhod Jid not disrapl Sum-r.\l.nﬂm :pm!l

Mard methods & toial of 2 Tg (&, 500 copies) of thi plasmid wes then

d by using the d PCR saiplifization and Eheary coasiruction
methods deisded above. Nine dones wese choser from this Bhrary, and ihe
isels were conglelly sequesced, sligred wilh the ofighnal Cione sequence, and
ansyzed for emors.

RFLF selyeis. To repldly asess Selnigoes diversiiv, o seleztive
amplification and RFLF screening medhod was tsed. Genonsc DNA from oul-
thated Eolsies wes ampliied using the Safmiparn dingnostic peiner sei F463,
RC1492 s ot kned above excepl hal 35 opeles wese peplonmied. AmpliSication
prodecis were mbmqnnll} dgﬁmd wilh the sesiriciion endomciease Haelll
and anaheed by el i &5 il ‘Hml.'eForlhepupnmﬁdlMﬂ

the fellowisg comrd experiments were peefoemed Spores were h
Esing & sierle seab Trom Saiwiipera steains grown o Ml pliles for 4 10 8 weels.
The spores were suspended in TE buler and syrisge filiered throsgh o sierilie
eotion pleg s fenwe cnlamnming vegeisie Mamenis. Purilied spoees were
then © d by briel cemarilagal ified by usiag a hemocviometer,
adissted v 10° per ml and then pmu—uﬁl by wsing the chemizl isis method.
Using a Pleo Grees DNA delection sethod, it wis Ssiermined thed no sigaificanm
spare DNA was Eheraed pared Lo an d spose preparation. Pieo
Gifeen assys wepe perfamed by usisg the microliles plate prolosod supplied by
he mesifeeiueer {Moleoiles Frobes, Eugens, OR) and nessored by ming o
Typhoon BS00 user scaaing sywem {Asiershia Plarmacis Blolech, Proataway,
NI} Siradar control expesiments performed wsing the mechsaical hai method

were estinsared 1o have Hais ook of 50 1o TO%W and yiekled pood quality
DNAM spore Spspeasinn
i | PCRE and v | By i amed analisie. A

semdsested POR. method wis developed 1o specficslly saplily Saliwspar 165
MNA gene sequences from emirsameatal DNA seipies. The peimary amph-
ficalion using the foeward peimer FIT0, bissed woward mesbees of the onder
Actinoivodaled, and the high G+C reverse baclerial priser RC1402 {Tahke 1)
yiekled a 1,250 product. Reaction contsned the Tollowiag Ans coneenirs-
thors: 1+ FUR bidfer (Perkis-Bsicr, wmulq BIAY, 25 mM MgCl. 200 pM

inns of ach dewy hates, .05 U of AmpiTaq Gold
JPerkin-Elmes)pl, 01 pg of hovine serlrt nmmln {Promege, Madisos Wik,
8.3 pM concenirsiions of gach peimer, and 108 ng of emiramenial DNA
wmplsie per 154 rosction. Remsthon mifitres see herumypled as folkeas:
There was an il deraiestios of 8°C for 18 mir, Tollowed by 23 oyeles of
demiurstion al W {15 5}, ansealing ai 35°C {15 s}, and extersior an 70
{1 min). Care v Laken fo asites Dl the primry PCB b sl resdn saiuration
by quamifying reaction peos o wsing (ne Pios Green asay. Towess oeermined
that 23 cyeles yielded sulloien product for secondary suplificstion and was
wilhin the Enear amploation mange of the PCE. All prisasy reaciions intended

Seipetion ard ch H
lempisie DA wis ampliied by ine sendsested PCR siethod with 33 thernio-
ayeles in the secondary anspificaiion in onder 10 generale sullcien! peoduct for
subgeqeent RFLP amahsi

Inbragensmic 165 cRNA pos helonmposdty, The cccumeace of 165 fANA
Eee sequene helsrogensity within individus culiivared Bolaies was isessed by
1he consireciion and saaksis of dons Ebrarks Trom nise Salwipon siraies.
Aliwsl compleie 168 FRMA gene seqeences [primer st FOIT-RO1402) were
amplified from 2ach siesin siag PCR resgent conceniitions ss deseribed above
and 1 pg of geannme DNA template, an nlial desaturation of W4°C {18 ),
falkowed by 1% cycks of demaiurstion S4°C (30 5], annesling 35°C (30 &), and
exlemiy al TI'C (1 mda) PCH prodeos were cloned and 10 clones were
sesgened fron el library wing HesD RFLP araksi. Seleot cloaes from each
Whrery wese seqented by tning standard M13F and MISR prisers, specific for
Ihee cloniag vectos, and peimers F514 snd R936, specific for the imers (Table 1.

Chitin Irpdradysis sssays. The chitin bydrolysis asery medinm consiied of 10 g
of golkeadal chitin prepared by the methed of Makkar and Crees (16}, 1 Her of
nalufal sepwster, and 28 g of agar. Actinosivoesie cillapes wens stresked onlo
colioidel chitin mediss, incabated g 180 ka2 Lo & weeks, s sooded hssed on
ihe cleating 2ofe dianeier. stong (=3 mmh, modesaiz (2 w0 5 ), weak
{=2 mm} of a0 deleotable Wydmhsi

af Zaliwisgena i sed = culiures,

RESULTS

Cultured Sulinispern diversity. A total of 366 Salinipor
straims wens cullwred from marine sediments colbectead around
the slinds of The Babamas dunng mesearch expeditions in
20iH0, 2002, and 2003, meluding & sample collected an 1,100 m
{HADZ-36) that exceeded the previous depth recond of 5T m
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CULTURED ANDY CULTUREANDEPENDENT ZALINTGSPORA DIVERSITY

M12 3 M456789IM

FI1%. 1 Ethidum bromide-stained 3% agarvse gel comparing Haelll restriction endosuclease digests of Saffisno seminested PCR am pli-
fication prodects Lanes: M 100.bp marker; 1. % #ropéca cubvaled isolate: 2, 5 arenicsls cultivated isplate: 3, umcalivated ploydotype 11 from
selment BACZ M epvironmenial libvary: 4, sample BAGZ 37 enrich ment {sedi ment extract and rifampin) showing the S topica BFLF palteon
5 sample BAO2-35 emrichmen {sedimen extract ard novob,ccn) showing the 5 repica RELP pattern; &, sanaple BAO2-36 enrich ment {s=d.ment
exiract and rifampin| swowing the predominam L wreaicaia RFLFP patiern: 7. sumpde BALZ-3 endehment jsediment extract amd novob.oom)
showing the 5. aresicols RELP pattern; %, sansple BAD3-05 earichneenl (sediment extract amd rifem zin) showing the 5 frepica RFLP petbern; 9,
sam ple BANG05 carichmenl | sediment exiroct and povobiocin showing the £ fropica RFLF pattem.

