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ABSTRACT
Historically, marine sponges have been of major interest to scientists for two often
interrelated reasons: they are prolific sources of pharmacologically relevant natural
products, and they are rich reservoirs of abundant and diverse microbiota. For this
work, specimens of the bacteriosponges Verongula gigantea, Aplysina fistularis,
Xestospongia muta, and Ectyoplasia ferox were collected off the west coast of San
Salvador, The Bahamas. Samples of surrounding seawater and sediment were collected
as well, for comparison. In many cases, symbiotic microbes are suspected of being the
‘true producers’ of natural products, rather than the invertebrate host. For this reason,
a diverse bacterial library was cultivated from sponges that are known to contain a high
abundance of microbes and bioactive metabolites.
Overall, 902 bacterial colonies were isolated, followed by their dereplication and
phylogenetic analysis. As a result, a bacterial library consisting of 107 species (OTUs)
were isolated and comprised of members of four phyla (Actinobacteria, Firmicutes,
Bacteroidetes, and Proteobacteria), 18 families, and at least 29 genera. Phylogenetic
analysis revealed that the majority of bacterial isolates clustered with other marinederived bacteria, including one putative invertebrate-specific clade (ISC) within
Bacteroidetes. Also, numerous putatively novel bacteria were identified, and efforts
were directed towards formally characterizing six of these isolates via polyphasic
analysis as one novel family, two novel genera, and three novel species.
Based on these cultivation studies, statistical analysis revealed that the bacterial
communities derived from sediment and seawater were the most diverse, followed by
the sponges V. gigantea and A. fistularis, and lastly X. muta and E. ferox. The
communities cultivated from the sponge relatives V. gigantea and A. fistularis were
more similar to each other than to other communities, yet they exhibited distinct
bacterial signatures. Conversely, X. muta and E. ferox communities were the least
diverse and displayed extensive taxonomic overlaps with bacterial populations derived
from seawater and sediment, and thus were not significantly distinctive.
A common feature of natural products isolated from marine sponges is the presence of
a bromine functional group, often implicated as being responsible for accompanying
bioactivities. A PCR screening method designed to probe for flavin-dependent
halogenases was employed to identify key genes involved in the biosynthesis of
halogenated metabolites. Partial sequences were amplified in sponge-derived
Rhodococcus and Streptomyces species; however, halometabolites were not identified
in the respective bacterial cultures. Nonetheless, several putatively novel and other
known natural products were produced in bacterial cultures, many of which exhibited
antibacterial properties. Although environmental bacteria are challenging to cultivate in
the laboratory, sponges will likely remain excellent starting points to culture the
“unculturable” for drug discovery. This research supports the notion that bacterial
cultivation from sponges should remain a pathway for future natural product discovery.
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1 Natural Products Discovery: Striking ‘Chemical Gold’
1.1 Introduction to Natural Products
For centuries in traditional medicine, our ancestors have looked to nature's
breadth of chemical substances for the treatment various ailments and diseases [1-4].
Today, these natural products (NPs) are used to inspire and guide drug development
[2,5-8], and have been exceedingly successful in the clinic overall, particularly in the
form of antimicrobial and anticancer agents [9-13]. Nowadays, society demands ‘natural
alternatives’ to everything from pharmaceuticals [6], nutraceuticals [14-17],
cosmeceuticals [18,19], vitamin supplements [20], aquaculture [21], environmental
conservation [22], and bioremediation [23]. In the coming years, newly discovered NPs
have the potential to contribute to human health and the well-being of all of earth's
inhabitants [4,6,24-29].
Natural products, also referred to as “secondary metabolites,” [30,31] are thought
to have arisen from millions of years of natural selection to offer an evolutionary
advantage for the producing organism [32-37], whereas primary metabolites (proteins,
lipids, carbohydrates, and nucleic acids) are inherently vital to an organism’s survival
[38,39]. Natural products deliver unrivaled chemical diversity with intricate structural
features that are often difficult to generate synthetically, translating to enormous
variation in associated biological activities [18,27,40-42]. Secondary metabolites are
assembled from simple, primary metabolite building blocks into more complex
structures via dedicated regulatory networks, encoded by often ‘silent’ or ‘cryptic’
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biosynthetic gene clusters (BGCs) to direct their enzymatic assembly [43-49]. Generally,
NP production occurs in response to specific environmental cues or stressors [47,50,51],
in an attempt by the producing organism to maintain homeostasis within its
environment or to interact with a specific biological target [52]. Although, the ecological
roles of NPs are still largely unclear, a significant amount of research has highlighted
their roles in defensive mechanisms and predation [53], competition (fouling) [54],
protection from invading pathogens [55], cell-to-cell signaling [35], reproduction [38],
and quorum sensing [56] (Figure 1.1). Therefore, it has been theorized that secondary
metabolites also contribute to an organism’s overall health and survival [57,58].

Figure 1.1 Illustration depicting the effects of environmental cues or stressors on prokaryotic cells and
subsequent production of NPs. Cues are sensed by surface receptors, which unleash a signaling cascade
likely as a response to stress or other environmental stressors; adapted from Guerriero et al. (2018) [59].
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1.2 Clinical Significance of Natural Products
Natural product drug discovery and development is still a fairly young science as it
only became fully established in the 1950s [60], although the dawn of the antibiotics era
dates back to 1928 with the discovery of penicillin [61,62]. The majority of antibiotics
administered today were discovered between the 1940s and 1960s during what is now
branded as “the golden age of antibiotics discovery” [63]. By applying traditional
methods of NP discovery, now often described as ‘fishing’ or ‘grind and find’ techniques
[64,65], the first few decades were extremely productive. However, this prosperous
period was followed by a 40-year discovery void that is still ongoing [66,67], during
which new classes of antibiotics have not been identified. Although initially, NP
discovery swiftly expanded [37], it declined for some time in the 1980s when
researchers recognized a trend of repeated isolation of known compounds [68,69], as
illustrated in Figure 1.2, therefore prompting a loss of interest in NPs by the
pharmaceutical industry as part of their drug discovery pipelines [70-73].
Despite this, there has recently been a revival of interest in NP exploration and
drug discovery [74-77], mainly due to sophisticated sequencing technologies [78,79],
complex bioinformatics, metabolomics, analytical chemistry, and bioactivity-guided
platforms [80-84]. Furthermore, the current upswing in NP discovery is undoubtedly in
response to public health concerns, as there is a dire need for new classes of antibiotics
to combat escalating cases of multidrug-resistance by pathogens such as methicillinresistant Staphylococcus aureus (MRSA) and other multidrug-resistant (MDR) pathogens
[47]. Even though the drug approval process is an arduous task, NPs have been useful in
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facilitating the development of numerous drugs [6,85]. According to Newman and
Cragg’s review, more than 1,200 small-molecule drugs derived from NPs were approved
globally between 1981 and 2014 [86]. Overall, about 60% of small molecule therapeutic
agents currently available can be traced back to NPs scaffolds [86,87]. Thus, NPs
research will continue to expand and advance in the years to come due to technological
advances and expanded bioprospecting efforts [88,89]. NP discovery and development
is at the core of the work performed in the Kerr Lab and for this doctoral thesis.

Figure 1.2 Number of NPs published per yearas compared to the percentage of those compounds that are
considered to be novel chemical scaffolds; adapted from Pye et al. (2017) [37].

1.3 Terrestrial and Marine Sources of Natural Products
Terrestrial resources such as plants and microbes have a clear history of producing
NPs that have greatly contributed to drug development [2,90-92]. One of the most wellknown examples to date would be the anti-inflammatory agent acetyl-salicylic acid
(aspirin), which was derived from the NP salicin isolated from the bark of the willow tree
Salix alba [93], morphine from the plant Papaver somniferum (opium poppy), and the
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anti-malarial drug quinine isolated from the bark of the tree Cinchona succirubra [93]. In
addition, some well-known antibiotics produced by soil-derived bacteria include the
glycopeptide

vancomycin

from

Amycolatopsis

orientalis,

streptomycin

from

Streptomyces griseus, tetracycline from Streptomyces aureofaciens, chloramphenicol
from Streptomyces venezulae, and erythromycin from Saccharopolyspora erythraea
[62,72,94]. Yet, NPs exploration on land has dwindled over the past few decades [95],
mainly due to the repeated isolation of known compounds [96,97].
Unlike NPs from terrestrial sources, which have a significant history in traditional
medicine, marine natural product (MNP) exploration is still in its infancy [98]. Given that
more than 70% of the earth’s surface is covered by seawater [6,98], undersea discovery
is like a modern-day ‘gold rush’ [99]. With the advent of SCUBA in the 1970s, manned
submersibles in the 1980s, and remotely operated vehicles (ROVs) in the 1990s, our
oceans have become more readily accessible and attractive for bio-prospecting of NPs
with biomedical potential [100-105]. Ocean habitats have been shown to support an
elevated level of biodiversity [106-108], as they contain 32 of 33 known animal phyla
[109-111], 15 of which are exclusively marine [112]. Still, according to Mora et al. (2011)
[113], 91% of extant marine species remain unknown. With the knowledge that
enhanced biodiversity often correlates with chemical diversity, it's not surprising that
MNPs often possess unique structural features largely absent from terrestrial NPs
[42,89,100,102]. Therefore, underexplored ocean habitats that support abundant and
diverse marine life provide tremendous untapped potential for novel biological and
chemical discoveries [102,105].
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Since the MNP discipline was conceived around the 1950s [114,115], discoveries
from the marine environment have been on the rise, as displayed in Figure 1.3. Leading
up to the 1980s, the quantity of reported MNPs was usually less than 100 per year
[115]. This number unexpectedly spiked to over 300 in 1987, and since have remained
above 600 reports annually [115,116]. Each year, Blunt et al. published a review on the
number of new MNPs being reported, which amount to several thousand new
compounds revealed every few years [116]; 1,378 new MNPs were described in the year
2014, 1,340 in 2015, and 1,277 in 2016 [117,118]. At present, MNP collection efforts
have resulted in the discovery of more than 25,000 compounds, which have been
isolated from various marine organisms around the world [115,119]. To provide a sense
of the global scale of MNPs exploration, Figure 1.4 illustrates where the majority of
collections have taken place since the 1960s. Based on this figure, most bioprospecting
to date occurs in tropical and subtropical regions that are well-known as ‘biodiversity
hotspots’ for their species richness [116,120]. Still, marine sample collections at higher
latitudes across the globe should not be overlooked [37], as they likewise harbor a
myriad of ‘yet-to-be’ discovered microbiota having the potential for producing novel
secondary metabolites [121].
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Figure 1.3 Temporal trend in the number of novel MNPs reported per year; adapted from Hu et al. (2011,
2015) [115,122].

