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ABSTRACT OF THE DISSERTATION

The genus Salinispora as a model organism for species concepts
and natural product discovery

by

Natalie Millán Aguiñaga

Doctor of Philosophy in Marine Biology
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Paul R. Jensen, Chair

My dissertation project focuses on the bacterial genus Salinispora, a marine
actinomycete and an important producer of diverse secondary metabolites including
anticancer and antibiotic compounds. This genus is comprised of 3 named species (S.
tropica, S. arenicola, and S. pacifica) that are closely related based on the highly conserved

xvi

16S rRNA gene. Multilocus sequence analyses (MLSA) of 5 housekeeping genes revealed
a well-supported concatenated tree providing strong support for the delineation of the three
species and the ancestral relationship of S. arenicola to the more recently diverged sister
taxa S. tropica and S. pacifica. Recently, our laboratory obtained 119 draft Salinispora
genomes, which provide an unprecedented opportunity for comparative genomic analysis.
Genome analyses revealed that all 119 strains share 2362 single-copy genes. This
represents the Salinispora core genome, which comprises on average 46% of the gene
content of each strain. Calculation of the genome-wide Average Nucleotide Identity
(gANI) and Alignment Fraction (AF) provided a new perspective of Salinispora diversity
and suggested that the three currently named species would be better represented by at least
five additional species. The presence/absence of predicted biosynthetic gene clusters also
revealed clustering patterns that were congruent with the species phylogeny, indicating that
secondary metabolism represents important functional traits that help delineate species in
this lineage. The genome sequences are also being used to identify shared genes that have
been duplicated or occur near or within biosynthetic gene clusters (BGCs). One hypothesis
is that antibiotic-resistance genes have co-evolved with antibiotic biosynthesis as a selfprotection mechanism. This new approach called Target-directed genome mining
identified duplicated genes from the core genome that occur near or within biosynthetic
gene clusters (BGC), with the hypothesis that the products of these genes are the targets of
the compounds produced by the clusters. This new method was validated with the
correlation of a candidate resistance gene (fabF/B) with the orphan BGC named as PKS44
that expressed the compound thiolactomycin. This new approach may open new avenues
for the discovery of novel antibiotics.
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Chapter 1
Introduction

1

2
1.1. Overview of the dissertation
This dissertation focuses on the bacterial genus Salinispora a marine actinomycete
and an important producer of diverse secondary metabolites. The main goals are to
understand the relationship and genetic diversity of the three closely related species and
address questions concerning species concepts and natural products discovery. This
research includes molecular biology, comparative genomics and phylogenomics
techniques, which helps for a more complete understanding of this genus to emerge.
The genus Salinispora is currently comprised of three named species, S. tropica, S.
arenicola, and S. pacifica (Maldonado et al., 2005; Ahmed et al., 2013) that are closely
related yet poorly resolved based on phylogenetic analysis of the highly conserved 16S
rRNA gene. For this reason, Chapter 2 describes a multilocus sequence typing (MLST)
analysis to better establish the phylogeny of the three Salinispora species. Five
housekeeping genes, gyrB, atpD, recA, trpB, rpoB as well as the 16S rRNA gene, were
sequenced for 48 Salinispora strains. Phylogenetic congruence and a well-supported
concatenated tree provide strong support for the delineation of the three species and the
ancestral relationship of S. arenicola to the more recently diverged sister taxa S. tropica
and S. pacifica. We also obtained better intra-species resolution for S. pacifica and
observed lower rates of recombination for this species compared to the other two species.
These observations led me to explore the genetic diversity within this species, which
presented in more detail in Chapter 3. We also observed at the rpoB gene sequences
revealed an unexpected phylogeny for S. arenicola. This evolutionary history is linked to
resistance to compounds in the rifamycin class, which target RpoB and are produced by S.
arenicola. In the case of secondary metabolite producing bacteria, incongruent phylogenies
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may help identify the molecular targets of the compounds and thereby represents a new
strategy for antibiotic discovery, an idea that is explored in Chapter 4. Chapter 2 was
published in Applied and Environmental Microbiology in 2013.
Chapter 3 focuses on the analyses of 119 Salinispora genomes, which provides an
unprecedented opportunity for comparative population genomic analyses. Genomic
analyses including genome-wide Average Nucleotide Identity (gANI) and Alignment
Fraction (AF), which reflect levels of genomic relatedness, provided a new perspective on
Salinispora diversity and suggested that S. pacifica have been under significant
diversifying selection such that it may represent at least five different species. Genome
mining analyses also provided strong evidence of clustering of these different species based
on the presence/absence of predicted biosynthetic gene clusters, providing evidence that
secondary metabolism has an important ecological function in the delineation of microbial
species.
Chapter four presents the use of comparative genomics to identify duplicated copies
of essential genes (core genome) that occur near or within biosynthetic gene clusters
(BGC), with the hypothesis that the products of these genes are the targets of the
compounds produced by the clusters. The correlation of candidate resistance genes with
orphan BGCs is used to predict the biological targets of compounds before they are isolated
and structurally characterized. Chapter 4 was published in ACS Chemical Biology in 2015.
The concluding chapter is an overview of the significance of this dissertation
including general conclusions for the various studies. This portion of the thesis also
expands into future directions for the projects initiated in this dissertation and for the field

4
of bacterial species concepts and natural products discovery.

1.2. Bacterial species concepts: pre- and post- genomic era
The study of the evolutionary relatedness among various organisms has always
been a challenge for scientists. Even before Darwin, there was a desire to classify the living
world, however, there was also a belief that the order was a divine creation. After Darwin,
another idea developed that all living things descended from a common ancestor. Since
then, the phylogenetic approach is a way to make things inclusively hierarchical, meaning
that each species should be part of one and only one genus and each genus should be part
of one and only one family and so forth (Doolittle, 1999). Interpreting phylogeny is not
always straightforward, and this is especially true for bacteria.
Bacteria are one of the most genetically diverse, pervasive and ubiquitous domains
of life and are an essential component of all ecosystems. One major challenge that has
arisen from phylogenetic studies is establishing a generally accepted method by which to
classify bacteria into species levels units of diversity. Attempts to classify them in the same
way as eukaryotes have also been hampered by differences in their biology, including
horizontal gene transfer (HGT) between distantly related taxa and variable rates of
homologous recombination (Fraser et al., 2009).
It recently has become clear that bacteria often exchange genes and thus distantly
related groups of bacteria can share genetic material, potentially confounding the genetic
cohesion in any one group (Doolittle and Papke, 2006). One method of transferring genetic
material is horizontal gene transfer (HGT), during which novel genes are introduced into
an organism via insertion into the genome. Alternatively, homologous recombination can
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occur during which existing genes are partly or completely replaced by a homolog, the
same version of a gene from a different locus in the same organism or from another
organism (Lawrence and Retchless, 2009). The most commonly acquired genes are usually
involved in non-essential functions or adaptive traits such as secondary metabolite
production. While essential or housekeeping genes are generally not acquired by HGT,
they are known to be subject to recombination events (Byun et al., 1999). These processes
present major challenges when trying to establish a species definition for bacteria.
Attempts to establish a unified, bacterial species concept are currently a major goal
in the field of microbiology due to the lack of a universally accepted species definition.
The currently applied classification system relies on essentially arbitrary criteria that do
not depend on theoretical concepts. The most widely used system includes phenotypic,
chemotaxonomic, genotypic data and phylogenetic data (Schleifer, 2009). Recent studies
have emphasized the need to combine genetic diversity and distinct ecology to define
species in a coherent and convincing fashion (Shapiro et al., 2012). But how can we define
species? Systematics have concluded that species should represent the basic unit of
biological diversity (Fraser et al., 2009). One emerging concept is that bacterial species are
groups of organisms whose divergence is hindered by one or more forces of cohesion; they
are ecologically distinct from one another; and they are irreversibly separate (Cohan,
2002).
Bacteriologists widely recognize that bacterial diversity is organized into discrete
phenotypic and genetic clusters, which are separated by large phenotypic and genetic gaps,
and it has been proposed that these clusters can be used to recognize species (Cohan, 2002).
Cohan (2002) proposed the term “ecotypes” saying that most currently named “species”
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appears to contain many ecotypes, each with the dynamic properties of a species. He
presented several universal sequence-based approaches for discovering ecotypes and
recommended incorporating the term “ecotype” into bacterial taxonomy. Other concepts
have been suggested for microbial species include a group of individuals where the
observed lateral gene transfer within the group is much greater than the transfer between
groups (Achtman and Wagner, 2008). These transfer events are more common among
closely related strains of bacteria due to mechanisms that limit the introduction of foreign
DNA. Thus, it can be predicted that recombination rates would be greater among
ecologically cohesive groups of strains than between more divergent lineages that inhabit
the same environment (Hanage et al., 2006).
Even in the 21st century, the existence of bacterial species is debated and whether
they should be thought of simply as a cluster of phenotypically and genetically similar
organisms, or expected to have special genetic, ecological, evolutionary, or phylogenetic
properties. Bacterial phylogeny is crucial to understanding the evolution of the biosphere,
as it provides a way to integrate the evolution of life with the history of the Earth (Boussau
et al., 2008). It has been hypothesized that the ancestors of modern bacteria were singlecelled microorganisms that included the first forms of life to appear on Earth, about 4
billion years ago. (DeLong and Pace, 2001). Therefore, if bacteria were the sole inhabitants
for nearly the first 2 billion years of life on earth, they are the key to understanding and
explaining fundamental questions about the nature and origin of cells, metabolism,
photosynthesis and eukaryotes (Gupta, 2002). Although bacterial fossils exist, such as
stromatolites, their lack of distinctive morphological properties prevents them from being
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used to examine the history of bacterial evolution, or to date the time of particular bacterial
speciation events (Brown and Doolittle, 1997; Allwood et al., 2009).
The first efforts in bacterial phylogeny were based on morphological, biochemical,
and physiological characteristics. In 1985, Sneath and Sokal developed numerical
taxonomy as a mathematical approach for demarcating clusters, this method consisted of
large numbers of strains that are assayed for many phenotypic traits, including degradation
or metabolism of certain chemicals, the ability to produce and survive various antibiotics,
the ability to grow on various carbon or nitrogen sources, staining reaction, and
morphology (Sokal, 1985). By studying the phenotypic variation within a taxon, we can
learn about the ecological diversity that gives meaning to the taxonomic enterprise (Cohan,
2002). Even though these approaches were the first attempt to classify bacteria, there was
limited success in describing how various groups of bacteria are evolutionary related
(Gupta, 2002).
The molecular era provided new hope to better understand the true genealogical
relationships among bacteria. In the period between 1965-77, microbial molecular
phylogeny depended on sequences of proteins (ferredoxins and cytochromes) to try to
explain the endosymbiosis theory where mitochondria and chloroplasts are remnants of
phagocytized proteobacteria and cyanobacteria. A major step forward in the phylogeny of
bacteria that revolutionized the thinking about the evolution in the microbial world was the
recognition in 1977 by Carl Woese that Archaea are a separate line of evolutionary descent
from bacteria (Woese and Fox, 1977). This phylogeny was based on the sequencing of the
16S ribosomal RNA gene, and divided prokaryotes into two evolutionary domains
(Archaea and Bacteria). This led to the three domain system that is now recognizes
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(Archaea, Bacteria and Eukarya) and it depicts that all domains originated from a universal
ancestor (Gupta, 2002).
The introduction of comparative rRNA sequence analysis represented a big step in
the history of microbiology. Since then, the 16S rRNA subunit has been used as a universal
marker for determining the phylogenetic position of bacteria (Schleifer, 2009). The main
characteristics of the 16S rRNA gene that make it an ideal molecular marker for
phylogenetic analysis are that it is highly conserved, ubiquitous, functionally constant and
not frequently subjected to horizontal gene transfer (Olendzenski and Gogarten, 2009). In
1994, Stackebrandt and Goebel started using the 16S rRNA sequence divergence data to
classify bacteria and they found that strains that are more than 3% divergent by 16S rRNA
are usually members of different species However, some studies have found that this cut
off should be less than 1% (Achtman and Wegner, 2008). Some argue that the 16S rRNA
gene does not provide good species level resolution because it is too highly conserved and
in some species there are multiple copies that can differ from each other (Staley, 2009).
Other methods developed in the molecular era to classify bacteria include DNA-DNA
hybridization (DDH) were strains from the same species, as defined by phenotypic
clustering, nearly always shared 70% or more of whole genome similarity and strains from
different species nearly always shared less than 70% (Wayne et al., 1987).
Even though phylogenetic analyses of 16S rRNA gene sequences are currently used
to define the taxonomy of bacteria at higher taxonomic levels, other methods such as
multilocus sequence typing (MLST) have been incorporated to more accurately define
species phylogenies. This method is based on polymerase chain reaction (PCR)
amplification and sequencing of internal fragments of housekeeping genes spread around
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the bacterial chromosome. Ultimately, the genes are concatenated for a single organism,
resulting in a "super matrix" that is used to infer a phylogeny (Tourasse and Kolsto, 2008).
MLST was originally introduced in 1998 as a portable, universal and definitive method to
quickly and accurately identify pathogenic strains of Neisseria meningitidis (Maiden et al.,
1998). Since its introduction many researchers have utilized this method with different
human

pathogens

(e.g.

Streptococcus

pneumoniae,

Haemophilus

influenza,

Staphylococcus aureus, Escherichia coli) to understand the evolution of their virulence
properties,

identify

antibiotic-resistant

strains

and

epidemic

clones,

and

for

epidemiological surveillance (Maiden, 2006). In addition to epidemiological studies,
MLST is being used to examine bacterial population structures and to reveal high levels of
lateral gene exchange occurring between and among species of bacteria (Doroghazi and
Buckley, 2010).
Since the implementation of MLST, population studies have been constantly
improving because this technique provides higher levels of resolution due to the number
of loci used. The housekeeping genes selected for MLST studies should be conserved and
evolve relatively slowly but at the same time faster than the 16S rRNA gene and thus can
be used to resolve species-level groupings. Another advantage of this method is that it is
amenable to automation and large curated databases can be developed. MLST also provides
data that are highly discriminatory and electronically portable between laboratories, and is
therefore suitable for investigating the genetic relatedness of bacteria (Schleifer, 2009).
Even though this method represents a new standard in bacterial molecular
phylogeny, some scientists allege that the MLST approach might be impractical, as genes
that are informative within a genus or family might not be useful or even present in more
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distant taxa. Also, genes that are conserved enough to be amplified by a set of primers
common to all species might not evolve quickly enough to distinguish closely related taxa.
For this reason, this method uses housekeeping genes present in a single copy while
avoiding genes that might be linked, subjected to recombination or horizontal gene transfer
(HGT), or confer a selective advantage (Gevers et al., 2005).
The MLST method is clearly capable of yielding sequence clusters at a wide range
of taxonomic levels, but the problem is deciding the depth of clustering that defines a
species and how to incorporate ecology into the species definition. (Gevers et al., 2005).
Recent studies have emphasized that for bacterial phylogeny, genetic diversity and distinct
ecology both need to be considered when attempting to define species in a coherent and
convincing way. This approach is based on finding ecological features that distinguish one
clade from close relatives. To find ecological features that might distinguish one clade from
another, the ecotype model needs to be considered, where genes adapted to specific niches
cause selective sweeps within those niches but not in other niches (Fraser et al., 2009).
This approach is based on the prediction that common ancestry will be preserved among
ecologically cohesive bacterial populations. These populations should be monophyletic
and ecotypes should maintain coherent, self-contained gene pools. Any inference of
population structure driven by selective sweeps would require good environmental data
from natural bacterial populations, as well as observation of episodic crashes in diversity
causally associated with genetic changes and not associated with changes in ecological
covariates (Fraser et al., 2009). Recently, a study reported a metagenomics approach that
explored the genome dynamics and diversification processes of freshwater bacterial groups
over a 9-year period. This study identified tractable populations that were genetically and
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ecologically distinct with substantial genetic heterogeneity. This purge of genetic
heterogeneity was identified by changes in single-nucleotide polymorphism (SNP) and
suggested that natural populations can experience genome-wide sweeps (Bendall et al.,
2016).
The information currently accumulating from complete genome sequences of an
ever increasing number of bacteria are now leading to further modifications of our views
on microbial phylogeny. Whole-genome sequencing has become an indispensable tool for
studying genome evolution, genetic diversity and bacterial species concepts (Batzoglou
2005; Dewey, 2006). One metric used to correlate genome information with bacterial
classification is the ANI (average nucleotide identity). This involves measuring the percent
nucleotide identity at the whole genome level. It has been proposed that ANI values of 95%
between two genomes corresponded to a DDH value of 70% (Konstantinidis and Tiedje,
2005, Goris et al., 2007). Ani is becoming an alternative to DDH for species delineations
in the genomic era.
With the decreasing cost of sequencing techniques and the increasing numbers of
bacterial genomes it sounds reasonable to include genomic information among taxonomic
criteria in addition to phenotypic and chemotaxonomic parameters (Ramasamy et al.,
2014). It will take time to develop a new coherent bacterial species concept, but maybe
incorporating ecological, phylogenetic, and evolutionary dimensions is needed to define
this concept. Thompson et al., (2015) proposed general steps for species descriptions. First,
a whole genome sequence of the novel type strain is needed to calculate genomic similarity
within the species. Second, check in the published literature (i.e. Bergeys Manual) for the
list of useful discriminatory phenotypic features to be searched for in the sequenced
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genome. Third, apply the genotype-to-phenotype approach, fourth, perform the most basic
phenotypic characterization of the novel strain in vitro, such as cell and colony morphology
and fifth, deposit the genome sequences of the novel type strain in public open-access
databases. This last step is really important regardless of what new taxonomic schemes are
agreed on (Thompson et al., 2015).

1.3. Actinomycetes and their potential for natural products
Bacteria belonging to the Order Actinomycetales, commonly called actinomycetes,
represent one of the most studied and exploited classes of bacteria due to their ability to
make a wide range of biologically active metabolites (Goodfellow et al., 1988, Bull et al.,
2007). Studies of actinomycetes as a source of antibiotics began in 1940 when Selman
Waksman discovered actinomycin and from that point actinomycetes have been the major
source of microbial derived producers of secondary metabolites (Waksman and Tishler,
1942; Berdy, 2005).
The Order Actinomicetales account for approximately 70% of the microbial
antibiotics discovered to date (Berdy, 2005). Looking at the more than 140 currently
described actinomycete genera, it becomes clear that even within this Order there are a few
well-known soil genera that account for the vast majority of microbial natural products. In
fact, the genus Streptomyces accounts for a remarkable 80% of the actinomycete natural
products reported to date, a biosynthetic capacity that remains without rival in the microbial
world. Some examples of antibiotics produced by this genus are streptomycin, tetracycline,
chloramphenicol and erythromycin (Waksman et al., 1946; Duggar, 1949; Bartz, 1949;
Wiley et al., 1957).
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Despite the continuing study of soil bacteria, there has been an observed decrease
in the discovery of new natural products. Consequently, leading pharmaceutical companies
and programs have been established around the world to explore new sources of natural
products, like the marine environment. The first discoveries began in the late 70's when
researchers showed that the marine microorganisms have unique genetic and biochemical
characteristics (Fenical, 1997).
The oceans cover more than 70% of the earth’s surface, and little is known about
the microbial diversity of marine sediments. As with terrestrial soils, marine sediments
contain limited amounts of readily available organic matter. However, culture-independent
methods have demonstrated that marine sediments contain a wide range of unique
microorganisms not present in the terrestrial environment (Das et al., 2006). For example,
analyses of environmental DNA predicted as many as 20,000 and 37,000 bacterial species
to be present in one gram of soil and marine sediments, respectively (Amann et al., 1995).
The application of techniques in molecular biology, more specifically surveys of 16S
rDNA gene sequences are important to detect uncultured species (Stach and Bull, 2005).
I have selected marine actinomycetes as a target of study for this thesis because of
the historical importance of their terrestrial counterparts. Despite the large number of
hypotheses about the ecology of the actinomycetes, it remains unclear why they produce
secondary metabolites. Studies suggest that production of secondary metabolites are linked
to the sporulation process and occurs in nutrient limited conditions; therefore, the functions
of secondary metabolites with antibiotic activity may be to slow the proliferation of other
microorganisms (Vining, 1990). This biological activity would allow the process of
sporulation to be completed with the greatest chance of success and increase the chances
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of survival. Research by Lemos et al., (1991) strongly supports the theory that
microorganisms produce bioactive compounds as chemical weapons that are used as a
defense strategy within the environment. They also mentioned that competition among
marine organisms is the selective force that promotes the biosynthesis of antimicrobial
compounds.
Recently, marine actinobacteria have been investigated and revealed to produce a
large number of structurally unique bioactive secondary metabolites that include
antibiotics, anticancer and immunosuppressive activities (Jensen et al., 2015). The
diversity of actinobacteria in the marine environment usually is investigated with culture
dependent and/or culture-independent techniques. It is common practice to use operational
taxonomic units (OTU) to define groups of related organisms under circumstances where
rigorous taxonomic characterization has not or cannot be made. However, appropriate
circumscription of OTUs in relation to the particular microbial taxa under investigation is
essential when they are used as the unit of count for richness estimators (Stach et al., 2003;
Bull et al., 2005).
The first sequenced genomes of antibiotic-producing actinomycetes were from
strains of Streptomyces coelicolor and S. avermitilis (Bentley et al., 2002; Ikeda et al.,
2003). Exploring their genomes suggested that these strains encode large numbers of
secondary metabolites, most of which had yet to be discovered. For example, S. avermitilis
(9Mb genome size) encodes 29 potential secondary metabolites, including eight peptides
produced by nonribosomal peptide synthetases (NRPSs) and 11 polyketides produced by
polyketide synthases (PKSs) with 6.6% of the whole genome designated for secondary
metabolism. Other examples are Sachharopolyspora erythraea (8.2Mb genome size),
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which has the potential of producing 25 secondary metabolites, including 7 NRPS and 11
PKS products (Baltz, 2008). Analysis of the marine actinomycetes Salinispora tropica and
S. arenicola showed that these strains dedicate 9 and 11% of their genome, respectively, to
secondary metabolism (Penn et al., 2009; Ziemert et al., 2014).

1.4. Molecular targets
In addition to studying genome evolution, genetic diversity and bacterial species
delineation, genomic analyses are becoming an important tool for the discovery of new
bioactive compounds and their associated biosynthetic pathways. This genetic-based
exploring of microbial genomes for the presence of secondary metabolite pathways, known
as “genome mining” (Medema et al., 2011) is facilitated by the fact that the majority of
pathways are organized in clusters, allowing a reasonable level of structural prediction
using bioinformatics tools (Donadio et al., 2010).
Looking for new molecular targets is an important approach to uncover new
antibiotics, which are needed due to the increasing numbers of life-threatening bacterial
infections that are resistant to current therapies (Czaplewski et al., 2011). Peptidoglycan
biosynthesis continues to be an important molecular target because it is unique to bacteria
and is an essential cell wall polymer. Peptidoglycan is composed of alternating units of
beta 1-4 linked N-acetyl glucosamine and -N-acetylmuramic acid that are cross-linked via
short peptide chains. The complex pathway for cell wall biosynthesis is well understood,
conserved in Gram positive and Gram negative bacteria, and all the enzymes involved have
been considered potential targets for new antibiotics (Barker, 2006). The antibacterial βlactams, vancomycin and bacitracin, are drugs that inhibit the later polymerization steps of
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peptidoglycan biosynthesis, but the early steps of the biosynthesis remain underexploited.
Only fosfomycin and D-cycloserine are currently used as drugs that act at the stage of
peptidoglycan cytoplasmic precursor formation (Hrast et al., 2013).
The bacterial cell division cycle also represents an underexploited area in the search
for new antibacterial targets. Inhibition of cell division interferes with growth and can
prevent mass proliferation; however, the detailed events involved in cell division are still
under study. Currently, one of the most studied enzymes with a crucial role in bacterial cell
division is FtsZ. FtsZ forms a polymeric ring that constricts when cells divide (Barker,
2006). Berberine is an example of an FtsZ inhibitor in E. coli and is known to be active
against multiple drug-resistant M. tuberculosis and methicillin-resistant S. aureus
(Domadia et al., 2008)
Two other targets of interest are methionyl tRNA synthetase (MetS or MetRS) and
UDP-N-acetylenol pyruvoylglucosamine reductase (MurB). MetS is one of 20 enzymes
that charge amino acids to their cognate tRNAs. MetS provides a logical and potent
alternative inhibition point in protein synthesis, as the resulting charged methionyl-tRNA
is used both for translation initiation and elongation by the bacterial ribosome (Allsop
2001; Kedar et al., 2007). Although the biochemical role of MetS is well understood there
are still no antibiotics that target this enzyme (Zhang et al., 2012). Because there remain
many targets on which no current drugs act, techniques like target directed genome mining
provide a strategy that can be widely applicable to genomics-driven natural product
discovery and innovate the manner in which antibiotics are discovered, offering an
efficient, hypothesis-driven genome mining platform for the development of new
antibacterial drug candidates (Tang et al., 2015).