(133 Ton Lhwe pecowsay of this geos . OF these, 108 straing, nepe
reseniimg all cheerved varialions m pigmeniation, colony sioe,
s, e, and heved of aporalation, were sedected fos o
ther shucdy, mclading sirains oplaimed lrom various degdhs amd
habitais, Seventy-tve of theae srains orgioated from e 13
sumiples lisled in Lable 1, all of which yielded 2 5 107 [0 5 =
10 Sadietspors CFUml. The PCReamplified 165 (BNA peres
ol ali 105 sirains were analyeed by KFLE isimg HasllD resie-
tion endoneclease digestson [Fig 2), whch prowved 1o be an
accurale methoed 1o delmeate between 5. ropica aad S aeemi
ceda . "The KELF pallemns of 102 sioons cornssponded (o
S aremieda, wheneas only three sirains, originatmg from sme
ples BAUZ-35 apd BAORIL, displayed dhe charsclerisds
Sograpice plivlcrype. Fhiylogenetic analysia of the almes com-
plete 165 tENA gene segienos frum nime of dhese solales
corpobtaratad The BFLE foclisgs thal o mew specas-level de
versily had been culiured from dhe Bahamas, The phyvlogenels:
relatiomsttips of nioe culired steams, inchiding straima Chis.
143 [Falaan,y CKH-284 [Sea of Corler), snd CNR-425 {Sinam’,
are shown it Frg, 34 and seoresent the extant caltnred dnves
sily of Lhe penis o dale relalve o other genera in Uhe M-
cromomospanecanes. Siain CMS-143 & currently being evale
aleel 1o delermine whether il represenls & mew species
Enrszhment cultwes frequently prodised visibde ageregales
ol lilamenlons pacieria thal upon mecroscopse examinadion
wire necogamped a8 aclincaiyeetes by the presence of branching
lilaments. These aclimymycele blooms could by hamvested wilh
a stenle pipetts and, upon transder o salid media, Vielded a
aduitemal 680 aclimemyveele slirams, Based oo mosphologica
and RFLF analyses, seven of tese srains were identified as
& dropiea aned 31 were idenlilied as & oeeicelin, The remaining

taediales wene more losely related to Micromonaspong co St
tewmpees sppe, meluding a new Laxon wilhin the Streplompeeto-
cends [aftect Of anoter studyh Thsese moneSudimipong aclivoe-
myceles were mod observed  usimg the ongimal cnlivation
technigques (heal ashock or drymg methods), supporting the
s ol enrichment culinne for the recovery of mew aclimomy-
e Tax.

The enmchmendt comditions thal yrided Salinispera cullivars
(M1, and 3E) tepically led 1o the formation of visible acde
neomnayoele Biooms al The sediment-seawater inlerfaoe, suggesl-
img that {hese organisms may have a growih prelerence i the
tpper aediment laver. In contrast 1o many of the M1, and SE
enrichments, only ome duling enrichment yekled Salirixrore
cultivars, wheneas all cabers ysedded actincawoetes thal were
muore cdosely realed lo Mirmmomesponn or Sieptomyees spp.
O thee 30 Serlirigpans cuflires teded fos chitin by rolysis, caly
5 dhisplayed moderate Lo weak chitimolylic achwvily, indeating
that the abalay te fwdiolyee chitin & oot g conaldlent Tradl
amonyg Sl sinsins .

Uil i i nelependlent Sadimsporn diversity. [n poefiminay
sludizs, amalysiy ol over HEY clones (rom Dwo librames con-
structed froewn aavircamental DiNA ampdifled asing the geacal
bacteril primer sel FU27-RO184T or the sclinomyosle prioer
sel FIRRROC1T pevesled no seqoences affitiated with the
peoils Sedirieon . Soce Salnioonr olllivars hed boen ob-
Laimed froan the sedbmeat samiples from which the TINA was
exiracled, a Safimispora-specilic, semimesied FCE melhod was
develaped o dmprove e seaclutien with wheeh this groep
wciilid pe delected. Thirleen eovironmental DMA samples were
prozessed by wmg e semimestod FCR methoed (Table 1), and
al yieldisd an malisl PFOR prodoct with the sclinomyce be-biassed

FIG. 1. Predicied secondary sirsctures of Sntaspera 168 rRNA CA) Detad of the variable loop contsinmg Saliespea-specific sgnature
nuclest:des (U, 17) at positions 442 10 443 (467 1o 468 by £ ool mambering) used 1o design the FE6S primer. (B} Consrens seeomdary structure
al 5. arewiceds stram CHHATIL (GenBapk accession mramber AYETEMG) drown using, Sireplomres cocdrodor as a referemce 51 Helix Joop
stnctuges in kypervaciable regizaes were contirmed by sing the Miold progrm {297 Genus {# b asd spec.es | # specific signatuces ane identitied.
Position 1002 is the sile of tee C—T tramition observed in the uncoliured 5. aresicedz phyletvpe 11

107



MINCER ET AL

Arrl Bz M soei
A E
- r.l*.g,ln'.:.: OB A AYNEANG T . I’]
LN i (TN RS, AVDE(RTE
g ra.m.ﬂ} r};ﬁ‘_&agﬁ %“Tt:%!!ﬁf 1
& onrenkvida | = 5 BT .
A s (N r-m, A2 o5 aitrols CNE-G40
LK | ¥ AR 1
= Uenma[;&‘ﬁ ST
| avemicod TOMI RS AT 2l .
o Salimpers ep. (CME T, DOUN36IT 1) Tazop eane A0 75, TIORANT 3
Spird .'r_akmes AR ST
4
i
ﬁ Shallow clons CA27 08, AYTITRE)
|
!
3 | Micromengspor: s, {153 - Shallew elone ©F8 {1 AYTIENG
'y !
L
Yo ]
Y ! - Shirl e clome O8] AYTATEIEL
L
Y
l}r"‘. Deep clene DT {1, ANTITIZ
[
S
{ i
A 3 arewrieul CNE-643
! 1
'
.-'Ill I|
{ | Actimandene spp. (21} — Faremicods CRH-I6G4
o i
\ 1
'\\ Y Deep clome AIITE LTE, AVTITRES) phylatype 11
o
S
\\'L — Shallow clone CH11L01, AYTATS1Y
1 Ak
f, ™ {_J Asaitos spa. (33 -
5, teogrion CME-838
£ f lI,- I'u!mr&r.lf.l"unrv s el
Verrucssispora gifarnonsiy = Bhalle clong CRI5 05, AYTITRN
e {\Ill [ERE i 1
8 porEngiem spp (]
T b A dregiees CME -0
T T
LB oo iy pusparansim sap. (2]
X - 5 mopica CN3-5M
o f o ____\'-_‘alf'n'.':'n'n'aw.fpwa sppL 5
Ackinigsianes ghAapon
=20 Pl w02

Satirdspara . CH3 41
(IS st - amadsile OO sbelilinions ile
FI, 3 (A0 Reighboroining phelogenstic desdrogram construzted with near

full 165 sRRA gene sequances J1LHT uramsizuoss aucko-
Lick=s il ustrating cuured Safnipoa species divessit including sorains solued from the Bed Sea (CMEL- 727 the Sea of Cortex (CRH-S6 1 Palau
CURE A and Guam (CHERE-R2E) dnoco mpazson boall o melly described gecers witain the Micemsaeemoea e (LI of Bactesia) Sames with
Sunding in Momenclature (A2 wewbacterio cic ] for which sequence data wes wvailboe from the ROBL Web sive Surain O35 142 was
cultured ax part of o s jasate st and iz cusrenth being exanined to determine whether it sepresents a thisd Seisipoes species. Genesa other
Lhent Suaimisong Lhal contain mudiple species ane e presented with a trizngle with the sumber of species inchuded in pasentheses. Priogicriaioine
DAL, ﬂlep‘n;pw‘ng.ml cotrigaieed, and Stepioone e idens wete used o culzgonzs In both panzl: Aand B, bootstmap salues vers
cactlaizd from L0000 sesamplings and are shown ot thelr respectis sodes fo5 waues =0FL (B Meighbor-joiing phlogenetic desdrogram
obizined afer semizested POR amplification of the 165 sRNA gene using 997 unambizusus nuelsofides luerating eoltured 2nd cultuge-
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primer sel F270-RO1492 (Table 23 However, only two samples
[BADR1 and BAD2-36) viekled secondary amplification prod-
wels using the Safiripone-specilic primer sel F4GR-RO1T481
Clome libraries were constrncted Trom both of thess PCHR prod-
ucts (Tabde 17