Figure 1.4 Global collection sites for MNPs discovery (1965–2014); reprinted from Blunt et al. (2016)
[116].
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Among marine organisms, invertebrates have been recognized as the most
productive sources of marine-derived bioactive metabolites by contributing about
65% of all MNPs reported to date, with sponges being the leading hosts of new
anticancer pharmaceutical agents [122]. MNPs have been isolated from a variety of
habitats and organisms such as marine sediments [123-125], microalgae [126],
seaweeds (macroalgae), [127-129], sponges [130,131], coral [132,133], tunicates [131],
bryozoans [134,135], mollusks [136], and microorganisms such as bacteria, fungi, and
cyanobacteria [137-140]. Marine invertebrates of the phyla Porifera (sponges), Bryozoa
(tunicates), Cnidaria (coral), and Mollusca (bivalves) in particular have been the largest
contributors toward the discovery of MNPs with therapeutic applications [27,104,122].
Marine invertebrates are typically soft-bodied, sessile animals that lack any apparent
physical defenses [141], thus they have evolved mechanisms for synthesizing chemicals
with potent biological activities [142,143]. These sedentary creatures are preferred
sources of bioactive compounds due to their higher frequency of accompanied
cytotoxicity [144,145]. Furthermore, various pharmacological properties have been
linked to MNPs including but not limited to antibacterial, antifungal, anticancer,
antimalarial, antiprotozoal, antitubercular, and antiviral [98,143,146-149]. Therefore,
MNPs are and will continue to be indispensable components of the pharmaceutical
industry with an unlimited range of applications [150].
Many therapeutic compounds isolated from marine sources have been successful
in different phases of clinical development [27]. The very first biologically active MNPs
were formally reported from a sponge in 1957 by Bergmann and Stempien [60], which,
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at the time, paved the way for future MNP exploration. Today, the global
pharmaceutical industry consists of at least 20 marine-derived or marine-inspired
chemical agents in different phases of clinical trials [27,37,42,86,151,152]. Figure 1.5
illustrates the most common marine sources from which commercially available MNPs
have been obtained, with sponges as the leading organisms responsible for close to 40%
of known biologically active marine metabolites, followed by cyanobacteria, algae, and
mollusks [27,104].

Figure 1.5 Sources of commercially available MNPs with pharmacological properties for use in
biochemical research (121 total); adapted from Gerwick and Moore (2012) [27].

1.4 Marine Sponges and Natural Products Discovery
Marine sponges are of major interest to both MNP scientists, microbiologists, and
ecologists alike as they are known for harboring rich sources of biologically active NPs,
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while simultaneously providing habitat for a wide array of microorganisms [153,154]. In
terms of NPs, between the late 1950s and 2008, around 3,500 anticancer, antiinflammatory, and antibiotic agents were identified from marine sponges [155,156].
Today, more than 5,300 structurally diverse compounds have been discovered from
sponges [68,149], with hundreds more being reported annually [147,157]; almost half of
known sponge-derived compounds have been approved for clinical use or are enrolled
in clinical trials [158]. As previously mentioned, in the 1950s, the two nucleosides
spongothymidine and spongouridine were isolated from the Caribbean sponge Tethya
crypta, and were developed as arabinoside analogs, cytarabine (Ara-C) and vidarabine
(Ara-A), in 1969 and 1976, respectively [158] (Figure 1.6). They were the first MNPs to
receive approval for clinical use, and by 2004 were the only marine-associated
compounds in clinical use as both chemotherapy and antiviral agents [18]. Another
example, halichondrin B, is a polyether macrolide with potent anticancer activity that
was first isolated in Japan from the marine sponge Halichondria okadai in 1986 [159].
Eribulin mesylate (Halaven) (Figure 1.6), a synthetic derivative of the marine-derived
compound halichondrin B, was FDA approved in 2010 to treat patients with late-stage or
metastatic breast cancer [160,161]; it has been a valuable treatment option for those
who have previously received two unsuccessful chemotherapeutic regimens [162,163].
Likewise, hemiasterlin was isolated from a marine sponge Hemiasterella species and
marketed as the synthetic tripeptide analog E7974 [164] (Figure 1.6). The latter has
undergone three Phase I clinical trials as a promising tubulin-targeted antimitotic agent
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with manageable side effects [165]; its mechanism of action leads to tumor-cell
apoptosis of many cancer cell lines [166].

Figure 1.6 Familiar MNPs and their derivatives with pharmaceutical relevance including spongothymidine
(1), spongouridine (2), cytarabine (Ara-C; 3), vidarabine (Ara-A; 4), halichondrin B (5), eribulin mesylate
(Halaven; 6), hemiasterlin (7), and E7974 (8).

1.5 Marine Microbes: ‘True Producers’ of Secondary Metabolites?
Evidence that marine sponges harbor an extraordinary range of bacterial diversity
has been well established in the literature since at least the 1970s based on the seminal
work by Vacelet and Donadey [167-170]. The intricacy of these microbial communities
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can be observed from published transmission electron micrographs (TEM) in Figure 1.7,
revealing the density and diversity of bacterial morphologies within sponge tissues
[171]. Not unlike marine sponges, symbiotic bacteria themselves are prolific sources of
bioactive compounds with pharmaceutical and other applications [172,173].
Interestingly, many sponge species that are known to yield pharmaceutically relevant
secondary metabolites are often associated with having a high abundance of
microorganisms in their tissues [121,174,175]. Keeping in mind that sponges typically
host dense and diverse microbial communities [175-177], the understanding is that
many of the presumed sponge-derived NPs are not biosynthesized by the sponges
themselves, but in many cases, may be produced by their microbial associates [142,178181]. Notably, five out of six of marine-derived FDA-approved drugs are now predicted
to have been biosynthesized by a symbiotic bacterium as the source [27,86,182,183]. In
fact, the aforementioned chemical compounds (Figure 1.6) that were originally isolated
from marine sponges are all thought to have microbial origin [27,86,184].
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a

Figure 1.7 TEM of sponge Ceratoporella nicholsoni containing various bacterial morphologies. Scale bar =
5 μm; adapted from Santavy et al. (1990) [171]. Abbreviations: rods (r), pleomorphic forms (p), spherical
shapes (s), electron-dense membranes (d), sponge archaeocytes (a), choanocytes (C), and choanocyte
chambers (Cc).