17
1.5. Salinispora as a model organism
A model genus to study species concepts and natural product discovery is the
obligate marine actinomycete genus Salinispora (Mincer et al., 2002). Salinispora belongs
to the Phylum Actinobacteria, a group of Gram-positive bacteria with high G+C content
(Jensen et al., 1991). This genus demonstrates a pan-tropical distribution in marine
sediments. It is an important producer of diverse secondary metabolites including
anticancer and antibiotic compounds. One of the most important compounds isolated from
this genus is salinosporamide A, a b-lactone-g-lactam containing a chloroethyl side chain
that is currently in clinical trials for the treatment of multiple myeloma (Feling et al., 2003,
Williams et al., 2005, Jensen et al., 2007, Fenical et al., 2009).
Salinispora spp. provided some of the first evidence for the existence of native
populations of marine actinomycetes (Mincer et al., 2002; Mincer et al., 2005; Magarvey
et al., 2004). This genus is comprised of the three named species S. arenicola, S. tropica,
and S. pacifica (Maldonado et al., 2005; Ahmed et al., 2013). Although Salinispora strains
are widely distributed, they represent a relatively small component of the total sediment
bacterial community, averaging 1.2-2.3 x 103 CFUs/ml sediment (Mincer et al., 2002). This
does not, however diminish their potential ecological importance, as it is well known that
uncommon organisms can serve as a reservoir of genetic and functional diversity (Yachi
and Loreau 1999) and often play key roles in the ecosystems they inhabit (Phillips et al.,
2006).
Recently our laboratory has obtained 119 Salinispora genomes, which provide
unprecedented opportunities for comparative genomic analyses to study fine-scale
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phylogenetic diversity and the potential for drug discovery through the methods discussed
in this dissertation.
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Chapter 2

Multilocus sequence typing reveals evidence of homologous recombination linked to
antibiotic resistance in the genus Salinispora
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2.1. Abstract
The three closely related species that currently comprise the genus Salinispora were
analyzed using a multilocus sequence typing approach targeting 48 strains derived from
four geographic locations. Phylogenetic congruence and a well-supported concatenated
tree provide strong support for the delineation of the three species as currently described
and the basal relationship of Salinispora arenicola to the more recently diverged sister taxa
S. tropica and S. pacifica. The phylogeny of the initial region of the rpoB gene sequenced
was atypical, placing the related genera Micromonospora and Verrucosispora within the
Salinispora clade. This phylogenetic incongruence was subsequently ascribed to a
homologous-recombination event in a portion of the gene associated with resistance to
compounds in the rifamycin class, which target RpoB. All S. arenicola strains produced
compounds in this class and possessed resistance-conferring amino acid changes in RpoB.
The phylogeny of a region of the rpoB gene that is not associated with rifamycin resistance
was congruent with the other housekeeping genes. The link between antibiotic resistance
and homologous recombination suggests that incongruent phylogenies provide
opportunities to identify the molecular targets of secondary metabolites, an observation
with potential relevance for drug discovery efforts.
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2.2. Introduction
It has become clear that rates of homologous recombination can be extensive within
bacterial species (Didelot and Maiden, 2010; Wicker et al., 2012; Feil and Spratt, 2001).
This process, coupled with barriers to interspecies recombination (Vulic et al., 1997)
provides a mechanism of genetic cohesion that shares features with the biological species
concept (Fraser et al., 2007). In comparison, the stable ecotype model suggests that genetic
cohesion is maintained within ecologically distinct populations largely by periodic
selection events and low rates of recombination relative to mutation (Koeppel et al., 2008;
Gevers et al., 2007; Cohan, 2002). These contrasting concepts of the evolutionary
processes that maintain species level units of diversity are clouded by evidence of
interspecies recombination (Doroghazi and Buckley, 2010; Feil and Spratt, 2001), the rates
of which vary widely among bacteria (Vos and Didelot, 2009). Homologous recombination
between different bacterial species has not only generated questions about our ability to
resolve species using sequence-based phylogenetic approaches, but also whether bacteria
merit species level designations (Doolittle and Papke, 2006; Lawrence and Retchless,
2009).
The 16S rRNA gene is the most widely used marker for determining the
phylogenetic position of bacteria (Schleifer, 2009). The main characteristics of the 16S
rRNA gene that make it an ideal molecular marker for phylogenetic analysis are that it is
highly conserved, ubiquitous, functionally consistent and not frequently subjected to
horizontal gene transfer (Olendzenski and Gogarten 2009). On the other hand, some argue
that the 16S rRNA gene does not provide good species level resolution because it is highly
conserved and in some species there are multiple copies (Staley, 2009). Even though
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phylogenetic analyses of 16S rRNA gene sequences are currently used to classify the
taxonomy of bacteria at higher taxonomic levels, methods such as multilocus sequence
typing (MLST) have been employed to more accurately define species.
MLST is based on the sequencing of 5 to 7 housekeeping genes (450 to 500 bp
each) that are spread around the chromosome (Maiden, 1998). The technique has been used
to aid in the classification of bacteria (Rong et al., 2009; Guo et al., 2008) and to address
linkage equilibrium, gene exchange within and among species, and the relative importance
of recombination versus mutation in the maintenance of population genetic structure
(Wicker et al., 2012; Doroghazi and Buckley, 2010; Ge et al., 2011; Didelot and Fallush,
2007; Pérez-Losada et al., 2006). The analysis of MLST data is thus providing new
opportunities to evaluate bacterial taxa using species concepts that are based on ecological
and evolutionary theory. Since the implementation of MLST, population studies have been
improving since this technique provides a higher level of differentiation due to the larger
number of loci used. The housekeeping genes selected for MLST studies should be spread
around the chromosome to reduce the chances they are linked and maintain the general
characteristics of good phylogenetic markers. To resolve species-level groupings, they
should also evolve faster than the 16S rRNA. Another advantage of this method is that it
is amenable to automation and large curated databases can be developed. MLST also
provides data that are highly discriminatory and electronically portable between
laboratories, and is therefore suitable for investigating the genetic relatedness of bacteria
(Schleifer, 2009).
Originally introduced in 1998, MLST is a portable, universal and definitive method
that was originally designed to quickly and accurately identify pathogenic strains of
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Neisseria meningitidis (Maiden et al., 1998). Since then many researches have utilized this
method with different human pathogens (e.g. Streptococcus pneumoniae, Haemophilus
influenza, Staphylococcus aureus, Escherichia coli) in order to understand the evolution of
their virulence properties, identify antibiotic-resistant strains as well as epidemic clones
and for epidemiological surveillance (Maiden, 2006).
In addition to epidemiological studies, MLST is being utilized to examine bacterial
population structures and has been used to reveal the levels of lateral gene exchange
occurring between and among species of bacteria (Doroghazi and Buckley, 2010). Tanabe
et al., (2007) developed an MLST scheme based on seven housekeeping genes in the
cyanobacterium Microcystis aeruginosa, one of the most prevalent bloom forming
cyanobacteria that has been the cause of increasing public health concern due to its
production of hepatotoxins. The main goal of these efforts were to investigate the genetic
diversity, clonality and evolutionary history of the cyanobacteria with regard to toxicity.
The results demonstrated high genetic diversity, clonal population structure and substantial
recombination. It was also possible to identify toxic and non-toxic clades from a collection
of diverse samples.
Another group of bacteria that has been studied using MLST is the genus
Streptomyces, a complex group of actinomycetes that produce bioactive metabolites of
commercial significance. This genus currently has over 550 described species, which have
been delineated using a combination of genotypic and phenotypic methods. Rong and
Huang, (2010) used MLST to increase the resolution of closely related Streptomyces
species (Rong et al., 2009). They did this by surveying both housekeeping and secondary
metabolite biosynthetic genes in strain of S. griseus. With this combination, they were able

31
to not only understand the evolution and ecology of S. griseus but also facilitate the bioprospecting of new natural products. Additionally, Guo et al., (2008) developed an MLST
method to clarify the taxonomic structure of the Streptomyces griseus 16S rRNA gene
clade. This species is one of the most challenging and least well defined groups within the
genus Streptomyces. Antony-Babu et al., (2008) determined the biogeography of six
alkaliphilic Streptomyces strains that had 99% similarity by 16S rRNA to S. griseus. Using
an MLST analysis they investigated the intraspecific diversity suggesting that these six
strains were ecovars of S. griseus.
The

marine

actinomycete

genus

Salinispora

falls

within

the

family

Micromonosporaceae. It is comprised of the three closely related species Salinispora
arenicola, S. tropica, and S. pacifica (Maldonado et al., 2005; Ahmed et al., 2013) and has
been reported exclusively from marine environments (Freel et al., 2012). Salinispora spp.
represent an important source of biologically active secondary metabolites (Jensen et al.,
2015), including salinosporamide A (Feling et al., 2003), which has entered clinical trials
for the treatment of cancer (Fenical et al., 2009). The three Salinispora species share 99%
16S rRNA gene sequence identity (Jensen and Mafnas, 2006), were resolved using
traditional polyphasic taxonomic approaches, and were further distinguished based on
individual gene phylogenies (Freel et al., 2011), secondary-metabolite production (Jensen
et al., 2007), and comparative genomics (Penn et al., 2009). Members of the genus have
been cultured globally from tropical and subtropical locations (Freel et al., 2012; Mincer
et al., 2002; Kim et al., 2005; Maldonado et al., 2009), while culture-independent studies
reveal a broader distribution in marine sediments (Prieto-Davó et al., 2013). There is both
cultured and culture-independent evidence that S. pacifica and S. tropica are
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geographically isolated and that S. arenicola co-occurs with both species (Freel et al.,
2012; Jensen and Mafnas, 2006; Mincer et al., 2005), suggesting that geographic isolation
and ecological differences may be associated with diversification within the genus. This
study describes the implementation of an MLST scheme designed to test the current species
level assignments within the genus Salinispora and to address the evolutionary
mechanisms that have influenced the genetic population structure in this marine
actinomycete lineage.

2.3. Materials and methods
Bacterial strains. A total of 48 Salinispora strains (12 S. tropica, 19 S. arenicola
and 17 S. pacifica) were used in this study. They were cultured from marine sediments
collected off the Bahamas (BA), Palau (PL), and Fiji (FJ) and from the Sea of Cortez,
Mexico (SC), as previously described (Freel et al., 2012; Jensen and Mafnas, 2006) (Fig.
2.1).
Nucleic acid extraction, PCR amplification, and sequencing. Strains were
cultured in medium A1 with shaking at 230 rpm for 5 to 7 days. Genomic DNA (gDNA)
was extracted according to the DNeasy protocol (Qiagen Inc., Valencia, CA) with
previously described changes (Gontang et al., 2007). Purified gDNA was used immediately
or stored at 20°C prior to use. The 16S rRNA gene and five housekeeping genes (atpD,
trpB, recA, rpoB, and gyrB) were targeted. Unless already available, 16S rRNA gene
sequences were PCR amplified as previously described (Gontang et al., 2007). Primers
designed for this study were based on orthologous sequences derived from the S. arenicola
CNS-205 and S. tropica CNB-440 genomes and four draft Salinispora genomes
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(PRJNA84391, PRJNA84269, PRJNA84389, and PRJNA84271) (Table 2.1). The PCR
conditions are described in Table 2.1. Thirteen of the recA sequences were available from
a prior study (Freel et al., 2012), while the remainder were obtained here using the same
methods. Three regions of the rpoB gene were targeted. rpoB 1 and 2 are associated with
rifamycin resistance, while rpoB 3 is not (Fig. 2.2). PCR products were electrophoresed on
1% agarose gels, visualized with Sybr green, purified using a DNA Clean and Concentrator
kit (Zymo Research), quantified using a NanoDrop (Thermo Scientific; ND-1000 V3.5.2),
and submitted to SeqXcel, Inc., for sequencing of the forward strand. Sequences containing
unique single-nucleotide polymorphisms were checked for accuracy by re-sequencing with
the appropriate reverse primer. rpoB DNA sequences were translated and analyzed for
resistance-conferring mutations using Geneious Pro 5.4.6.
Phylogenetic analyses. Sequences were checked for accuracy and trimmed using
Sequencher (version 4.5; Gene Codes Co., Ann Arbor, MI) or Geneious Pro 5.4.6. A
multiple alignment was created using Muscle (v3.8.81) (Edgar, 2004) and manually edited
using MacClade (version 4.07; Sinauer Associates, Inc., Sunderland, MA) and Mesquite
(v2.75). jModeltest (Posada and Crandall, 1998) was run for each locus, and the best
models were used in the phylogenetic analyses. Maximum-likelihood trees were created
with PhyML (Guindon and Gascuel, 2010) and neighbor-joining trees with MEGA5
(Tamura et al., 2011). Concatenated Bayesian trees and posterior probabilities were created
using MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003). For
the Bayesian analyses, 1,000,000 generations were run. If the standard split frequency was
above 0.03, additional generations were run until the value dropped below 0.03.
Population parameters. Two runs of ClonalFrame (v1.2) were performed on the
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concatenated data (gyrB, recA, trpB, atpD, rpoB 2, and rpoB 3). Each run consisted of
100,000 burn-in iterations followed by 100,000 more updates (Didelot and Falush, 2007)
rpoB phylogenetic and recombination analysis. Three different regions of the
rpoB gene were amplified (rpoB(1), rpoB(2) and rpoB(3)) (Fig. 2.2). Two of these regions
were chosen because they are known to carry mutations which confer rifamycin resistance
(rpoB(1) and rpoB(2)). Maximum likelihood trees were created with PhyML and neighborjoining trees with MEGA5 using both nucleotide and amino acid sequences with 1000
bootstrap replicates. rpoB DNA sequences were translated and analyzed for resistance
conferring

mutations

using

Geneious

Pro

5.4.6

(http://www.geneious.com/).

Recombination events were detected using the Recombination Detection Program v3.44
(Martin et al., 2010) with default settings. Complete rpoB genes derived from existing
genome sequences of S. tropica (CNB-440, CP000667.1; 138 CNB-536, JGI Genome ID
2517572212; CNS-197, JGI Genome ID: 2515154163), S. arenicola (CNS-205,
NC_015434.1; CNS-991, KB913036.1; CNH-962, KB900232.1), and S. pacifica (CNS863, KB913022.1; CNT-084, JGI Genome ID 2515154202; CNT-150, JGI Genome ID
2517434008) were analyzed along with Verrucosispora maris 142 (NC_015434.1) as the
reference sequence.
AHBA synthase (rifK) and rifamycin analysis: All S. arenicola strains were
screened by PCR using primers specific for rifK, which is involved in the production of the
starter unit in rifamycin biosynthesis (Wilson et al., 2010). Reaction conditions and the
protocol followed were as previously described (Freel et al., 2011). To test for the
production of compounds in the rifamycin class, all strains were cultured in 2.8-liter
Fernbach flasks with shaking at 230 rpm (27°C) in TCG medium (3 g tryptone, 5 g
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Casitone, 4 g glucose, 1 liter of seawater) for 7 to 10 days, and the whole culture was
extracted with 1 liter of ethyl acetate. The organic layer was separated and dried under
vacuum to obtain a crude extract, which was fractionated by silica gel flash
chromatography

eluting

with

increasing

amounts

of

methanol

(CH3OH)

in

dichloromethane (100% CH2Cl2; 100:1, 50:1, 20:1, 10:1, 5:1, and 100% CH3OH). The
solvent was removed from all fractions, and low-resolution mass data were obtained in the
positive mode on a Hewlett-Packard series 1100 LC/MS (reversed-phase C18 Phenomenex
Luna column; 4.6 mm by 100 mm; pore size, 5 m; solvent gradient from 5% to 100%
CH3CN over 23 min; flow rate, 0.7 ml/min; UV detection). Compounds were identified as
belonging to the rifamycin class based on UV properties, molecular weights, and retention
times as previously described (Jensen et al., 2007). All strains were tested for resistance to
rifampin (a synthetic derivative of rifamycin) as previously described (Freel et al., 2012).
Nucleotide sequence accession numbers. All sequences were submitted to
GenBank except those that were deposited as part of previous studies (Freel et al., 2012;
Jensen and Mafnas, 2006; Freel et al., 2011) or that are available through the Joint Genome
Institute. The accession numbers generated as part of this study are JN999707 to JN999724,
JN999726 to JN999829, JX971651, JX971652, and JQ266751 to JQ266886.
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Supplemental figure 1. Collection sites and numbers of strains sequenced.

Figure 2.1. Collection sites and number of strains sequenced.
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Figure 2.2. The rpoB gene. Regions 1-3 were targeted for PCR amplification. Mutations
in the N and I-III regions are known to be associated with resistance to compounds in the
rifamycin class.
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Table 2.1. List of PCR primers and conditions. The annealing temperatures and references
for the primers are also included.
Gene
16S rRNA

Primer
name
FC27
RC1492

atpD

atpD_AF
atpD_AR

trpB

trpB_AF
trpB_AR

gyrB

7G_gyrB_F
7G_gyrB_R
gyrB_TPF
gyrB_TPR

recA

recA_AF
recA_AR

rpoB (2)

rpoB_PF
rpoB_PR

rpoB (3)

rpoB_F2226
rpoB_R3122

rpoB (N)

rpoB_NF
rpoB_NR

rifK

rif_F1247
rif_R1247

Primer sequence
Annealing
(5'-3')
temp (°C)
CCGCGGCTGCTGGC
63
ACGTA
GTGCGGGCCCCCGT
CAATT
GTGGGYGACACGGT
70
CAAGGGSCACGTGT
TCAACGCG
GTTGAACTGCTCYG
CYGCYTAGGTGTTCT
GCGACAGGAA
GCGGGAGGACCTCA
70
ACCACACYGGGGCG
CACAAGGTGCG
TCTCGATCGCGGGG
ATGATSCCCTCGGTB
CGYCAGAGCAY
GTICGYAWVCGICCS
60
GGHATGTAC
CCGTCVACRTCRGCR
TCSGCCATS
CGACGAGGGCGACG
60
ATGGCAAGAT
GGATRCCGGTGCCG
AGCG
TTGCTCTCGCTCAGA
70
TCGACAAACAGTTC
GCCACGTCCGGGTT
CTCCCGAAGGAACT
CGCG
GAGCGCATGACCAC
63
CCAGGACGTCGAGG
C
CCTCGTAGTTGTGAC
CCTCCCACGGCATG
A
GAACGTCAGCGAGG
64
AGATGCT
AGCACTCCATCTCAC
63
CGAAG
CTGGCTGGTCGGCA
ACGAGG
CTCCATCCGGGACA
GGCCGA
GCGGCAGGGTGAGT
60
GTTC
CACCGTGCTGTCCG
AAGG

Amplicon
size (bp)
1465

Reference
McVeight et
al., 1996

1008

this study

1215

this study

1460

this study

824

this study

899

Freel et al.,
2012

994

Guo et al.,
2008

896

this study

964

this study

272

Edlund et al.,
2011
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2.4. Results
The MLST analysis of 48 Salinispora strains using 5 housekeeping genes (atpD,
gyrB, recA, trpB, rpoB(3)) and the 16S rRNA gene reveal a well-supported primary
bifurcation within the Salinispora clade that delineates S. arenicola from the more recently
diverged sister taxa S. tropica and S. pacifica. The outgroups of the Salinispora clade were
Micromonospora and Verrucosispora. These phylogenetic relationships define the
Salinispora species tree (Fig. 2.3).
rpoB phylogenetic analysis. The rpoB(3) region of the gene has a phylogeny that
is congruent with the MLST tree. The nucleotide phylogeny of rpoB(2) was poorly
resolved in terms of the position of Micromonospora and Verrucosispora spp. in relation
to the three Salinispora species. To further explore the phylogeny of rpoB(2), an amino
acid tree was generated (Fig. 2.4). This tree places Micromonospora and Verrucosispora
spp. within the least inclusive Salinispora node and is incongruent with the phylogenies
obtained for the MLST tree. This result could be explained a recombination event with a
closely related genus.
Population parameters. ClonalFrame was used to provide a more detailed
assessment of the relative effects of recombination and mutation on population structure
(Vos and Didelot, 2009; Didelot et al., 2011). At the genus level, both the rates (r/q) and
effects (r/m) of recombination relative to mutation are low (Table 2.2), indicating relatively
little impact of recombination on the evolution of the housekeeping genes analyzed. At the
species level, however, r/m and r/q values above 1 were detected for both S. tropica and
S. arenicola (Table 2.2), revealing a central role for recombination in the evolution of these
species.
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Rifamycin resistance. It has been shown that S. arenicola produces antibiotics in
the rifamycin class while S. tropica and S. pacifica do not (Jensen et al., 2007; Kim et al.,
2006). Rifamycin production and the presence of the rifK gene were confirmed for all the
S. arenicola strains. It was also determined that the S. arenicola strains included in this
study are resistant to 20 µg/ml rifampin while the S. tropica and S. pacifica strains are
sensitive to this concentration. Given that the molecular target of the rifamycins is RpoB,
we asked if resistance conferring amino acid substitutions were associated with the
incongruent phylogeny observed for rpoB(2) and if these changes could be attributed to
point mutation or homologous recombination.
An amino acid alignment of regions within the RpoB protein known to confer
rifamycin resistance (Floss and Yu 2005) revealed three substitutions (Table 2.3), two of
which occur in rpoB(2). These substitutions were only observed in S. arenicola and are
likely to be associated with the rifamycin-resistance observed in this species. An amino
acid phylogeny in which these two positions (531 and 574) were masked does not result in
a tree that is congruent with the MLST tree, suggesting that these substitutions alone do
not account for the incongruent phylogeny observed for rpoB(2) (Fig. 2.4).
To test for evidence of recombination in rpoB, ten complete gene sequences (3429
bp) derived from nine Salinispora and one Verrucosispora genome were aligned and
analyzed using the Recombination Detection Program v3.44 (50). The results revealed
clear evidence of a recombination event (p<0.05) using four of the seven methods
employed by the program (Bootscan, MaxChi, Chimaera, and 3seq), which is sufficient to
be taken as significant evidence that a recombination event has occurred (van der Sanden
et al., 2011). The break points were identified as positions 1190 and 1533, which
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correspond well with the rpoB(2) region of the gene (Fig. 2.2).
In addition to the RDP results and the incongruent phylogeny observed for rpoB(2),
further support for recombination comes from the top BLAST matches for the S. arenicola
sequences, which share on average 92.74% (+/-0.12) sequence identity with
Micromonospora sp. L5 (CP002399) in comparison to 90.85% (+/-0.16) with the closest
Salinispora spp. In contrast, the top BLAST match for the S. arenicola rpoB(3) sequences
is S. tropica (NC_009380), with an average sequence identity of 94.97% (+/-0.2503).

Table 2.2. Population parameters calculated using nucleotide sequences.
Taxon
Salinispora
spp.
S. pacifica
S. arenicola
S. tropica

Number
of strains
48

Allele length
(bp)
3,980

r/m

r/q

0.17

0.05

17
19
12

3,980
3,980
3,980

0.02
3.26
2.56

0.00
2.23
5.35

Table 2.3. Regions 1 and 2 of the translated rpoB gene are associated with resistance to
compounds in the rifamycin class. Resistance conferring changes observed in S. arenicola
are indicated in bold and underlined. *No direct interaction with rifamycin, **direct
interaction
Micromonospora
sp. L5
(CP002399.1),
maris
Table 1. Regions with
1 and 2 rifamycin.
of the translated rpoB
gene are associated with resistance
to compounds
in the rifamycin Verrucosispora
class. Resistance conferring changes
observed in S. arenicola are indicated in bold and underlined. *No direct interaction with rifamycin, **direct interaction with rifamycin. Modified from (46).
(CP002638.1)
Micromonospora sp. L5 (CP002399.1), Verrucosispora maris (CP002638.1).

RpoB
Region 2, II

"S. pacifica"
R
S. tropica
R
S. arenicola
R
Micromonospora sp. L5 R
Verrucosispora maris R