Forty-eight clomess from the library created from the shallow
(3 m) sediment (BAGR11) were analyzed by RFLP afles
Huelll restrsction endoninclease digestion. Fve cullmg pal-
lems or phylolypes were observed with theee occurtmg only
e, These three rare phylotypes, opon carelul seguence anal-
vati ancd comparison with Salinipons and other members of the
Micromeonosporacese, were found o contain bases that diflensd
withim highly comserved regems of the 165 tBNA gene, sug-
geating Ty polymerase mismeorporalion evenls Wens reapon
sibde. Thess nclectide substutions were masked from sulbse-
yuenl analyses, The remaming 45 cdomes doplayed the typical
culting patterns of 8, topica (eight dones, sig seqoenced ) and
& aremicols {37 elones, 14 sequenced). The done seyg

CULTURED AND CULTUREANDEPENDENT SALINIZPORA DIVERSITY

peired] o be mlerspersed rndomly threugheut the amplified
pene sequences and not localized in “hot speis,” Base transe
Lions iAo or Ol aceounted for ca. BFE ol the overall
sulstitutions observed, a fnding which agrees with the Tag
pedymerase transtion subsiution frequency determined oy
ailhers (4, 14}

Detection of Salinispors spores and vegelative oells, Adl of
the 13 sediment samples in Table 1 vielded 2 % 1P 12 5 % 109
Safimspora CFU'ml Using the chemical lysis method, only 2
of these 13 sediment samples vielded o secondary Saling-
spoveregpeciiic amplification product. Since thes DNA extrae.
tion methesd does not lse spores, iU can be coneloded that
Salimiipora were present as vegelative Maments m these two
samples. I i abso maplied that tee 11 samples thar dicd ned vield
a secondary amplificatson product barbered  predominanmily
Salimiipora spores. To tesl this hypothesis, & mechanseal lysis
method eapable of extracting IDMA from spones was applied o
all 13 however, onee agan, only the samse two samples

ware aligied and representalives incorporated into a plyloge.
melic tnee whens they ane denoted as “shallow comes™ (Fig. 3E).
A predictad, all of these clones fell ot the 5 aemicalz or 5
tropica phylotypes, differng by one 1o theee nueleotides from
previowsly cultwred stroms, Inoose case (C525), three dlones
with the idemtical sequence were observad proveding strong
evidence that the simgle nucleotide substnution that distine
puiabes them from all cultwred 5 fropicn represents new e
Lraspecies diversiy.

A second environmental by was created from the deep
(L1000 mi} seciment sample BADL36 (Table 1), Filty-four
dones were analyzed by RFLP and seven plwlotypes were
observed of which four cocirmed only once. As was the coe
with the shallow library, the rane culling pattems could be
attribited to polymerase mismeorporation events thal dis-
rupted or ereated Haelll reatretion sates. Two plalorypes
comatituted the magoray of the remaiming dones with five dis-
plaving the typeeal & aemicole cutting pattem [fonr dlones
sequeneed). These S areaicela clones were eiher sdentical i
sequenoe o praviomsly culiured stroms (e, deep clone A3}
o different by cme nuclectide (g, CDT)L Forty-three dones
from the deep sample, howeser, displaged 3 ingoe culling
pattern designated phydotype 11 (Fugo 2, lane 3} Segquence
analysas of 11 phylotype 11 clones showed one consistent m-
clestsde diference from cultivated 5 eremicole (Fig. 1B AR
though sobile, phyvlotype 111 represents additional new and
as-yer-uncltivated, intraspecific Selinigere diversity. Despite
these sequenoe differences, all of the clones examimed {all
withim the previously describad 5. areicoln and £ fropica ply-
latypes (Fig. 3B). Two non-Salinspone clomes observed from
the desp library shared ko (925} dentity [blasin} over a
GETbp region with an unculiured soil Femeoonicrodinm,

PCR error analysis, A lbray comstmeted rom a PCH-
amplified plasmid DMA lemplate was used 0 estimale the
frequency of sequence emor ntroducsd by e semmested
POR method. Seguence analyss of nioe clones from ths cone
tral library displayed an overall observed soor frequency () of
2d ol ASY bases analyzed or 1259 (Le., two or theee aberrant
Ihasazs per dlone sequence]. Thes corresponds 1o a mosaneorpo-
ration lrequency per template dovbling gm) of L2 % 107 per
by per evele, using U formula 20007} = o, where d [43 cycles)
is the theonetical doubling {23) These base sobstiulazns ap-

vielded & secondary amplification produet. Given that the
CFU mal for each sample were approximately the same, 0 oap-
pears thal spore comeentrations of 2 = 10" 10 & w0 W0 ml are
below the detecton limits of the mechanic vsis method. OF
ther 13 sedmments, Y were subjected to entichment culture, aftes
which all 9 yeelded a secondary amplification prodiet usimg
DA obtained by the chemical lvsis method, mdcatimg that
spores had germimated in nesponse 1o these cultre conditions.

PCR aml RFLE analysis of envichment caliores, DNA o
traeted from the SE and M1, enrichment cultnres all yhelded
a mested PCR prodoct with typical Safimipera RFLP curting
patterns. Even in cases where growth was not evident by me-
croscupie ispection of the cullores, secondary amplification
prodiucts were obtaived by wing the chembeal Iysis method,
indicating that Salirdponn were actvely growing under thess
conditions. Even though phylotvpe 1T was detected in the
alone library generated from sample BAG2Z-36, i was not ob-
served inoany euliuned sirains or detected inoany of the enriche
mead cullwres moculated with ul from this e amd
thus members of this phvlorype have yel 1o be coliunesd.

Typical RFLP results inoresponse 1o different antibiods
treatments are dlustrated 0 Fig. 2, lanes 4 10 % Eonnchment
culrunes from sediments BADZ-35 (lanes 4 1o 5) and BAGZ03
{lanes 8 10 9) were the only samples that doplayed a clear
& tropice RELP pamem. Thess are the same two samgdes from
which & tropiice was duectly culiured. All of the remaining
samiples subjected 10 enrichment cultmvaton displaved the
& wreniceda BRFLP patern {lanes € 1o T), while phylotype 11
{lane 3) wis not observed moany of the enrichment coliunes.
The presence of 8. areniceda or 8. tropica RELP patters ap-
peared 10 ke speeifle o the sample and not dependent on
antibaotic trealmend. The rane oocirmence of the 5. sropice
phydotype in the enrichment cultores s consistent with what
was detected by direet plating aod from environmental clons
libraries supportmg the observation that this speces o nels
tively tncommen in U samples anilyeed.

Iniragenomic 165 rRMA gene segmence helerogeneity. In-
Lragenomic heterogeneily among cophes of the 165 rRNA gene
15 wedl docimented (2}, has boen shown o ocour anong mem-
bers of the actiemyoeies {290, and was suspeced o be the
souree of the as-yer-umealiuned Salinisponn diversity obseroed
in the two environmental clone lbraries. To test this pessibil-
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iy, elome libraries wene comstrcied from PFCR-amplified 165
RNA genes Trom aix 8. weenicoln and theee 5. ropdca culiunes.
RELF analyses ol I chomes Trom each library dsd ool deteet
the presencs of mirigenomic beterogeneny or any of the new
phylotypes. Further sequencing of owo 1o thee clones from
aach of the nine Sefintpone librarbes displaved oo fise-scale
heteromeneity. Overall, this sugeesis that the observed diversay
in the environmental lbraries s nol doe o miragenomic allels
diversiy of Use 165 rRMA gene.