In most cases, definitive proof of microbes as the source of NPs is either still
lacking altogether or only inferred as a result of structural similarities [185]. However,
there are several examples where metabolites formerly ascribed to sponges or other
invertebrates have been proven to be of bacterial origin. For example, although the
compounds cytarabine (Ara-C) and vidarabine (Ara-A) (Figure 1.6) were originally
isolated from a sponge, they are currently obtained from Streptomyces griseus and
Streptomyces antibioticus, respectively [19,158]. Similarly, other clinically relevant
examples include the cytotoxic compounds such as the patellamides, initially isolated
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from the marine tunicate Lissoclinum patella [186,187], and the bryostatins, discovered
from the marine bryozoan Bugula neritina, both shown to be originally produced by
associated bacterial symbionts [188,189]. In another case, metagenomic sequencing led
to the identification of a single phylotype of the genus Entotheonella (within the
candidate phylum Tectomicrobia) as being responsible for nearly all bioactive molecules
previously isolated from its host, the sponge Theonella swinhoei [190,191]. Also, an
exemplary case is that of the strain Pseudovibrio denitrificans Ab134 isolated from the
marine sponge Arenosclera brasiliensis. So far, seven bromotyrosine-derived alkaloids,
previously only isolated from Verongida sponges, were identified in culture from this
marine bacterium [192]. Consequently, sponge-associated bacterial communities have
become exciting targets for MNP discovery, frequently revealing new bacterial species
with the utmost metabolic potential [178,193,194].
1.6 Challenges in Natural Products Discovery
Undoubtedly, the most critical task for researchers today is to improve upon
current methods of bioprospecting by both increasing throughput and decreasing costs
[195-197]. Chemical redundancy in NPs discovery is an ongoing problem that has gained
much attention [69]. Recent advances include the use of various culture-dependent and
culture-independent techniques concomitantly [198-200]; however, each method has
its share of limitations. For instance, sample collection in unfamiliar and remote
locations plus deep metagenomic sequencing approaches involve considerable time and
financial obligation upfront, along with the difficulty of handling enormous datasets.
Although sequencing costs are steadily decreasing, they are still costly; these ‘bottom-
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up’ approaches require scientists to be strategic when selecting which organisms or
putatively novel compounds to pursue [81]. Researchers also face certain constraints in
the hunt for new drugs when using microbial culturing and screening methods (‘topdown’ approaches) [65,81], namely that symbionts are often unculturable apart from
their respective host or ecosystem [201].
Microbial isolation from sponges, like all other environmental sources, is
hampered by the “Great Plate Count Anomaly,” where on average less than 1% of taxa
have proven to be responsive to culture under standard laboratory conditions (i.e., 99%
of species are uncultivable) [202]. Bacteria are considered the “unseen majority” or
“uncultivable majority” on earth, as it is estimated that only a minority (ranging from
0.1−11%) are amenable to cultivation in the laboratory when removed from their
natural environment [155,203,204]. Though they not inherently uncultivable, but
instead require the appropriate nutrients and culture conditions for growth, many of
which we are not yet aware [205]. Therefore, these types of recalcitrant bacteria are
often referred to as both “unculturable” and “yet-to-be-cultured” microbes [201,206].
Despite many efforts, reports about the abundance and phylogenetic diversity of
detectable species in sponge-microbial communities vary depending on the method
used, either cultivation or metagenomic sequencing [153,207,208]. Molecular
investigations have proven that the cultivable community represents only a fraction
of the total microbial community [201,207,209]. Regardless of these difficulties,
microbial cultivation will remain an important tool as it can enable detection of unique
microbial groups (often not detected via metagenomic sequencing due to low
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abundance), or provide access to key information sometimes difficult to obtain with
molecular methods, such NPs production or access to full microbial genomes from
axenic cultures [206,210]. In many cases, exclusive reliance on a single experimental
methodology is a risky endeavor and should be addressed and re-evaluated [200,210].
It's clear that culture-dependent approaches should not be devalued or replaced with
genomics entirely, as microbial isolation can facilitate NP production and be a solution
for the supply issue to obtain enough material for bioactivity testing and clinical trials
[13]. The development of innovative ways of cultivation in combination with molecular
and advanced chemical spectrometric and spectroscopic methods will most certainly be
used to address practical issues, at least to some degree.
1.7 Strategies to Expand the Cultivability of Unique and Novel Microbes
Traditionally, researchers have utilized a wide range of laboratory culture
conditions in attempts to access the greatest attainable extent of bacterial diversity
from environmental sources [201,211]. Oberhardt et al. (2015) [212] recently
published a review evaluating the efficacy of more than 3,000 media variants from
the DSMZ media database for ~ 23,000 microbial strains. Currently, results of
organism-media pairings from the literature have been integrated into a relational
database (KOMODO; http://komodo.modelseed.org/) for global comparison of
cultivation media; this information can be accessed by new researchers when
designing future studies with the hopes of increasing the range of cultivable microbes
[212]. Still, in the laboratory, scientists typically expose marine microbes to highnutrient cultivation media that likely differ from their natural environment, seldom
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resulting in high viability counts or the isolation of previously unculturable
microorganisms [211,213]. As more ecological information becomes available, many
researchers are moving towards utilizing more specific media conditions where biotic
and abiotic factors are designed to mimic that of environmental habitats [206,214].
Isolation media can be formulated to target the cultivation of specific taxa, such as what
was used for the successful isolation of new Salinispora strains [215,216]. This is
especially important for the culturing of bacteria that reside inside sponges, where the
microenvironment (sponge mesohyl) has little similarity to the macro-environment
(seawater). The mesohyl inside of sponges has been described as being both nutrientrich [217] and oligotrophic, like seawater [204,218]. Therefore, it's important to include
rich, lean, and oligotrophic media for cultivation studies to enhance the bacterial
diversity of the cultivable community.
Sipkema et al. (2011) [204], when cultivating bacteria from marine sponges,
took the approach of supporting the growth of as much diversity as possible by using
19 media recipes. In that case, remarkably, 10–14% of the bacterial community was
cultivated from a Haliclona sp. sponge as determined by comparing the isolated
microbial community to metagenomic sequencing of the sponge holobiont [204]. The
Sipkema study was among the first of its kind to report such immense recovery rates
of sponge-associated bacteria and delivered promising support for the use of
expansive media conditions to increase the prospective for culturing previously
unculturable microbiota [204,219]. In addition, Webster et al. (2001) [220] utilized a
range of culture-based methods with the introduction of aqueous sponge extract into
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marine agar, starch-casein agar, Emerson agar, and actinomycete isolation agar, and
others; this resulted in an increase of cultivated morphotypes from the sponge
Rhopaloeides odorabile, totaling 42 bacterial isolates not previously cultured from
this sponge [220]. Culturing sponge-symbionts outside their host has proven challenging
[175,221], but such successes when utilizing a wide range of media conditions suggest
that going forward, this remains an effective strategy to isolate rare and unique
sponge-microbiota [219,222].
With this research, we can address a central question in microbiology about
sponge-specific monophyletic clusters (SSCs) of suspected symbiotic bacteria, which
have been shown in more than 20 geographically widespread host sponge species
[153,223,224]. Genomic evidence from microbial metagenome studies has revealed that
individual sponge‐specific lineages are either absent from seawater, supporting a theory
of ancestral metazoan that originated from prehistoric colonization events [225], or are
present in the surrounding seawater at very low abundances as the ‘rare-seawater
biosphere’ [224]. It's important to identify diverse and understudied classes of spongederived microorganisms and to access their metabolomic capabilities, as they would
have an impact on the future of drug discovery and development. Specific culture
media was selected for this study based on the impressive results of Sipkema,
Webster, and others with the main objective of cultivating a diverse microbial library
[204,226]. Culturing microbes that were hitherto unculturable for pharmaceutical
applications may be the equivalent of striking “chemical gold” [99,227].
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1.8 Halogenation Feature of Marine Natural Products
A variety of halogenated organics are prevalent in nature, synthesized by
organisms as protective secondary metabolites [228]. Analytical techniques have
revealed that a surprising amount (43%) of common benthic marine invertebrates
contain naturally occurring brominated or chlorinated metabolites from diverse
chemical classes, particularly alkaloids [229,230]. While rare in terrestrial organisms, a
high abundance of halogenated MNPs are produced by marine organisms, particularly
sponges, algae, and microbes, due to the abundance of chloride and bromide ions in
seawater [231]. Interestingly, bromine (Br) is the most prevalent halogen in MNPs, even
though its concentration in seawater is lower than that of chlorine (Cl) [232]. Bromide is
thought to be preferentially bound into organic molecules as a trade-off between its
abundance in seawater and its ease of oxidation [233].
The presence of halogen atoms in MNPs has been shown to have a profound
effect on the properties, often improving the biological activities of organic molecules
[234]. Consequently, a high proportion of pharmaceuticals on the market today are
halogenated [234,235]. Typically, the loss of a halogen moiety or non-regioselective
halogenation prevents the ability of a metabolite to bind with its specific biological
target, which then leads to a loss or reduction in bioactivity [234]. For example,
vancomycin and salinosporamide A both have been shown to exhibit a loss in bioactivity
when the chloride functional group was exchanged with a non-halogen substituent
[236,237]. Therefore, NPs with chemical scaffolds containing halogen functionalities (in
our case likely bromine) could serve as excellent markers for detection of prospective
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naturally-derived bioactive molecules, and pertinent starting points for drug discovery
[238].
Interestingly, numerous marine sponges contain an unusually high amount of
brominated metabolites, many of which have been reported to demonstrate a wide
range of bioactivities [239,564]. While sponges contain abundant bioactive molecules, in
many cases, it is unclear as to whether the sponges themselves or members of their
associated microbial consortia are the ‘true producers’ [245]. It was our intention with
this work to investigate the possibility of known or new MNPs from marine sponges
having a microbial origin. The cultivation of bacteria from sponges has the potential to
not only deliver further support of a bacterial origin theory [246], but also to provide the
opportunity to circumvent an acknowledged supply issue [245].
1.9 Enzymes Involved in Halogenation of Natural Products
The enzymatic incorporation of halogen substituents into organic molecules occurs
by two classes of enzymes called haloperoxidases or halogenases, both of which
requires a co-factor (flavin, vanadium, heme iron, or non-heme iron) and either
hydrogen peroxide (H2O2) or molecular oxygen (O2) [247-249]. Flavin-dependent
halogenases (FDHs) have become of particular interest among enzymologists and
medicinal chemists in recent years due to their substrate-specificity and regioselective
halogenation [234,250-254]. Their functions are well-established, but their genetic
coding is somewhat lacking [255]. Several homologues of FDHs have been identified
from various bacteria [256] including members of the phyla Actinobacteria [257],
Proteobacteria [258], and Planctomycetes [259]. Considering that many sponge-
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microbiota are classified within these phyla, and that the microbes may in some cases
be directly involved in the production of sponge-associated NPs, it is very likely that
bacterial isolates from sponges containing halogenated metabolites may contain the
capability

(i.e.,

halogenase

encoding

genes)

to

assemble

those

respective

halometabolites [256]. Therefore, when screening the genomes of sponge-derived
bacteria, genes encoding FDHs can be used as probes or indicators of putatively novel
halogen-containing BGCs [256]. Do mutualistic relationships exists between sponges and
their microbiota involving the halogenation and subsequent activation of a molecule, or
a bio-transformation as a post-translational modification by a symbiotic bacterium
inside the sponge? These are recurring questions that remain unanswered today.
1.10 Central Hypothesis and Thesis Objectives
The hypothesis tested in this PhD thesis is that new bacteria will be isolated from
selected marine sponges and will represent significant biological diversity; further, NPs
isolated from these new bacteria will be bioactive and represent significant structural
diversity. The main objectives of this research were to explore the cultivable bacterial
communities of four sponges, the metabolites they produce in culture, and screen them
for antibacterial and anticancer activities. Furthermore, bacteria cultured from seawater
and sediment were also investigated to compare the cultivable communities of sponge
microbiomes with those of proximate environments, and to demonstrate or distinguish
between ubiquitous marine bacteria and sponge-specific bacteria. In the remaining
chapters, the methods utilized for cultivation of a diverse bacterial library, assessment
of their phylogenetic affiliations (evolutionary relationships), and comparative
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community compositions (abundance and biodiversity) between isolation sources and
media type are described, as well as the formal characterization of six novel bacteria
isolated from sponges and sediment. Additionally, a polymerase chain reaction (PCR)
screening method, used to probe bacteria with the genetic capacity to produce
brominated compounds (screen for genes encoding halogenating enzymes) will be
reported. And finally, the chemical profiles of 902 bacterial isolates and bioactivities of
bacterial extracts were evaluted. In summary, the overall aims of this thesis work were
the following:
Aim 1 − To characterize and compare the culture-dependent bacterial communities
derived from four marine sponges that are known to contain bioactive metabolites, to
compare them to the cultivated microbiota of proximate, general marine environments
(seawater and sediment), and to identify which isolation medium supported the growth
of the utmost bacterial diversity (described in following Chapter 2).
Aim 2 − To identify and characterize previously ‘unculturable’ (novel) bacteria isolated
from sponges, seawater, or sediment (described in Chapter 3).
Aim 3 − To screen bacteria for genes encoding halogenating enzymes, and investigate
the production of secondary metabolites produced by the cultivated bacterial library, as
well as any associated antibacterial or anticancer activities (described in Chapter 4).