562
563
564
565
566
567
568
569
570
571
572
573
574
575

Region 2, I
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

Region 1
143
144
145
146
147
148

Species

V V V S Q

F F G T S Q L S Q F M D Q T N P L A G L T H R R R L S A L G P G

E T P E G P N I G L I G A L

V V V S Q

F F G T S Q L S Q F M D Q T N P L A G L T H R R R L S A L G P G

E T P E G P N I G L I G A L

V V T S Q

F F G T S Q L S Q F M D Q T N P L A G L T H R R R L N A L G P G

E T P E G P N I G L I G N L

V V V S Q

F F G T S Q L S Q F M D Q T N P L A G L T H R R R L S A L G P G

E T P E G P N I G L I G A L

V V V S Q

F F G T S Q L S Q F M D Q T N P L A G L T H K R R L S A L G P G

E T P E G P N I G L I G A L

**

**

*
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Figure 2.3 Concatenated neighbor-joining phylogeny based on 3,330 nucleotide positions
derived from the 16S rRNA, atpD, gyrB, trpB, recA and rpoB(3) loci. Species names are
followed by a capitalized letter indicating the 16S sequence type (except for the first
sequence type identified in each clade, which was not assigned a letter, and strain identifier
(starting with CN). Bootstrap values are indicated for various ranges of support for
maximum-likelihood, neighbor-joining, and Bayesian phylogenies.
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Figure 2.4. Neighbor-joining phylogenetic tree based on 188 amino acid positions derived
from rpoB(2). Species names are followed by a capitalized letter indicating the 16S
sequence type (except for the first sequence type identified in each clade, which was not
assigned a letter), and strain identifier (starting with CN). Bootstrap values are indicated
for various ranges of support for maximum-likelihood and neighbor-joining phylogenies.
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2.5. Discussion
Resolving the evolutionary processes that create and maintain the groups of related
bacteria that can be observed in nature is of fundamental importance to our understanding
of microbial diversity and the development of meaningful species concepts (Achtman and
Wagner, 2008). The evolutionary events that shape this diversity are complex and include
geographic isolation, niche partitioning, periodic selection, homologous recombination,
and the acquisition of adaptive traits via horizontal gene transfer (HGT) (Whitaker et al.,
2003). While reconstructing these events remains a challenge, MLST analyses provide
opportunities to identify closely related genotypic clusters and to examine population
genetic parameters that can help determine if these clusters maintain species-like qualities.
A concatenated phylogeny of six independent loci from 48 globally derived Salinispora
strains provides strong support for the delineation of the three Salinispora species as
currently described.
The high levels of intraspecies recombination versus mutation observed for S.
tropica and S. arenicola suggest that recombination contributes to species level cohesion
without breaking down the independent evolutionary trajectories of these lineages. The
relatively low levels of recombination observed in S. pacifica might be an indication that
the lineage is in fact an amalgam of ecotypes or newly diverging species. This concept is
address in more detail in Chapter 3 of this thesis.
Incongruent phylogenies among housekeeping genes raise questions about our
ability to resolve species level units of diversity (Feil and Spratt, 2001). The phylogenetic
and RDP analyses performed here provide strong evidence that the incongruent phylogeny
observed for the rpoB(2) sequences (Fig. 2.4) is linked to a homologous recombination
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event. The recombination event includes two amino acid changes that are known to be
associated with resistance to rifamycins. This compound class is produced by all of the S.
arenicola strains studied here, which also showed a higher level of rifamycin resistance
than the other two Salinispora species. Thus it appears that recombination, as opposed to
point mutation, accounts for rifamycin resistance in S. arenicola. These results present the
intriguing possibility that incongruent phylogenies among housekeeping genes provide
clues as to the molecular targets of secondary metabolites.
While it is not clear how broadly this concept may apply to other bacteria and
secondary metabolites, phylogenetic screening of housekeeping genes could present new
opportunities for target-based drug discovery. This approach would be conceptually similar
to scanning for accelerated dN/dS substitution values as an indicator of selection. The
normal species-level phylogenetic relationships observed for rpoB(3) indicates that the
region of the housekeeping gene sequenced can influence the relationships inferred among
Salinispora strains.
It is interesting to note that the evolutionary history of Salinispora could be
confidently inferred using relatively few phylogenetic markers. This contrasts with recent
results for the related actinomycete genus Streptomyces, where high levels of inter-species
homologous recombination led to the suggestion that a vertical model of inheritance would
be difficult to predict (Doroghazi and Buckley 2010). It will be interesting to resolve the
genetic and ecological bases for these differences and to test for links between secondary
metabolite production and incongruent phylogenies in Streptomyces spp., the most prolific
source of microbial secondary metabolites discovery to date (Berdy, 2005).
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Chapter 2 is based on the material as it appears in Applied and Environmental
Microbiology. Freel K.C., N. Millán-Aguiñaga, P. R. Jensen. 2013. Multilocus sequence
typing reveals evidence of homologous recombination linked to antibiotic resistance in the
genus Salinispora.
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3.1. Abstract
Bacteria belong to one of the most genetically diverse and ubiquitous kingdoms of
life and are an essential component of all ecosystems. However, it is difficult to agree on
what phylogenetic and ecological characteristics should be used to delineate bacteria into
the basic groups that possess the properties of a species. Whole-genome sequencing has
become an indispensable tool for studying genome evolution, genetic diversity and
bacterial species concepts. A model genus to study these topics is the marine actinomycete
genus Salinispora, an important producer of diverse secondary metabolites including
anticancer and antibiotic compounds. This genus is comprised of three named species (S.
tropica, S. arenicola, and S. pacifica) that share 99% sequence identity based on the highly
conserved 16S rRNA gene. Recently, our laboratory obtained 119 draft Salinispora
genomes, which has provided an unprecedented opportunity to use comparative genome
analyses to address questions concerning species concepts. Genome analyses revealed that
all 119 strains share 2362 single-copy genes. This represents the Salinispora core genome,
which comprises on average 46% of the gene content of each strain. Further analyses
revealed that 57% of the core genome showed evidence of recombination. Calculation of
the genome-wide Average Nucleotide Identity (gANI) and Alignment Fraction (AF)
provided a new perspective of Salinispora diversity and suggested that the three currently
named species would be better represented by at least five additional species. The
presence/absence of predicted biosynthetic gene clusters also revealed clustering patterns
that were congruent with the species phylogeny, indicating that secondary metabolism
represents important functional traits that help delineate species in this lineage.
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3.2. Introduction
The idea that bacteria can be grouped into phylogenetically cohesive clusters that
maintain the properties of “species” is controversial. It is challenging to determine which
circumstances lead to the formation of these clusters and if ecological theory or
evolutionary theory can be applied to them. (Doolittle et al., 2009). As Gevers et al., (2006)
lamented, “any effort to produce a robust species definition is hindered by the lack of a
solid theoretical basis explaining the effect of biological processes on cohesion within and
divergence between species”.
Questions regarding how many prokaryotic species exist and their population sizes,
global distributions are extremely difficult to address. Buckley and Robert (2007) stated
that, “in moving forward with microbial taxonomy, it is critical to determine whether
microorganisms cluster in groups with meaningful commonalities or to determine what
commonalities may be best used to cluster microorganisms into meaningful groups”. Even
though we do not have a robust species definition for bacteria, it does not mean that the
metrics commonly used to describe them are not meaningful. Efforts to identify meaningful
groups of bacteria and ascribe scientific names using traditional binomial naming systems
remains useful in practical clinical, environmental and experimental contexts
(Stackebrandt et al., 2002).
It is recognized that bacterial species concepts should consider genetic diversity and
ecology in order to define species in a coherent and convincing way (Cohan, 2002;
Doolittle and Papke 2006; Fraser et al., 2009). Essentially, bacterial species should fall into
well-supported sequence clusters, evolve under cohesive processes and also be
ecologically distinct and irreversible separated from each other (Wiedenbeck and Cohan,
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2011; Cohan, 2001). To help explain the clustering observed in phylogenetic trees, the
ecotype model has been proposed. In this model, genes that confer adaptive traits can
induce selective sweeps within ecologically coherent populations. This theory predicts that
common ancestry is preserved among bacterial populations within niches and that ecotypes
are represented by coherent self-contained gene pools that can be recognized as clades in
phylogenetic analyses (Fraser et al., 2009; Cohan, 2002).
It is now widely accepted that bacteria often exchange genes through horizontal
gene transfer, and thus distantly related groups of bacteria can share genetic material,
potentially confounding their genetic cohesion (Doolittle and Papke 2006). The most
commonly acquired genes are usually involved in non-essential functions or adaptive traits
such as secondary metabolite production. While housekeeping or other essential genes are
generally not exchanged by horizontal gene transfer, they are known to be subject to
recombination events (Byun et al., 1999), which can also blur species-level phylogenetic
relationships.
Through the advent of new technologies, whole-genome sequencing has become an
indispensable tool for studying genome evolution, genetic diversity and bacterial species
concepts (Batzoglou, 2005; Dewey, 2006). Recently, several authors have suggested that
genome sequences should be use as a source of taxonomic information (Thompson et al.,
2015). Some of the genomic methods and cut-off values used to classify bacteria into
species include average nucleotide identity (ANI). For this metric, it has been shown that
a value of 95% corresponds roughly to the traditional 70% DNADNA hybridization value
used to define bacterial species (Konstantinidis and Tiedje, 2005)
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Comparative genomics and phylogenetic studies have greatly contributed to our
understanding of the evolutionary history and ecology of bacteria. In particular,
comparative genomics has provided a method to compare the genomic characteristics
among different organisms and to link these to biological similarities and differences as
well as the evolutionary relationships (Ellegren, 2008). To assess these similarities and
differences, the genomes are delineated into groups of homologous sequences, which can
be orthologous or paralogous depending on if they result from a speciation event or a
duplication event, respectively. (Fang et al., 2010). In general, orthologous genes share a
similar function over the course of evolution while paralogous genes can evolve new
functions. Studying these genes allows us to assess genomic similarities and to infer the
evolutionary histories of genes in the context of a perceived species phylogeny (Shapiro et
al., 2012).
Explaining the evolutionary history of a species based on a single-gene tree can be
misleading, as different loci will not necessarily be congruent with each other thus creating
challenges in determining the most parsimonious species tree. Genes also evolve at
different rates and it is not always possible to identify the point at which a species diverge
from a common ancestor based on changes in one gene. Therefore, gene trees can provide
the history of a specific gene, but not that of the population (Mirarab and Warnow, 2015).
There is no agreement regarding how many genes it takes to make a “phylogenomics”
evolutionary tree. In general, a tree is termed phylogenomic when it includes genes
sampled across the genome and, in particular, from the core genome of the organisms under
study. Phylogenomics integrates evolutionary thinking into genomic analyses and can be
used to help understand gene function, evolutionary relationships, gene family evolution
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and also to assist in the prediction of lateral gene transfer (Eisen, 1998).
There are different methods to summarize the phylogenetic relationships of a group
of genes. One method is to concatenate all the genes into a single multiple or superalignment, and then estimate a single tree from this super-alignment. Another method is to
summarize the individual gene trees into a single species tree. ASTRAL (Accurate Species
TRee ALgorithm) is a coalescent-based method for estimating a single species tree using
multiple genes. This program identifies the species tree that agrees with the largest number
of individual trees built from the set of gene trees. In some cases, this method can be more
accurate than maximum likelihood analyses of the concatenated gene set, except for
instances in which there are too few gene trees (Mirarab et al., 2014).
Salinispora, an obligate marine actinomycete genus, is an ideal model to study
species concepts (Jensen et al., 2015). This species is an important producer of diverse
secondary metabolites that include both anticancer and antibiotic compounds and
demonstrates a pan-tropical distribution in marine sediments. Furthermore, Salinispora
spp. have provided some of the first evidence for the existence of native populations of
marine actinomycetes (Mincer et al., 2002; Mincer et al., 2005; Magarvey et al., 2004). It
is currently comprised of the three named species S. arenicola, S. tropica, and S. pacifica
(Maldonado et al., 2005; Ahmed et al., 2013). Although Salinispora strains are widely
distributed, they represent a relatively small component of the total sediment bacterial
community, averaging 1.2-2.3 x 103 CFU/ml sediment (Mincer et al., 2002). This does not,
however diminish their potential ecological importance, as it is well known that uncommon
organisms can serve as a reservoir of genetic and functional diversity (Yachi and Loreau,
1999) and often play key roles in the ecosystems they inhabit (Phillips et al., 2006). In this
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chapter I present a phylogenetic and comparative genomics analyses of the genus
Salinispora. The goals are to improve the intra-species resolution among Salinispora
species using phylogenomics, whole genome analyses and to observe the effects of
recombination on species level phylogenetic reconstructions.

3.3. Material and methods
Genome sequencing. The genomes of select Salinispora isolates were sequenced
by the U.S. Department of Energy (DOE) Joint Genome Institute (JGI). DNA was extracted
according to the JGI standard protocol, as previously described (Ziemert et al., 2014).
Genomic DNA was sequenced as part of the JGI Community Science Program (CSP) using
Illumina technology. Annotation and assembly were carried out as previously described
(Ziemert et al., 2014). Genomic data is available in the Integrated Microbial Genomes
(IMG) database (https://img.jgi. doe.gov). IMG genomes ID and NCBI taxon numbers are
included in Table 3.2.
Orthologous group computation. A total of 119 Salinispora strains (12 S. tropica,
62 S. arenicola and 45 S. pacifica) from 11 different locations (Fig. 3.1, Table 3.2) were
analyzed using the program FastOrtho (Wattam et al., 2014) to identify clusters of shared
proteins coding genes termed orthologous groups (OGs). This program is a
reimplementation of Orthomcl (Li et al., 2003) and performs a bidirectional best blast hit
search in the amino-acid space, followed by a clustering step based on a percent match,
using default parameters (cutoff=70, e-value cutoff=1e-05, and inflation index (I)=1.5)
(github.com/juanu/MicroCompGenomics). Rarefaction curves for all OGs and singletons
(Salinispora pan-genome) and diversity estimates were generated using the ‘vegan’
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package in R. (R Core Team, 2013). Using the output matrix of FastOrtho, I was able to
detect

species-specific

orthologous

groups

using

a

macro

in

Excel

(//github.com/joseluisrc/FindSharedGenes).
Identification of the core genome and the detection of recombination. A series
of custom python scripts (github.com/juanu/MicroCompGenomics) were applied to the
FastOrtho results to generate a matrix of OGs and the number of copies within each one.
This matrix was used to extract the core genome (all the orthologous groups which are
present in each of the 119 strains). The core genome was filtered to include the single-copy
shared genes and exclude the paralogs groups. The nucleotide sequences of all genes in
each single-copy OG were aligned using MUSCLE with default parameters and GBlocks
used to trim for quality. The single-copy shared genes were screened for evidence of
recombination using the PhiPack package (Bruen, 2005), which computed the statistical
test PHI, MaxChi and Neighbor Similarity Score with default parameters. Recombination
was inferred when for p-values less than 0.01 were detected.
Phylogenetic analyses. A maximum likelihood (ML) tree was generated for each
of the single-copy genes including the OGs under recombination and not under
recombination. Trimmed alignments of the single-copy genes were concatenated and used
to build ML phylogenetic trees using RAxML (Stamatakis, 2006) implemented on the
CIPRES portal v2.2 at the San Diego Supercomputer center (Miller et al., 2010). Analyses
included 1,000 bootstrap replicates using the most complex model (GTR + GAMMA) for
both bootstrapping and final ML optimization using default parameter settings. The
resulting trees were rooted at the mid-point and visualized using the program FigTree
v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree). Individual gene trees were generated for
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all single-copy shared genes with 100 bootstraps (Stamatakis, 2006) using the program
RAxML (command line version) and each individual gene tree was also rooted at the midpoint and visualized using the program FigTree v1.3.1. Each tree showing an incongruent
phylogeny with the concatenated species tree was considered to be under recombination.
The program ASTRAL (Mirarab et al., 2014) was used to build a species tree using all the
single-copy genes. ASTRAL utilized the best trees from RAxML for each gene tree and
the bootstrap trees from RAxML for each gene tree. The topology was compared between
the species tree and the concatenated tree to observe congruence.
Average nucleotide identity (ANI). ANI analysis was based on whole-genome
data using the method proposed by Goris et al., (2007). Based on the pairwise ANI values,
a distance matrix was compiled to represent the ANI divergence (which is defined as 100%
- ANI) between the strains and used to compile the ANI divergence dendrogram. A series
of

custom

scripts

were

used

to

perform

these

analyses

(//github.com/juanu/ANI_analysis/blob/master/ANI_blastn.py). For two genomes to be
considered representatives from the same species, the cut-off used for ANI divergence was
5%.
The average nucleotide identity (ANI) and alignment fraction (AF) were
determined for all 119 Salinispora genomes. This method was based on gene content of
orthologous groups instead of whole genome information. The code used to perform the
ANI and AF computation is available online at https://ani.jgi-psf.org/html/download.php.
The ANI and AF cut-offs recommended for the delineation of species using the whole
genomes are >96.5 and >0.6, respectively (Varghese et al., 2015). Cytoscape 3.3.0 was
used to visualize the results (Shannon et al., 2003).

60
Classification based on functional characteristics. Using the results provided
from FastOrtho, all OGs were classified into five major functional gene categories (Table
3.1) This matrix was used to build hierarchical cluster analyses using the function hclust
and the method “average” in the R package (R Core Team, 2013). A hierarchical cluster
analyses was also generated using the presence/absence of biosynthetic gene clusters
(BGC) predicted for the 119 Salinispora genomes (Letzel et al., in preparation).
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Table 3.1. Distribution of Clusters of Orthologous Groups (COGs) based on major
functional gene categories.

Cellular processes and signaling
(CP&S)

Information storage and processing
(IS&P)

Metabolism
(M)

Secondary metabolism
(SM)
Poorly characterized
(PC)

[D] Cell cycle control, cell division,
chromosome partitioning
[M] Cell wall, membrane, envelope
biogenesis
[N] Cell motility
[O] Post-translational, modification,
protein turnover, and chaperones
[T] Signal transduction mechanisms
[U] Intracellular trafficking, secretion, and
vesicular transport
[V] Defense mechanism
[Y] Nuclear structure
[A] RNA processing and modification
[B] Chromatin structure and dynamics
[J] Translation, ribosomal structure and
biogenesis,
[K] Transcription
[L] Replication, recombination and repair
[C] Energy production and conversion
[E] Amino acid transport and metabolism
[F] Nucleotide transport and metabolism
[G] Carbohydrate transport and
metabolism
[H] Coenzyme transport and metabolism
[I] Lipid transport and metabolism
[P] Inorganic ion transport and
metabolism
[Q] Secondary metabolites biosynthesis,
transport and catabolism
[R] General function prediction only
[S] Function unknown
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3.4. Results
General genome characteristics. The 119 Salinispora genomes include strains
collected from 1989 to 2012 and 11 different locations (Fig. 3.1). All strains were isolated
from marine sediments at depths ranging from 1 to 700 meters except four that were
derived from marine sponges (Table 3.2). The strains include a range of 16S rRNA
sequence types, defined based on single nucleotide changes. For S. tropica, only one
sequence type has been detected. This has been assigned the letters ST, referring to
standard sequence type. For S. arenicola, four sequence types were sequenced, (ST, A, B
and G) and for S. pacifica 10 different sequence types were sequenced (ST, A, B, C, D, E,
K, O, P, Q). All strains have from 2-5 clonal copies of 16S rRNA gene.
The draft genome sequences averaged 86.3 contigs across the genus, with the
majority of sequence data accounted for by a few large contigs in each genome. The
average genome size for the genus is 5.57 Mb, with S. arenicola genomes being larger on
average than the other two species. As a consequence, the larger genome size in S.
arenicola correlates with greater numbers of genes, which averaged 5,234 for this species
compared with approximate 300 and 200 less genes in S. tropica and S. pacifica,
respectively (Table 3.3).
Orthologous group computation. The program FastOrtho predicted a total of
13,512 orthologous groups (OGs) and 4980 single copy genes (singletons, sequences found
in only one strain), revealing a pan-genome among the 119 Salinispora genomes that
included 18,492 protein families. Within the pan-genome, we observed a core genome
(protein families shared among all 119 strains) of 2603 OGs, including 2363 genes present
in single-copy in each genome and 241 shared genes that occurred in multiple copies. The
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core genome represents approximate 51% of the average gene content in the genus
Salinispora.
Rarefaction curves were computed to estimate how effectively the gene content of
the genus and individual Salinispora spp. had been sampled based on the collection of 119
strains sequenced (Fig. 3.2). When only the core genomes are considered, i.e., those genes
shared by all members of the genus or the individual species, there is clear evidence that
the curves plateau (Fig. 3.2.). On the other hand, if the entire pan-genome is included, it
becomes clear that additional sequencing will continue to reveal addition genetic diversity.
Diversity estimators (Chao1 and ACE) at the genus level suggested an un-captured pool of
more than 6,000 genes in the pan-genome. The same trend is observed at the species level,
where no curves reached a saturation point (Fig. 3.3). Based on the annotation or putative
function of the OGs, more than 50% of the pan-genome is comprised of poorly
characterized genes (Fig 3.4A). On the other hand, metabolism constitutes a significant
part (35%) of the core genome (Fig. 3.4B).
Detection of recombination in the core genome and phylogenetic analyses.
Using the program PhiPack to analyze all the single-gene trees generated from the 2,362
single-copy genes in the core genome (shared by all strains), 1,486 genes had evidence of
recombination, representing ~57% of the core genome. Of these, 635 genes (26.8% of the
core genome) revealed species level phylogenies that are incongruent with that currently
established for the three named Salinispora species. Phylogenies were built using all of the
core genes and the components of the core that were either under recombination or not
under recombination. The goal was to determine the effects of recombination on
phylogenetic reconstruction among Salinispora species. The concatenated trees generated
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using the complete core genome and the gene pools either under recombination or not
under recombination were all congruent at the species level (Fig. 3.5). Overall, I observed
only minor changes in the tip of the branches within the species. Within S. tropica, some
changes were observed in the topology of the tree generated using the genes in S. tropica
in the tree with genes under recombination. In contrast, the topology of the other two trees
revealed two well-supported clades within S. tropica with four and eight strains,
respectively (Fig. 3.5). Within S. pacifica, the major difference among the trees was the
position of strains CNT-003 and DMS45544 from Fiji in relation to the strains from Guam
(CNR-114 and CNQ-768) and Palau (CNR-909 and CNS-103). In the core genome and
genes under recombination trees, the Fiji strains are sister taxa with Guam and Palau
strains; in the tree not under recombination, the Fiji strains are paraphyletic in relation to
Guam and Palau strains (Fig. 3.5). In the case of S. arenicola, location-specific clades were
observed in the tree with genes not under recombination, especially with the strains from
Fiji, Guam and Palau. In contrast the trees from the core genome and under recombination
did not show this pattern (Fig. 3.5). For the species trees built with ASTRAL, I observed a
similar pattern with the concatenated tree, with highly supported trees that were congruent
at the species level (Fig. 3.6). Also, minor changes were observed at the tips of the branches
for all the species. For S. tropica the topology of the Astral tree was consistent with the
other three trees, showing the two well-supported clades with four and eight strains,
respectively (Fig. 3.6). Within S. pacifica, the major change was the position of strain
CNH-732 in the tree with genes under recombination in comparison with the other two
trees (Fig. 3.6). In the case of S. arenicola, location-specific clades were also observed and
the major change was the position of the strain CNR-107 from Guam; where in the core
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genome and under recombination gene trees, this strain was paraphyletic of the major
clades from Guam, Palau and Fiji. While in the tree with genes not under recombination,
all strains from Guam formed a monophyletic clade (Fig. 3.6).
The comparison of the concatenated tree with the ASTRAL species tree is
important due the potential of incorrect trees with high support produced in analyses using
just concatenated datasets (Kubatko and Degnan, 2007). For that reason, methods like
ASTRAL have been developed to address this incongruence and have been producing high
probability species trees using large numbers of genes (Mirarab et al., 2015). A high level
of congruence was observed when mirroring the topologies of both trees not under
recombination (concatenated data set and Astral tree) (Fig. 3.7). Both trees were consistent
in the topology of S. tropica where the two separated clades with four and eight strains
were observed. (Fig. 3.7). Within S. pacifica, the strain CNH-732 from the Red Sea was
one of the major changes in position within the tree. Also minor changes in the tip of the
branches of some S. pacifica strains from the Sea of Cortez (CNY-331, CNY330 and CNY363) were observed. Within S. arenicola, location-specific clades are observed in contrast
with S. pacifica. The main difference among the location-specific clades in S. arenicola is
the relationship between the strains from Palau, Guam and Fiji. In the concatenated tree,
the Fiji strains are sister taxa with Palau, while in the ASTRAL tree, Palau and Guam
strains are sister taxa with a higher bootstrap support (Fig. 3.7).
Overall, a better resolution was observed within the species, specifically in S.
pacifica where the different clades are highly supported and the genetic distance was
distinctly higher than in the other two species (Fig. 3.7, 3.11). Interestingly, the phylogeny
of the genes under recombination did not change the delineation of the species, suggesting
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that recombination has taken place within rather than between species. I propose that the
concatenated tree generated using the core genes not under recombination provides the best
phylogenetic resolution to date for the genus Salinispora.
ANI and ANI-AF metrics. ANI is being applied to bacterial genome sequence
analysis as a method to verify taxonomic affiliations. The method developed by Goris et
al., (2007) consists of a pairwise alignment of whole genomes including non-coding
regions. It has been proposed that ANI values between genomes of the same species should
be above 95% (Goris et al., 2007). According to this metric, S. tropica would be a single
species, S. arenicola would consists of two species, one of which is represented by a single
strain (CNY-281), and S. pacifica would consist of seven different species, two of which
are represented by single strains (Fig. 3.8). The new genetic diversity within S. pacifica
includes two major clades, one with 23 strains that includes the type strain (CNR-114)
formally described by Ahmed et al., (2014) and the second major clade includes 12 strains.
In contrast with the ANI method by Goris et al., (2007), the ANI-AF method
(Varghese et al., 2015) is based on gene content, only includes coding orthologous group
(CDS: From Coding DNA Sequences) and uses the combined values of ANI> 96.5 and
AF>0.6 to delineate species. Using ANI-AF, a single homogeneous cluster was observed
for S. tropica and two for S. arenicola, one of which was the same single strain identified
using ANI alone. For S. pacifica, multiple homogeneous clusters were observed, including
four singletons. This suggests that S. pacifica has experienced significant genomic
divergence, leading to the formation of at least five different new species (Fig. 3.9). The
major clade of this new diversity within S. pacifica also comprised a major clade with 23
strains that included the type strain CNR-114 and the second major clade with 12 strains.
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This method identified two singletons more than the ANI method alone. Based on 16S
rRNA gene sequences types, the ANI-AF clustering revealed some correlation within S.
pacifica with most of the same 16S sequence types clustering together. This indicates that
one single nucleotide change in the conserved 16S rRNA gene can be indicative of different
Salinispora species (Fig. 3.11). There was poor correlation between location and the
candidate species identified within S. pacifica (Fig. 3.10) suggesting that geographic
isolation is not driving diversification (Fig. 3.10).
Clustering analyses based on COG category. Hierarchical analyses based on the
presence or absence of specific orthologous groups, in comparison with a robust and wellsupported species tree, can provide clues as to genes that represent important species
defining traits. The categories C, E, G, H, I and R consistently delineated the three species,
mostly likely because they represent genes involved in primary metabolism. Within the S.
pacifica clade, the categories C, H, I and R, were congruent with the new genetic species
delineated by the ANI as well as ANI-AF (Fig. 3.13). Clustering in the COG category of
secondary metabolism [Q] did not follow the Salinispora species delineations, however the
presence/absence matrix of predicted BGCs, was congruent with the species tree and with
the diversity detected within S. pacifica.
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Yucatán
Sea of
7 4 Cortez 8 4
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Hawaii
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Bahamas
5
Puerto Vallarta
Palmyra

43
Red Sea
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Guam
Palau

Madeira
Islands

3

1622
Fiji

S. tropica (12)

S. arenicola (62)

Red Sea [ST] [ST, O] Guam [ST] [ST] Palau [ST] [ST,A,E]

Palmyra [ST]

S. pacifica (45)
Hawaii [ST] [A,C,D] Bahamas [ST] [ST]

Figure 3.1. Geographic origins of strains. Numbers within circles refer to the strains
Sea of Cortez [A,B] [ST] Fiji [ST,G] [ST,A,B,C,D,E,F, K2] Puerto Vallarta [A] [ST] Yucatán [ST] [ST] Madeiras [A,Q,P]
sequenced
at that site for each species.