MECUSSION

Thee gerns Salinispent i a par-lropical, marine actimonycels
thal has proven to be a producne sounce of besdogically sclive
secondary metabalies (10} Despate o widespread distobution
in mirine sediments, polyphasic txonome: analyses of culie
vated solates have led thus far o the secognation of only twao
species (171 To lurther mvestigale Selinipone species diven-
sity, vew cltivation technugues, along with cultivation-mede-
pendent methods, wene tested to asgess the extant diversity and
depth distributions of thes commercially smpodant marine s
Linomycele Laxon,

The inatial cultwarson methods used 1o Bolate Salinispong
straing nelied wpon the nesiince of sponss o beal shock and
desiceation (19). Since these relatvely harsh realments may
have contrbated 0 the lmited colored diversaty observed
within the genus, new enrchment coltivation bechniques and
selectve antdiolic realments were tested. Thespite the molee-
wlir characterzation of 143 Salinispons st culinred from
sediment samples colbected throughout the Bahamas, melud-
ing 38 isodated from eorichment culiires, no new species level
diversity was detected. There was, however, new bul sobtle ine
traspecific diversity, within both the £ aemicols and 5. fropios
alicles, detocted from the eovironmental librasies, incloding an
abundant mew phyvlotype (I from a ldbcary created from a
sample eollected from 1, 1000m. Dhespate extensive effon, strains
possmsing these sequenee varalions were nol culiuned,

Cultwre-incependent molecular methods have led 100 vasly
improved understandmg of meemobial diversity o the world's
cans (W) 10 is nleresting thal in the present stady both
culture-dependent and culture-mdependent analyses revealed
the sume level of Salinfpore species diversity. This 15 wmaswal
simoe most culiure-independent studies vield diversity e
mittes that are i siriking contrast 1o what can be coltored from
the same samgles {26} Given that both methods detected the
presence of only two Safimispon speches in the sediments col-
leeted from the Bahamas (2 potential thind speches has been
cultured from Palau), the resolts emphasize that cultivation
afforts can be highly sucossiol when a specifie taxon s ta-
peted, Ths was recently demonstrated on a larger seale with
the cultivation of members of the ubiguilons marine badterio-
plankton clade SARL (210 Thus, it & becoming mereasingly
alear that when appropoate cultivation methods are applicd
mirime bacteria are [ar more amenable o coltivation than
prestiously believed.

The abalily ol Sefimispone W0 form spores complicated the

ArpL. Exvimos, MiceogioL.

secliments, This nesult was oblamed despite the oooirmemos of
approsmmately equal numbers of Selmispoa CFUml {2 < 10F
1o 5 = 107 in all of the samples. Based on these resulls, il is
concluded that Salfmbspon were present as vegelative filaments
in wnly two of the samples, providing additional evidences that
actmemycetes ane capable of growth m o the marine eovinon
mend [12, 200 and that actrvely growang actimoniyeeles may be
mmeommon and unesenly distributed relative o spores. Al
thoagh ol & nod Enown whal lnggers spore germination i
mitine sediments, all sediment enrichment eoltunes extracted
using the chemical lysis method (Tabbe 1) vielded Salinipone-
specific secondary amplification products, mdseating thal ap-
propriate notrbenl condithons are a factor and thar, withow
pricr enrchment, spore-forming actinomyceles may be over-
looked i molecular analyses of marioe bactenal diversity.

The mechanical lysis method was foand 1o be effective al
recowering DINA from spote preparalions o control expens
menits; Boaweser, this THNA extraction msthod did sl mmprove
warr ability to deteet Salinisporns in the sedmsents stodied. Al
thergh at firsl swrprisang, it s proposed that spore abusdances
of 2% 1P w8 % 107 CPUml remain below the detection
lrmits of this method, an observation that is i agreement with
odher workers who found that IINA extracton efficeency falls
precipitously when spore abundances are =10%ml of sediment
(8], Simular, confounding results have been reported for ace
noamyeeles in lerrestrial soils where culimaton-based studies
have showm Streptomyaes spp. 1o be cosmopolitan ad dome-
mant, whersas FOR-based molecalar analyses have nmderests
mited or fafled to detect this mportant group of microongan-
isns {18). These results again emphasize the lmitations of
muoleclar technigues when workng with spore-forming bacte-
tia that spend a majority of their life cycle oo lysis-resistant
resting stage interspersed with sporadic bul ecologically impos-
Lant periods of growth,

Mested PCR methods have proven effective for moniloring
mmeultuned Actimobactens o eavironmental samples (32) and,
in the present sudy, highly specific for the amplification of
Salimiipora DMA. The signature nucleotsdes [L, U an posss
Lo 442 1o 443 (Fig. 1A, positions 467 1o 468, £ coli num-
bBeerng) wene incorporaled ke the Saliriponc-speclle prinses
Faid, which viekbed Salinispore 165 rRMA gene sequences m
all bur 2 oof 102 dones analyped. The two aberrant clones
showed closest bomology o members of the Vemucomicr-
b, T is likely that the Actiroonoetales blased prmer sel
F2T0-RO1492, which amplified unacceplable levels of Ve
cornicrohiune and Acilimicreddon 165 (HNA gene seguences
in pilon stsdies, amplified a signaficant amount of Fermcomi-
croduiern DNA i the primary amplification step of the nested
FOR thus making cross-amplificition svents more likely in the
secondary amplification. Although it s possable thal new Sadin-
e Speches were mussed mothe present study, the signature
nncleotsdes targeted by (e P48 primer are a defining phydo-
genetic feature of the genus as currently defined (19) aml hove
beeen observsd i all Sefinigers st snalyesd o date.

Adrbongh RFLP provided a rapid method 1o identify Safin-
spevn phylotypes from cdone libraries, carebul mspection of

culture-independent detectsan of this taxen m the 4

studied, PCR amgdification of environmental DMNA, sxtracled
b wsang a chemical lysis method that does mol extract DMA
Irom spoves, led o the detecton of Yelintipor moonly 2ol 13

quence data revealed that, of the 10 phylotypes orgimally
wbmerved mothe two clone libraries, 7 ovoimed only once and
wltbmiately could be anribured 1w PCR emor. This detenming.
Lion was macde il a consensis for a variable position could nol
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o wslablshied momuoltiple dones and of the nuckeocide dhangs
i mot et i a regeon of appropriate vadability based upon
aligned 165 rHMA gene sequenoe data and sseondary stroe-
ture. Suspect pases, predommantly anaieon, that ded pot
muel these criterion were masked from the phylogenetic anal-
yaes, resulting inoan overall reductson i branch lengths and i
the mumber of mew phylotypes predicted by RFLF from eight
1o o, These changes dud not alfect the overall tmee topalogy
aof Fig 3B The 11 phiyvlotpe I clomes seguencsd fom the deep
library all sharsd & C—T transithon al positeen 1002 (Fig, TE).
Alrthongh this base change 5 a Iransition, iU appears m an aea
ol moderate 1o hagh vacability among all bactedia (27] and
represents the cnly pew Salinispere phylotype that could be
idemtafied by RFLP from the present stody.