39

2 Approaches to Enrich the Cultivation Marine Sponge Bacteria
2.1 Introduction
2.1.1 Introduction to Marine Sponges
Sponges (phylum Porifera) are among the most ancient and primitive of extant
multicellular organisms (metazoans) on the planet, with a fossil record dating back more
than 580 million years [260]. They inhabit many climates (polar, temperate, subtropical,
and tropical reef ecosystems) and a variety of niches in marine and freshwater
environments, but the majority are marine species [153,261]. Marine sponges largely
inhabit all benthic marine substrates across vast temporal and geographical ranges.
Globally, sponges are habitually some of the most dominant occupants of coral reefs, as
they can contribute to nearly 80% of benthic fauna biomass. Sponges play crucial roles
in the ecology, function, and fitness of coral reefs [262] as they mediate nutrient fluxes,
water quality, and greatly contribute to the maintenance of healthy ecosystems
[175,263], while also providing habitat for a large variety of microorganisms. The
phylum Porifera encompasses more than 8,600 described species (up to 15,000
estimated species) today [264]. Demospongiae is the largest and most studied class of
Porifera, comprising close to 85% of all extant sponges, which includes more than 7,000
marine species worldwide, according to the World Porifera Database [265].
Sponges are sessile animals that most often reproduce sexually; their life-cycle
involves releasing motile larvae into the water column until their settlement onto
benthic substrates, to then undergo metamorphosis into sedentary adult sponges [266].
Sponges receive their nutrients via filter-feeding using flagellated collar-cells
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(choanocytes) actively pumping ambient seawater through numerous incurrent pores
(dermal ostia) and internal aquiferous canals systems (prosopyles) [267]. Constant water
currents run throughout the sponge body, transporting a combination of oxygen,
nutrients (organic matter), and other food particles such as microbes, while
concurrently discharging metabolic waste back into the water column through the
osculum [268,269]. Remarkably, the pumping capability of certain sponge species can
reach up to 24,000 L kg-1 day-1 [223,269]. During the filter-feeding process [269], marine
sponges encounter a vast array of microorganisms such as heterotrophic bacteria
[153,171], fungi [172], archaea [270], cyanobacteria [180], and dinoflagellates [182].
Sponge diets are comprised of these microbes and other food particles, which once
subsumed from seawater, are transported into the sponge interior and then digested by
amoeboid archaeocytes that move freely through the sponge mesohyl matrix [184].
Generally, sponges can capture food particles and microbial cells in the range of
0.2−200 µm via phagocytosis, but this can vary depending on what size internal pores
(ostia) allow [271,272]. Nevertheless, throughout the assimilation process, certain
microorganisms have the potential to evade digestion by sponge cells, to abide and
sustain life within sponge hosts [169,273]. The microbial acquisition that occurs in this
manner is referred to as horizontal transmission (i.e., microbial uptake from proximate
environments) and is one of two the potential pathways in which sponges can acquire
their microbial populations [274]. This pathway involves either resistance of
phagocytosis by assimilated microorganisms, or selective retention of microbes or ‘foodbacteria’ by the sponge itself during the filter-feeding process [275-278]. However, it is
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still undetermined as to why certain microbes are retained by sponges, and others are
digested as nutriment. Consequently, sponge symbionts that are acquired in this way
(via horizontal transmission) are heavily influenced by the microbial communities in the
surrounding seawater [277,279]. Microbial acquisition also occurs via a second possible
pathway in which sponges acquire members of their microbial consortia through
transmission from parent to progeny (i.e., larval-mediated vertical transfer)
[175,177,277,280-283]. Microbial associates acquired in this way (via vertical
transmission) may have coevolved intricate endosymbiotic roles to benefit their host, or
have mutualistic partnerships without necessarily having undergone natural selection
[175,227,284]. Most likely, sponge symbionts are obtained through a combination of
modalities including both horizontal and vertical transmission [280].
Host sponges and their microbial inhabitants (i.e., microbiome) are collectively
referred to as the sponge “holobiont,” a term first coined by Margulis and Fester in 1991
[175,177,285]. The mixture of genetic material of host sponges and their microbial
communities has been termed the sponge “hologenome” [175,177]. Despite earlier
interpretations of sponge microbial communities as being somewhat arbitrary [286], a
growing body of literature suggests that selective trapping of particles does, in fact,
occur in many sponge species [268,272]. Interestingly, studies by Wilkinson et al. (1984)
[275] and Wehrl et al. (2007) [276] demonstrated that the sponge A. aerophoba (and
other demosponges) have the ability to discriminate between symbiotic and ‘food-type’
bacteria, the former seemingly inconsumable. Most symbiotic sponge-microbe
relationships are believed to be commensalistic or mutualistic, meaning one or both
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parties benefit from the association, respectively [287]. Recent studies have revealed
that sponge-associated microbiota may play essential ecological roles in sponge health
and metabolism [175,280], yet, the precise nature of complex host-symbiont
relationships is difficult to define and remains mostly unclear today [288]. In any case,
instead of conceptualizing animals as singular entities, decades of molecular study has
supported the notion that consortia of microbial symbioses perpetually exist in an
individual as a functionally integrated whole organism (holobiont) [289]. At present,
symbiotic microbes are perceived as being part of the whole sponge, essentially as an
‘organ system,’ which is required for proper health and development of the host [289292].
2.1.2 Marine Sponges and their Microbial Communities
As previously stated, marine sponges are known to harbor an extensive variety
and a high number of marine microorganisms including bacteria, fungi, and microalgae
[280,293], thus providing unique ecological niches for distinct microbial populations
[293-295]. Sponges are widely known as major contributors to bacterial populations
across the globe [296]. Microorganisms have been observed internally, within sponge
mesohyl, inside cells like archaeocytes or choanocytes [169], and even within the nuclei
of those cells [155,280], as illustrated in Figure 2.1 and Figure 2.2.
Sponges are characterized as either being of low (LMA) or high microbial
abundance (HMA), whereby sponges contain concentrations of microbes either similar
to surrounding seawater (106 cells cm-3) or greater than seawater by up to four orders of
magnitude (1010 cells cm-3), respectively [169,226,293,298,299]. High-microbial-
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abundance sponges, also called “bacteriosponges” by Reiswig in 1974 [300], remarkably
contain such high concentrations of microorganisms that microbial densities can
account for 30−60% of sponge biomass [169,207,278,301,302]. Bacteriosponges
plausibly contain more microbial cells than actual sponge cells [169,303]. The majority
of bacteriosponges belong to the class Demospongiae [155,169,207,304].

A

B

Figure 2.1 Transmission electron micrographs of the mesohyl of sponge Aplysina cavernicola showing
sponge cells containing intranuclear bacteria. Scale bar = 2.5 μm (A) and 1 μm (B); reprinted from
Friedrich et al. (1999) [155]. Abbreviations: cytoplasm (cp), intranuclear bacteria (in), three layers of
membranes (m), and nuclear pore (arrow).

Figure 2.2 Examples of possible symbiotic associations with sponges illustrating epibiosis (A), extracellular
endosymbiosis (B), intracellular symbiosis (C), and intranuclear symbiosis (D); adapted from Lee et al.
(2001) [280].
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2.1.3 Distinctive Bacterial Communities Harbored by Marine Sponges
Over the last few decades, marine sponges and their dense and diverse microbial
communities have been the subject of intense study [305]. Reports from deep
sequencing studies demonstrate that marine sponges, regardless of species, contain
abundant, unique, and relatively stable microbial populations that appear to be more
similar to each other than those of other general marine habitats, the latter often
referred to as ‘generalist’ microbes [153,169,209,214,223]. Several studies have
revealed a common microbial signature in bacteriosponges that is taxonomically
complex yet highly sponge-specific, and distinct from surrounding habitats such as
seawater and sediment [223,306]. Indeed, the phylogenetic reconstruction of sponge
and seawater-derived sequences from the International Census of Marine Microbes
(http://icomm.mbl.edu/; accessed Jan. 2019) supports previous findings that spongebacteria are rarely present in surrounding marine environments, but if so, are much less
abundant [153,223,307]. In some cases, taxonomically unrelated sponges from distant
geographic locations maintain some phylogenetic overlap of their microbial populations,
suggesting an ancient genetic component that is shared among sponges [223].
Overall, marine sponges have been described as supporting a mixture of three
microbial factions, including a small ‘core’ community of sponge generalists that exists
in the majority (present in > 70%) of sponges, a moderately-sized community of spongespecialists that is variable across sponge species (present in < 70% sponges), and a large
community of sponge-specialists that are specific to particular sponge taxa
[209,223,308] (Figure 2.3). Therefore, numerous members of sponge-bacteria are

45

considered to be ‘sponge-specific’ assemblages that have presumably adapted to life
within the unique conditions of sponge mesohyl or sponge cells [223].

Figure 2.3 Three general associations of sponge-microbe associations (sponge microbiomes) based on
analysis of 16S rRNA gene sequences of sponge-derived bacteria accumulated over more than a decade;
adapted from Schmitt et al. (2012) [209] and Steinert (2016) [308].

2.1.4 Phylogenetic Composition of Sponge-Specific Microbiota
In 2012, Webster and Taylor [278] completed a comprehensive survey of the
phylogenetic distribution of sponge-derived bacteria compiled from GenBank,
encompassing more than 11,000 16S ribosomal ribonucleic acid (rRNA) gene sequences
[309-311]. That study revealed that the dominant eubacterial phyla recovered from
sponges, in descending order of relative abundance, were Proteobacteria (Gamma,
Alpha),

Actinobacteria,

Chloroflexi,

Bacteroidetes,

Firmicutes,

Acidobacteria,

Proteobacteria (Beta, Delta) [278], Gemmatimonadetes, Nitrospira, Planctomycetes,
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and Verrucomicrobia. These bacterial taxa are continually reported as the most
dominant bacterial sequences obtained from marine sponges, with an overwhelming
majority belonging to the phylum Proteobacteria [312-314]. Also, the candidate phylum
Poribacteria [211], and more recently Tectobacteria [211], have been discovered as
being exclusively from sponges via metagenomic sequencing [297]. However, members
of these candidate phyla remain uncultivable and cannot be identified using universal
eubacterial 16S rRNA gene primers; customized primers are required and designed for
their identification [213]. As of 2017, immense taxonomic microbial diversity was
revealed by Moitinho-Silva et al. [314] via the Sponge Microbiome Project
(https://omictools.com/spongeemp-tool;

accessed

Jan. 2019)

resulting in

the

identification of over 60 microbial phyla of marine sponges from around the world
through a combination of cultivation methods and molecular characterization
[153,175,214]. Although this research does not directly address questions about the
extent to which sponges regulate their microbiota, it can contribute to the rapidly
growing number of sponge-derived bacterial sequences, and ultimately our
understanding of complex ecological and evolutionary relationships of sponge hosts and
their microbial communities [219,226].
2.1.5 Marine Sponges Selected for this Study
To establish a strong foundation for this study, it was crucial first to select the
appropriate sponge species to begin exploring. The sponges Verongula gigantea,
Aplysina fistularis, Xestospongia muta, and Ectyoplasia ferox (Figure 2.4) were selected
because they met the following criteria: they are easily recognizable and abundant
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members of tropical coral reefs, they are categorized as HMA sponges of the class
Demospongiae [299,315-317], they are known to contain bioactive metabolites
[239,241,318-320], and they have not yet been the subject of thorough cultivation
studies. V. gigantea and A. fistularis are related taxa within the order Verongida and the
family Aplysinidae [321]. V. gigantea was described in 1875 by Hyatt [322]; A. fistularis
was renamed as such in 1977 [323], after first being classified as Spongia fistularis by
Pallas in 1766 [324]. Schmidtia muta was discovered in 1870 [325], then renamed as X.
muta in 1976, of the order Haplosclerida and the family Petrosiidae [326]. X. muta
individuals are exceedingly noticeable members of coral reefs as they are the largest in
size of sponges in the Caribbean, aptly named the “giant barrel sponge” [304]. E. ferox
was first described in 1864 [327], then in 1977 transferred to the family Raspailiidae of
the order Axinellida [323].