NCBI

1169177
1144930
1169168
1137255
1169173
1408335
1408351
1408339
1408331
1144929
1169167
1137256
1169172
1137253
1137264
1136428
1137254
1169163
1136429
1169178
1288087
1408332
1288086
1408333

2518285560
2519103185
2518285554
2517572137
2517572154
2565956528
2571042345
2561511103
2561511039
2515154180
2519103194
2515154186
2526164509
2515154088
2518285550
2515154135
2515154127
2517572233
2515154203
2518285553
2524614515
2565956527
2524614529
2571042009

1408336

2561511115

1169166

1408337

2561511110

1169185

1169164

2521172655

2518285559

1408334

2571042016

2517572163

1408326

2561511037

1169165

1169176

2519103192

2519103195

1136427

2515154181

999546

1137250

2515154093

1169179

1136425

2517572210

2518285558

1169162

2517572153

2516143022

1137251

2515154183

Genome ID Taxon ID

IMG

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

Species

CNS-325

CNS-299

CNS-296

CNS-243

CNS-051

CNR-921

CNT-859

CNT-857

CNT-850

CNT-849

CNT-800

CNT-799

CNT-798

CNR-107

CNQ-748

CNQ-884

CNY-281

CNS-848

CNS-820

CNY-280

CNT-005

CNS-744

CNS-673

CNY-260

CNY-256

CNY-237

CNY-234

CNY-231

CNS-991

CNY-230

CNY-244

CNY-282

CNS-342

CNH-643

CNH-877

CNH-646

CNB-527

CNB-458

CNY-011

CNH-905

Strain

PL04-276

PL04-100

PL04-197

PL04-010

PL04-020-3B

PL04-094-2R

HA08-28-1C

HA08-31-II

HA08-11-1A

HA08-5

HA08-8-1B

HA08-11

HA08-2-1C

GU02-313-7

GU02-241-2

GU02-222

FJ09-FS079

FJ06-31

FJ06-71

FJ07-FS-025

FJ06-153-3

FJ06-125-7

FJ06-126-3

FJ07-FS-023

USP-24

FJ08-SS-079

USP-26

FJ07-FS-057

FJ06-126-4

USP-017

FJ09-FS068

USP-016

036F

BA99-1-0-A

BA00-18

BA99-3-30-C

BA89-48

BA89-42

BA10-262-A

BA00-16

Sample

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

G

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

type

Sequence

16S

Palau

Palau

Palau

Palau

Palau

Palau

Hawaii

Hawaii

Hawaii

Hawaii

Hawaii

Hawaii

Hawaii

Guam

Guam

Guam

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Location

March 2004

March 2004

March 2004

March 2004

March 2004

March 2004

December 2008

December 2008

December 2008

December 2008

December 2008

December 2008

December 2008

January 2002

January 2002

January 2002

September 2009

July 2006

July 2006

August 2007

July 2006

July 2006

July 2006

August 2007

June 2011

February 2008

June 2011

September 2007

July 2006

June 2011

October 2009

June 2011

August 2004

July 1999

August 2000

1999

1989

June 1989

July 2010

August 2000

Date collected

156 29.626’ W

156 29.626’ W

156 29.626’ W

156 29.626’ W

156 29.626’ W

144 39.026 E

144 38.8 E

144 38793 E

179 23.44 W

178 09.855 E

178 29.438 E

179 14.138 E

178 33.019 E

178 31.425 E

178 33.829 E

179 11.284 E

NA

177 06.052 E

NA

178 50.608 E

178 33.829 E

NA

179 52.25 W

NA

NA

NA

74 32.669 W

77 53 W

74 1 W

77 55.19 W

77 53.436 W

74 32.669 W

Longitude

07 19.590 N

07 14.431 N

07 10.215 N

07 17.704 N

07 09.09 N

07 09.635 N

134 26.215 E

134 22.855 E

134 21.165 E

134 30.950 E

134 21.34 E

134 22.127 E

20 38’ 22.69” N 156 27’ 01.47’ W

20 38’ 22.69” N 156 27’ 01.47’ W

20 38.086’ N

20 38.086’ N

20 38.086’ N

20 38.086’ N

20 38.086’ N

13 18.362 N

13 21.9 N

13 17.545 N

17 46.18 S

18 24.374 S

18 42.806 S

18 01.169 S

18 46.813 S

18 45.342 S

18 45.667 S

17 59.778 S

NA

17 16.402 S

NA

17 39.462 S

18 45.667 S

NA

16 40.31 S

NA

NA

NA

24 01.133 N

26 36 N

22 21 N

26 37.57 N

26 33.838 N

24 01.133 N

Latitude

Table 3.2. General characteristics of the 119 Salinispora strains.

30

9

36

365

5-13

12

15

15

30-33

30-33

30-33

30-33

30-33

36

NA

86

NA

30

18-25

NA

45

4-6

20-24

NA

NA

NA

NA

NA

20-24

NA

NA

NA

NA

NA

12

15

NA

NA

26

30

Depth (m)

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Associated sponge

Marine sediment

Associated sponge

Marine sediment

Marine sediment

Associated sponge

Marine sediment

Associated sponge

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Isolated from
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NCBI

391037
1169169
1136426
1137257
1169171
1137258
168697
1408330
1288085
1169175
1137252
1136430
1169174
1169170
1408340
1408342
1408343
1408344
1408345
1408327
1408328
1298919
1137260
1169193
1408348
1408347
1408356
1408352
1408350
1169186
999542
999543
1169189
1136416
1136417
1136418
1169190
1136419
1169188
1136420

641228504
2518285555
2515154137
2515154188
2517572152
2515154187
2561511104
2571042014
2524023246
2519103193
2515154193
2515154125
2518285551
2518285552
2561511107
2561511113
2563366734
2561511111
2561511114
2571042007
2561511105
2528311033
2515154178
2517572155
2571042008
2571042006
2563366531
2561511035
2561511036
2518285563
2517572194
2517287019
2517572157
2515154184
2515154126
2515154177
2517572158
2515154202
2517572159
2515154200

Genome ID Taxon ID

IMG

CNH-996

CNX-891

CNX-814

CNX-508

CNX-482

CNX-481

CNS-205

Strain

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

CNT-131

CNT-124

CNT-084

CNT-045

CNT-029

CNT-003

CNT-001

CNS-996

DSM45544

DSM45543

CNS-860

CNS-801

CNT-133A

CNY-646

CNH-732

CNR-510

CNQ-768

CNR-114

CNR-425

CNH-718

CNH-713

CNY-694

CNY-690

CNY-685

CNY-679

CNY-486

CNP-193

CNP-105

CNH-964

CNH-941

CNH-962

CNH-963

S. arenicola CNH-996B

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

S. arenicola

Species

FJ06-76-4

FJ06-153-5

FJ06-58-1

FJ06-135-1

FJ06-30-5

FJ06-152-1

FJ06-147-3

FJ06-137-3

FJ06-87-1

FJ06-54-2

FJ06-80-3

FJ06-84

FJ06-80

EG-55

RS00-470

GU02-230

GU02-266-11

GU02-228-2

GU02-184

RS00-47

RS00-154

MX12-217

MX12-252

MX12-266

MX12-56

PV11-10

SC01-108

SC01-69

SC00-90-BIII

SC00

SC00-60-BIII

SC00-90-BIII

SC01-75

SC01-75

PL09-106-D

PL09-122-G

PL09-21-B

PL09-270-B

PL09-108-BII

PL04-172-7D

Sample

ST

C

D

C

C

ST

ST

C

ST

C

C

A

D

O

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

A

B

B

B

B

A

A

A

A

ST

ST

ST

ST

ST

ST

type

Sequence

16S

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Red Sea

Red Sea

Guam

Guam

Guam

Guam

Red Sea

Red Sea

Yucatan

Yucatan

Yucatan

Yucatan

Puerto Vallarta

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Palmyra

Palmyra

Palmyra

Palmyra

Palmyra

Palau

Location

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

July 2006

August 2006

2000

January 2002

January 2002

January 2002

January 2002

2000

2000

July 2012

July 2012

July 2012

July 2012

December 2011

February 2001

February 2001

November 2000

November 2000

November 2000

November 2000

February 2001

February 2001

September 2009

September 2009

September 2009

September 2009

September 2009

March 2004

Date collected

18 42.806 S

18 46.813 S

18 24.360 S

18 45.667 S

18 24.626 S

18 46.427 S

18 44.602 S

18 45.667 S

18 43.414 S

18 23.946 S

18 42.806 S

18 42.806 S

18 42.806 S

NA

24 22.55 N

13.253171 N

13 31.099 N

13 17.209 N

13 16.774 N

27 34 N

NA

20 19.479 N

18 33.860 N

18 24.373 N

24 40.165 N

20 32.687 N

24 25.71 N

24 51.37 N

NA

NA

NA

NA

24 49.49 N

24 49.49 N

05 52.178 N

05 52.178 N

05 52.233 N

05 53.545 N

05 52.178 N

07 06.500 N

Latitude

178 29.438 E

178 33.019 E

178 01.089 E

178 33.829 E

178 09.494 E

178 32.784 E

178 32.502 E

178 33.829 E

178 29.423 E

178 02.086 E

178 29.438 E

178 29.438 E

178 29.438 E

NA

35 23.03 E

144.658865 E

114 47.44 E

114 38.943 E

144 39.225 E

33 55.8 E

NA

87 01.627 W

87 25.275 W

87 24.751 W

82 54.509 W

105 17.380 W

110 25.52 W

110 35.32 W

NA

NA

NA

NA

110 35.16 W

110 35.16 W

162 04.647 E

162 04.647 E

162 07.491 E

162 04.609 E

162 04.647 E

134 15.200 E

Longitude

Table 3.2. General characteristics of the 119 Salinispora strains, Continued.

18-25

45

10-15

20-24

37

43

33

20-24

7

10-15

18-25

18-25

18-25

NA

18

NA

180

12

106

15

1

15

12

10

20

1-7

48

21

NA

NA

NA

NA

36

36

15-25

15-25

7

3

15-25

15-20

Depth (m)

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Associated sponge

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Isolated from

70

56

NCBI

1050199
999544
999545
1137263
1169191
1136424
1169184
1408353
1288090
1137265
1137266
1206102
1169180
1288089
1169182
1137261
1169187
1137262
1408349
1169192
1169181
1408354
1305843
1408355
1408341
1408357
1408346
369723
1137247
1136431
1137248
1137249
1169195
1169198
1169196
1288084
1169197
1408358
1408359

2516493032
2517287023
2517434008
2515154124
2517572160
2515154185
2517572161
2561511034
2524614561
2515154170
2515154128
2515154182
2517572162
2524614807
2518285562
2515154194
2518285561
2515154129
2561511038
2518645626
2518645627
2563366534
2528311034
2563366539
2563366532
2563366533
2563366517
640427140
2517572211
2517572212
2515154094
2515154163
2517572164
2518645624
2540341193
2524614530
2540341192
2561511109
2561511108

Genome ID Taxon ID

IMG

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. tropica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

S. pacifica

Species

CNY-681

CNY-678

CNY-012

CNT-261

CNT-250

CNR-699

CNS-416

CNS-197

CNH-898

CNB-536

CNB-476

CNB-440

CNY-703

CNY-673

CNY-666

CNY-498

CNY-202

CNY-363

CNY-331

CNY-330

CNR-909

CNS-103

CNR-942

CNR-894

CNS-055

CNS-237

CNT-851

CNT-796

CNT-855

CNT-854

CNY-239

CNT-403

CNT-609

CNT-603

CNT-584

CNT-569

DSM45549

DSM45548

DSM45547

Strain

MX12-215

MX12-141

BA10-263

BA07-67

BA07-63

BA03-04

BA04-26-6B

BA04-14-4B

BA00-11

BA89-49C

BA89-43

BA89-40E

MD12-562-A

MD12-278

MD12-107A

PV11-27

AMS-301

AMS-72

SC-08-28

SC-08-27

PL04-08

PL04-124-1C

PL04-003-1A

PL04-008-2F

PL04-123-3C

PL04-118

HA08-11-1D

HA08-4-1C

HA08-11-1E

HA08-36-1A

FJ08-FS-080

FJ08-41

FJ08-273-44

FJ08-178-53

FJ08-333-1b

FJ08-173-2

FJ06-32-1

FJ06-154-9

FJ06-138-7

Sample

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

ST

P

Q

A

ST

K2

ST

ST

ST

ST

ST

E

ST

A

B

D

D

A

C

ST

C

D

ST

C

E

B

A

C

type

Sequence

16S

Yucatan

Yucatan

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Bahamas

Madeira Islands

Madeira Islands

Madeira Islands

Puerto Vallarta

Sea of Cortez

Sea of Cortez

Sea of Cortez

Sea of Cortez

Palau

Palau

Palau

Palau

Palau

Palau

Hawaii

Hawaii

Hawaii

Hawaii

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Fiji

Location

July 2012

July 2012

July 2010

June 2007

June 2007

July 2003

June 2004

June 2004

July 2000

August 1989

August 1989

August 1989

June 2012

June 2012

June 2012

December 2011

July 2008

July 2008

July 2008

July 2008

March 2004

March 2004

March 2004

March 2004

March 2004

March 2004

December 2008

December 2008

December 2008

December 2008

September 2008

January 2008

January 2008

January 2008

January 2008

February 2008

July 2006

July 2006

July 2006

Date collected

20 19.479 N

21 10.262 N

26 33.838 N

NA

NA

26 33.527 N

25 49.658 N

26 34.288 N

24 32.693 N

22.3500 N

26.4667 N

25.405212 N

32 32.193 N

33 03.155 N

32 38.901 N

20 42.099 N

25.9503217 N

28.95318333 N

28.95318333 N

28.98995 N

07 17.894 N

07 18.079 N

07 16 N

07 17.894 N

07 17.092 N

07 21.312 N

20 38.086’ N

20 38.086’ N

20 38.086’ N

20 38’ 22.69 N

17 44.31 S

16 56.827 S

17 15.591 S

18 15.26 S

18 15.26 S

18 15.26 S

18 25.301 S

18 47.151 S

18 45.667 S

Latitude

87 01.627 W

86 43.812 W

77 53.436 W

NA

NA

77 53.096 W

77 52.850 W

77 53.207 W

75 55.724 W

74.0167 W

77.0833 W

77.881818 W

16 31.971 W

16 16.700 W

16 49.365 W

105 33.888 W

111.306283 W

113.4308667 W

113.4308667 W

113.3987167 W

134 30.252 E

134 13.449 E

134 28 E

134 30.252 E

134 13.825 E

134 26.409 E

156 29.626’ W

156 29.626’ W

156 29.626’ W

156 27’ 01.47’ W

179 20.53 W

177 24.020 E

177 06.478 E

178 05.10 E

178 05.10 E

178 05.10 E

178 08.453 E

178 33.155 E

178 33.829 E

Longitude

Table 3.2. General characteristics of the 119 Salinispora strains, Continued.

15

12

8

700

12

15

24

5

30

6

18

6

12

16

15

15

330

20

20

20

304

457

45

304

457

22

30-33

30-33

30-33

15

NA

20

NA

NA

NA

NA

35

43

20-24

Depth (m)

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Marine sediment

Isolated from

71

57

72
Table 3.3. Average genome statistics.
Species

Draft
genomes

S. tropica
S. arenicola
S. pacifica

12
62
45

Average
genome size
(Mb)
5.31 ± 0.20
5.74 ± 0.17
5.42 ± 0.22

Average
gene
content
4958
5234
5078

Average
number of
contigs
89
80
90

Figure 3.2. Core orthologous groups rarefaction curves. Shared OGs at the genus (black
line) and species (red = S. tropica, blue = S. arenicola, yellow = S. pacifica) levels. Blue
shading indicates standard error. Diversity estimates using Chao1 and ACE are given.

Figure 3.3. Rarefaction curves for the total number of orthologous groups (core and
flexible genomes). Genus level = black line, red = S. tropica, blue = S. arenicola, yellow
= S. pacifica). Blue shading indicates standard error. Diversity estimates using Chao1 and
ACE are given.

73

A

B

15%

10%
33%

Core genome
2362
protein families

12%

57%

Pan-genome
13,512
protein families

18%

16%

1%
18%

3%

35%

C
[CP&S]
[IS&P]

Cellular processes and signaling [CP&S]
Information storage and processing [IS&P]
Metabolism [M]
Secondary metabolism [SM]
Poorly characterized [PC]

[M]
[SM]
[PC]
0

20

40

No Recombination

60

80

100%

Recombination

Figure 3.4. Orthologous group distribution in Salinispora spp. A. Pan-genome of
orthologous groups according to major functional categories. B. Core genome
distributions. C. Proportion of core genome genes under recombination by functional
category.

74
S. tropica_CNB-536_Bahamas
S. tropica_CNT-261_Bahamas
S. tropica_CNH-898_Bahamas
S. tropica_CNY-012_Bahamas
S. tropica_CNS-416_Bahamas
100
96
S. tropica_CNB-476_Bahamas
S. tropica_CNT-250_Bahamas
100
S. tropica_CNB-440_Bahamas
100
100
S. tropica_CNR-699_Bahamas
100
S. tropica_CNS-197_Bahamas
100
S. tropica_CNY-678_Yucatán
100
100
S. tropica_CNY-681_Yucatán
S. pacifica_E_CNT-569_Fiji
100
S. pacifica_E_CNR-942_Palau
S. pacifica_K_CNY-202_Sea_of_Cortez
100
S. pacifica_O_CNY-646_Red_Sea
100
S. pacifica_B_CNS-237_Palau
100
S. pacifica_B_DSM45549_Fiji
100
S. pacifica_C_CNT-854_Hawaii
100
S. pacifica_C_CNT-584_Fiji
100
S. pacifica_C_CNT-124_Fiji
S. pacifica_C_DSM45547_Fiji
100
100
100
S. pacifica_C_CNT-029_Fiji
100
S. pacifica_P_CNY-703_Madeira_Islands
100
S. pacifica_Q_CNY-673_Madeira_Islands
100
S. pacifica_C_CNT-045_Fiji
100
S. pacifica_C_CNS-996_Fiji
100
S. pacifica_C_CNT-403_Fiji
1
0
0
100
S. pacifica_C_CNS-860_Fiji
100
S. pacifica_C_DSM45543_Fiji
S. pacifica_A_CNY-666_Madeira_Islands
100
S. pacifica_A_CNS-055_Palau
100
S. pacifica_A_DSM45548_Fiji
100
S. pacifica_A_CNS-801_Fiji
S. pacifica_D_CNT-609_Fiji
100
100
_
S. pacifica_D_CNT-084_Fiji
100
_
S. pacifica_D_CNT-133_Fiji
S. pacifica_D_CNT-851_Hawaii
100
100
S. pacifica_D_CNT-796_Hawaii
S. pacifica_CNY-331_Sea_of_Cortez
100
100
S. pacifica_CNY-330_Sea_of_Cortez
80
S. pacifica_CNY-363_Sea_of_Cortez
100
S. pacifica_A_CNT-855_Hawaii
S. pacifica_CNY-498_Puerto_Vallarta
100
S. pacifica_CNT-003_Fiji
100
S. pacifica_DSM45544_Fiji
100
S. pacifica_CNR-114_Guam
60
100
S. pacifica_CNQ-768_Guam
100
S. pacifica_CNR-909_Palau
100
100
S. pacifica_CNS-103_Palau
S. pacifica_CNH-732_Red_Sea
S. pacifica_CNR-894_Palau
100
100
S. pacifica_CNR-510_Guam
S. pacifica_CNY-239_Fiji
100
28
S. pacifica_CNT-001_Fiji
100
S. pacifica_CNT-603_Fiji
100
S. pacifica_CNT-131_Fiji
S. arenicola_G_CNY-281_Fiji
S. arenicola_CNB-527_Bahamas
100
S. arenicola_CNY-685_Yucatán
100
S. arenicola_CNY-690_Yucatán
100
S. arenicola_CNB-458_Bahamas
100
100
S. arenicola_CNY-694_Yucatán
S. arenicola_A_CNY-486_Puerto_Vallarta
S.
arenicola_A_CNH-996_Sea_of_Cortez
100
100
S. arenicola_A_CNH-996B_Sea_of_Cortez
98

98

100

100

100

100

100

100

100

100

100

100
100
100

97

41

100

S. arenicola_A_CNH-962_Sea_of_Cortez
S. arenicola_A_CNH-963_Sea_of_Cortez
S. arenicola_CNH-713_Red_Sea
S. arenicola_B_CNP-193_Sea_of_Cortez
100
S. arenicola_B_CNH-941_Sea_of_Cortez
100
S. arenicola_B_CNP-105_Sea_of_Cortez
100
S. arenicola_B_CNH-964_Sea_of_Cortez
S. arenicola_DSM45545_Fiji
100
S. arenicola_CNS-848_Fiji
100
S. arenicola_CNY-280_Fiji
100
100
S. arenicola_CNT-859_Hawaii
100
S. arenicola_CNT-857_Hawaii
100
S. arenicola_CNT-850_Hawaii
100
S. arenicola_CNT-799_Hawaii
100
S. arenicola_CNT-849_Hawaii
58
100
S. arenicola_CNT-800_Hawaii
82
S. arenicola_CNT-798_Hawaii
S. arenicola_CNY-011_Bahamas
100
100
S. arenicola_CNH-877_Bahamas
S. arenicola_CNY-679_Yucatán
100
100
S. arenicola_CNH-905_Bahamas
76
S. arenicola_CNH-646_Bahamas
100
S. arenicola_CNH-643_Bahamas
S. arenicola_CNX-814_Palmyra
S. arenicola_CNX-482_Palmyra
100
98
S. arenicola_CNX-481_Palmyra
100
S. arenicola_CNX-508_Palmyra
98
S. arenicola_CNX-891_Palmyra
S. arenicola_CNH-718_Red_Sea
100
S. arenicola_CNS-299_Palau
70
S. arenicola_CNS-744_Fiji
100
S. arenicola_CNT-005_Fiji
S. arenicola_CNY-231_Fiji
72
76
S. arenicola_CNR-425_Guam
100
98
S. arenicola_CNQ-748_Guam
74
S. arenicola_CNR-921_Palau
100
S. arenicola_CNS-051_Palau
92
S. arenicola_CNS-243_Palau
92
S. arenicola_CNS-325_Palau
100
100
S. arenicola_CNS-205_Palau
S. arenicola_CNS-296_Palau
78
S. arenicola_CNY-230_Fiji
60
S. arenicola_CNR-107_Guam
96
S. arenicola_CNQ-884_Guam
S. arenicola_CNS-820_Fiji
82
70
S. arenicola_CNY-260_Fiji
52
S. arenicola_CNY-256_Fiji
100
S. arenicola_CNS-673_Fiji
`
66
S. arenicola_CNY-244_Fiji
98
S. arenicola_CNS-342_Fiji
88
S. arenicola_CNY-237_Fiji