Erwvironmental chome Hbrares have recently been shown 1o
ewerestimale dwemsity unless special precautions are taken o
avoid POR-indueed artifscts (1) Ths appears to be of special
concem wWhen Tiag polymerass o osed (4, 14, 23), Given the
sugpedl Salinispare dversity ongmally detected n e environ-
mental elone Hbrarses, a controd librany wis comstructed, nsing
plasmsd DNA template from a well-charseterized strain {CNB-
A4iFy, 10 asdess misineorporation ermon in the seminested PCR
protodeol. The overall error freguency per base pair per tem-
plate deabling {m) was caleulated 1o be 1.2 3 107, falling
toward the high end of previowsly sepored values for Tag
DA polymerase (4, 14, 23). Misincorporation rates lor the
shallow and deep libraries were estimated tobe 1.5 % 107 and
1.7 % 10 per bp per ovcle, respectively, again within previ
ocalaly determined vabues A large number of ransitions, as
ohbserved in the control library, i known 1o be a charclerisse
of Tag polymerase (4, 14, 23), lorther sogoesting that misine
corporalion evenls wene the magor soiiree of error in onr ene
viremmental libraries. Since pedler the primary nos secondary
PR amplificatsms reachied saturation, beteroduplex forma-
tion, a known soaree of clone libeany eonor (23], is less likely o
explain the error i this paralar cose.

The oblgste marite detnbution of the genas Salinspone
conld be a factor in the lmited 165 rRNA gene sequence
diversity detected. Compared 1o thelr lemrestoal relaines
M pove, Dactylesponmgieine, aod Activopd Suelin-
spova spp. inhabal o less vanable environment in lerms of
temperatine, daliniy, and bydetion sod ths possibly fewer
selectve forces driving speciation. Given that habitat beternos-
peneily has been posited as one of the major determinants of
binlogical diversity [11), the relatively low bevel of Salinispang
species drvessily o what would be predicied from a stable
mitrime ernironment or limited miche suitabaiy. Although daf-
frendt 1o test expermentally, environmental stability may bhelp
explain the relatively low level of speces daeesay detected m
this marine actmemyeete genns (Fig. 340 Another factor fos
lower 165 tRNA gene sequence diversity could be that Salin-
wpeva have experienced fewer laberal gene transfer events
Evidence exnsts that Ductplosperangiom amd Micromonospong
spp. e undergome recenl Tateral transfers of short gens
segmenls charactersed by nonsandom variations cutside of
Ivpervariable regions of the 165 rKMNA gene thal can be klen-
Lified by vaniable ree topologies for diffenant reghons of the 165
tRMA gene (28] These propused transfer svenis can mornemse
the 165 rRMNA gene seguence diversity within a given group
and are known 1o canse inlragenomic helemogensity. However,

CULTURED AND CULTUREANDEPENDENT SALINIZPORA DIVERSITY

thee I fopodoges generted from partial and full 165 (RNA
pene sequences were always mamtaimed, and miragenomse
heteromeneity was nol observed in control chome librires pene
erated from nime coltuned Salimipons slrains.

3. troprica has proven o be an mmpoiant souroe of biosstive
secondary melabedites (10}, vet thes speces B arely aultuned
relative o K. aremiceda with ondy ca. 20 sirains isolaed o date.
A srapica was detected by RFLP in only one of the 1w envae
rotmental chone libraries generated {sample BAK 1T}, where
it repressnted B ol 45 clones belonging to the Safinipoene dade,
anud o only twe of the samples subjected o enmchment culture
{BANZ-03 and BAOZ-35), thus corruborating the relative ramy
ol this species. Smee the secondary metabolite profiles of thess
twin species dilfer stgnibeantly (subject of another sidy), o
wonld be interesting 1o determine whether the ability 1o pro-
dhee varions secondary metabolites affects fitness.

Alrhowgh members of the marine actmomyeete genns Salin-
isprova were readily cultured at 2 % 107 to § % 107 CFU jmll from
all 13 marine sediment samples analyoed in the prosent soucdy,
cnly 2 of these samples showed a positive result when a Lo
e, imested POR tech was applied. These results
emphasmee the extra effon that must be made when culture-
independent techiigques ane wsed 0 assess the diversity of
spore-forming manme bacteria, which undoottedly emains
widlely underestimated, as well as e utility of selective culte
vathon technigues for bacteria that spemd a large portion of
their life cvele in & restimg stage. Allbough some actinomycetes
miy occilr i marine sediments primanly as spores and thess
miy be distributed 1o great deprhs by ccsan currents, evidence
1% presented for actmomycete growth in marioe sedaments even
at the deepest sites sampled (1,100 m). Based on our enrment
imclerstanding of the genus, it s likely that the o approaches:
enrichment cultivation and targeted, semmested PCR hove
reveiled the majority of Saliriporn species-level diversay
within the sediment samples studied. Contmued improvenents
in o ability to culture marine selinomyceles, in combination
with sampling new habalats, ans | for & o comgd
assesament. of their deversiy and potential a8 a resonrce for
biotechnology.

ACKNOWLEDGMENTS

We pratefully ackmerovdedpe the Ehaled Bin Sultan Living Oeears
Foundation for a fellowship o TIM. and J. Pawlik for his imilation
1o participate im the Bahamas 2000, 2002, and 2003 B Soavard Jofa-
s expeditions. Additional financial support was prosiced by the Uni-
versily of Califomia Imdusiry=University Cooperative Ressarch Pro-
gram {IUCEF, grant BioSTAR 10102). P.RY. and W F. are scientific
achvisors iy amd stockhoklers in Nereus Pharmaceuticals, the conpomie
spomeoe af the IUCEF award. The terms af this arrangement have
besn reviewed and appraved by the University of Califormia, Sam
Diego in accordamce with its conflict af interest policies. DNA se-
quencing was perdformed by the Molecular Pathology Shared Be-
source, UCSDY Camcer Center, which is fumded in part by NCI Cancer
Center suppont grant SPUCAZI 0014

HEFERENCES

I Achmae, 5 G, V. Khepac-Cenah 0 E. Hunt, ©. Pharisa, L O Cerall Ik L.
Distel, wnd ML F. Paltz 2004, Fine-scsle phvlogensiic schiieciure of a
conples brcserial comamenigy. Nature 430:551-554,

2 Acimae, 5 G LA Maereeline, V. Klopae-Coraj ssd M. F. Poltz 2004,
Devergence and redmdancy of 165 sRNA sequences in genomes wath msl-
tiphe e apesoms. 1. Baclerol, 18636102635,

3 Berdy, J. 205, Beactive macfobial netabliles o personsd view. I Antibion.
ER:l-In

111



MINCER ET AL

& Brmchu M. A, L Mg, omd E. Baedis 1998, Coirbutam of Tay o
1 sasg-iedtoed ernmes w e olimahor of RN vt dive sity. 7. Gen,
Wi 0201105,

TCarvons, ) |, 5 Subra martae, Y. 5 Scinars, §R. Colle £ LM, [P

Y. e, B Forg M. Lie, L V. Madvesd, K M. Muller, ¥ Pande, 2. 5 1y

K. ¥ia, e B B GGutdl, 20000, Thee O riiivs FONA Wisk {CRW) Sliz

wniiee: ditabine: uf commurilive wyuce ad s el for i

vzl futron, wrel olhee BMA BluMied Centeed Baifurn. 3. [l |

i Cele, 1. B B Thai, T. L Mursh, R ] Farris, Q. Wy, 5 A Kulsn, §
Chardr, M MeCuarrel , T. M. Schie i 1 6. M. Ga oy, amd 1 M. Tiedje
MG Tie: Bl Daluluse Project {(RDP-IT). prevowig o o -
wsbtigmee el allurs reglisg gl wed G new grusryotic
Kurdea: s Res 31403443,

elubem 1. J. A 3 Bleason, M. Gesdfidlow, A C. Ward Luuu.u..ml

AT Bl 198 N dlraluca ud ullicr syl frunt
the dog war. Anunvs Lesewrubarcs TEITAD,

8. Sl K., V. A Sarduvrs, and E 8L B Wallimgtor, 191 Teelecion ad
bsnlifistion of Brgéonten Wil puas] THA sl Lol Agpl
Miurubind 1%1¥3-107,

9. Dlweg E F. 1817, Murier microbis’ diversity: ihe ipof he b 5, Toowds
Eistechmul. LE20G-207,

0. Fuoimyg, B H. 6 01, Becharar, T. 3 Mivor, ©. o Kao Tmae, BB Jomer,
amd W Foreul T3 Sulimsponoside A ou il cpbolos: gr

[

T

ArpL Eavizos, MicmogioL.