Figure 2.4 Underwater images of Caribbean sponges whose cultivable microbial communities were
investigated in this study; adapted from http://www.spongeguide.org/index.php). Verongula gigantea,
netted barrel sponge (A); photo by Sven Zea, 2010, Sweetings Cay, The Bahamas. Aplysina fistularis,
yellow tube sponge (B); photo by Joseph Pawlik, 2011, Northern Exuma Cays, The Bahamas. Xestospongia
muta, giant barrel sponge (C); photo by Joseph Pawlik, 2011, San Salvador, The Bahamas. Ectyoplasia
ferox, brown encrusting octopus sponge (D); photo by Joseph Pawlik, 2011, Curaçao, Netherland Antilles.

48

Despite the existence of numerous microbiology studies involving marine sponges,
the majority of published work related to V. gigantea, A. fistularis, X. muta, and E. ferox
has been performed via microscopy or culture-independent metagenomic sequencing
methods [168,169,328,329]. To our knowledge, TEM images of these sponge species
have been previously reported (Figure 2.5), but very little culture-dependent research
exists. According to earlier reports, V. gigantea, A. fistularis, X. muta, and E. ferox have
been reported to contain abundant microbiota, all consisting of roughly 109−1010
microbial cells g-1 of sponge (wet weight) [207,276,330].

Figure 2.5 Transmission electron micrographs of HMA sponges V. gigantea (A) and A. fistularis (B);
adapted from Wehrl (2006) [315]. X. muta (C); adapted from Hentschel et al. (2006) [299]. E. ferox (D);
adapted from Schmitt (2007) [316]. Scale bars = 8, 3, 1.5, and 2 µm, respectively. Abbreviations: mesohyl
(M), spicule cells (SC), and choanocyte cells (CC).
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2.1.6 Strategies for Cultivation of Diverse Sponge-Microbial Communities
In the era of next-generation sequencing [224,295], research has been steadily
shifting toward the reliance on culture-independent methods [224]. Several earlier
technological methods facilitated the discovery and investigation of sponge-bacterial
communities, such as electron microscopy [275], fluorescence in situ hybridization
(FISH) [155], and denaturing gradient gel electrophoresis (DGGE) [288,331,332]. Today,
deep sequencing of sponge hologenomes generates enormous datasets comprising
sponge hologenomes [175]. By gleaning microbial sequences that have been deposited
into public repositories, and linking those with newly acquired datasets from third
generation ‘SMRT sequencing’ (PacBio) technologies (TGS) and second generation (SGS)
Illumina sequencing, extensive coverage of sponge microbiota is now truly obtainable
[153,333]. Nevertheless, these cutting-edge sequencing technologies, like all other
methods, have their limitations [334]. For one, this level of sequencing and
computational analyses are particularly costly to finance, plus it requires highly
sophisticated bioinformatics tools, time-intensive training, and significant computing
infrastructure for such extremely large datasets [335-337]. Secondly, all methods, even
deep sequencing technologies, include inherent biases, as there is no single method that
can obtain all-inclusive results [338,339]. Furthermore, while metageomic sequencing
tools are advancing, the assembly of complete genomes from highly complex
microbiomes, containing hundreds if not thousands of individual species, is not feasible
[340].
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In comparison, conventional culturing methods, although considered somewhat
outdated, are still able to provide access to the full genomes of bacterial strains that
current molecular techniques alone cannot provide [341,342]. Culture-dependent
analysis is still a valid approach to studying sponge microbiomes as it allows for detailed
genomic and biochemical analyses of cultivated bacteria [343], and supports the
isolation of microorganisms and genome sequencing of cultured bacteria, unlike
holobiont metagenomic sequencing [216,344]. Also, through obtaining axenic cultures
(pure strains) of sponge-microbes, the acquisition of metabolites produced in culture
and the sequencing of BGCs associated with those NPs is possible [201,221,343].
Therefore, although culture-independent techniques are very successful in the
characterization of sponge hologenomes, there is still a great deal of opportunity for
novel discoveries using traditional cultivation methods [345,346].
Development of new, high-throughput strategies requires much attention for
manipulating microbial cells can mitigate the difficulty of culturing previously
uncultivable bacteria in the laboratory [201,347-349]. The general approach to combat
limitations of microbial growth is to attempt to mimic the natural micro-environment to
which microbes are exposed [205,347]. In this case that would be the mesohyl of marine
sponges, which maintains minor similarities to that of open-seawater habitats
[204,349]. However, marine micro-niche habitats are tremendously complex and
problematic to recreate such complexity in the laboratory [175,209,347], especially
when our knowledge of which factors are critical for growth is limited [201,348].
However, many previously uncultured microbes are capable of being isolated using
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variations on current cultivation practices, perhaps in a novel way, and therefore are not
inherently uncultivable [206,348]. Ultimately, the approach taken for microbial
cultivation in this study involved employing a combination of previously effective
strategies in parallel, by including traditional culturing methods using various agar
media, while attempting to mimic the environment to which sponge-microbes are
exposed [204,349]. Moreover, several methodologies were incorporated here, most of
which have been reported to facilitate highly effective cultivation of diverse and unique
microbes [156,349]. High-nutrient and oligotrophic agar were both used in an attempt
to enrich the biodiversity of cultivates and potentially isolate novel microorganisms
[204,348]. In summary, to construct a unique microbial collection derived from marine
sponges and other general marine habitats, here, the following strategies were applied:
1 − The use of two media, peptone and starch-based delicious agar (DA) and mucin agar
(MU), which were specifically chosen because they were reported in a previous study by
Sipkema et al. (2011) [204] to enhance the cultivability and biodiversity of spongederived microbes from sponges compared to 17 other media.
2 − The use of an extremely oligotrophic growth substrate containing merely filtersterilized natural seawater agar (NSW), in an attempt to mimic the marine environment
(or within sponges) [219,350]; this medium has also has been shown to yield diverse and
novel bacteria [351].
3 − Based on the evidence of cooperative efforts between sponge hosts and their
microbiota, sponge-homogenate agar (SH) was prepared with the same sponge
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specimens used for isolations [204] to potentially trigger microbial growth via signaling
molecules from the sponges or other microbial symbionts. [219,352].
4 − The use of a general, non-selective marine agar (MA), which unlike the use of taxonspecific culture media, does not skew or bias the cultivable bacterial diversity [185].
5 − The maintenance of all cultures at the same relative temperature (25−30°C) and salt
concentration (2−3%) as the locations from where samples originated.
6 − The incorporation of the ‘dilution-to-extinction’ principal, as it is a well-known and
successful high-throughput cultivation technique shown to yield bacterial groups that
differ from those obtained through conventional plating [218,351].
7 − The use of 48-well plates for microbial isolations to prevent overgrowth of
opportunistic, fast-growing bacteria.
The life cycle of many microorganisms in nature is on the order of 100 days, which
is much longer than most reported cultivation experiments [353], and one can assume
that fast-growing microbes will likely overtake specialist organisms that have adapted to
growth under oligotrophic conditions (like sponge mesohyl) [204]. Therefore, with the
goal of increasing the probability for isolation of slow-growing, scarce, and potentially
novel microbes, the collection of colonies continued throughout approximately one year
[218,219,350]. Following their initial isolation, most marine bacteria are likely amenable
to subsequent growth on MA plates. Thus, MA will be used here as the sole propagation
medium post colony collection, to simplify and streamline the process of building a
bacterial library. Furthermore, the growth of various bacterial strains using the same
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media allows for visual dereplication, as gross morphology of bacteria can differ when
cultured on different media [354].
2.1.7 Dereplication Strategies
Determining the number and identity of species present in bacterial cultivation
studies routinely poses a challenge for microbiologists. Amid large-scale isolation
efforts, idem bacterial species will inevitably be re-isolated several times over from
environmental samples. Customarily, microbial libraries are constructed based on either
random selection or morphological-based selection of single colonies [355]. However,
the taxonomy of many microorganisms, especially non-spore-forming bacteria, is often
indecipherable according to morphology alone, as macroscopically, colonies growing on
agar can appear very similar [356]. Therefore, the dereplication of bacteria is a critical
step, which involves the rapid grouping of redundant bacterial isolates to reduce the
size of the microbial collection to a much smaller, more manageable quantity [355].
Biological or chemical dereplication can also be applied as an indispensable tool to
expedite the identification of rare microbes and their unique secondary metabolites
[357-359]. Also, it is possible to utilize several dereplication methods in successive
stages when analyzing large-scale, diverse microbial collections [360].
Several identification and dereplication schemes are useful in microbiology today
[361]. Some of these include biochemical, phenotypic, or genotypic analyses of intact
bacterial cells or cell extracts, such as conventional culturing or multiplex PCR assays
[362-366]. However, many of these techniques are time-consuming and range in their
sensitivity and specificity [361]. It wasn't until the 1980s that mass-spectrometric
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techniques were applied to microbial characterization through directly profiling intact
cells according to their ribosomal protein spectral profile without any prior cell
processing [363,367,368]. This methodology, referred to as intact-cell-matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry (IC-MALDI-TOF MS),
henceforth also referred to as ‘MALDI’ biotyping [369], is a fundamental tool in clinical
diagnostics besides also becoming a widely-accepted method for biological (proteomic)
dereplication of environmental bacteria on a large-scale [366,370,371]. MALDI biotyping
is preferred over classical microbiological methods [366,369], due to its sensitivity, highthroughput capacity, and shorter time to results (minutes versus hours or days) [371373]. Also, although culture conditions often profoundly influence microbial biochemical
and phenotypic properties [374], they do not seem to influence the results obtained
using MALDI [375,376].
Consequently, the principal dereplication tool that was used here was IC-MALDITOF MS, which is used to generate characteristic proteomic patterns (proteomic profiles
or fingerprints) for each unknown bacterial isolate that could be matched or clustered
according to similarity [356,368,374,377]. Briefly, MALDI analysis entails coating intact
bacterial cells with a matrix solution to perforate cell membranes and entrap
intracellular components [368,377,378]. The sample then absorbs energy from a laser
beam, and cellular proteins (in the mass range of 2–20 kDa) are ionized in positive mode
(protonated), and then particles are accelerated toward a time-of-flight (TOF) mass
analyzer [369]. Charged particles, while traveling the length of the flight tube, are
separated and measured when reaching the TOF analyzer; the time of travel varies for
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molecules based on their mass-to-charge ratio (m/z) [369]. According to those
measurements, a proteomic mass fingerprint (PMF) is generated for the analytes that
were ionized in the sample [378]. Mass spectra can be analyzed quite rapidly using
automated software [370], resulting in the clustering of microorganisms into clades
according to the similarity of their PMF profiles, indicating their biological similarity
[378].
Although MALDI biotyping is known as a robust dereplication strategy [379], its
accuracy is dependent upon which bacterial cell types are being analyzed, the efficacy of
small protein (2–20 kDa) ionization, and the available analytical tools [368]. Currently,
the most widely-used “gold standard” of classifying bacteria is the PCR-based method of
16S rRNA gene sequencing and phylogenetic analysis [380-383]. In most cases, MALDI
biotyping, as compared to the gold standard, has been shown to accurately corroborate
bacterial taxonomy with nearly 100% concordance to the genus-level, and in many
cases, up to 85% at the species-level [383-385]. Also, 16S rRNA gene sequence analysis
can better resolving dubious identities, and identify poorly described or rarely isolated
bacteria [368]. However, sequencing, though a robust technique, is also expensive and
time-consuming [383].
Often, when probing the identities of large bacterial libraries, the number of
isolates that require sequencing can be greatly reduced via dereplication [371].
Therefore, to test the validity of dereplication using MALDI as a reliable and established
method, representative samples of each MALDI clade can be verified by using 16S rRNA
gene sequencing [356,382], resulting in the subsequent taxonomic classification of
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unknown environmentally-derived bacteria [373]. Based upon the success of this
strategy, strains matching the bacterial isolates that were sequenced can potentially be
retrospectively identified according to their MALDI cluster.
2.1.8 Ecological Diversity: Comparisons of Bacterial Communities
In microbial ecology, various indices are used to evaluate and compare the
diversity of environmental populations, and each represents a slightly different
statistical measurement, which collectively assists in the characterization of true
biodiversity [386]. When it comes to environmental sampling, it makes sense that
greater sampling effort correlates with a higher probability of encountering less
common and rare taxa. Hence, species accumulation curves highlight the impact of
sampling effort on species abundance [387]. Initially, species accumulation usually
occurs at a high frequency, but generally decreases steadily to a point where it would
require extraordinary efforts to encounter new species, eventually stabilizing and
reaching an asymptote [388].
Estimating the alpha diversity of microbial communities is often the first step of
diversity analyses when comparing differences in populations derived from
environmental samples [388]. Species richness (S) is the simplest measure of diversity,
as it solely represents numbers of species or operational taxonomic units (OTUs)
observed in a population, but it does not take into account the proportion of individuals
across species; essentially community richness represents presence-absence or
abundance of species [389]. When measuring biodiversity, however, numbers of
individuals per species and the degree of sampling efforts are often incorporated into
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measurements; multiple metrics are used to address this such as the Shannon index
(H’), Simpson's index of evenness/dominance (D), sample coverage, and more [390].
These diversity measurements are typically computed with rarefied datasets, namely,
rarefaction, which is a frequent technique used in ecology to facilitate community
comparisons of unequal sampling depths [391-393]. Rarefaction involves random subsampling of datasets to the lowest sampling depth among sources being compared
[391,394]. For example, here, the fewest number of colonies (n = 23) were collected
from the first seawater sample (SW1); thus all samples would be randomly sub-sampled
without replacement to the depth of 23 iterations. Rarefaction plots (species
accumulation curves) would then be plotted as the number of individuals (isolates)
versus the number of distinct species (OTUs) [390]. But, despite rarefaction being
among one of the most common techniques used to compare ecological datasets, the
reliability of this method has come into question more recently [395].
McMurdie et al. (2014) [395] and others argue that when comparing diversity of
microbiomes (or other communities), rarefied datasets are ‘statistically inadmissible’
because they do not represent actual biodiversity [395]; effectively, a sizeable amount
of data gets discarded, which is clearly not ideal [395]. For this reason, a revised
rarefaction method called iNEXT (iNterpolation and EXTrapolation) was employed here
[392,396]. Briefly, the iNEXT package, as described by Hsieh et al. (2016) [397], provides
a standardized method for evaluating and quantifying biodiversity as a function of Hill
numbers (species richness, Shannon diversity, and Simpson diversity), and computes
rarefaction sampling curves with estimated extrapolation to a specified sample size or
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specified level of sample coverage [397]. By using this method, data that would normally
be discarded due to uneven sampling depth would remain by incorporating the
extrapolation function of the iNEXT package in the rarefaction (random sub-sampling)
process.
Beta diversity measurements are more complex assessments of population
diversity, dissimilarity, variance, and overlap of ecological communities relative to each
other [398]. In simpler terms, beta-diversity is a measure of changes in diversity or
species turnover between populations. As described above, typically in ecology, often
datasets are often of unequal sampling depth, and are first pre-treated or standardized
(rarefaction can be used here); this is a critical step for an accurate comparison between
samples [398]. Differences in bacterial communities among sample groups can be
calculated via Jaccard (presence-absence) and Bray-Curtis (dissimilarity) distance
matrices [386]. Furthermore, distance measurements are typically subjected to
ordination such as non-metric multidimensional scaling (NMDS) or principal component
analysis (PCA), which are techniques used to collapse multidimensional data into two
dimensions for enhanced visualization and more precise comparisons and interpretation
of results [399].