100

100

100

86
100

S. arenicola_CNY-282_Fiji
S. arenicola_CNY-234_Fiji

70

84

40

100

S. tropica_CNB-536_Bahamas
S. tropica_CNY-012_Bahamas
S. tropica_CNT-261_Bahamas
S. tropica_CNH-898_Bahamas
S. tropica_CNS-416_Bahamas
83
S. tropica_CNB-476_Bahamas
S. tropica_CNT-250_Bahamas
94
S. tropica_CNB-440_Bahamas
75
100
S. tropica_CNY-678_Yucatán
96
S. tropica_CNY-681_Yucatán
99
S. tropica_CNR-699_Bahamas
100
S. tropica_CNS-197_Bahamas
S. pacifica_E_CNT-569_Fiji
100
S. pacifica_E_CNR-942_Palau
S. pacifica_K_CNY-202_Sea_of_Cortez
100
S. pacifica_O_CNY-646_Red_Sea
100
S. pacifica_B_CNS-237_Palau
100
S. pacifica_B_DSM45549_Fiji
S. pacifica_C_CNT-854_Hawaii
100
S. pacifica_C_CNT-584_Fiji
100
S. pacifica_C_CNT-124_Fiji
S. pacifica_C_DSM45547_Fiji
1
0
0
100
S. pacifica_C_CNT-029_Fiji
100
S. pacifica_P_CNY-703_Madeira_Islands
100
S. pacifica_Q_CNY-673_Madeira_Islands
100
S. pacifica_C_CNT-045_Fiji
100
S. pacifica_C_CNS-996_Fiji
100
S. pacifica_C_CNT-403_Fiji
100
S. pacifica_C_CNS-860_Fiji
100
S. pacifica_C_DSM45543_Fiji
S. pacifica_A_CNY-666_Madeira_Islands
S. pacifica_A_CNS-055_Palau
100
100
S. pacifica_A_DSM45548_Fiji
100
S. pacifica_A_CNS-801_Fiji
S. pacifica_D_CNT-609_Fiji
100
S. pacifica_D_CNT-084_Fiji
100
S. pacifica_D_CNT-133_Fiji
S. pacifica_D_CNT-851_Hawaii
100
S. pacifica_D_CNT-796_Hawaii
S. pacifica_CNY-331_Sea_of_Cortez
100
S. pacifica_CNY-330_Sea_of_Cortez
65
S. pacifica_CNY-363_Sea_of_Cortez
S. pacifica_A_CNT-855_Hawaii
S. pacifica_CNY-498_Puerto_Vallarta
S. pacifica_CNR-114_Guam
100
S. pacifica_CNQ-768_Guam
100
S. pacifica_CNR-909_Palau
100
S. pacifica_CNS-103_Palau
S. pacifica_CNT-003_Fiji
100
S. pacifica_DSM45544_Fiji
S. pacifica_CNH-732_Red_Sea
S. pacifica_CNR-894_Palau
100
100
S. pacifica_CNR-510_Guam
91
S. pacifica_CNY-239_Fiji
S. pacifica_CNT-001_Fiji
97
98
S. pacifica_CNT-603_Fiji
100
S. pacifica_CNT-131_Fiji
S. arenicola_G_CNY-281_Fiji
S. arenicola_CNB-527_Bahamas
100
S. arenicola_CNY-685_Yucatán
100
S. arenicola_CNY-690_Yucatán
100
S. arenicola_CNB-458_Bahamas
100
S. arenicola_CNY-694_Yucatán
S. arenicola_A_CNY-486_Puerto_Vallarta
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Figure 3.5. Salinispora maximum likelihood phylogeny (concatenated) based on all shared
single-copy genes (left), genes not under recombination (center) and genes under
recombination (right). Species names are followed by strain identifier (starting with CN)
and the sampling location. Numbers on the branches represent the support from 1,000
bootstrap replicates. Color-coded by location (Purple=Bahamas-Yucatán, Orange=Fiji,
Green=Palau, Blue=Sea of Cortez, Red=Red Sea, Yellow= Hawaii, Brown=Madeira
Islands, Peach=Puerto Vallarta, Blue=Guam, Pink=Palmyra).
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Figure 3.6. Astral species tree phylogeny (cladogram) based on all the shared single-copy
genes (left), genes not under recombination (center) and genes under recombination (right).
Species names are followed by strain identifier (starting with CN) and the sampling
location. Numbers on the branches represent the support from 1,000 bootstrap replicates.
Color-coded by location (Purple=Bahamas-Yucatán, Orange=Fiji, Green=Palau, Blue=Sea
of Cortez, Red=Red Sea, Yellow= Hawaii, Brown=Madeira Islands, Peach=Puerto
Vallarta, Blue=Guam, Pink=Palmyra).
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Figure 3.7. Comparison of the concatenated tree using the genes not under recombination
(left) and the ASTRAL species tree using the same data (right). Branches are transformed
in a cladogram view. Species names are followed by strain identifier (starting with CN)
and the sampling location. Numbers on the branches represent the support from 1,000 and
100 bootstrap replicates, respectively. Color-coded by location (Purple=BahamasYucatán, Orange=Fiji, Green=Palau, Blue=Sea of Cortez, Red=Red Sea, Yellow= Hawaii,
Brown=Madeira Islands, Peach=Puerto Vallarta, Blue=Guam, Pink=Palmyra).
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Figure 3.8. Average Nucleotide Identity (ANI) dendrogram for 119 Salinispora strains.
The vertical dashed line represents the 95% species cutoff value proposed by Goris et al.,
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Figure 3.12. Comparison of the S. pacifica species tree (left) with secondary metabolite
gene cluster distribution (right) based on the presence-absence of predicted BGCs. Strains
color-coded by 16S rRNA sequence types: A (green), B,K,O (purple), C,P, Q (blue), D, ST
(red), E (orange)).
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Figure 3.13. Comparison of the S. pacifica species tree (left) with the matrix of gene
content of the COG category of energy production and conversion [C] (strains color-coded
by representative 16S rRNA sequence types: A (green), B,K,O (purple), C,P, Q (blue), D,
ST (red), E (orange)).
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3.5. Discussion
The marine actinomycete Salinispora has proven to be a model genus to study
species concepts, microdiversity and patterns of secondary metabolite production (Freel et
al., 2013; Freel et al., 2012; Ziemert et al., 2014). The present study is based on the analysis
of 119 Salinispora draft genome sequences. It provided unprecedented opportunities for
comparative genomic analysis and to explore in greater detail the genetic diversity of the
three named species to be examine in greater detail.
Core genomes have been shown to vary depending on the taxonomic group used
for the analysis and on the number of genomes considered. Previous studies at the species
and genus level indicate that core genomes can represent anywhere from 20-93% of the
average gene content of the lineage examined. Some examples include the well-studied
human pathogens Escherichia coli (20%), Streptococcus pneumoniae (52%), Salmonella
enterica (61%), Listeria monocytogenes (80%) and Chlamydia trachomatis (93%)
(Lukjancenko et al., 2010; Donati et al., 2010; Jacobsen et al., 2011; Deng et al., 2010;
Joseph et al., 2011). Core genomes have also been defined for environmental bacteria such
as Pseudovibrio, (59%) (Romano et al., 2016); the marine cyanobacterium
Prochlorococcus, the most dominant photosynthetic organism in the ocean (40-67%)
(Kettler et al., 2007; Biller et al., 2014) and Pseudomonas fluorescens, a species of
proteobacteria prevalent in soil, water and on plant surfaces (45-52%) (Loper et al., 2012).
The 12 S. tropica strains show the least diversity of the three species so it is not
surprising they have the largest core genome (78.68%). Conversely, the 45 S. pacifica
strains display the highest diversity and the smallest core genome (56.10%). The 62 S.
arenicola strains were intermediate at 67.42%. The size of the core genome is dependent
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on the number of strains sequenced and the diversity within the taxon. For example, an
analysis of five Streptomyces platensis genomes revealed a core that accounted for 85-88%
of the average gene content (Doroghazi and Buckley, 2014). Another example is the genus
Acinetobacter, where strains from the same species shared at least 80% of their genes. It
was also observed that strains from different species can share >80% of their gene content.
Chan et al., (2012) proposed that this high percentage could be associated with potential
horizontal gene transfer between species or also an inability to delineate species based on
gene content.
A phylogeny based on the core genome of the genus was reconstructed. However,
it has been proposed that recombination can blur species boundaries and even prevent their
delineation (Doroghazi and Buckley, 2014). For that reason, I tested the effects of
recombination on phylogenetic reconstruction within Salinispora species. To do this, I
identified a subset of the core Salinispora genome (876 genes) that showed no signs of
recombination according to three different methods. This I believe is the most accurate
representation generated to date describing the evolutionary history of the genus. I then
generated a similar tree except this time only included core genes that showed evidence of
recombination. Surprisingly, the two trees were congruent at the species level indication
that recombination does not hinder the ability to resolve species-level relationships in this
genus. I also observed that a majority of genes under recombination (73%) generated
phylogenies that were congruent with the established species phylogeny, indicating
recombination within the species was greater than between the species. This is in
agreement with previously reported species concepts (Majewski and Cohan, 1999).
However, the large number of genes in the core genome that generated incongruent species
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phylogenies (27%) reveals the importance of choosing the appropriate genes and the value
of techniques such MLSA (Maiden, 1998) and phylogenomics.
Genomic information like ANI has been used to suggest a numerical cut-off at 95%
identity to delineate species boundaries (Goris et al., 2007). Following this metric, we
observed five different clades for S. pacifica and to strains that fall below this value for a
total of seven potential species. In the case of S. arenicola, there may one cryptic species
within this lineage (Fig. 3.8). The method of gANI and AF has been applied to all available
sequenced prokaryotic genomes (Varghese et al., 2015) suggesting a good metric to help
delineate microbial species using whole genome sequences. In the case of Salinispora, the
results suggest that the genetic diversity within the genus is high relative to the three species
named to date. This is specifically true within S. pacifica. (Fig. 3.9). ANI clustering is
congruent with the core genome phylogenetic tree, confirming the new genetic diversity
observed within S. pacifica (Fig. 3.11). This congruence with the existing species
definitions provides confidence that these techniques are acceptable for the purpose of
delineating bacterial species using whole genome information in the absence of phenotypic
data (Goris et al., 2007, Varghese et al., 2015). Analysis of the whole genome information
such as ANI can provide a very useful metric to classify bacteria. The genome is the
complete information of genes that a bacterium needs to build and maintain their life cycle.
Even though bacteria can recombine, mutate and gain/loose genes, the genetic information
at the moment of sequencing will reveal a snapshot of that strain in evolutionary time.
Comparative genomics continues to provide new opportunities to assess genetic
diversity and delineate species level units of diversity. One example is the Gram-negative
bacterial genus Acinetobacter. Using ANI and phylogenomics, it was possible to detect the
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misclassifications of some strains from databases collections and also to detect new
relationships within some species that suggest they should be divided into multiple species
(Chan et al., 2012).
The diversity observed within S. pacifica, could indicate that this species is actually
composed of multiple species or different “ecotypes”. This hypothesis can be addressed at
the genetic level by identifying core gene pools associated with each of these candidate
species and determining if they have the potential to make these clades ecologically
distinct. This information can then be use to guide subsequent laboratory experiments. It is
possible that the clades within S. pacifica have characteristics that warrant them to be
described as distinct species.
By carrying out a more intensive analysis of the flexible genome, an understanding
of the genes that distinguish different subclades is possible. A separate study determined
that the S. tropica species-specific gene pool consists of 33 genes. These 33 genes occurred
in all the 12 S. tropica strains but not in any of the other species. In S. arenicola, the number
of species-specific is 178. However, in S. pacifica, only two genes are shared by all the 45
strains. The small gene pool supports the concept that the currently named lineage consists
of multiple species. One of the clade-specific gene pools within S. pacifica increase to 68
genes, levels that more closely resemble those detected in the other two species. Some
congruence was observed when comparing the presence-absence of biosynthetic gene
clusters with the Salinispora species tree, supporting the concept that that secondary
metabolism is an important function that delineates species in this genus (Ziemert et al.,
2014). It was also observed that other categories in primary metabolism are congruent with
the genetic diversity within S. pacifica (Fig. 3.13). This makes sense as it can be assumed

87
that most of these genes were acquired from a common ancestor. However, the genes
associated with secondary metabolism were virtually all acquired by horizontal gene
transfer (Ziemert et al., 2014). The congruence of their presence/absence matrix with the
species tree suggests they have been vertically inherited subsequent to the acquisition
events.
In this chapter, I explored Salinispora diversity using genomic approaches. These
included generating single gene, concatenated, and consensus trees, establishing the effects
of recombination on phylogenetic reconstruction, and comparing gene content using
metrics such as ANI and ANI-AF. The results provide the best estimate to date of the
phylogenetic relationships among Salinispora species and support the value of analyzing
large numbers of shared genes when comparing closely related strains. The results also
suggested that our initial distinction among 16S rRNA gene variants (sequence types)
provided an accurate yet preliminary assessment of diversity within the genus including a
method to recognize, but not resolve in a phylogenetic sense, new species. The data
represents a significant expansion of Salinispora reference genomes, which will continue
to be useful for studying evolution, diversity, species concepts and the discovery of new
secondary metabolites.
Chapter 3, in full, will be submitted for publication. Millán-Aguiñaga, N.; Jensen,
P. R. 2016. Phylogenomic analyses and species delineations within the genus Salinispora.
The dissertation author will contribute this portion of the dissertation to the publication.
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Chapter 4

Comparative genomics as a method to identify resistance genes in
biosynthetic gene clusters
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4.1. Abstract
Bacteria that produce antibiotics need resistance mechanisms to provide selfprotection. Mechanisms of resistance include drug elimination (e.g. efflux pumps), target
modification that includes mutation in the genes encoding the targets for antibiotic action
and gaining resistance genes by horizontal gene transfer. Some antibiotic biosynthetic gene
clusters (BGCs) have a resistance gene in close proximity to the pathway. One hypothesis
is that antibiotic-resistance genes have co-evolved with antibiotic biosynthesis as a selfprotection mechanism. These genes may encode a resistant copy of the target, as in the case
of the sal pathway, which encodes the production of salinisporamide A. This compound is
a potent proteasome inhibitor produced by Salinispora tropica and the pathway includes a
resistance conferring copy of the 20S proteasome beta-subunit gene. Recently, genomemining analyses of Salinispora species revealed a total of 124 distinct BGCs. I used
comparative genomics to identify duplicated copies of essential genes (core genome) that
occur near or within BGCs, with the hypothesis that the products of these genes are the
targets of the compounds produced by the clusters. The correlation of candidate resistance
genes with orphan BGCs is used to predict the biological targets of compounds before they
are isolated and structurally characterized.

4.2. Introduction
Microbial natural products are of paramount biomedical importance, serving as
antibiotics against a variety of pathogenic bacteria (Clardy et al., 2006; Demain, 2009).
The profound emergence of bacterial resistance over the past several decades has
marginalized many important antibiotics, thereby necessitating the need for new antibiotic
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discovery (Cooper and Shlaes, 2011). Microbially produced antibiotics are encoded by
clusters of genes that include biosynthesis, resistance, regulation, and transport. The ability
to connect natural antibiotics to gene clusters and vice versa, along with ever-increasing
knowledge of biosynthetic machineries, has spawned a new field of natural product
genome mining for the rational discovery of new chemical entities (Corre and Challis,
2009; Genilloud, 2014; Milshteyn et al., 2014). At the same time, DNA sequence data
from a great variety of microbial genomes and environmental metagenomes has rapidly
accumulated in public databases.
One of the significant challenges in the field of natural product genome mining is
how to prioritize BGCs for study when seeking a desired bioactivity. Even when structures
can be predicted using bioinformatics, compound activities will not be known until they
are isolated and tested. Thus, there is now considerable interest in prioritizing and
developing new methods to study the products of orphan BGCs, especially for the
discovery of new antibiotics (Genilloud, 2014). Current genome mining strategies can
provide some information about the structures of the compounds encoded (Eustaquio et
al., 2011; Kaysser et al., 2011; Kersten et al., 2011; Kersten et al., 2013), however they
have no capacity to provide information about biological activity. Once orphan BGCs of
interest are identified, connecting genes to molecules becomes another challenging task
(Rutledge and Challis, 2015). Current strategies include metabolic profiling coupled with
mutagenesis of orphan genes (Lautru et al., 2005; Laureti et al., 2011) and heterologous
expression of whole BGC in a well-established host (Fu et al., 2012; Yamanaka et al.,
2014).
Genes encoding self-resistance mechanisms are a characteristic trait associated
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with antibiotic-producing bacteria (D’Costa, 2006; Thaker et al., 2013). Self- resistance
features are generally less favorable for host growth and survival and are thus only
expressed concurrently with antibiotic biosynthesis (Andersson et al., 1999) The most
efficient way for bacteria to link these partners, and to ensure efficient co-horizontal gene
transfer, is to include the resistance gene within or adjacent to the corresponding antibiotic
BGC (D’Costa, 2006). Host bacteria have evolved several resistance strategies to avoid
self-toxicity, including product modification, binding and export, and target modification
(Wright, 2011). Of these mechanisms, target modification uniquely correlates an antibiotic
to its molecular target and those provides information about mechanism of action. The
antibiotics novobiocin (gyrase B) (Steffensky, 2000), platensin (FabB/F) (Peterson, 2014)
and griselimycin (DnaN) (Kling, 2015) for instance, represent a few examples in which
target-duplicated resistance genes are co-clustered with BGCs.
Traditionally approaches to find new bioactive molecules include screening against
an antibiotic-resistant phenotype (Asolkar et al., 2010). In this study, the authors
recognized that the consistent production of compounds in the rifamycin class by S.
arenicola interfered in their ability to detect other antibiotics. In response, they used a
rifampin-resistant strain of MRSA to screen S. arenicola extracts and were able to detect
an activity that was ultimately linked to the new antibiotic compound Arenimycin. Access
to genome sequence data is now providing additional opportunities to identify new
bioactive molecules and the molecular targets on which they act. One approach to detect
molecular targets of secondary metabolites is the search for incongruent phylogenies, i.e.
homologous genes from different strains whose phylogenetic relationships do not follow
the species-level taxonomy. For instance, Freel et al., (2013) showed that incongruent
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phylogenies among the rpoB gene in S. arenicola strains are associated with homologous
recombination in the region of the gene associated with resistance to rifamycin compounds,
corresponding to the fact that the molecular target of rifamycin compounds is RpoB.
In addition to incongruent phylogenies, the presence of two copies of a given gene
in a strain can indicate the presence of a resistant allele. This concept has already been
established for salinosporamide A, a highly cytotoxic 20S proteasome inhibitor (Feling et
al., 2003). Salinispora strains that produce this compound have an extra resistant copy of
the 20S proteasome gene in the salA pathway, which has been acquired from
Amycolatopsis sp. (Kale et al., 2011). With the notion in mind that antibiotic-producing
bacteria often duplicate and mutate genes encoding targeted proteins to confer resistance,
we reasoned that identifying putative resistance genes within BGCs would provide insight
into the molecular targets of BGC chemical products prior to their isolation and structure
elucidation.
The marine actinomycete genus Salinispora has proven to be a remarkably prolific
source of structurally diverse and biologically active secondary metabolites (Jensen et al.,
2015). These compounds span virtually all known biosynthetic classes, including the betalactone proteasome inhibitor salinosporamide A (Gulder and Moore, 2010) and the
polyketide cytotoxin lomaiviticin A (Colis et al., 2014). Recently, high quality draft
genomes of 75 Salinispora strains revealed 124 discrete nonribosomal peptide synthetase
(NRPS) and polyketide synthase (PKS) BGCs that unmasked fundamental information
about the evolution and distribution of secondary metabolite gene clusters in bacteria
(Ziemert et al., 2014).
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The present study applies a bioinformatic approach to identify housekeeping genes
among the core genome of 86 Salinispora strains and then to identify paralogous genes that
occur near or within secondary metabolite biosynthetic gene clusters. These are considered
candidates for conferring resistance against the product of the adjacent biosynthetic gene
cluster. These comparative genomics analyses will determine the frequency of
housekeeping genes in secondary metabolite biosynthetic gene clusters and clues as to the
molecular targets of the products of those pathways. The applicability of this approach for
finding resistance genes has been underlines by the detection of the 20S proteasome-beta
subunit in the SalA pathway.

4.3. Materials and methods
Identification of duplicate orthologous groups. Genomes from 86 Salinispora
strains (10 S. tropica, 43 S. arenicola and 33 S. pacifica) were analyzed using the program
OrthoMCL (Li et al., 2003) to identify clusters of orthologous protein coding genes
(Orthologous Groups (OGs)) by performing an all-vs-all comparison in the amino-acid
space, followed by a clustering step (percent match cutoff=70, e-value cutoff=1e-05, and
inflation index (I)=1.5). The results were processed using a series of python scripts
(https://github.com/juanu/MicroCompGenomics) to generate a matrix with orthologous
groups detected among all the genomes, and the number of gene copies in each group. This
matrix was used to extract a core genome at the genus level (all the OGs which are present
in each of the 86 strains).
Distribution of duplicated orthologous groups based in COG category. OGs
were associated with COGs (Clusters of Orthologous Groups) numbers, allowing
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classification into functional categories, by following a majority-rule on the annotation of
the individual genes that are part of each OG. By assigning these COG numbers to the core
genome, we identified OGs that have the same COG number (duplicate OGs). The
duplicate OGs were blasted against assembled pseudochromosomes using Geneious Pro
v5.5.9 (http://geneious.com) to identify their genomic location.
Genes associated with biosynthetic pathways. antiSMASH (Medema et al.,
2011) was previously used to identify of the boundaries of the biosynthetic gene clusters
(BGCs) observed in 75 Salinispora strains (Ziemert et al., 2014). PHP scripts
(https://github.com/joseluisrc/OG-in-BCG) were used to search if the duplicate OGs were
located within the boundaries of these predicted BGCs. BlastP analyses were applied to the
duplicate OG dataset for annotation. The Resistance Gene Identifier (RGI) program was
used to predict resistance genes from all the duplicate OGs within BGC (McArthur et al.,
2013). MultiGeneBlast (Medema et al., 2013) was used to compare the homologous BGCs
identified as PKS44 among Salinispora genomes.
Salinispora species tree and ancestral state reconstruction. Ten single-copy
housekeeping genes [dnaA (transcriptional dual regulator), gyrB (DNA gyrase, subunit B),
pyrH (component of uridylate kinase), recA (DNA strand exchange and renaturation), pgi
(glucose-6-phosphate isomerase), trpB (tryptophan synthase, beta subunit), atpD (ATP
synthase, F1 complex, β subunit), sucC (succinyl-CoA synthetase, β subunit), rpoB (RNA
polymerase, β subunit), topA (DNA topoisomerase I)] were extracted from the 86
Salinispora genomes. A multiple nucleotide alignment was created using Muscle and the
sequences concatenated using Geneious Pro Version 5.5.6 (http://www.geneious.com/) and
manually curated. A maximum likelihood tree was created using RAxML (model GTR+G
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and 1000 bootstrap replicates) implemented on the CIPRES Science Portal (Miller et al.,
2010). The ancestral node for the presence/absence of the orthologous groups within a
BGC was inferred in the species tree using the trace character history function implemented
in Mesquite v2.75 using parsimony and likelihood analyses (Madison and Madison, 2011).

4.4. Results
Identifying the core genome. We queried the genomes of 86 Salinispora strains
(10 S. tropica, 43 S. arenicola, and 33 S. pacifica) for putative resistance genes associated
with natural product BGCs. First, we identified groups of related protein coding genes, or
orthologous groups (OGs), using the program OrthoMCL (Li et al., 2003). This revealed a
total of 12, 372 OGs within the Salinispora pan-genome (Fig. 4.1a). Of these, 2707 OGs
were conserved across all Salinispora strains analyzed and thus comprise the Salinispora
core genome.
Identifying duplicated core genes in BGC’s. The core (house-keeping) genes
could be further delineated into 1390 unique clusters of orthologous groups (COGs), each
of which could be assigned a generalized function. We next searched the pan-genome for
additional OGs with the same COG numbers as those found in the core genome, which
suggests they have been duplicated or were acquired by horizontal gene transfer. We
detected 2393 duplicate OGs, and among these, 912 ( 38%) were associated with BGCs
previously identified in the Salinispora strains (Ziemert et la, 2014). These OGs were
sorted based on COG categories to assess their potential role in resistance and to identify
BGCs that may encode small molecules that act on specific targets of interest (Fig. 4.1b)
As proof of principle, this approach correctly identified the duplicated 20S proteasome β-
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subunit gene within the sal BGC, which confers resistance to the anticancer agent
salinosporamide A in S. tropica (Kale et al., 2011).
The program RGI (Resistance Gene Identifier) was run using the dataset of the 912
OG and we were able to identified that approximately 2% of the candidate resistance OG
matched entries in the comprehensive antibiotic resistance database (Table 4.1). The
COG2814 is associated with arabinose efflux permease and it has 49 OG associated with
BGC, with 10 OG being homologous with known antibiotic resistance genes (Table 4.1).
Among the COG categories assigned to the duplicate OGs, we were particularly
focused on identifying BGCs with the potential to produce compound(s) that inhibit
bacterial fatty acid synthesis. The bacterial fatty acid synthase (FASII) is considered an
attractive target for antibacterial drug discovery (Young et al., 2006; Balemans et al., 2010;
Yao et al., 2015) as bacterial FASs are significantly distinct from the large, multifunctional
type I synthases of mammals. Thus, we focused our attention on analyzing the duplicate
OGs assigned to COG category “I” of lipid transport and metabolism that had been linked
to BGCs. BLAST analysis of the 103 “I” category OGs identified 44 related to core
enzymes involved in bacterial fatty acid synthesis, including 18 similar to fabG (ketone
reduction), 12 similar to fabB/F (elongation), six similar to fabI (enone reduction), five
similar to fabH (chain initiation), and three similar to fabD (malonyl transacylation (Table
4.2). While many of these genes likely encode biosynthetic enzymes important for the
construction of lipid components of natural products, others could be associated with
antibiotic resistance. In particular, Salin8269 (from S. pacifica CNS-863), a homologue of
FabB/F, notably showed very high amino acid sequence similarity to the characterized selfresistant proteins PtmP3 (65%/79%, identity/similarity-) and PtnP3 (65%/79%,
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identity/similarity) from BGCs associated with the hybrid diterpenoid FASII inhibitors
platensimycin and platencin (Peterson et al., 2014), respectively. Phylogenetic analyses of
12 OGs of FabB/F confirmed that Salin8269 is a sister taxa clade to the genes associated
with platensimycin and platencin resistance genes (Fig. 4.2) Thus, we suspected that
Salin8269 could serve a role in antibiotic resistance rather than natural product
biosynthesis. The associated PKS44 BGC is classified as a noncanonical hybrid PKSNRPS and not linked to diterpenoid production, suggesting that the encoded natural
products are not related to platensimycin and platencin (Smanski et al., 2011). This
prompted further investigation of this orphan BGC.
Investigation of the hybrid PKS-NRPS PKS44. The PKS44 gene cluster was
detected in four S. pacifica strains isolated from Fiji (CNS-863, CNS-996, CNT-045, and
CNS-860 (Fig. 4.3). Closer inspection of the gene cluster (renamed tlm) from S. pacifica
CNS-863 revealed a 22 kb PKS-NRPS hybrid gene cluster of 10 open reading frames
(Figure 4.3). In addition to the Salin8269 FabB/F homologue tlmE, the putative resistance
gene, the core region of the tlm gene cluster codes for three PKS-NRPS proteins
collectively containing 11 enzymatic domains (TlmG-TlmI) and a cytochrome P450
oxidoreductase (TlmF) (Fig. 4.3). Surprisingly, we also identified two additional S.
pacifica strains (CNT-084 and CNT-609) in which tlmF-I were specifically lost from the
tlm locus (Fig. 4.3), suggesting these strains do not produce the tlm product but maintain
the resistance phenotype putatively conferred by tlmE (resistance gene). These patterns
were mirrored by phylogenetic analyses, revealing two separate clades for the two versions
of the pathway (Fig. 4.3). Likelihood and parsimony reconstructions of the resistance gene
suggest that the resistant genotype evolved by two independent acquisition events (Fig.
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4.4).
Discovery of the Thiolactomycin (tlm) Gene Cluster and resistance gene. The
Moore laboratory ultimately identified the product of the tlm gene cluster as thiolactomycin
and confirmed that the FabB/F genes conferred resistance. They employed cloning
strategies based on transformation-associated recombination (TAR) in the yeast
Saccharomyces cerevisiae to heterologous expressed the tlm gene cluster that lead to the
isolation and identification of a new series of thiolactomycin (TLM) analogues. In order to
test the hypothesis that the tlm associated FabB/F homologues are associated with TLM
resistance and not biosynthesis, they used agar diffusion assays and mutagenesis of the
FabB/F homologous. The mutants retained the ability to heterologously produce the
thiolactomycins in the same distribution, thereby establishing that the FabB/F (ttmE) genes
are not required for biosynthesis.
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Figure 4.1. Bioinformatic identification of candidate resistance genes. (a) The workflow
for identification of duplicated orthologous groups (OGs) associated with biosynthetic
gene cluster (BGC) from 86 Salinispora strains: (1) Application of OrthoMCL to 86
Salinispora genomes resulted in the identification of 12 372 OGs, representing the pangenome of the strains in the present study. (2) From the 12 372 OGs, application of custom
python scripts identified 2707 OGs that are shared among all 86 strains (core genome). The
core genome is comprised of 1390 unique COG numbers. Python scripts matched these
unique COG numbers to identical COG numbers in the pan-genome, identifying a total of
2393 OGs (duplicate OGs). (3) Application of PHP scripts for identifying duplicated OGs
associated with predicted BGCs resulted in the identification of 912 OGs from 20 COG
categories being associated with BGCs. (4) 103 of the 912 OGs were affiliated with COG
category “I” (lipid transport and metabolism). These OGs were annotated by BlastP
searches, identifying one OG with homology to FabB/F, a known platensimycin and
platencin resistance gene. This OG is located within the BGC PKS44 (tlm). (b) Distribution
of the total number of duplicated OGs (yellow) and the OGs located within predicted BGC
boundaries (green) among the COG categories.