Trchungritg, T the Ty Mivrottomspemenne, B, 1. Syt Evl. Microoul.
ESTE01TRE.

MeNuigh, H. P_ 1. Mume, amd T8 Enbley, 1996, Muloophr evidess fur

the presence of uwed mtivanpane ieugse oo wmperste funzst sl

2 Eidatsl, Mbcrobuul. L1971,

Miwcer, T. 1., B R. Jenwrn, 0. A Kan T, ard W, Fordcal 2000 %ide

g e proasbibent pugstliithoms of u s e muing wils s o

o wzan sodhnmins, A, Eue'nan. Bicnsu. $8:5005-5011

M. M. A L. T. B therfid, v B E. Hindr 2. 1955, Busbenie fur
Lo M1 e Ce Felerminml iy

detormined wth u 65 ANA b, Apgl. Evriron, Masubid 61:3605-

300,

Bapre, M 5. 8 A Cower, K L Verpe, aed 5. ) Cloassor | 2000

Cabbvstion uf e dniquitois SART] murine budcriugonkion dube, Kt

AheR3N-33

Frei mon, By 3l B, Stwchabrandt, 19959 syl ol matel ol

<ot seuiaiun T U deteclion of s vl dnculiue:d url!,ﬂ.und'lln whua

B T — rou, Microliiul. 1:137-143

S, B K, I1 M G Fand, S Stoliel 5 ). Scherl, B Bygmois, G T, Ho,

K H. W flis, urd 51 A Envivh. 1085, Frimer 8 oiod enepuss: saplifis

tinnn ol T sl u Ueeermsvadsle DN-guobrine isoe Scierce X791

Tuizasa, b, BB Cortoll ol 3T HEIL 0953 Taubalin s divnsly of

hitatrilur frumm s bl sdres, s i bzt f the e pesiis
Saliiapend. Augew. Chem, T, Bd, 83355057
11 Hurmer-Deving, M. . Carney, K. S, Beharman, 5L ML 20, A sadog-
kel oz pueatiive v Iscderial bindtezsiny, Pro: B, So L), B37E]3-122
12, Juwsssn, P 5, B Diwight, v W, Fuoin L 15891 Doadrabristons uf wslinunmposles
It aeuraburs murine sodimzuls, appl. Evvina, Mol $7:1 1021106,
15, Juomesn, . R :_c.-.u....c Mlafeas, T 1. Mimcer, arad W, oy cal, 20005
i Lrupial Paifi Chacen s

ety Enn'ron. Mlicrabi, 311655045,
14 Kuhavery P, und W, €. Thilly, 1950, Fideliy uf [ pedancene b TIA
suplification. P, Nl Aud Sei. USA B40I530257
15 Kim, T K., M. 1 Ganon, o J. A Fuersl, 7085 Munns ucll:
relwed Lo the “Saiinenpens”™ progp o the Groul Bamier Beei sgange
Freadvcenting svaty, Eusina, Micnduul. TS-$18.
i Mukdarr, A uedl T Crasee 1952 Authuoplurssies b osoil wied an plest e -
frum frest waler lablu P ypl. Bacleriol, S1200-718
17 Muldemde, L. A W Fenal, PR Jomse, €4 Kouman T2 Mincer
AC Wad sied ML Cosd bl 2005 Salnigon gon G, sposov, 1
arericnds S 00V, aid L fopior S B0V, DDEgELE Matine adinonpeeles

e e Chrssrprabe Bay, dpps. Eavinun, Microul, 50803

e,

Taregoea, 1. B, L. A Mareeli s né M.F- Prde 300 HesoruSapheacs lu
wrmplificativns: Bonnstion, sesogiems uel climinsis

“pevorlilinisg FOR.” Mudei: Ay Fes M:183-2085,

Tursik, V., . Srrisir, a ul J. Gekeyr. 199, Tu lacerial diversily m il

sl wonlimemt cunmstuniiics a rovice 1 Dedus Minsbi. 17:0 702174,

Vaars e porr, ¥. 5. © b avlly, ard B Tssschior, 955, A sl mup of

Ninteznlse Sebrulilibamn s o izl fBLMA, Nickeio A Res, 25380

3301,

Wars, ¥, i 3 5. T ap 30 Connparalis s e el

Theylicml wl sl an sk Ty gl 1l

ber uf immrashan boe bl n o BYA s Misroul.

L2845 1854

Vg WAL, E. 7 b v and . Wary, nn Dt ppes i RNA wprerum

sl i Ve gemmans v fiss il g ]

vl lim hurisomlal rmmsler of m o' BSA uperun, 1 Bucleril,

LAL:SI1-5200,

% kor, ML 3003, Mo d web e et fod nickeic scid fouding and hybridimation

preficton, Nussis Aok Ra D368

112



113

Acknowledgements

The text of Appendix B, in full, is a reprint of the material as it appears in
Mincer, T.J., Fenical, W., and Jensen, P.R. 2005. Cultture-dependent and culture-
independent diversity within the obligate marine actinomycete genus Salinispora.
Applied and Environmental Microbiology, 71, 7019-7028. The dissertation author
was a co-author of this paper and directed and supervised the research, which forms

the basis for this appendix.



APPENDIX C

Marine actinomycete diversity and natural product discovery.

114



Antonie van Leeuwenhoek (2005) 87
DOL 10.1007/s10482-004-6540-1

115

© Springer 2005

Marine actinomycete diversity and natural product discovery

Paul R. Jensen*, Tracy J. Mincer, Philip G. Williams and William Fenical
Center for Marine Biotechnology and Biomedicine, Seripps Institution of Oceanography, University of
California — San Diego, La Jolla, CA 92093-0204, USA; *Author for correspondence (e-mail:

piensen(@uesd.edu)

Received § June 2004; accepted in revised form 5 August 2004

Key words: Diversity, Marine actinomycete, Natural products

Abstract

Microbial natural products remain an important resource for drug discovery yet the microorganisms
inhabiting the world’s oceans have largely been overlooked in this regard. The recent discovery of novel
secondary metabolites from taxonomically unique populations of marine actinomycetes suggests that these
bacteria add an important new dimension to microbial natural product research. Continued efforts to
characterize marine actinomycete diversity and how adaptations to the marine environment allect sec-
ondary metabolite production will create a better understanding of the potential utility of these bacteria as

a source of useful products for biotechnology.

Introduction

Natural products, or derivatives there-of, remain
the single most important source of new medicines
(Newman et al. 2003 and relerences cited therein).
Despite a recent de-emphasis on natural product
research by the pharmaceutical industry, no other
drug discovery platform has proven to be as
effective at yielding unique chemical structures
with either direct application in the treatment of
disease or the capacity to serve as chemical scaf-
folds from which molecules with enhanced efficacy
can be derived. There can be little doubt that
myriad structural motifs remain undiscovered
from natural sources and that these molecules
will continue to be an important source of new
medicines.