2.2 Materials and Methods
2.2.1 Sample Collection
Marine sponge specimens were collected by SCUBA off the west coast of San
Salvador, The Bahamas, and processed at Gerace Research Center (GRC) in June 2013.
Samples were collected from three different coral reef dive sites along the edge of the
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insular shelf within the sub-tidal, well-illuminated photic zone (~ 20 m depth) (Figure
2.6). Sponge species were identified while underwater on the basis of gross morphology
(Figure 2.4). Samples of two independent replicates of four marine sponge species V.
gigantea, A. fistularis, X. muta, and E. ferox were collected were sampled. Sponge
specimens were excised using gloved hands with a dive knife and transferred to sterile
Whirl-Paks (Nasco, Fisher Scientific). Nearby to where the sponges were sampled,
seawater and sediment (from the top 15 cm) were collected from each dive site in 50
mL sterile conical tubes. In total, four sponge species in duplicate plus a sample of
surrounding seawater and sediment collected at each dive site equaled a total of 14
marine samples; details are reported in Table 2.1. All specimens were maintained in
seawater on-board the ship at ambient temperature (25−30°C) until processing.
Specimen processing began immediately post-dive, upon arrival to the analytical lab at
GRC, within three hours from the time of collection.
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Figure 2.6 Dive site locations for sample collections in San Salvador, The Bahamas. Black star indicates
GRC and red stars display locations of the three collection/dive sites: Runway 10 (1), Cable Crossing (2),
and Cathedral (3).

Table 2.1 Specifics of Sample Collections. Abbreviations: latitude (Lat), longitude (Long), identifier (ID), V.
gigantea sample 1 (VG1), V. gigantea sample 2 (VG2), A. fistularis sample 1 (AF1), A. fistularis sample 2
(AF2), X. muta sample 1 (XM1), X. muta sample 2 (XM2), E. ferox sample 1 (EF1), E. ferox sample 2 (EF2),
seawater sample 1 (SW1), seawater sample 2 (SW2), seawater sample 3 (SW3), sediment sample 1 (SD1),
sediment sample 2 (SD2), and sediment sample 3 (SD3).
Collection
Collection/
Depth
Sample
Lat/Long
Specimen
Sample ID
Date
Dive Site
(ft)
1
V. gigantea
VG1
24°03'57.2"N
2
20-Jun-2013
Runway 10
65
seawater
SW1
74°32'41.3"W
3
sediment
SD1
4
X. muta
XM1
5
X. muta
XM2
Cable
24°01'59.9"N
6
21-Jun-2013
55−68
A. fistularis
AF1
Crossing
74°32'02.4"W
7
seawater
SW2
8
Sediment
SD2
9
V. gigantea
VG2
10
A. fistularis
AF2
11
E. ferox
EF1
24°02'57.8"N
22-Jun-2013
Cathedral
62
74°32'03.8"W
12
E. ferox
EF2
13
seawater
SW3
14
sediment
SD3
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2.2.1