105
Table 4.1. Positive hits from the 912 orthologous groups in biosynthetic gene clusters using
the resistance gene identifier program (RGI).
OG

COG
category

Salin90

G

Salin118

G

Salin481

V

Salin1834

G

Salin3240

G

Salin3266

G

Salin3776

G

Salin3825

G

Salin4616

G

Salin4664

G

Salin4690

V

Salin4096

R

Salin5222

M

Salin8269

O

Salin
10585

D

Salin
15026

G

Annotation/Blast
annotation
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/ Drug
resistance transporter
ABC-type multidrug
transport
system/MsbA_lipidA
Arabinose efflux
permease/Drug resistant
transporter
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter
ABC-type multidrug
transport
system/MsBA_lipidA
ATPase components of
ABC transporters
Predicted choline kinase
involved in LPS
biosynthesis/APH
Phosphotransferase
enzyme
3-oxoacyl-(acyl-carrierprotein) synthase/FabF
Chromosome
segregation
ATPases/Drug
resistance transporter
Arabinose efflux
permease/Drug
resistance transporter

BlastP Hit in
CARD

Pathogen

Antibiotic
Resistance
Ontology

Identity
(%)

Tetracenomycin
C resistance and
export protein

Streptomyces
glaucescens

tcmA

29.03

Quinolone efflux
pump

Enterobacter
aerogenes

qepA

50.29

NovA

Streptomyces
niveus

novA

43.39

Quinolone efflux
pump

Enterobacter
aerogenes

-

32.16

Streptomyces
glaucescens

tcmA

30.67

Streptomyces
glaucescens

tcmA

36.18

Putative
transporter facT

Streptomyces
sp. WAC5292

-

31.89

Quinolone efflux
pump

Enterobacter
aerogenes

-

45.31

Quinolone efflux
pump

Enterobacter
aerogenes

qepA

51.1

Quinolone efflux
pump

Enterobacter
aerogenes

qepA

49.4

NovA

Streptomyces
niveus

novA

64.69

tlcC protein

Streptomyces
fradiae

tlrC

59.2

SpcN

Streptomyces
netropsis

APH(9)-Ib

39.94

kasA mutant
conferring
resistant to
isoniazid

Mycobacterium
tuberculosis

kasA

-

Putative
transporter facT

Streptomyces
sp. WAC5292

-

34.84

Quinolone efflux
pump

Enterobacter
aerogenes

-

44.58

Tetracenomycin
C resistance and
export protein
Tetracenomycin
C resistance and
export protein
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Table 4.2. Orthologous groups representing candidate resistance genes in the category of
lipid transport and metabolism [I]. #salinilactam gene cluster (slm), * siderophore (SID),
^cyanosporaside gene cluster (cya) and @sporolide gene cluster (spo). The candidate
resistance gene on the tlm BGC is shown in red.
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Figure 4.2. Phylogenetic tree of the 12 duplicated orthologous groups of FabB/H homologs
in comparison with the platensimycin (Ptm) and platencin (Ptn) resistance genes. The tree
also includes the housekeeping genes FabB/F from Streptomyces coelicolor A3(2),
Salinispora tropica CNB440, Salinispora arenicola CNS205 and Salinispora pacifica
CNS863 as an outgroup. Highlighted in orange is the OG Salin8269 that clade with the
resistance genes Ptm P3 and Ptn P3.
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Figure 4.3. Comparison of the tlm locus in six Salinispora strains and their position in the
Salinispora species phylogenetic tree. (a) The conserved regions of the pathway are
highlighted in gray. (b) Concatenated maximum likelihood phylogeny based on 10 singlecopy genes (dnaA, gyrB, pyrH, recA, pgi, trpB, atpD, sucC, rpoB, topA) present in all 86
genomes analyzed. Strains names are followed by a capitalized letter, which indicates the
16S rRNA sequence type and geographic origin. Strains highlighted in orange possess the
completed tlm pathway, while strains highlighted in purple possess a truncated version of
this pathway.
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<0.006

Figure 4.4. Likelihood reconstruction showing the distribution of the Salin8269 resistance
gene on the Salinispora phylogeny.

Table 4.3. Orthologous Groups that are candidate resistance genes.
OG
COG
category
Annotation
BGC

Salin1003
L
DNA helicase
PKS24

Salin3370
D

Salin5682
D

Salin6522
D

Salin5366
D

Salin4826
K

Salin3994
K

Salin3290

M

Salin3211

M

Salin4053

J

Cell division
initiation protein
DNA segregation
ATPase/FtsK
Chromosome
segregation
ATPases
ATPases involved
in chromosome
partitioning
DNA or RNA
helicases of
superfamily II
DNA-directed RNA
polymerase, sigma
subunit

Cell wall-associated
hydrolases
Methionyl-tRNA
synthetase

Membrane proteins
NRPS1

PKS19

PKS9

PKS17

NRPS20

NRPS2

PKS55

NRPS19

NRPS33
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4.5. Discussion
Looking for new molecular targets is an important approach to uncover new
antibiotics, which are needed due to the increase number of life-threatening bacterial
infections that are resistant to current therapies (Czaplewski et al., 2011). Predicting novel
secondary metabolic pathways by genomic analyses can lead to the discovery of new
antibiotics, but effective drug development also depends on defining good antibacterial
targets. Katz (2000) has said that “A good antibiotic target is one for which there is (or will
be) a drug” this statement makes the distinction between identifying a compound with
antibiotic activity and actually advancing molecules into the clinic and successfully
developing a new drug. The molecular targets of the majority of the antibiotics currently
in use target peptidoglycan biosynthesis (e.g. penicillin, vancomycin), translation (e.g.
gentamicin,

streptomycin,

erythromycin),

DNA

replication

(e.g.

ciprofaxacin),

transcription (e.g. rifamycin), and the cell membrane (e.g. daptomycin, colistin) (Alekshun
2005; Chopra et al., 2002; Wright 2012; Morar & Wright 2010).
The application of genomic technologies to aid in antibiotic discovery has
underlined of the potential for novel bioactive compounds to be discovered from
actinobacterial species. (Bull and Stach 2007). Recent genome sequencing efforts have led
to the rapid accumulation of uncharacterized or “orphan” secondary metabolic biosynthesis
gene clusters (BGCs) in public databases. This increase in DNA-sequenced data has given
rise to significant bioinformatics challenges in the field of natural product genome mining,
including how to prioritize the characterization of orphan BGCs and how to rapidly connect
genes to small molecules whose biosynthesis they encode molecules. We showed that by
correlating putative antibiotic resistance genes with orphan BGCs, we can predict the
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biological targets of small molecules before they have been isolated and structurally
characterized.
Studying a collection of Salinispora draft genomes provided a unique opportunity
to identify new bioactive molecules and the molecular targets on which they act. By
querying the pan-genome of 86 Salinispora bacterial genomes for duplicated housekeeping genes co-localized with natural product BGCs, I prioritized an orphan polyketide
synthase-nonribosomal peptide synthetase hybrid BGC (tlm) with a putative fatty acid
synthase resistance gene for product identification. Thus was ultimately accomplished by
my collaborators using cloning strategies based on transformation-associated
recombination. The findings validate the resistance-guided genome mining strategy for the
discovery of antibiotic producing gene clusters without a priori knowledge of the molecule
synthesized. However, the fabB/F gene is just one example of many genes to be analyzed,
indicating a high probability of finding other examples of potential new molecular targets
and their small molecule ligands. Besides the importance of finding new antibiotics,
phylogenetic analyses of the resistance genes provided an opportunity to explore the
evolutionary processes associated with BGCs and resistance genes.
Exploring other COG categories, like cell cycle (D), will likely lead to other good
candidate BGCs to explore as a source of new antibiotics. The bacterial cell cycle
represents an underexploited area in the search for new antibacterial targets. Inhibition of
cell division interferes with population growth and can prevent mass proliferation;
however, a detailed understanding of the events involved in cell division is still under
study. Currently, one of the most studied enzymes with a crucial role in bacterial cell
division is FtsZ. FtsZ forms a polymeric ring when cells divide (Barker, 2006). Barberine
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is an example of an FtsZ inhibitor in E. coli and is known to be active against multiple
drug-resistant M. tuberculosis and methicillin-resistant S. aureus (Domadia et al., 2008).
Examples of duplicated core genes detected in BGCs in this study within the cell cycle
category (D) include genes associated with the cell division initiation protein, DNA
segregation ATPase/FtsK, chromosome segregation ATPases and ATPases involved in
chromosome partitioning. These candidate resistance genes are associated with the BGCs
NRPS1, PKS2, PKS9 and PKS17, respectively (Table 4.3)
Two other potential resistance candidates of interest are methionyl tRNA
synthetase (MetS or MetRS) and UDP-N-acetylenol pyruvoylglucosamine reductase
(MurB). MetS is one of 20 enzymes that charge amino acids to their cognate tRNAs. MetS
provides a logical and potent alternative inhibition point in protein synthesis, as the
resulting charged methionyl-tRNA is used both for translation initiation and elongation by
the bacterial ribosome (Allsop 2001; Kedar et al., 2007). Although the biochemical role of
MetS is well understood, there are no antibiotics that target this enzyme (Zhang et al.,
2012). I also detected a candidate resistance gene in the category of translation (J). This
gene is annotated as a methionyl-tRNA synthetase and is associated with the BGC NRPS33
(Table 4.3).
In this chapter, I have shown that comparative genomics can be used to identify
resistance genes that are associated with secondary metabolic processes. Based on the rapid
increase in genome sequence data in public databases, we envision that this strategy may
be widely applicable to genomics-driven natural product discovery and innovate the
manner in which antibiotics are discovered, offering an efficient, hypothesis-driven
genome mining platform for the development of new antibacterial drug candidates.
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Chapter 4 is based on the material as it appears in ACS Chemical Biology. Tang,
X., J. Li, N. Millán-Aguiñaga, J.J. Zhang, E. C. O’Neill, J.A. Ugalde, P.R. Jensen, P.R.
Jensen, S.M. Mantovani, B.S. Moore. 2015. Identification of Thiotetronic Acid Antibiotic
Biosynthetic Pathways by Target-directed Genome Mining. ACS Chemical Biology.
10(12): 2841-2849. The dissertation author was a second author of this paper.
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Concluding remarks
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In the late 19th century, bacteria were classified on the basis of phenotypic markers
such as morphology, growth requirements, and biochemical properties (Lehmann and
Neumann, 1896). Between the 1960s and 1980s, chemotaxonomy (Minnikin et al., 1975)
and DNA-DNA hybridization techniques were used (Johnson, 1991). It wasn’t until the
1980s, with advances in DNA amplification and sequencing techniques, that the 16S rRNA
gene was used for bacterial classification (Gurrtler and Mayall, 2001; Konstantinidis and
Tiedje, 2007). 16S rRNA gene sequences have become a gold standard in bacterial
systematics; however, due to its high level of conservation, it is widely recognized as not
being useful at the species level (Fox et al., 1992). In the mid-1990’s, the use of addition
phylogenetic markers and whole genome sequencing provided new opportunities to study
the relationships among bacteria (Janssen et al., 2003). This included the use of methods
such as multilocus sequence analysis and average nucleotide identity (ANI) or orthologous
genes (Stackebrandt et al., 2002; Rossello-Mora, 2005; Goris et al., 2007; Konstantinidis
and Tiedje, 2007; Yarza et al., 2008).
Since the first bacterial genome was sequenced more than 20 years ago
(Fleischmann et al., 1995), advance in sequencing techniques have provided a wealth of
data that can be used to better establish the tree of life. This genomic information includes
microbial lineages that are only accessible due via culture-independent studies (Hug et al.,
2016). Genomic information has facilitated comparative genomics analyses of bacteria as
well as their evolution and phylogenetic classification (Didelot and Falush, 2007; Khan et
al., 2008; Yan et al., 2011; Tanabe et al., 2007). There are currently 36,348 bacterial
genomes available in the Joint Genome Institute’s Integrated Microbial Genomes database
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(accessed April 25th, 2016). This genetic information provides unique opportunities to
address bacterial diversity and species relationships.
The research presented in this dissertation addresses the phylogenetic relationships
among Salinispora species using multiple housekeeping genes (Chapter 2), and
phylogenomics (Chapter 3). It then goes on to describe a method to discover the molecular
targets of natural product biosynthetic gene clusters by identifying resistance genes that
arise from duplicated genes from the core genome (Chapter 4).
In order to understand the relationships among the three species and to further test
their phylogenetic relationships, a multilocus sequence analyses was undertaken and
explained in Chapter 2. Interestingly, S. pacifica proved to be the most diverse of the three
species, which ultimately raised questions about the naming of this taxon. Chapter 2
established a well-supported concatenated tree using five housekeeping genes and provided
strong support for the delineation of the three species and the ancestral relationship of S.
arenicola to the more recently diverged sister taxa S. tropica and S. pacifica.
One of the most interesting results from Chapter 2 was the incongruent phylogeny
of the housekeeping gene rpoB observed in S. arenicola. This was attributed to a
recombination event and linked to the acquisition of resistance to compounds in the
rifamycin class, which target RpoB and are produced just by S. arenicola. This conclusion
was explored in Chapter 4 as a new strategy for antibiotic discovery. The studies in Chapter
2 also revealed greater genetic diversity within S. pacifica and lower rates of recombination
over mutation compared to the other two species, which led to a more detailed investigation
of this species in Chapter 3 using whole genome information.
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Comparative genomics continues to provide new opportunities to assess genetic
diversity and delineate species level units of diversity. Studies in Chapter 3 with 119
Salinispora strains provided a unique opportunity to better understand the relationships
among the species. Genomic analyses revealed new insights in the diversity of S. pacifica
and suggested there may be at least five different genetic species encompassed by the
current S. pacifica clade. The original S. pacifica type strain (CNR-114) described by
Ahmed et al., (2014) cladded with 22 strains. I suggest that the monophyletic clade
comprised with the type strain remains as S. pacifica. The rest of the strains should be reevaluated and possibly described as new species.
One of the phenotypic differences observed among Salinispora species is
secondary metabolite production, which has proven to be a key difference among the
species (Penn et al., 2009; Ziemert et al., 2014). Secondary metabolites are a class of
compounds that play various functional roles ranging from siderophores and signaling
molecules to chemical defense. However, in most cases, their functions remain unknown
(Demain and Fang, 2000; Maplestone et al., 1992; Xiao et al., 2011; Davies, 2006).
Analyses of the new genetic diversity within S. pacifica revealed that clustering based on
the presence/absence of predicted biosynthetic gene clusters is congruent with the species
tree, providing evidence that secondary metabolism is an important trait that differentiates
microbial species.
Besides comparative genomic analyses, genome information can also be used to
develop new approaches for antibiotic discovery. One of these approaches is called genome
mining, and it involves the identification of gene clusters that encode the production of
secondary metabolites (Medema et al., 2011). One of the biggest challenges with genome
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mining is how to prioritize biosynthetic gene clusters (BGCs) for product discovery and
how to predict if they will possess biological activity. Chapter 4 described a new method
of natural product discovery that we called “target-directed genome mining”. This method
identified duplicated genes from the core genome that occur near or within biosynthetic
gene clusters (BGC), with the hypothesis that the products of these genes are the targets of
the compounds produced by the clusters. This new method was validated with the
correlation of a candidate resistance gene (FabF/B) with the orphan BGC named as PKS44
that expressed the compound thiolactomycin. This new approach may open new avenues
for the discovery of novel antibiotics.
This dissertation provides the foundation for further studies that can include a
combination of bioinformatics analyses and laboratory experiments. These can be
employed to explore the genetic diversity in the new Salinispora species and identify
specific physiological traits and adaptive mechanisms that make them distinct. A more
comprehensive study of candidate molecular targets is intended in the future. This analyses
will include all Salinispora genomes and all the predicted BGC’s in addition to the PKS
and NRPS clusters analyzed in Chapter 4. It is also important to mention that besides
utilizing “target-directed genome mining” to find new resistance genes, the analyses of
single copy shared genes under positive selection and showing incongruent phylogeny, like
the results observed in the gene rpoB in Chapter 2, can also be part of the new approach
for finding new molecular targets.
Bacterial species concepts should consider genetic diversity and ecology in order
to define species in a coherent and convincing way (Cohan, 2002; Doolittle and Papke
2006; Fraser et al., 2009; Polz et al., 2013). Ecological niches separate communities into
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distinctly functional groups and can lead to the co-occurrence of related species at the same
location (Oakley et al., 2010). If a subset of isolates within a bacterial population acquires
the ability to occupy a new niche either through the uptake of novel genes or mutations in
existing genes, they will diverge over time from the parent lineage. For that reason, I
believe the diversity observed in Salinispora in this dissertation, keeps making this genus
a model organism to keep answering microbiology questions regarding species concepts.
There is the perfect opportunity to use additional “omic” techniques (transcriptomics,
metabolomics) to understand the differences in this new diversity and link it with
ecological traits. I also suggest that better access to metadata associated with the collection
sites will provide useful information about the drivers of species distributions and links
between phylogeny and function.
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Access to genome sequence data has challenged traditional natural
product discovery paradigms by revealing that the products of most
bacterial biosynthetic pathways have yet to be discovered. Despite
the insight afforded by this technology, little is known about the
diversity and distributions of natural product biosynthetic pathways
among bacteria and how they evolve to generate structural diversity. Here we analyze genome sequence data derived from 75
strains of the marine actinomycete genus Salinispora for pathways
associated with polyketide and nonribosomal peptide biosynthesis,
the products of which account for some of today’s most important
medicines. The results reveal high levels of diversity, with a total of
124 pathways identified and 229 predicted with continued sequencing. Recent horizontal gene transfer accounts for the majority of
pathways, which occur in only one or two strains. Acquired pathways are incorporated into genomic islands and are commonly exchanged within and between species. Acquisition and transfer
events largely involve complete pathways, which subsequently
evolve by gene gain, loss, and duplication followed by divergence.
The exchange of similar pathway types at the precise chromosomal locations in different strains suggests that the mechanisms
of integration include pathway-level homologous recombination.
Despite extensive horizontal gene transfer there is clear evidence
of species-level vertical inheritance, supporting the concept that
secondary metabolites represent functional traits that help define
Salinispora species. The plasticity of the Salinispora secondary
metabolome provides an effective mechanism to maximize population-level secondary metabolite diversity while limiting the number
of pathways maintained within any individual genome.
genome sequencing

The pathways responsible for secondary metabolite biosynthesis
are among the most rapidly evolving genetic elements known (5).
It has been shown that gene duplication, loss, and HGT have all
played important roles in the distribution of PKSs among
microbes (8, 9). Changes within PKS and NRPS genes also include
mutation, domain rearrangement, and module duplication (5), all
of which can account for the generation of new small-molecule
diversity. The evolutionary histories of specific PKS and NRPS
domains have proven particularly informative, with KS and C
domains providing insight into enzyme architecture and function
(10, 11). These studies have helped establish the extensive nature
of HGT among biosynthetic genes (4, 12), which is reflected in the
incongruence between PKS and NRPS gene phylogenies and
those of the organisms in which they reside (13). Although resolving the evolutionary histories of entire pathways remains more
challenging than individual genes or domains, comparative analyses of biosynthetic gene clusters have proven useful for the
identification of pathway boundaries (14).
The exchange of PKS and NRPS pathways by HGT confounds
the relationships between taxonomy and secondary metabolite
Significance
Microbial natural products are a major source of new drug
leads, yet discovery efforts are constrained by the lack of information describing the diversity and distributions of the associated biosynthetic pathways among bacteria. Using the
marine actinomycete genus Salinispora as a model, we analyzed genome sequence data from 75 closely related strains.
The results provide evidence for high levels of pathway diversity, with most being acquired relatively recently in the
evolution of the genus. The distributions and evolutionary
histories of these pathways provide insight into the mechanisms that generate new chemical diversity and the strategies
used by bacteria to maximize their population-level capacity to
produce diverse secondary metabolites.

| comparative genomics
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icrobial secondary metabolites have long benefited human
health and industry. They include important pharmaceutical agents such as the antibiotic penicillin, the anticancer agent
vancomycin, and the immunosuppressant rapamycin among the
more than 20 thousand biologically active microbial natural
products reported as of 2002 (1). Secondary metabolites also
have important ecological roles for the organisms that produce
them, particularly in terms of nutrient acquisition, chemical
communication, and defense (2). Many of these compounds are
the products of polyketide synthase (PKS) and nonribosomal
peptide synthetase (NRPS) pathways or hybrids thereof. These
pathways are generally organized into gene clusters that can
exceed 100 kb and include regulatory, resistance, and transport
elements (3), thus making them well-suited for horizontal gene
transfer (HGT) (4, 5). The architectures and functional attributes of PKS and NRPS genes have been reviewed in detail (3, 6,
7) and account for much of the structural diversity that is the
hallmark of microbial natural products. Remarkably, PKS and
NRPS enzymes build these complex secondary metabolites via
the controlled assembly of simple biosynthetic building blocks
such as acetate, propionate, and amino acids. These building
blocks are incorporated in a combinatorial fashion via a series of
sequential chemical condensation reactions encoded by ketosynthase (KS) and condensation (C) domains within PKS and
NRPS genes, respectively (3).
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production. This may in part explain the historical reliance on
chance for the discovery of natural product drug leads from
chemically prolific but taxonomically complex taxa such as the
genus Streptomyces. Genome sequencing has changed the playing
field by providing bioinformatic opportunities to “mine” the
biosynthetic potential of strains before chemical analysis and to
target the products of specific pathways that are predicted to
yield compounds of interest (15). Sequence-based methodologies
not only hold great promise for natural product discovery; they
are providing a wealth of information that will ultimately improve our understanding of pathway diversity and distributions
and the evolutionary events that generate new chemical diversity.
Here we report the analysis of PKS and NRPS biosynthetic
gene clusters in 75 Salinispora genome sequences. This obligate
marine actinomycete is composed of three closely related species
(16, 17) that are clearly delineated using phylogenetic approaches
(18). Salinispora spp. share 99% 16S rRNA gene sequence identity
(19), thus making them more narrowly defined than many taxa,
which can include up to 3% sequence divergence (20). Salinispora
spp. are a rich source of secondary metabolites, including salinosporamide A (21), which has undergone a series of phase I clinical
trials for the treatment of cancer (22). They devote ca. 10% of
their genomic content to secondary metabolism (23, 24) and
represent a tractable model with which to address correlations
between fine-scale molecular systematics and secondary metabolite production (25). The results presented here describe the
diversity and distributions of biosynthetic pathways among a
closely related group of bacteria and reveal high levels of pathway acquisition via horizontal gene transfer, with more than half
of the pathways occurring in only one or two strains. The data
provide evidence of the evolutionary mechanisms that generate
new pathway diversity and a striking example of the plasticity of
the bacterial secondary metabolome.
Results

MICROBIOLOGY

Pathway Identification. Draft and complete genome sequences
from 75 Salinispora strains were analyzed (Table S1). These

strains encompass the major biogeographic regions from
which the three currently described species have been reported (Fig. S1) and include representatives of 11 previously
identified 16S rRNA gene sequence variants that differ by as
little as a single nucleotide change (26). KS and C domains
were extracted from the sequence data and used for the initial
identification of PKS and NRPS pathways, respectively. In
total, 2,079 KS and 1,693 C domains were detected. Of the KS
domains, BLAST, antiSMASH (27), and manual analyses that
included the gene environments in which these domains occurred linked 75 to fatty acid biosynthesis (one per strain),
whereas 80 were identified as false positives (N-acetyltransferases)
and the remaining 1,924 (92.5%) were associated with secondary
metabolism. All of the C domains were linked to secondary
metabolism.
The next step was to assemble pathways that appeared to be
split among different contigs, which was generally the case for
highly repetitive modular type I PKSs and some NRPSs. This was
accomplished using reference pathways from prior studies (23,
24) and better-assembled Salinispora genomes that included
seven strains that were assembled into single contigs that exceeded 5 Mb. In the absence of a reference pathway, contigs
were assembled when the KS- or C-domain phylogenies indicated close evolutionary relationships. Pathways that contained
similar gene content and organization were grouped into “operational biosynthetic units” (OBUs) based on predictions they
produced related secondary metabolites. These groups were defined based on sequence identity (SI) values of 90% and 85%,
respectively, among homologous KS and C domains (10). The
stringency of these cutoff values is supported by the cya and spo
enediyne KSs, which share ca. 88% SI yet yield compounds that
possess fundamentally different carbon skeletons (Fig. 1) (28,
29). Likewise, homologous C domains associated with NRPS4
and 19 share ca. 80% SI, yet they occur in pathways that differ
not only in gene content but also in the composition of the NRPS
genes (Fig. S2). In all cases where the secondary metabolic
products of the pathways were known, fundamentally different
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Fig. 1. Enediyne pathway exchange. Three different OBUs were detected in the same chromosomal position in three different S. pacifica strains. These OBUs
were classified as enediyne PKSs based on a NaPDoS analysis of the KS domains derived from the type I PKS genes (in red) in each pathway. The different OBU
assignments are supported by the products of the sporolide (spo) and cyanosporaside (cya) gene clusters, which include sporolide A (1) and cyanosporaside A
(2), respectively. These compounds, which are shown to the left of the pathways responsible for their production, possess fundamentally different carbon
skeletons and are predicted to originate from enediyne precursors (28, 65, 66). Amino acid sequence identities relative to orthologs in the cya pathway are
shown for representative genes. Products have yet to be identified from PKS32, which appears at the bottom.
Ziemert et al.
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Fig. 2. Evolution of the cya pathway in S. pacifica. (A) The cya OBU contains three different versions of the pathway. The cya1 version is responsible for the
biosynthesis of cyanosporaside A, which is derived from an enediyne precursor (28). It was observed in all strains in the uppermost clade of the Salinispora
species tree (boxed in red). Two truncated versions of the pathway were observed, with cya2 appearing ancestral to cya1 in the species tree. Genes missing in
cya2 and 3 include cyaA4 (O-acyltransferase), cyaN1 (epoxide hydrolase), and cyaN2 (oxidoreductase), which are predicted to encode tailoring enzymes.
Together, the cya1- and 2-containing strains form a single clade (clade 1) in this region of the S. pacifica species tree. The cya3 pathway occurs in a separate
S. pacifica lineage (clade 2). Products have yet to be identified from cya2 and 3. (B) A likelihood analysis predicts three independent acquisition events for the
cya pathway, one in S. tropica and two in S. pacifica (red arrows). The S. pacifica acquisition events correspond to clades 1 and 2 in the species tree. (C)
Maximum-likelihood phylogeny of the cyaE enediyne PKS gene including the top 10 BLASTp matches (bootstrap values for 100 replicates are shown at major
nodes) reveals two major lineages (red arrows, numbers 1 and 2) that correspond to the strains in clades 1 and 2 of the species tree. This supports the vertical
inheritance of this gene subsequent to acquisition. The position of the S. tropica (CNB-536) cyaE homolog within S. pacifica clade 1 suggests that the acquisition event in S. tropica is the result of horizontal gene transfer with S. pacifica clade 1. Gene gain and loss are assumed to account for the variations in the
cya1–3 pathways.
E1132 | www.pnas.org/cgi/doi/10.1073/pnas.1324161111
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Table 1. Salinispora genome composition and pathway (OBU) statistics

Species
S. arenicola
S. pacifica
S. tropica

No. genomes
analyzed

Avg. genome
size, Mb

Avg. no.
contigs*

Avg. no. OBUs
per genome

OBU
richness†

Avg. no.
singletons‡
per genome

37
31
7

5.7 ± 0.14
5.4 ± 0.19
5.4 ± 0.19

78 ± 19
93 ± 33
90 ± 19

17.5 ± 1.9
14.1 ± 2.7
13.6 ± 1.8

47
88
19

0.49
1.00
0.57

Averages reported are ±1 SD.
*Does not include the closed genomes of CNB-440 and CNS-205.
Number of different OBUs observed.
‡
OBUs observed in only one strain.
†

carbon skeletons were observed when the KS- and C-domain SIs
fell below these cutoff values. MultiGeneBlast analyses were
performed on pathways that occurred in at least five strains to
better assess the OBU assignments. These analyses revealed high
levels of synteny and SI among the shared genes within each
OBU and sharply lower cumulative BLAST bit scores for strains
that lacked the pathway. Intra-OBU differences occurred largely
among genes predicted to encode tailoring enzymes, as observed
in the cya pathway (Fig. 2). Nonetheless, given that minor
structural differences can have a major impact on secondary
metabolite biological activity, the products of different versions
of a pathway that have been grouped into a single OBU may have
different ecological functions. Although the KS- and C-domain
clustering values used here appear appropriate for Salinispora
species, it remains to be seen how well they will apply to other
taxonomic groups.