Among the potential sources of natural prod-
ucts, bacteria have proven to be a particularly
prolific resource with a surprisingly small group of
taxa accounting for the wvast majority of

compounds discovered. For example, of the 53
known bacterial phyla, only five are reported to
produce anti-infective agents (Keller and Zengler
2004). And among these five, the Class Actino-
bacteria, and more specifically, bacteria belonging
to the Order Aectinomycetales (commonly called
actinomycetes) account for approximately 7000 of
the compounds reported in the Dictionary of
Natural Products. Looking individually at the
more than 140 currently described actinomycete
genera, it becomes clear that even within this Or-
der it is a few well-known soil genera that account
for the vast majority of microbial natural products
discovered. In fact, the genus Streptomyces alone
accounts for a remarkable 80% of the actinomy-
cete natural products reported to date, a biosyn-
thetic capacity that remains without rival in the
microbial world. Given that the S. coelicolor gen-
ome sequence revealed 18 biosynthetic clusters in
addition to those specifying the biosynthesis of
previously analyzed metabolites (Bently et al



2002), the capacity of even this well-studied genus
appears to be far from exhausted. The recent
prediction that only about 10% of the natural
products capable of being produced by Srrepto-
myces spp. have been discovered (Watve et al.
2001) supports further studies of both new and
traditional actinomycete taxa alike.

A logical extension of the search for new acti-
nomycete natural products is the study of marine-
derived strains. Although these strains appear to
be a useful source of new molecules, with more
than 100 compounds described to date (Blunt et al.
2004 and references cited therein), it was only re-
cently demonstrated that some were in fact indig-
enous to the marine environment and not merely
transient contaminants from shore. Given that
large numbers of actinomycetes are undoubtedly
washed from shore into the sea, distinguishing
between those that have evolved in response to
specific marine environmental challenges vs. those
that arc present as dormant spores must clearly
be a priority if we are to understand how life in the
marine environment affects secondary metabolism.
Although few natural product studies have as-
sessed the taxonomic novelty of marine-derived
strains, those that have yielded exciting new
chemistry (e.g. He et al. 2001; Feling et al. 2003)
suggesting that targeting marine taxa represents a
productive and rational approach to natural
product discovery. This paper highlights some of
our recent work with marine actinomycetes and
the secondary metabolites they produce.

Marine actinomycete diversity

An intriguing picture ol the diversity of marine
actinomycetes is beginning to emerge. Once lar-
gely considered to originate from dormant spores
that washed in from land (Goodfellow and
Haynes 1984), it is now clear that specific popu-
lations of marine adapted actinomycetes not only
exist but add significant new diversity within a
broad range of actinomycete taxa (e.g. Mincer et
al. 2002; Stach et al. 2003). Figure 1 depicts the
phylogenetic relationships of some of the marine
actinomycetes we have cultured from marine
sediments. These actinomycetes fall into two
Families and represent multiple new genera. De-
spite the fact that the sclective methods used to
cultivate these actinomycetes targeted only
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Figure 1. Neighbor-joining phylogenetic representation of cul-
tured marine actinomycetes and their closest NCBI (BLASTn)
relatives based on almost complete SSU rRNA gene sequences.
Phylogenetically unigue marine actinomycetes (in bold) include
the new marine genera “Salinospora” and *Marinophilus” and a
vet to be described taxon represented by strain numbers
CINQT766. Bootstrap values (1000 re-samplings) are presented at
the respective nodes and strain origin in parentheses.

mycelium-producing strains, and thereby omit
important marine groups such as the mycolate
actinomycetes (e.g. Colquhoun et al. 1998), it can
be seen that marine actinomycetes include new



phylotypes that have clearly diverged rom those
known to occur on land.

Although the ecological roles ol marine actino-
mycetes remain undefined, it is possible that, like
their terrestrial counterparts, they are involved in
the decomposition of recalcitrant organic materi-
als such as chitin, a biopolymer that is particularly
abundant in the sea. Given that actinomycetes
living in the ocean experience a dramatically dif-
ferent set of environmental challenges compared to
their terrestrial relatives, it is not surprising that
speciation has occurred and unique marine taxa
are now being recognized. It now remains to be
determined not only the extent of marine actino-
mycete diversity but how adaptations to life in the
sea have influenced the production of secondary
metabolites.

‘Salinospora’

In 1991, we reported the cultivation of an unusual
group of seawater requiring actinomycetes isolated
from marine sediments (Jensen et al. 1991). At the
time, this was the first evidence that marine-de-
rived actinomycetes could display typical marine
bacterial adaptations such as a requirement of
seawater for growth. Subsequent studies revealed
that these strains represented a new actinomycete
genus for which the name ‘Salinospora’ was pro-
posed (Mincer et al. 2002). ‘Salinospora’ strains
have been cultivated from marine sediments col-
lected around the world including the Caribbean
Sea, the Sea of Cortez, the Red Sea., and the
tropical Pacific Ocean off Guam supporting a pan-
tropical distribution. To date, no strains have been
recovered from samples collected ofl' San Diego or
in the Bering Sea ofl the coast of Alaska suggesting
latitudinal distribution barriers. Despite extensive
cultivation efforts and the isolation of more than
2000 strains, only two species, 'S. tropica’ and °S.
arenicola’, have thus far been obtained in culture.
A formal description of these new taxa is being
prepared.

In an effort to determine if our cultivation ef-
forts effectively recovered the extant species
diversity within the genus ‘Salinospora’, a culture
independent study was undertaken. This study
faced a number of challenges in that it proved
difficult to detect “Salinospora’ sequences in clone
libraries  generated from PCR  amplified
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community DNA using general bacterial or even
actinobacterial-specific primers. In response, a
semi-nested PCR method was developed using an
actinobacterial-specific amplification step followed
by a second round of amplification using a genus-
specific forward primer that incorporated signa-
ture nucleotides diagnostic for “Salinospora’. Clone
libraries generated from the semi-nested PCR
products displayed RFLP cutting patterns char-
acteristic of the two cultured species *S. tropica’
and *S. arenicola’ and sequenced SSU rDNA in-
serts all fell within their phylogenetic clades. There
was initial evidence for new ‘Salinospora’ species
diversity in the clone libraries however this diver-
sity was ultimately attributed to PCR-induced
nucleotide misincorporation. These results suggest
that the cultivation methods employed succeeded
in recovering the full extent of “Salinospora’ specics
diversity in the sediments studied and that some
species-level diversity detected using culture-inde-
pendent techniques was due to PCR error. Fur-
thermore, differential lysis techniques used to
isolate environmental DNA indicate that “Sali-
nospora’ were present as actively growing mycelia
in only two of 13 sediments tested. The successful
isolation of cultured strains from all of these sed-
iments suggests that in most samples “Salinospora’
occur largely as spores. Interestingly, no intra-
genomic 168 rRNA gene heterogeneity, as has
been demonstrated for other members of the Mi-
cromonosporaceae (Wang and Zhang 2000), could
be detected in any of seven cultured strains
examined.