Specimen Processing

Upon sample transfer to the laboratory, approximately 15 mL (measured as
roughly a quarter of a 50 mL conical tube) of each sponge, seawater and sediment
specimen was aseptically sub-sampled and transferred to a new sterile 50 mL conical
tube; the sponges were sub-sampled using a sterile scalpel. All specimens (except
seawater) were rinsed with 0.22 μm sterile-filtered seawater (SFSW) to remove
exogenous, loosely attached microorganisms. Then, SFSW was added to conical tubes,
enough volume to cover the sponge tissue, and samples (except seawater samples)
were homogenized using an Ultra-Turax stand-mounted homogenizer (model VDI 25,
VWR), which was pre-sterilized with 10% (v/v) diluted bleach. Lastly, before inoculation,
homogenized samples (~ 15 mL) were brought to a final volume of ~ 30 mL (roughly a
1:2 dilution) with SFSW and mixed thoroughly; these homogenates were regarded as
the primary sponge diluents (100) from which serial dilutions began. Remaining pieces of
sponge were flash frozen in liquid nitrogen for chemical extraction.
2.2.2 Cultivation Media Preparation
Prior to sample collection, media were prepared and distributed into the wells of
sterile 48-well plates (Corning, VWR). Media recipes were the following: marine agar
(MA; Difco 2216), delicious agar (DA; 0.3g L-1 peptone from casein, 0.1 g L-1 yeast
extract, 0.01 g L-1 D-glucose, 15 g L-1 agar), mucin agar (MU; 1 g L-1 mucin, 15 g L-1 agar),
and natural seawater agar (NSW; 15 g L-1 agar) [204]. All media were sterilized before
pipetting into 48-well plates via autoclaving at 121°C for a minimum of 15 min. Once
cooled, pre-filter sterilized cycloheximide (final of 50 μg mL-1) was added to each culture
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medium as an anti-fungal antibiotic, to inhibit fungal growth and yield mainly bacterial
cultures. These four types of media were prepared using SFSW collected in
Charlottetown, Prince Edward Island (PEI), before traveling to San Salvador, The
Bahamas for the collection trip. Lastly, 48-well plates containing a fifth cultivation
medium were prepared in San Salvador, The Bahamas. Immediately after sponge
collection, sponge-homogenate agar (SH; 10−12% v/v sponge homogenate, 15 g L-1 agar)
was prepared with the same sponge specimens used for inoculations, and with SFSW
collected in San Salvador. Again, following autoclaving and cooling of media, sterile
cycloheximide was added (50 μg mL-1), and then agar was aliquoted into 48-well plates.
Homogenates of sponges and sediment, and non-homogenized seawater samples
(~ 50 mL) were prepared as dilution 100, and then serially diluted 10-fold with SFSW to
10-1, 10-2, 10-3, and 10-4. For each sample and dilution, 10 μL per well were deposited on
the agar surface in the 48-well plates. Three serial-dilutions of eight sponge samples
(four species, two replicates each) were plated as three dilutions on five media for a
total of 30 plates per sponge specimen, for a total of 240 plates that comprised all
sponge samples. Sediment and seawater samples (three replicates each) were each
plated as two dilutions on five media for a total of 60 plates, bringing the final count to
300 (48-well) plates (14,400 total wells). After inoculation, plates were sealed with
parafilm and incubated at room temperature (RT; 22−26°C) until microbial isolation
began at the University of Prince Edward Island (UPEI); plates remained at RT for
continuous isolations of the course of about one year.
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2.2.3 Microbial Cultivation
Beginning at the first visual sign of growth, bacterial colonies were sub-cultured
from 48-well plates using sterile toothpicks. Colonies were collected from all sources
and types of agar media and streaked onto fresh agar using a single medium (MA). All
microbial isolations took place in a laminar flow cabinet (sterile workspace) to prevent
contamination of plates. Colonies were selected according to differences in morphology
to obtain a diverse library and a comparable number of representatives from each
source. Descriptions of each colony at the time of isolation were recorded including the
following characteristics: macro-morphological features, cultivation conditions, sample
origin, agar medium, dilution factor of inoculum, and a unique identifier (RKSG###;
initials of Russ Kerr and Stacey Goldberg) assigned to each bacterial colony in order of
collection. Roughly a month after initial plating, the viable bacterial counts in terms of
colony forming units (CFUs) were visually inspected on agar plates, counted, and mean
CFUs per plate (across 48-wells of each agar plate) were recorded; based on dilution
factors, average CFUs mL-1 (equivalent to cm3) of original samples could be calculated.
Wells that were either overgrown or void of growth were excluded from the calculations
because single colonies were not observed. The general success of each agar medium
was assessed via the mean of observed CFUs mL-1 across sample replicates.
A total of 969 bacterial colonies were collected from the 300 original 48-well agar
plates over about one year. After initial collection, each colony was purified via repeated
sub-culturing on MA, irrespective of the isolation medium from which it was collected.
The use of a single substrate for cultivation was simplified and streamlined the
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construction of a large-scale microbial library. A small portion of the full bacterial library
was not responsive to continuous growth on MA after collection (n = 67; 6.9%), resulting
in a total of 902 bacterial isolates.
Purified isolates were cultured in 10 mL of ISP2m broth (4 g L-1 yeast extract, 10 g
L-1 malt extract, 4 g L-1 dextrose, 32 g L-1 instant ocean), and incubated at RT (22−26°C)
for 3−7 days, depending on their growth rate, with agitation at 200 rates per minute
(rpm); if cells did not remain viable in liquid cultures with ISP2m, then marine broth
(MB; Difco 2216) was used. Isolates were archived by placing 1 mL aliquots of the
cultures into cryovials in duplicate, containing 1 mL of sterile 50% glycerol by volume
(v/v), and vials were stored at -80°C. The remaining culture broth (8 mL) was used to
supply cells for genomic DNA (gDNA) extractions, dereplication (MALDI), and chemical
analysis (described in Chapter 4). For both gDNA isolation and dereplication, culture
broths (1.5 mL each = 3 mL per isolate) were transferred to sterile microcentrifuge tubes
and centrifuged at 13,000 rpm for 5 min. Cell pellets were then washed with sterile milliQ ultrapure deionized water (ddH2O), pelleted again, supernatants removed, and then
frozen at -20°C until processing. Cells pelleted for MALDI were resuspended in 95% (v/v)
ethanol, and also preserved at -20°C.
2.2.4 Dereplication of Bacterial Isolates via IC-MALDI-TOF MS
The first phase of dereplication of all isolates that comprised the bacterial library
was performed via IC-MALDI-TOF MS. The cells that had been previously harvested and
fixed in 95% (v/v) ethanol were removed from -20°C freezers, and centrifuged at 13,000
rpm for 5 min. Ethanol was poured so as not to disturb the cell pellet. Using sterile
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wooden sticks, a thin layer of cellular material was collected from each sample tube and
stamped onto stainless steel MALDI target plate (96-spot polished steel target plate;
Bruker Daltonics), followed by overlaying cells with 1.5 μL of a pre-prepared matrix
solution (1 mL α-cyano-4-hydroxy-cinnamic acid, 50% (v/v) acetonitrile, 2.5% (v/v)
trifluoroacetic acid) and allowed to dry. Three different strains of Escherichia coli (E. coli
strains K12 ER2925-NEB, ET12567-pUZ8002, T1 phase resistant-EPI) were included on
every plate as controls to determine the appropriate threshold for distinguishing a
species-level similarity cutoff.
MS spectra were obtained using the Microflex LT MALDI-TOF mass spectrometer
(Bruker Daltonics; Leipzig, Germany) equipped with a 20-Hertz (Hz) nitrogen laser with
acquisition ranging from 2−20 kilodaltons (kDa). The following parameters were applied:
laser power 50%, up to 400 shots fired per spot, and detector gain 10X, to collect
sample spectra with peak intensities > 104. Cluster analysis was performed on the
resulting proteomic spectra using the accompanying Bruker Biotyper software v.2
(Bruker Daltonics). MS spectra (raw data) were loaded into the ‘spectrum browser’ to
create a PMF for each isolate with the standard MALDI BioTyper creation method
(Bruker Daltonics). PMFs were generated for each strain containing the average mass
and intensity of the MS peaks present from multiple measurements (shots) of each
sample. PMFs chromatograms were then processed to create dendrograms, which
clustered microbial isolates according to their similarity. Using an appropriate specieslevel cutoff based on the clustering results of E. coli strains, all microbial isolates were
able to be assigned to distinct MALDI clades.
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2.2.5 Bacterial gDNA Isolation
DNA was extracted from cell pellets from previously harvested and frozen axenic
cultures of isolates using a phenol-chloroform-isoamyl alcohol extraction method [400].
Briefly, thawed cell pellets were re-suspended in 300 μL of 50/20 Tris-base
ethylenediaminetetraacetic acid (EDTA) buffer (TE; 50 mM Tris, 20 mM EDTA, pH 8.0)
with 5 mg/mL of lysozyme (Omni Pur) and 1 μL of 0.1 mg mL-1 of RNase (Sigma), and
incubated at 30−37°C for 30 min. Then to each tube, 50 μL of 10% SDS was added and
thoroughly mixed. Next, 85 μL of 5M sodium chloride (NaCl) and 400 μL of
phenol:chloroform:isoamyl alcohol (25:24:1 by vol) were also added, vortexed well, and
tubes were spun at 13,000 x g for 10 min. The aqueous (top) layer was transferred to a
new sterile microcentrifuge tube, and the DNA was precipitated by adding 0.5 mL of
70% isopropanol (IPA), mixed by inversion, and incubated at RT for 5 min. The DNA
pelleted by centrifugation at 13,000 x g for 10 min, the pellets washed with 1 mL of ice
cold 70% (v/v) ethanol, and again incubated at RT for 5 min. Finally, the DNA was
centrifuged (13,000 x g, 10 min), the pellet was let sit to air dry (~ 10 min), and then
resuspended in 20 μL of 10/0.1 TE (10 mM Tris, 0.1 mM EDTA, pH 8.0); gDNA was stored
at -20°C.
The quality and relative quantity of extracted gDNA was visualized by 1% (w/v)
agarose gel electrophoresis (110 V, 40 min), with 1X TAE buffer (40 mM Tris-base, 20
mM acetic acid, 1 mM EDTA) and 0.05% (v/v) ethidium bromide, and visualized at 302
nm with a Benchtop UV transilluminator (BioSpectrum, OptiChemi HR Camera).
Concentrations of gDNA were determined for each bacterial isolate using the PicoGreen
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dsDNA quantitation assay kit (Invitrogen, Quant-iT #P11496), according to
manufacturer’s instructions. For comparable the down-stream PCR analysis, microbial
gDNA sample volumes were adjusted to a concentration of 25 ng μL-1 with 10/0.1 TE
buffer.
2.2.6 Molecular Sequencing
Bacterial isolates (> 200), representing each assigned MALDI clade, were selected
for 16S rRNA genes sequencing to determine taxonomy and to verify this MALDI method
of dereplication. Amplification of 16S rRNA genes via PCR was carried out using the
universal bacterial primer pair 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1525R (5’AAGGAGGTGATCCAGCCGCA-3’) [401]. Each PCR reaction contained the following
mixture: 12.5 μL EconoTaq Plus Green 2X Master Mix (Lucigen; Middleton, WI), 0.5 μL
27F primer, 0.5 μL 1525R primer, 1 μL (~ 25 ng) DNA template, 1 μL dimethyl sulfoxide
(DMSO), 9.5 μL dH2O = 25 μL total per reaction. PCR cycling conditions included initial
denaturation for 5 min at 94°C, 30 cycles of denaturation, annealing, and elongation (1
min at 94°C, 1 min at 55°C, 1 min at 72°C), followed by a final extension step for 10 min
at 72°C. Amplification of the 16S rRNA genes was confirmed (~ 1500 bp) by gel
electrophoresis as described above.
PCR products were directly sequenced at Eurofins Genomics (Louisville, KY, USA)
by implementing the Applied Biosystems BigDye Terminator v3.1 cycle sequencing kit
and capillary electrophoresis platform, following manufacturer's instructions. Resulting
nucleotide (nt) sequence chromatograms obtained were visually inspected in Contig
Express (Vector NTI Advance v.10.3.0), and ambiguous bases were manually corrected
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to the appropriate nt. Earlier studies of a similar nature typically use a 16S rRNA gene
sequence threshold of 97% similarity (0.03 dissimilarity value) to distinguish bacterial
phylotypes [402,403], but currently the appropriate species boundary is a matter of
debate. Recently, a species-level threshold for bacteria has been revised to 98.7−99.0%
sequence similarity (with no ambiguous bases) to be considered as the same OTU [404406]. Thus, the modernized criteria for differentiating species at 99% sequence similarity
was employed here [404]. Raw sequencing reads in Contig Express were assembled into
groups based on a 99% sequence similarity threshold. Each group was designated as an
individual OTU0.01, and a strain within that group was assigned to represent each OTU.
Sequences were then quality control checked using DECIPHER v.3 to remove low-quality
and chimeric sequences [407].
2.2.7 Taxonomic Classification
Consensus sequences of OTUs were exported and compared to sequences in the
Genbank nucleotide database (http://blast.ncbi.nlm.nih.gov; accessed Jan. 2019) using
the nucleotide basic alignment search tool (BLASTn v.2.8) [309,310]. For bacteria,
searches were limited to the “16S ribosomal RNA sequences for Bacteria and Archaea”
database; mainly type strains were used for comparison, but some uncultured
sequences derived from similar sponge species were included as well. Many OTUs
exhibited equal sequence similarity to several bacterial species. Therefore, taxonomic
affiliations of OTUs were further verified using the Ribosomal Database Project (RDP)
classifier (http://rdp.cme.msu.edu/; accessed Jan. 2019) at an 80% confidence threshold
to minimize misinterpretation [295]. The RDP tool calculates sequence similarities
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differently than BLASTn pairwise alignments by using the percentage of shared
nucleotides in segments of 7-mers between two sequences, providing a S_ab score as
an index of similarity [408].
Preliminary taxonomic assignments of OTUs were accomplished by identifying
sequences with the highest similarity according to BLASTn pairwise alignments (type
strains only). Significant pairwise alignments are those that do not arise at random but
instead are likely the result of a biologically meaningful relationship between sequences
[309,310,409]. Therefore, highly supported alignments, having the highest rRNA gene
sequence identity to OTUs, were used to infer taxonomy. Sequences representing
putatively novel species (OTUs with < 97% gene sequence similarity to type strains)
were sequenced several times to obtain their full-length 16S rRNA gene sequences.
Conditions for PCR were the same as described above; the amplicons were sequenced
with the additional primers 530R (5’-CCGCGGCTGCTGGCACGTA-3’) [410], 514F (5’GTGCCAGCAGCCGCGGTAA-3’), 936R (5’-GTGCGGGCCCCCGTCAATT-3’), and 1114F (5’GCAACGAGCGCAACCC-3’) [411,412] for more complete gene coverage.
2.2.8 Phylogenetic Analysis
Generally, database classifier tools are accurate to the genus-level [413], but
require further phylogenetic investigation for reliable evolutionary comparisons.
Therefore, to perform phylogenetic analysis, 16S rRNA gene sequences of all OTUs and
several of their closest matches from BLASTn and RDP queries were included in the
following analyses. Mainly type strains were incorporated into alignment procedures
because, like those in our collection, they were obtained through cultivation (not by
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sequencing alone) and have been reliably characterized. Also, sequences that were
derived from marine invertebrates (mainly sponges) were incorporated into alignments.
Gene sequences as .fasta files were imported into BioEdit v.7.2.5 [414] and aligned
using the ClustalW implementation [415]. Visual inspection of the alignments took place
before building phylogenetic trees to ensure that the raw data was matched correctly,
to verify that no ambiguous bases were present, and to check that all sequences were
trimmed to the same length. Next, the sequences were exported as FASTA files and
secondarily aligned using the SILVA SINA web aligner v.1.2.11 (https://www.arbsilva.de/aligner/; accessed Jan. 2019) [416], which incorporates 16S rRNA gene
secondary structures for more accurate alignments, and again, aligned sequences were
exported as .fasta files. Separate pairwise alignments were constructed for each phylum
or class.
Aligned and trimmed OTU sequences were imported into MEGA7 [417], gap only
sites were deleted to reduce file sizes, and they were subjected to phylogenetic analysis
[418,419]. Before constructing phylograms, evolutionary models were screened in
MEGA7 to identify the model that best fit the data, which was determined to be Kimura
2-parameter modeling using discrete gamma distribution with invariant sites (K2+G+I)
[420], hence, this model was applied to subsequent phylogenetic analyses. Alignment
gaps were included in the phylogenetic analyses with partial deletion (90%).
Phylogenetic trees were constructed using multiple statistical algorithms including
maximum-likelihood (ML) [421], neighbor-joining (NJ) [422], and maximum-parsimony
(MP) [423]. Bootstrap analyses were conducted using 1000 re-samplings [424].
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2.2.9 Alpha Diversity Comparisons of Bacterial Communities
To make meaningful comparisons between bacterial communities, and to
determine if the use of various growth substrates influenced bacterial diversity,
statistical analyses were carried out. Analysis of bacterial communities was carried out
using both full (raw numbers) and normalized (relative abundance) OTU0.01 tables to
investigate alpha diversity indices (species richness, diversity, evenness, and
dominance). First, the full OTU table was rarefied (randomly sub-sampled) using Anne
Chao's iNEXT package in R for 100 iterations without replacement [397]. Input files were
of the type ‘abundance’ data, not ‘individual’ data. Rarefaction curves (species
accumulation curves) were generated using ggiNEXT (ggplot) function in R and
extrapolated to an endpoint of 300 individuals [425]. Three separate rarefaction curves
were plotted as functions of Hill numbers including species richness (q = 0), Shannon
index (q = 1), and Simpson’s index (q = 2) with 95% confidence intervals [392]. Also using
iNEXT rarefied data, asymptotic estimators for species richness, Shannon, and Simpson's
indexes were calculated [397], and results were visualized as box plots. Statistical
support of the analysis of variance (ANOVA) in alpha diversity measurements between
groups was assessed in R using the anova(lm) function in R [426].
2.2.10 Beta Diversity and Multivariate Comparisons of Bacterial Communities
In microbial ecology, community analyses (OTU tables) require flexible statistical
tools that can accommodate a variety of multi-dimensional (multivariate) datasets.
Ordination is a technique for collapsing data from multiple dimensions (like this dataset)
into two dimensions, to allow for an accurate comparison, visualization, and
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interpretation [399]. Non-metric multidimensional scaling (NMDS) is the preferred
technique as it can accommodate a variety of multi-dimensional (multivariate) data, and
is not affected by null values found in community datasets [399]. Therefore to
investigate beta diversity indices (community comparisons) and multivariate analysis
[329,399], NMDS ordination was utilized.
The following methods were performed in R v.3.4.1 (R Development Core Team,
2017) to assess beta diversity and all remaining analyses were executed using a
normalized OTU0.01 dataset unless otherwise specified. First, raw numbers of OTUs were
standardized using the R vegan package decostand function (method = hellinger) [427],
which calculates the square root of the abundance of individuals (isolates) per OTU
[275]. The relative abundance of OTUs (using the Hellinger-transformed dataset) was
plotted in a stacked bar graph in Excel to visualize taxonomic differences in bacterial
communities across samples. A heatmap was generated for the relative abundance of
OTUs using the pheatmap function, and sample groups were redistributed by
hierarchical clustering with the function hclust (method = average) [308,428]. The
rankindex function was used to determine the best method for calculating a distance
matrix for this dataset, which in this case was Bray-Curtis [308,428]. The function
vegdist (method = bray and jaccard) to calculate both Bray-Curtis (relative abundance)
and Jaccard (presence-absence) dissimilarities were used to construct a community
distance matrix [308,428]. The resulting Bray-Curtis distance matrix was subjected to
NMDS analysis with the function metaMDS, and results were plotted using the ggplot
function + geom_polygon [308]. To determine which OTUs were responsible for the