MICROBIOLOGY

Pathway Diversity. Comparable to prior studies (23, 24), the
Salinispora genomes were enriched in PKS and NRPS biosynthetic
pathways. On average, S. arenicola genomes were 300 kb larger

and contained four more OBUs per genome than S. pacifica or
S. tropica (Table 1). Although more OBUs were detected per
S. arenicola genome, considerably more OBU diversity was
observed in S. pacifica, which contained a total of 88 different
OBUs compared with 47 and 19 for S. arenicola and S. tropica,
respectively. In total, 124 distinct OBUs were identified, including
representatives of diverse PKS types (Fig. S3). Only nine of these
OBUs have been formally linked to the production of specific
secondary metabolites. These are sal (salinosporamides) (30), slm
(salinilactam) (23), cyl (cyclomarins) (31), cya (cyanosporasides)
(28), spo (sporolides) (29), arn (arenimycin) (32), rif (rifamycins)
(33), lym (lymphostin) (34), and lom (lomaiviticin) (35), whereas
two others are predicted to yield enterocin (36) (PKS31) and
arenicolide (37) (PKS28) based on bioinformatic analyses. Although there is no evidence that all pathways are functional, the
113 remaining OBUs far exceed the four Salinispora secondary
metabolites (arenamides, pacificanones, salinipyrones, and saliniquinones) that have yet to be linked to specific pathways, suggesting

Fig. 3. Distribution and diversity of PKS and NRPS OBUs. (A) Rank-abundance curve showing the abundance of each OBU among the 75 strains analyzed
(representative OBU names are shown). (B) Rarefaction curves with diversity estimators for each species.
Ziemert et al.
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Fig. 4. OBU hierarchical cluster analysis and Salinispora species tree. Hierarchical cluster analysis based on OBU presence or absence. Maximum-likelihood
species phylogeny generated from 10 housekeeping genes. Colors indicate the collection site: blue, Bahamas; pink, Palau; black, Fiji; red, Sea of Cortez;
orange, Palmyra; turquoise, Guam; green, Hawaii.

that considerable chemical diversity remains to be discovered from
this genus.
A rank-abundance curve describing the distribution of the
OBUs among the 75 strains reveals a long right-hand tail, as is
characteristic of a highly diverse community (Fig. 3). Remarkably,
48 of the OBUs were only observed in one strain (singletons), with
an additional 24 occurring in two strains. These 72 OBUs account
for 58% of the total number observed in the 75 genomes and illustrate extensive acquisition via horizontal gene transfer. In the
case of S. pacifica, the most phylogenetically diverse of the three
species (26), an average of one singleton was detected per genome
sequenced (Table 1). Rarefaction curves, used primarily in community ecology to assess species richness (38), provide an assessment of OBU richness for the given sequencing effort and reveal
that considerable diversity has yet to be detected (Fig. 3). This is
particularly evident for S. pacifica, which shows little evidence of
saturation, and is further supported by ACE and Chao1 diversity
estimators, which predict as many as 229 distinct OBUs with
continued sequencing of the three species (Fig. 3). This represents
an extraordinary level of biosynthetic diversity for three bacterial
species that share 99% 16S rRNA sequence identity (19).
Pathway Distributions. We next generated a well-supported Sali-

nispora species phylogeny (Fig. S4) and a hierarchical cluster
analysis based on pathway presence or absence. Despite the large
E1134 | www.pnas.org/cgi/doi/10.1073/pnas.1324161111

number of OBUs that occur in only one or two strains, these two
dendrograms are highly congruent, with the exception that
S. pacifica is paraphyletic with respect to S. tropica in the OBU
cluster analysis (Fig. 4). Contributing to this congruence are
species-specific OBUs (i.e., pathways commonly observed in one
species but generally not in others). In S. arenicola, these include
rif, PKS1A/B, PKS2, PKS3A/B, PKS5, NRPS1, and NRPS2
(Table S2). In S. tropica, these include spo, slm, sal, Sid3, Sid4,
NRPS3, and STPKS1 (Table S3). Interestingly, only one OBU
(NRPS20) appears commonly in S. pacifica and not in others
(Table S4). These results support previous culture-based studies
and KS fingerprinting analyses that revealed species-specific
patterns of secondary metabolite production and gene distributions in S. arenicola and S. tropica (25, 39). There is some
evidence of OBU clustering based on the location from which
the strains originate (Fig. 4); however, a permutational multivariate analysis of variance (PERMANOVA) revealed a significant
correlation between OBU and species (R2 = 0.54, P = 0.001) and
not location (P = 0.075), indicating the importance of taxonomy
over biogeographic origin in terms of OBU distributions.
Pathway Evolution. To explore the evolutionary history of the
pathways in relation to the strains in which they reside, likelihood analyses were performed on the KS- and C-domain
sequences to assign the ancestral node(s) for each OBU in the
Ziemert et al.
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species tree. The results for the 124 OBUs were overlaid onto
a simplified Salinispora phylogeny (Fig. 5) generated by collapsing the species tree (Fig. S4) into 12 lineages. The analysis
reveals that only five OBUs were present in the common ancestor of the genus and only two of these (FAS1 and PKS4) were
shared with the closely related genus Micromonospora. It can
thus be inferred that the remaining pathways (96% of the total)
were acquired by HGT at various points during the evolution of
the genus. Phylogenetic analyses of key biosynthetic genes from
each OBU confirm these evolutionary histories and indicate,
based on congruence with the species tree, vertical inheritance
for 65 of the OBUs subsequent to acquisition. Seven OBUs appear
to have been acquired early in the evolution of S. arenicola. These
include rif, which supports the consistent production of rifamycins
by S. arenicola (25, 40). Likewise, six OBUs appear early in the
evolutionary history of S. tropica and one in S. pacifica (Fig. 5).
Most of the OBUs, however, were acquired relatively recently in
the evolution of the genus, appearing toward the branch terminals
in the tree. Based on BLAST analyses of the singleton PKS and
NRPS genes, it appears that most of these pathways were acquired
from other high-G+C bacteria such as Streptomyces spp. (Fig. S5),
which also occur in marine sediments (41). The results for PKS17
suggest the independent acquisition of this pathway by four S.
arenicola strains from Fiji and one S. pacifica strain from the Sea of
Cortez (Fig. S6). Although these results may reflect sampling
Ziemert et al.

effort, they suggest that location-dependent pathway acquisition
warrants future study.
Phylogenetic analyses of key biosynthetic genes were also used
to infer that 36 of the 124 OBUs identified (29%) were exchanged within or between species. One example is the cya
pathway, which was exchanged between S. pacifica and S. tropica
(Fig. 2). These transfer events were added to the simplified species
tree to depict the complexity of pathway movement within the
genus (Fig. 5). In total, it could be inferred that 23 OBUs moved
once, 9 moved twice, and 4 (PKS17, sal, Sid1, and PKSNRPS2)
moved three times. There was no evidence for KS- or C-domain
exchange among OBUs or the formation of chimeric pathways,
although events of these types may have been missed with the
assembly methods used. Instead, OBUs evolved largely by gene
gain, gene loss, and duplication followed by divergence. In the last
case, NRPS4 is a genus-specific pathway observed in 72 of the 75
strains. A subset of S. arenicola (clade 6) and S. pacifica (clade 12)
contains a second copy of this pathway (NRPS19) that is sufficiently diverged (i.e., shares <85% C-domain SI) to be considered
a new OBU (Fig. S2). Thus, pathway duplication followed by divergence appears to be another mechanism by which OBU diversity is created in Salinispora spp.
Genomic Islands as Hot Spots for Secondary Metabolism. Pseudochromosomes were generated by mapping sequence contigs onto
the closed genomes of S. tropica (CNB-440), S. arenicola (CNS205), and a number of high-quality S. pacifica draft genomes that
PNAS | Published online March 10, 2014 | E1135
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Fig. 5. Salinispora phylogeny depicting OBU inferred ancestry. A simplified species tree generated from 10 housekeeping genes (Fig. S4) shows 12 major
Salinispora lineages with the number of strains in each indicated in blue adjacent to the node branch points. Boxes indicate the number of OBUs originating
at various points in the species tree. Red, shared with a common ancestor of the genus; green, genus-specific; purple, shared with S. tropica and S. pacifica;
black, species-specific; gray, clade-specific. Representative OBU names are indicated next to the point of acquisition. Orange arrows describe inter- and intraspecies OBU exchange events (cya exchange between S. tropica and S. pacifica is indicated in bold).
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Fig. 6. Linear pseudochromosomes reveal the positioning of Salinispora OBUs within genomic islands (numbered and shaded) as identified based on previously
defined boundaries (24). Pathway positions were mapped using PKS and NRPS genes as reference. Only the pathways that could be mapped onto the pseudochromosomes are depicted. Pathways are color-coded and listed on the right next to the strain name and geographic origin. Singletons are depicted in light gray.

were generated as part of this study. The results show that the
OBUs are clustered in genomic islands (GIs) (Fig. 6), regions
of bacterial chromosomes known to encode acquired, adaptive
traits (42). Salinispora GIs were also enriched in mobile genetic
elements, which may play a role in OBU acquisition and transfer,
relative to other regions of the genome (Wilcoxon rank-sum test,
P < 0.05). Remarkably, the flanking regions of 21 previously
identified Salinispora GIs (24) are conserved across all 75 genome sequences, suggesting that island boundaries can be used
as queries to identify similar regions in other strains. In some
cases, OBUs that encode the biosynthesis of similar classes of
compounds were exchanged at precisely the same island location. This type of pathway “swapping” was observed with
three enediyne OBUs in S. pacifica (Fig. 1), and may represent
E1136 | www.pnas.org/cgi/doi/10.1073/pnas.1324161111

an example of pathway-level homologous recombination that is
yet to be described.
Discussion
Major advances in our understanding of the molecular genetics of
natural product biosynthesis have created unprecedented opportunities for pathway engineering (43) and the generation of
new chemical diversity in high-priority scaffolds (44). Coupled
with increased access to genome sequence data and the revelation
that even well-studied taxa can harbor a wealth of biosynthetic
pathways for which the products have yet to be discovered (45,
46), natural product research is undergoing a renaissance driven
by the development of new discovery methods (47). Despite these
advances, we have yet to gain perspective on the diversity and
Ziemert et al.
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class (39), thus providing an alternative to synthetic chemistry as
an approach to generating structural diversity. The plasticity of
secondary metabolism in Salinispora spp. provides a glimpse into
the evolutionary strategies by which bacteria capitalize on the
benefits afforded by these compounds. Despite not knowing the
ecological functions of most Salinispora secondary metabolites,
extensive pathway sampling provides a mechanism to maximize
the population-level secondary metabolome while limiting the
number of pathways maintained within any individual genome.
The potentially vast array of molecules produced at the population level would increase the likelihood of an effective response
to new selective pressures and thus provide an ecological rationale
for the extensive pathway diversity observed in this study.
Materials and Methods
Genome Sequencing and Assembly. Salinispora strains were obtained in culture as previously described (41, 51). DNA was extracted following US Department of Energy Joint Genome Institute (JGI) protocols (http://my.jgi.doe.
gov/general/protocols.html) and submitted to the JGI for sequencing, assembly, and annotation. The sequencing and annotation of S. arenicola CNS205 and S. tropica CNB-440 were as previously described (23, 24). For the
remaining 73 strains, short- and long-insert paired-end libraries were constructed and sequenced by the JGI using the Illumina HiSeq 2000 system.
Filtered reads were assembled using Velvet (52) and ALLPATHS-LG (53), and
possible misassemblies were corrected with manual editing in Consed (54).
Gap closure was accomplished using repeat resolution software and sequencing of bridging PCR fragments with Sanger and/or PacBio technologies. Genes were identified using Prodigal (55), followed by a round of
manual curation using GenePRIMP (56). Predicted coding DNA sequences
were translated and used to search the National Center for Biotechnology
Information (NCBI) nonredundant (nr) database, UniProt, TIGRFam, Pfam,
Kyoto Encyclopedia of Genes and Genomes, Clusters of Orthologous Groups,
and InterPro databases. Strains and accession numbers are provided in
Table S1.
Pathway and OBU Identification. Genome sequences in FASTA format were
screened for PKS and NRPS genes by searching for KS and C domains, respectively, using NaPDoS (http://napdos.ucsd.edu) with default settings (57).
The associated genes and gene environments were then analyzed using
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), IMG/ER (https://img.jgi.
doe.gov/cgi-bin/er/main.cgi), and antiSMASH (27) to confirm association
with secondary metabolism, assess the similarities among pathways, and
create links to known secondary metabolites based on homology to
experimentally characterized pathways. Pathways split onto different
contigs were assembled with the aid of complete pathways or when KSand C-domain phylogenies revealed that the sequences claded together.
Pathways were grouped into OBUs when BLAST analyses revealed that
homologous KS and C domains shared ≥90% and ≥85% amino acid sequence identity, respectively. OBUs were assigned a unique identifier
(e.g., PKS1, NRPS1) or a formal name if linked to an experimentally
characterized pathway. A database of all genomes was created and OBU
assignments were verified for pathways that occurred in five or more
strains using MultiGeneBlast (58) based on the synteny and SI of conserved genes in each pathway and cumulative BLAST bit scores, which
dropped precipitously in strains that did not possess the pathway (10).
Salinispora Species Phylogeny. Nucleotide sequences for 10 unlinked, singlecopy genes (dnaA, gyrB, pyrH, recA, pgi, trpB, atpD, sucC, rpoB, topA) were
extracted, aligned using Muscle in Geneious Pro v5.5 (Biomatters; www.
geneious.com), and concatenated using Mesquite v2.75 (59). MODELTEST
(60) was run and the best model [generalized time reversible (GTR)+G] was
used to create a maximum-likelihood (ML) tree using PhyML 3.0 (61) and
a neighbor-joining tree using MEGA5 (62). Nodal support values were
obtained using 1,000 bootstrap replicates. Concatenated Bayesian tree
and posterior probabilities were created using MRBAYES (63) with 1
million generations.
OBU Phylogeny. Nucleotide sequences from at least two conserved genes from
each OBU observed in two or more of the 12 major Salinispora clades presented in Fig. 5 were aligned in Muscle and manually curated. ML phylogenies were created using PhyML 3.0 under the GTR model of nucleotide
substitution with 100 bootstrap replicates or a fast approximate likelihoodratio test performed as a measure of branch support. Other common models
PNAS | Published online March 10, 2014 | E1137
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distributions of the pathways responsible for secondary metabolism among groups of related bacteria and how these pathways
evolve to generate new chemical diversity.
The 75 genome sequences analyzed here provide insight into
the remarkable levels of pathway diversity that can be maintained among a group of bacteria that share 99% 16S rRNA
gene sequence identity. This diversity can largely be attributed to
the many pathways that were observed in only one or two strains
and that are inferred to be the result of HGT events that occurred relatively recently in the evolutionary history of the genus.
Although the effects of geographic origin on the OBUs maintained by individual strains warrant further study, the potential
for location-specific acquisition suggests that differences in the
local gene pool may account for some of the diversity reported
here. Although the total number of OBUs maintained by these
three closely related species remains unknown, it is extraordinarily high relative to the numbers observed in the individual
strains (Table 1), with a total of 229 distinct PKS and NRPS
OBUs predicted with continued sequencing.
Mapping the inferred ancestral nodes of the individual OBUs
onto the Salinispora species phylogeny made it possible to trace
pathway evolutionary histories relative to the strains in which
they reside (Fig. 5). These analyses reveal that 105 of the 124
OBUs (85%) were acquired subsequent to the speciation events
within the genus, which suggests that the ecological functions of
secondary metabolites act largely at the subspecies level. However,
the congruence observed between the species tree and the OBU
cluster analysis (Fig. 4) suggests that secondary metabolites
nonetheless represent functional traits that help define Salinispora
spp. (25). The fixation of certain pathways within S. arenicola and
S. tropica could be the result of periodic selection (48), which if
driven by the products of these OBUs would indicate that they
provide a strong selective advantage. Species-specific OBUs include rif and sal, which encode the production of the potent antibiotic rifamycin and the proteasome inhibitor salinosporamide A in
S. arenicola and S. tropica, respectively. In S. pacifica, the most
diverse of the three species (26), similar levels of fixation are not
observed, yet many OBUs appear fixed among major clades within
the species. Based on this, it could be speculated that S. pacifica is
undergoing a series of nascent speciation events, with ecological
divergence preventing periodic selection from fixing pathways at
the currently defined species level.
The OBUs were concentrated in GIs whose boundaries were
highly conserved among all strains. These GIs were enriched in
mobile genetic elements, suggesting they are hot spots for pathway
acquisition and evolution. The observed swapping of enediyne
OBUs at the precise chromosomal locations in different strains
(Fig. 1) suggests that recombination may function at the pathway
level in a manner comparable to the domain-level homologous
recombination observed in PKS and NRPS analyses (49). The
absence of KS- or C-domain exchange among OBUs, a process
that is generally considered important in PKS and NRPS evolution (5, 50), suggests that pathway HGT followed by gene gain or
loss events is the major force driving the creation of OBU diversity
in Salinispora spp. Although it is unclear how these results apply
to other bacteria, the continued sequencing of large numbers
of closely related strains will provide additional insight into the
evolutionary processes by which bacteria generate new secondary
metabolite diversity.
A better understanding of the taxonomic distributions and
evolutionary histories of the pathways responsible for secondary
metabolite biosynthesis will provide opportunities for the development of theory-based sampling strategies that capitalize
on the genetic potential of individual strains to produce new
chemical scaffolds or compounds within a privileged chemical
class. Recognition that some pathways diverge in lineage-specific
patterns indicates that related strains within the same species can
be the source of related compounds within the same chemical
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of nucleotide substitution were used with no significant changes in the
results. If the phylogenies for the genes within an OBU were congruent, this
phylogeny was assumed for the whole pathway.
Statistics. Hierarchical cluster analyses were performed using Cluster 3.0
(http://bonsai.hgc.jp/∼mdehoon/software/cluster/software) with presence/absence OBU matrices as the input files (Tables S2–S4) using a correlationcentered similarity metric with the complete linkage clustering method. A
PERMANOVA was implemented with the vegan package in R (www.r-project.
org). EstimateS (http://viceroy.eeb.uconn.edu/estimates) was used to generate
rarefaction curves and diversity estimates. The Wilcoxon rank-sum test
implemented in R was used to compare the fraction of mobile genetic elements inside and outside of GIs.
Ancestral State Reconstruction. The ancestral node for each OBU was inferred
in the species tree using the trace character history function implemented in
Mesquite v2.75 (59). A categorical character matrix was created for all OBUs,
and likelihood calculations were performed using the Mk1 model. Likelihood scores >50% were used to infer the points of OBU acquisition (ancestral nodes) in the species tree. OBU ML phylogenies were used to
corroborate points of acquisition based on congruence with the species tree
and to infer inter- and intraspecies exchange events as shown in Fig. 2.

from the predicted OBU as reference. All remaining OBUs were mapped by
searching for KS- and C-domain amino acid sequences using Custom-BLAST
in Geneious Pro v5.5. In a previous study of S. arenicola CNS-205 and
S. tropica CNB-440, 21 GIs were identified based on regions of conservation
flanking regions >20 kb that shared <40% gene orthology (24). Conserved
regions 5 kb up- and downstream of genomic islands were extracted from
CNS-205 and located in the pseudochromosomes by BLAST in Geneious Pro
v5.5. Mobile genetic elements were quantified in closed and high-quality
draft genomes (S. arenicola CNS-205 and CNS-991, S. tropica CNB-440, and
S. pacifica DSM-45543, DSM-45544, DSM-45546, DSM-45547, DSM-45548,
and DSM-45549) by counting annotated recombinase, transposase, phage,
integrase, and tRNA genes inside and outside of GIs.
Source of Singleton OBUs. All KS and C domains that occurred in one Salinispora
strain (singletons) were subjected to BLAST analyses using the NCBI/nr protein
database to assess the taxonomic distribution of homologous domains in
other microorganisms. A total of 330 KS domains (from 16 pathways) and
1,100 C domains (from 26 pathways) was analyzed. The top 10 BLAST hits of
every query were sorted by taxonomy in Geneious Pro v5.5 to calculate the
distribution per taxonomic group.

Pseudochromosome Assembly, OBU Localization, and Genomic Island Analysis.
Draft genomes were assembled into linear “pseudochromosomes” using the
CONTIGuator 2 web application (64) and oriented with dnaA as the first
gene. The closed genomes S. arenicola CNS-205 (24) and S. tropica CNB-440
(23) were used as templates for the assembly of these species. High-quality
draft S. pacifica genomes (one 5-Mb scaffold and one to three contigs of 10–
100 kb) from strains DSM-45544, DSM-45548, and DSM-45543 were used as
reference templates for the assembly of S. pacifica phylotypes ST, A, and C.
For other phylotypes, the template that gave the best assembly was used.
The chromosomal position of the OBUs present in ≥3 strains was determined
using the Assembly function in Geneious Pro v5.5 and a PKS or NRPS gene
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Abstract
Background: Prokaryotic CRISPR-Cas systems confer resistance to viral infection and thus mediate bacteria-phage
interactions. However, the distribution and functional diversity of CRISPRs among environmental bacteria remains
largely unknown. Here, comparative genomics of 75 Salinispora strains provided insight into the diversity and
distribution of CRISPR-Cas systems in a cosmopolitan marine actinomycete genus.
Results: CRISPRs were found in all Salinispora strains, with the majority containing multiple loci and different Cas
array subtypes. Of the six subtypes identified, three have not been previously described. A lower prophage
frequency in S. arenicola was associated with a higher fraction of spacers matching Salinispora prophages compared
to S. tropica, suggesting differing defensive capacities between Salinispora species. The occurrence of related
prophages in strains from distant locations, as well as spacers matching those prophages inserted throughout
spacer arrays, indicate recurring encounters with widely distributed phages over time. Linkages of CRISPR features
with Salinispora microdiversity pointed to subclade-specific contacts with mobile genetic elements (MGEs). This
included lineage-specific spacer deletions or insertions, which may reflect weak selective pressures to maintain
immunity or distinct temporal interactions with MGEs, respectively. Biogeographic patterns in spacer and prophage
distributions support the concept that Salinispora spp. encounter localized MGEs. Moreover, the presence of spacers
matching housekeeping genes suggests that CRISPRs may have functions outside of viral defense.
Conclusions: This study provides a comprehensive examination of CRISPR-Cas systems in a broadly distributed
group of environmental bacteria. The ubiquity and diversity of CRISPRs in Salinispora suggests that CRISPR-mediated
interactions with MGEs represent a major force in the ecology and evolution of this cosmopolitan marine
actinomycete genus.
Keywords: Salinispora, CRISPR-Cas, Prophages, Mobile genetic elements, Immunity, Evolution

Background
CRISPRs (clustered regularly interspaced short palindromic repeats) have been detected in approximately 85%
of archaeal and 50% of bacterial genomes [1]. They are
considered a means of prokaryotic adaptive immunity
against bacteriophages [2], which are major determinants of prokaryotic abundance, diversity and community structure [3]. CRISPRs consist of conserved repeats
separated by variable spacers, the latter representing
* Correspondence: matthias.wietz@uni-oldenburg.de
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2
Present address: Institute for Chemistry and Biology of the Marine
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incorporated fragments of viral or plasmid DNA that
specify immunity upon subsequent encounters [4]. Many
CRISPRs are associated with Cas gene arrays, which can
be classified into three major types and ten subtypes
[5,6] and are considered essential for CRISPR function.
The activity of CRISPR-Cas systems proceeds in three
stages: the acquisition of protospacer sequences from
foreign genetic elements and their integration into the
CRISPR array, constitutive transcription of the array,
and target interference through transcribed crRNA [2].
In response, phages have developed mechanisms to
evade CRISPR action [7-9], suggesting a co-evolutionary
arms race between bacteria and phages.

© 2014 Wietz et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.
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Comparative genomics has given insight into CRISPRs
from Actinobacteria [10,11], Firmicutes [12,13], Cyanobacteria [14,15], enterobacteria [16], and Archaea [17].
In addition, mathematical modeling has presented important concepts about CRISPR dynamics during phagebacteria interactions [18,19]. Most of what is known
about CRISPRs has been derived from pathogenic or industrially relevant bacteria such as Salmonella [20] and
Streptococcus [12]. In the case of environmental bacteria, it has been shown that CRISPRs are widespread
in Cyanobacteria except for the major marine lineages
Prochlorococcus and Synechococcus [15]. In freshwater
Cyanobacteria, CRISPRs were used to illustrate specific host-cyanophage interactions [14]. Furthermore,
CRISPRs have been linked to host-phage co-evolution,
community structuring and biogeographic patterns in
microbial mats [21], acidophilic biofilms [22], and hot
spring microbiota [23].
CRISPRs also control genetic exchange [24,25] and
intraspecies recombination [26], hence mediating evolutionary processes [27]. They may also regulate gene
expression via crRNAs [28] and ‘self-targeting spacers’
that match elements in the host genome [29]. CRISPR
activity has also been linked to DNA repair [30] and
can affect various bacterial phenotypes including biofilm formation [31], swarming motility [32], and pathogenicity [33]. Despite the insights afforded by these
studies, the distribution, diversity and functional roles
of CRISPR-Cas systems among closely related environmental bacteria remain largely unknown.
In the present study, we analyzed CRISPR-Cas and
prophage content in 75 Salinispora strains from seven
global collection sites. This actinomycete genus has a
pan-tropical distribution in marine sediments [34,35]
and is comprised of three closely related species; the
cosmopolitan S. arenicola and the regionally confined
sister taxa S. pacifica and S. tropica [36,37]. The species have been further divided into 16S rRNA phylotypes (i.e. single nucleotide variants), with the highest
diversity in S. pacifica and the lowest in S. tropica [35].
The genus is recognized for the production of diverse secondary metabolites [38], with the associated biosynthetic
pathways showing evidence of extensive horizontal gene
transfer [39,40].