Our initial chemical studies of ‘Salinospora’
strains quickly led to the discovery of an unusual
bicyclic f-lactone y-lactam containing metabolite
that we have called salinosporamide A (1, Fig-
ure 2, Feling et al. 2003). Salinosporamide A is an
extremely potent inhibitor of the chymotrypsin-
like proteolytic activity of the mammalian 208
proteasome (ICsy 1.3 nM), an important target in
cancer chemotherapy. This compound also dis-
plays highly selective cytotoxicity in the National
Cancer Institute 60-cell panel with a four-log range
among the least and most sensitive cell lines (mean
ICsy < 10 nM) and is currently advancing
through pre-clinical development at Nereus Phar-
maceuticals, a San Diego based biotechnology
company.

Although salinosporamide A shares a core
bicyclic ring system with the proteasome inhibitor
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Figure 2. Structures of compounds isolated from marine actinomyeetes. Salinosporamide A (1), omurolide (not marine. 2), salinos-
poramide B (3), sporolides A and B (4, 5). marinomycins A and B (6, 7).

omuralide (2), it is 35 x more potent. Salinos-
poramide A is also uniquely functionalized at three
positions including the carbon adjacent to the
gamma-lactam carbonyl where a methyl has been
replaced with an ethyl chloride. Halogenation is a
common feature of many marine secondary
metabolites and the extent to which 1t occurs may
provide one indication of marine adaptation. The
loss of chlorine from salinosporamide A, (sali-
nosporamide B, 3) results in a 500-fold reduction
in biological activity indicating that the incorpo-
ration of this abundant seawater element Iis
cssential for the full biological activity of the
molecule.

In additional to salinosporamides A and B, a
sccond new series of compounds has also been
discovered from ‘Salinospora’ strains. These com-
pounds, which we have called sporolides A and B
(4, 5), appear to be formed from two indepen-
dently produced polyketides and differ only in the
position of the chlorine atom. Although this
chemotype does not display any biological activity
after limited testing, it exemplifies the level of
structural novelty being isolated from the geuns
‘Salinospora’.

When considering which chemotypes are pro-
duced by which “Salinospora’ species, an interest-
ing pattern emerges. Although the data are still



preliminary, we have only observed salinospora-
mide and sporolide production from *S. rropica’
while *S. arenicola’ produces two known chemo-
types (staurosporine and rifamycin) and what ap-
pears to be a third new chemotype that is still
under investigation. So there appears to be a cor-
relation between phylotype and chemotype in
these sympatric species. There is also a biogeo-
graphical component to this story as thus far sal-
inosporamide A has only been detected in
*S. tropica’ recovered from the Bahamas while the
staurosporine and rifamycin chemotypes are
present in °S. arenicola” regardless of location.
More detailed studies of the biogeography, phy-
logeny, and secondary metabolite production by
members of these two species are ongoing.

‘Marinophilus’

Following the discovery of the genus *Salinospora’,
we began to examine other actinomycetes cultured
from marine sediments to assess their level of
taxonomic novelty. Using the requirement of sea-
water for growth as a guide and SSU rRNA gene
sequences to assess phylogenetic relationships, we
soon discovered another genus-level taxon that
appears to reside exclusively in the sea. This taxon,
for which the generic epithet *Marinophilus’ is
being proposed, exhibits significant intraclade
diversity (> 5%) and appears to be comprised of
at least three species (Figure 1). This level of spe-
cies diversity is somewhat remarkable considering
that, to date, we have only cultured seven strains
that belong to this group. Although relatively few
“Marinophilus’ have been isolated, they add sig-
nificant new diversity to the Family Streptomy-
cetaceae which is currently comprised of only three
formally approved genera. At this point, it is not
clear if “Marinophilus’ are rare in marine sediments
or if the selective isolation methods used were not
optimized for their recovery. Recent experiments
suggest the latter to be correct and hopefully fu-
ture cultivation efforts will lead to the recovery of
large numbers of ‘Marinophilus’ strains and a
better understanding of their diversity and ability
to produce novel secondary metabolites.

Our initial chemical studies of cultured “Mari-
nophilus’ quickly led to the discovery of a series ol
structurally unique antitumor-antibiotics that we
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have named marinomycins A and B (6, 7). The
structure eluciation of these compounds proved
difficult due to their symmetry and many sterco
centers, however these issues have now been re-
solved. Although the marinomycins are polyene-
like macrolides, they do not possess the antilungal
activities typically associated with polyene antibi-
otics. They do, however, display potent cytotox-
icity in the NCI 60-cell panel with mean Glsg
values of 18.6 and 12.6 nM, respectively for com-
pounds 6 and 7. These compounds are currently
being subjected to additional testing at the NCI.
They also possess antibacterial activities with MIC
values ranging from 0.125 to 0.625 pg/ml vs.
vancomycin-resistant  Enterococeus  facieum and
methicillin-resistant Staphyvlococcus aureus. Care-
ful chemical analyses ol all of the ‘Marinophilus’
strains that we have thus far cultivated indicate
that most produce polyene-like macrolides with no
two strains producing the same molecules. Thus,
as with ‘Salinospora’, there appears to be a corre-
lation between phylogeny and biosynthetic
capacity, however more strains must be examined
to better define this correlation and determine if
“Marinophilus” species and chemotypes are
regionally endemic or cosmopolitan. A formal
taxonomic description of this group has the po-
tential to add a new dimension to our under-
standing of the diversity of the biomedically
important family Streptomycetaceae.

Discussion

It is now clear that major populations of marine
actinomycetes reside in ocean sediments and that
these bacteria display highly evolved marine
adaptations including the requirement of seawater
for growth. These findings will hopefully encour-
age additional studies addressing the ecological
roles of actinomycetes in the marine environment,
their diversity, distributions, culture requirements,
and evolutionary responses to life in the sea. These
aspects of marine actinomycete biology must be-
come better understood before the potential of
these bacteria to produce new sccondary metabo-
lites can be fully appreciated.

What we know [rom our experience with
the two marine actinomycete genera that we have
discussed in this paper is that they both produce



secondary metabolites that possess new carbon
skeletons. In addition, in the case of the genus
‘Salinospora’, there is a clear correlation between
species and the class of compounds produced.
Thus, these preliminary studies argue in support of
the search for new marine taxa as a strategy for
secondary metabolite discovery. If biosynthetic
pathways are rapidly transferred horizontally
among species however, the importance of taxon-
omy to actinomycete secondary metabolite dis-
covery would be greatly diminished. In the case of
the salinosporamides, this does not appear to be
the case. However, this question needs to be ad-
dressed in more detail using additional species,
more informative phylogenetic markers, careful
chemotyping, and knowledge of the molecular
basis for the biosynthetic pathways responsible for
compound production.

Although many new secondary metabolites have
been reported from marine-derived actinomycetes,
we have little way of knowing if their production is
a direct result of adaptation to life in the seca.
Surely it is possible that new compounds could be
discovered from marine-derived strains that ex-
isted in the ocean entirely as dormant spores and
that these same strains and compounds would
have been found if the original soils had been
sampled. In the early days of our program, we paid
little regard to taxonomic novelty or marine
adaptations and as a result spent a great deal of
time isolating molecules that had previously been
reported from terrestrial strains. Now that we are
focusing on marine taxa, the discovery rate has
improved, as has the level of structural novelty of
the compounds isolated, however the results from
these efforts are still too few to draw any firm
conclusions. Without knowing more about the
evolution of secondary metabolic pathways, how
they are transferred among diverse taxa, the eco-
logical roles of secondary metabolites in the mar-
ine environment, and the correlations between
taxonomic and biosynthetic novelty, we will not be
able to draw any firm conclusions about how life
in the sea affects microbial secondary metabolite
production. At present, however, it appears that
marine-adapted actinomycetes produce a relatively
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high rate of new secondary metabolites and that
these bacteria do in fact represent a natural
product resource worthy of thorough exploration.
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