The diversity and distribution of CRISPR-Cas systems
in Salinispora spp. was investigated to (i) assess the role
of CRISPRs in phage defense, (ii) characterize past interactions with foreign genetic elements, (iii) elucidate
linkages between CRISPR features and Salinispora microdiversity, and (iv) identify biogeographic signatures in
CRISPR and prophage content. The detected diversity of
CRISPR-Cas systems, including spacers that match foreign genetic elements, supports a role in host immunity.
Spacer arrays illustrated recurring encounters with related phages as well as geographically confined MGEs.
These findings suggest the presence of complex CRISPRmediated interactions between Salinispora spp. and foreign genetic elements that may influence the ecology and
evolution of this broadly distributed marine actinomycete
genus.

Results and discussion
CRISPR content in 75 Salinispora strains

Genome sequences from 75 Salinispora strains derived
from seven global collection sites were analyzed for
CRISPR-Cas content (Additional file 1). In total, 335
CRISPR loci were detected, with an average of 4.4 per
strain (Table 1) but considerable among strain variability, ranging between 1 and 12 (Additional file 1). Unlike
many genera for which multiple genome sequences are
available, all 75 Salinispora strains harbored CRISPRs,
suggesting they are an ecologically relevant feature of this
genus. Salinispora CRISPR content exceeded the average
reported for mesophilic bacteria [1] and marine bacterial
metagenomes [41] and accounted for up to 0.3% of some
genomes, which is approximately a third of the reported
‘prokaryotic maximum’ [2]. CRISPRs were concentrated
in genomic islands, which represent the major regions of
gene acquisition in Salinispora spp. [40]. Prior evidence of
extensive horizontal gene transfer in Salinispora spp.
[39,40], coupled with the ubiquity of CRISPR-Cas systems
detected in the present study, suggests an ongoing dynamic between CRISPR-mediated immunity and the acquisition of foreign genetic material.
The 335 CRISPR loci contained 5737 spacers, of which
68% were observed only once across all genomes. Extensive differences in spacer content were detected among
strains isolated at the same time from the same site

Table 1 Summary of CRISPR-Cas and prophage content in Salinispora spp.
Species

Genomes Total
Avg. loci/
Avg. locus
Loci with Cas Total
Avg. spacers/ Avg.
Spacers matching
analyzed CRISPRs strain (per Mb) size ± SD (bp) arrays (%)
spacers strain (±SD) prophages/ Salinispora prophages/
strain
known MGEs (%)*

S. arenicola 37

169

4.5 (0.8)

1243 ± 1087

78 (56)

3033

82 ± 52

1.3

18.3/2.5

S. pacifica

31

136

4.4 (0.8)

1110 ± 1087

54 (63)

2153

69 ± 42

1.1

8.9/0.6

S. tropica

7

30

4.3 (0.8)

1362 ± 1086

14 (63)

551

79 ± 57

2.1

4.5/0.2

*only considering perfect matches (100% sequence identity/coverage).
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(Additional file 1), suggesting that spatiotemporal encounters with mobile genetic elements (MGEs) may be
highly variable. On average, S. arenicola and S. tropica
contained more spacers per strain than S. pacifica, however, the numbers varied greatly among strains within
each species (Table 1).
Diversity and evolution of Cas array subtypes

The 75 Salinispora strains contained 146 Cas arrays
(Table 1), all of which can be classified as type I based on
the inclusion of a cas3 gene [6]. Cas arrays could be further grouped into six subtypes (Figure 1), of which five occurred in all three species and one (I-U_Sa) was only
observed in S. arenicola. In total, 60% of the CRISPRs
were associated with Cas arrays (Table 1), with up to five
different array subtypes in some strains (Additional file 1).
Three of these subtypes (I-E, I-C, I-B) have been previously characterized [6], with the most common (I-E) occurring in 49 strains. Almost two-thirds of the I-E arrays
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were associated with paired loci, i.e., two CRISPRs (one
with inverted repeat sequences) flanking internalized cas
genes, as often observed in Archaea [42]. Eleven strains
contained two I-E or I-C arrays (Additional file 1). BLAST
analysis of the associated cas3 genes indicated that the
two arrays in a given strain were acquired as independent
events from different sources based on sequence similarities to homologs in different actinomycetes (Verrucosispora vs. Streptomyces spp. for I-E arrays and Frankia vs.
Stackebrandtia spp. for I-C arrays). In all three species,
the GC content of I-C arrays was lower than the overall
genomic GC content. This was especially apparent in S.
pacifica (64.2% vs. 69.8% GC), suggesting that I-C arrays
have been acquired from distantly related taxa. To the best
of our knowledge, three of the Cas array subtypes detected
(herein designated as I-U_csb3, I-U_csx17 and I-U_Sa)
have not previously been described despite containing
known cas genes (csb1, csb2, csb3, csx17). These subtypes
were designated as I-U based on convention [6]. However,

Figure 1 cas3 phylogeny and CRISPR repeat diversity. Condensed maximum likelihood phylogeny of cas3 nucleotide sequences reveals
clades corresponding to Cas array subtype. The two major clades delineate known (I-E, I-C, I-B) and previously undescribed (I-U) subtypes. The
order of genes for each subtype is displayed on the right. Gene annotations in parentheses designate hypothetical proteins with low identity to
those indicated. In the I-B arrays, cas8b was replaced by a larger gene related to cst1. The total number of each array subtype among the 75
genomes is shown in the condensed nodes. Six arrays were missing several genes and therefore excluded from the analysis. Nodal support values
(● above 80%, ▲ 100%) were obtained by 1000 bootstrap replicates (see Additional file 2 for the full tree including strain names and bootstrap
values). Consensus repeat sequences in the associated CRISPR loci (indicated in gray) were specific to each array subtype and mostly showed
considerable conservation.
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the Integrated Microbial Genomes (IMG) database [43]
revealed that a variety of bacteria from different phylogenetic groups possess equivalent arrays, indicating these are
not unique to Salinispora spp.
cas3 is the signature gene of type I arrays [6]. A cas3
phylogeny revealed clades that corresponded to Cas array
subtype as opposed to taxonomic relationships (Figure 1).
The finding of cas3 sequence similarities across species
boundaries supports the concept that Cas arrays evolve independent of their hosts [20,44]. Furthermore, sequences
within the array subtypes reveal evidence of recombination, as different Salinispora species shared virtually
identical cas3 genes. The same patterns were observed
with cas1 genes and corresponding protein sequences
(Additional file 2), the most common phylogenetic marker
for CRISPR-Cas systems. The delineation of the Cas array
subtypes was supported by the repeat sequences, which
frequently shared subtype-specific conservation (Figure 1)
and averaged between 29 nt (subtypes I-E and I-B) and
37 nt (subtypes I-C and I-U).
Cas-associated CRISPRs contained significantly more
spacers than Cas-devoid loci (p < 1 × 10−10), as might be
expected given that cas genes are required for spacer integration [2]. Furthermore, subtypes I-E, I-C and I-B
contained significantly more spacers (p < 0.0001) than
the three I-U subtypes. Considering the latter, I-U_Sa
and I-U_csx17 lack cas1 and are thus potentially unable
to incorporate additional spacers, as cas1 is involved in
spacer integration [2].
CRISPRs illustrate interactions with foreign genetic
elements

We assessed defensive functions of Salinispora CRISPRs
by analyzing for perfect matches between Salinispora
spacers and mobile genetic elements (MGEs). These included 97 prophages that were identified in the 75 genomes (Additional file 3) as well as MGEs deposited in
the Aclame database [45] (the latter referred to as ‘known
MGEs’). On average, 11% of spacers matched Salinispora
prophages (Table 1). Prophage-devoid strains had a higher
fraction of matching spacers than prophage-harboring
strains (p < 0.05), supporting a functional role of CRISPRs
in phage immunity. In addition, 1.1% of spacers matched
known MGEs, which was comparable to observations for
marine bacterial metagenomes [41] and oral pathogens
[26]. Some spacers matched homologous elements from
different viral genomes, suggesting they may target multiple phage strains. CRISPRTarget [46] revealed that MGEs
matched by Salinispora spacers are associated with
various protospacer-associated motifs (PAMs), short
sequences important for protospacer acquisition [2].
This suggests that Salinispora spp. can detect different PAMs and integrate a large diversity of spacers.
When including lower-quality matches (100% identity
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over at least 18 nt) the majority (77%) of spacers matched
plasmids, suggesting that a major role for Salinispora
CRISPRs is to defend against plasmid integration. As no
information about the plasmid content of the strains investigated is currently available, we focused on the role of
CRISPRs in phage defense, while realizing this may not
present a complete picture of CRISPR functionality in
Salinispora spp.
CRISPRs indicate differing defensive capacities among
Salinispora species

S. arenicola had four-fold more spacers matching Salinispora prophages and twelve-fold more spacers matching known MGEs than S. tropica. This corresponded
to the fact that only two-third of S. arenicola but all S.
tropica strains harbored prophages, with 1.3 vs. 2.1 prophages per genome, respectively (Table 1). A substantial
number of S. arenicola spacers that matched Salinispora
prophages were located in the I-U_Sa Cas arrays, which
are specific to S. arenicola. This additional array and
spacer diversity may provide superior defensive capacities for S. arenicola, which potentially contributes to its
broader geographic distribution [35]. S. pacifica had an
intermediate fraction of spacers matching Salinispora
prophages and known MGEs, with 1.1 prophages per
genome (Table 1). There was a significantly lower frequency of prophages among phylotype C and F strains
(p < 0.01). While these phylotypes also contained significantly more spacers (p < 0.01), the fraction of those spacers matching Salinispora prophages and known MGEs
was similar to other phylotypes. The differing phage sensitivities between S. pacifica phylotypes are thus independent from or only partially related to CRISPRs.
In contrast, the total numbers of CRISPR loci or
spacers were uncorrelated with prophage content in all
three species (R2 < 0.01). For instance, strains CNS-051
and CNS-205 contained 11 and 8 CRISPRs with 119 and
140 spacers, respectively. Despite these similarities,
these strains harbored 0 and 5 prophages, respectively
(Additional file 1). The number and diversity of Cas
arrays were also uncorrelated with prophage content
(R2 < 0.001). For instance, S. pacifica strain DSM-45549
contained four Cas array subtypes and three prophages
while the Cas-devoid S. pacifica strain CNS-103 only
contained one prophage (Additional file 1). Thus, the
number of CRISPR loci as well as the diversity of associated Cas arrays appear to be affected by factors other
than phage exposure.
History of Salinispora interactions with a common
prophage

We focused on a common prophage that is related to
the Streptomyces SV1 phage and was detected in 24
Salinispora strains from all three species (Figure 2A,
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Figure 2 Streptomyces SV1-related prophage content in Salinispora spp. A) Comparison of genes from six intact, SV1-related prophages in
Salinispora genomes with the SV1 type phage (gray; with GenBank Gene IDs in parentheses) by color-coding percent sequence similarities over a
12400 bp region within SV1. B) History of SV1 encounters in S. tropica CNR-699 as reflected in multiple spacer matches in a single array. Incomplete
matches are indicated by asterisks, perfect matches by encircled asterisks with sequences shown above.

Additional file 3). Six percent of Salinispora spacers
matched SV1-related sequences, suggesting that this phage
represents a major challenge to the genus. Strains without
an integrated SV1 prophage had a larger fraction of spacers
matching SV1 in Cas-associated loci (89%) compared to
those with an integrated SV1 prophage (75%), supporting a
specific targeting of this phage. The history of encounters
with SV1-related phages was determined for six strains per
species (three harboring and three lacking SV1) by analyzing the location of matching spacers within spacer arrays
according to the concept that ancestral spacers are commonly located at the ‘trailer’ end and more recent spacers
at the ‘leader’ end of a spacer array [4]. Matching spacers, the majority with unique sequences, were detected
throughout the spacer arrays (Figure 2B) suggesting recurring encounters with SV1-related phages over time.
Given that the SV1 phage represents a vector for genetic
exchange [47], it is interesting to speculate that it may
represent a source of beneficial genetic material in
addition to a survival challenge.
Linkages of CRISPR-Cas features with microdiversity

Salinispora microdiversity on the subspecies level has
been defined based on 16S rRNA phylotypes (Additional
file 1) and a multilocus phylogeny (Additional file 4). We
detected several correlations between CRISPR-Cas features and microdiversity. For instance, one well-supported
S. pacifica lineage contained the only strains (CNT-796
and CNT-851) with a modified I-C array lacking cas1/
cas2, suggesting these genes have been lost in this lineage.
Another S. pacifica lineage (containing strains CNQ-768
and CNS-103) was unique in being entirely devoid of
cas genes. Also, certain clades were characterized by

chromosomal relocations of CRISPR-Cas systems, as seen
with I-E arrays in S. pacifica (strains CNT-796 and CNT851) and S. tropica (strains CNS-197 and CNR-699).
The most distinct linkages were observed among the
four S. arenicola phylotype B strains, which contained
significantly more CRISPRs and spacers than strains
from S. arenicola phylotypes A and ST (p < 0.05). Many
spacers were unique to phylotype B, underlining that
spacer composition can reflect population structure and
evolutionary relationships [48,49]. CRISPR characteristics not only distinguished phylotype B from other phylotypes, but also the two subclades within phylotype B
(strains CNH-941 and CNP-193 vs. CNH-964 and CNP105; Additional file 4). For instance, a paired CRISPR
locus and flanking genes were inverted in one of the
subclades (Additional file 5). Furthermore, there were
subclade-specific differences in spacer content. While
multiple spacers were shared by all phylotype B strains,
which is consistent with observations among other closely
related bacteria [46], spacer array alignments revealed
three sets of spacers that were specific to one of the
subclades (Figure 3). This probably illustrates subcladespecific deletions or insertions of whole spacer groups
[49]. Sixty-five percent of the group 1 spacers in CNH-941
and CNP-193 matched plasmids from Alphaproteobacteria, while the group 2 spacers in CNH-964 and
CNP-105 equally matched phages and largely gammaproteobacterial plasmids. This may coincide with differing defensive capacities or varying modes of interaction
with MGEs between the two subclades. While prophage
content appeared independent of these observations
(Additional file 2) MGEs are also involved in diversification [50,51], niche adaptation [52], and microdiversity
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Figure 3 Subclade-specific spacer content in S. arenicola phylotype B. Alignment of spacers from a homologous CRISPR locus present in all
four S. arenicola phylotype B strains. The phylogenetic relationships among the four strains are depicted on the right. Spacers are indicated by
rectangles arranged from the oldest (trailer end; right) to the most recent spacers (leader end; left). Vertically aligned spacers are identical and
separated by subclade-specific groups of spacers (1, 2, 3), which were likely deleted from the respective other lineage or selectively acquired.

[53]. It is hence interesting to speculate that these differences may influence the evolutionary or ecological
divergence within S. arenicola phylotype B.
Biogeographic patterns in CRISPR and prophage content

The strains analyzed in this study originate from seven
global collection sites and were derived from independent sediment samples. While sampling efforts were not
uniform across locations and may have affected the biogeographic patterns observed, it is interesting to note
that 40% of the spacers observed in more than one strain
were restricted to specific locations and/or biomes, the
latter describing major oceanic regions distinguished by
oceanographic factors such as nutrient concentrations
and primary productivity [54]. Location-specific spacers
provide evidence of exposure to local virus populations
[41,55], with the majority of localized spacers occurring
in strains from the Sea of Cortez (Figure 4A). This is a
highly productive sea [56] enclosed by a distinct geographical barrier and the only site classified as a Coastal
biome [54]. While these results are preliminary, it is intriguing to speculate that spacer sequences can be used
to trace location-specific interactions with distinct MGE
pools, as also observed in other ecosystems [23,57,58]. A
more nuanced biogeographic pattern was the detection of
identical spacers with location-specific nucleotide substitutions, as found in strains from Hawaii, Fiji and Palau
(Figure 4B). This may illustrate the presence of widespread

MGEs that maintain location-specific genetic variants.
Furthermore, SV1-related prophages could be resolved
into geographically confined lineages (Figure 4C), supporting the concept that Salinispora strains are exposed to
location-specific MGEs.
Self-targeting spacers

Several studies have reported the occurrence of ‘selftargeting spacers’ that match regions within the host
genome [29]. While self-targeting spacers can be deleterious and strongly selected against [29,59], they have
also been suggested to function as regulatory elements
[20,60,61] or to affect genome content [62]. Interestingly,
a third of the 75 Salinispora strains harbored such spacers,
with perfect matches to e.g. a cytochrome P450 within
a terpenoid biosynthetic pathway [40] and two DNAmodifying genes (Table 2). However, experimental evidence would be required to determine potential regulatory
roles. In addition, several self-targeting spacers matched
resident prophages, suggesting that CRISPR interference
may be ineffective in some cases. Alternatively, selftargeting may be prevented by selective self vs. non-self
mechanisms, such as variations in spacer flanking
sequences [63].

Conclusions
This study describes a comprehensive survey of CRISPRCas systems among a large collection of strains from a

Figure 4 Biogeographic patterns among Salinispora spacers and prophages. A) Distribution of spacers unique to certain locations (SC = Sea
of Cortez, HW = Hawaii, FJ = Fiji, PY = Palmyra, BH = Bahamas, PA = Palau) and biomes; B) Location-specific spacer variants reflected in single
nucleotide polymorphisms (marked in red) within a conserved 41 nt spacer in strains from Hawaii (3 strains with 3 variants), Fiji (4 strains with 1
variant) and Palau (1 strains with 1 variant); C) Maximum likelihood phylogeny (1000 bootstrap replicates) of SV1-related prophages in genomes
from geographically distant Salinispora strains, showing location-specific SV1 lineages.
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Table 2 Chromosomal matches of select self-targeting spacers
Strain

Spacer match (IMG Gene ID)

S. arenicola CNH-964/
S. arenicola CNP-105

Adenylosuccinate lyase
(2515702456/2518452715)
23S rRNA methyltransferase
(2515702034/2518452486)

S. arenicola CNX-481

Spacer sequence (above) and matching chromosomal region with adjacent
nucleotides (5′-3′; below)
GCCCACCTTGCCGTGCCACCACGCCTCCCGCACCTCGTT
GTGCTGCTGCCCACCTTGCCGTGCCACCACGCCTCCCGCACCTCGTTGAACTCCG
CCGAGCGGGTCGAGCTGACCGTCGGGGCGGTGGCCCCGGG
GCGGAGGCCGAGCGGGTCGAGCTGACCGTCGGGGCGGTGGCCCCGGGCGGGCAC

Cytochrome P450 (2518471737)

TACCGACGCAGCCATAACTCGTGCTAGGACGG
CTGATGGCTACCGACGCAGCCATAACTCGTGCTAGGACGGTGCCCGCG

cosmopolitan marine actinomycete genus. The finding of
ubiquitous and diverse CRISPR-Cas systems suggests that
Salinispora maintains a robust mechanism to mediate interactions with MGEs, which may be of ecological and
evolutionary relevance in virally rich marine sediments
[3]. Future surveys of CRISPR-Cas systems will provide
additional opportunities to assess the evolutionary history
of MGE exposure, the effectiveness of these systems as
mechanisms of adaptive defense, and how CRISPRs may
be linked to the ecology and evolution of Salinispora.

(with default settings and 1000 bootstrap replicates) implemented on the CIPRES Science Portal [71], always
giving the same topology. Nucleotide sequences of cas1
[KM526976-KM527070] and cas3 [KJ677987-KJ678124]
have been deposited at GenBank (Additional file 6). Architectures of selected loci and flanking regions were
analyzed with progressiveMauve [72]. Spacer arrangement in S. arenicola phylotype B was evaluated by
aligning concatenated spacer sequences (sorted from
trailer to leader end) with MAFFT [69].

Methods

Prophage prediction and sequence comparison

Genome sequences and CRISPR-Cas classification

Prophages were predicted using PHAST [73] on both
the pseudochromosomes and unmapped contigs. Predicted intact prophages classified as being related to the
Streptomyces SV1 phage were compared with the sequenced SV1 type phage (GenBank accession number
NC_018848) using the CGView Comparison Tool [74].
Nucleotide sequences of SV1-related prophages were
aligned using Mugsy [75] and the resulting alignment
file converted to Fasta using the Galaxy web server [76].
The alignment was manually curated and the best substitution model (GTR + G) determined using MEGA5
[70]. A maximum likelihood phylogeny was computed
using MEGA5 with 1000 bootstrap replicates (Additional
file 7).

The 75 Salinispora genome sequences (Additional file 1)
were downloaded from the IMG database (https://img.jgi.
doe.gov). CRISPRs were predicted using CRISPRFinder
[64] on pseudochromosomes generated from the genome
sequences (i.e. contigs assembled using a closed reference
genome) [39] and unmapped contigs. Only CRISPRs
classified as ‘confirmed’ were considered. Predicted
CRISPRs were manually checked and adjacent loci
combined if separated by Ns and having the same repeat sequences. Annotated cas genes were verified by
determining similarities to known cas genes using
BLAST [65] and UniProt [66]. The naming of cas genes
and their classification into Cas array subtypes was
done following [6]. The IMG database was searched for
equivalent Cas arrays in other sequenced bacterial genomes. CRISPRmap was used to classify repeats into
motifs, families, and superclasses based on similarities
to known repeat sequences [67]. Repeat consensus
sequences were obtained using WebLogo [68].
Phylogenetic and structural analyses of Cas arrays

cas1 and cas3 nucleotide and corresponding Cas1 and
Cas3 amino acid sequences were aligned using MAFFT
v7.017 (L-INS-i algorithm, 100PAM/k = 2 scoring matrix,
gap open penalty 1.53, offset value 0.123) [69] and manually curated. The best substitution models (cas1: TN93 +
G + I; Cas1: WAG + G + F; cas3: T92 + G; Cas3: JTT + G)
were determined using MEGA5 [70]. Maximum likelihood phylogenies were computed with MEGA5 (using the
best model and 100 bootstrap replicates) and RAxML

Analysis of spacers

Spacers were extracted from genome sequences and sorted by unique (only found once across all 75 genomes)
and shared (found in ≥2 genomes). Spacers were searched
against different databases (Aclame MGE_0.4, PHAST_
virus, PHAST_prophage_virus, CRISPRFinder spacer)
with the standard BLAST parameters for short query
sequences (word size 7; match/mismatch scores 1,-3;
gap costs 5,2) using Geneious Pro v5.5 (available from
http://geneious.com). In addition, short-query BLAST
was used to determine spacers matching Salinispora prophages as well as self-targeting spacers matching nonCRISPR regions. Furthermore, short-query BLAST against
Salinispora prophages was done with spacers from five
representative strains from each species that were sorted
by Cas-associated, Cas-devoid, associated with known Cas
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array subtypes (I-E, I-C, I-B), and associated with herein
designated Cas array subtypes (I-U). Only perfect matches
with 100% identity over the entire spacer length were considered. A separate BLAST search against Aclame was
performed which also considered incomplete hits (100%
sequence identity over at least 18 nt), as this may still be
indicative of the targeted MGE type. The 18 nt threshold
corresponds to 2/3 of the average Salinispora repeat
length, which has been suggested as the minimum for a
functioning spacer [1]. Also, 100% coverage hits are possibly rare since the vast majority of phage diversity is likely
still unknown [3].
Statistical evaluation

The number of CRISPR loci, prophages and MGE genes
per strain were normalized by genome size and gene
count, respectively. Values were compared by species,
location, and biome (both between and within species)
as well as phylotype (only within species) using the
Kruskal-Wallis one-way analysis of variance implemented
in R [77] to test for significant differences. In case of a significant result (p < 0.05) the Wilcoxon rank-sum test implemented in R [77] was used to test the specific sample
pairs for significant differences (p < 0.05). The fraction of
spacers matching Salinispora prophages in strains with
and without prophages was compared using Student’s
t-test. Correlations between the number of CRISPRs/
spacers/Cas arrays and prophages were calculated using
least squares regression.
Availability of supporting data

All supporting data are included within the article and
its additional files.

Additional files
Additional file 1: Overview of genome and CRISPR features of 75
Salinispora strains. Origin (location, biome, latitude/longitude, sampling
date, depth) and general genome characteristics (genome size, gene
count, 16S rRNA phylotype), CRISPR content (number of loci and spacers,
Cas array diversity, CRISPRmap classification of repeats), number of
prophages, and MGE content of 75 Salinispora strains analyzed in the
present study.
Additional file 2: Phylogeny of cas genes and Cas proteins.
Maximum likelihood phylogenies of aligned cas1/cas3 nucleotide as well
as Cas1/Cas3 amino acid sequences (1000 bootstrap replicates with only
those >50 shown). Species names abbreviated (SA = S. arenicola, SP = S.
pacifica, ST = S. tropica) followed by strain number, Cas array subtype, and
internal CRISPR locus ID.
Additional file 3: Detected prophages. Prophages detected in the 75
Salinispora genomes, classified based on sequence similarities with
known prophages [73], length in Kb, number of coding sequences (CDS)
and GC content (% GC).
Additional file 4: Salinispora species phylogeny. Maximum likelihood
phylogeny (1000 bootstrap replicates) of ten single-copy, concatenated
housekeeping genes from 75 Salinispora genomes labeled with origin
and phylotype (ST; A-F). A detailed description can be found in the
original publication [39].
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Additional file 5: Subclade-specific architectures of CRISPR loci and
flanking genes. progressiveMauve alignment of paired CRISPR loci and
flanking genes in S. arenicola phylotype B, showing that the arrays are
inverted in subclade 1 (strains CNH-941 and CNP-193) compared to
subclade 2 (strains CNH-964 and CNP-105). Blue: CRISPRs, yellow: cas
genes, green: integrases; pink: tRNAs.
Additional file 6: Salinispora cas gene accession numbers. GenBank
accession numbers of Salinispora cas1 and cas3 sequences used for
phylogenetic analyses.
Additional file 7: SV1 prophage phylogeny. Maximum likelihood
phylogeny (1000 bootstrap replicates) of conserved regions within
SV1-related prophages in Salinispora genomes.
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