73

overall (Bray-Curtis) variation in bacterial communities between sample groups. The
function simper (vegan package) [429] was applied to the Hellinger-transformed OTU
dataset to discriminate between groups using Bray-Curtis dissimilarities, followed by
applying the kruskal.test function to determine the statistical significance of ANOVA
pairwise results between groups of the class simper [430].
To evaluate the overall statistical significance of composition variances
(dissimilarities) between multivariate communities, the adonis function (method = bray,
permutations = 999) was applied, where the null hypothesis of homogeneity of
dispersion within groups is a condition (assumption) of the adonis function, testing
whether the composition among groups is statistically similar or not [426]. The
betadisper function was applied to test for statistical support of overall multivariate
dispersion homogeneity among groups, followed by pairwise comparisons of
homogeneity (permutest function) [308]. For multiple comparisons of means of variance
(dispersion) between groups, the Tukey test (TukeyHSD function in vegan) was applied
to class betadisper [430].
Partial 16S rRNA gene sequences were deposited in GenBank under the accession
numbers MG799432–MG799532 and MH491168–MH491184.
An overall schematic of the methods and workflow used in this study is shown in
Figure 2.7.
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Figure 2.7 Workflow for this study sample collection and processing, microbial cultivation, dereplication,
sequencing, and phylogenetic analysis of the full cultivated bacterial library (not shown, statistical analysis
that was also performed to investigate alpha and beta diversity of cultivated bacterial communities).

2.3 Results and Discussion
2.3.1 Description of Cultivated Bacterial Library
In this study, a method of culture-dependent bacterial profiling enabled the
cultivation and construction of a diverse composition of marine bacteria from Caribbean
marine sponges and their proximate environments using a variety of media conditions
[431]. To begin this work, prior to sample collection, the sponge species (V. gigantea, A.
fistularis, X. muta, and E. ferox) to be studied were selected because they are known to
contain high-microbial abundances, they are easily recognizable, predominant members
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of coral reefs, and the scientists who collected specimens were very familiar with
sponge taxonomy and identification to avoid misidentification.
The full bacterial library cultivated here was comprised of 902 bacterial isolates
from samples of V. gigantea (n = 111; 12.3% of total), A. fistularis (n = 118; 13.1%), X.
muta (n = 186; 20.6%), E. ferox (n = 211; 23.4%), seawater (n = 115; 12.7%) and
sediment (n = 161; 17.8%). On average, 150 ± 39 and 64 ± 26 isolates were collected per
sample type, or specimen replicate, respectively. The number of colonies collected
according to media type were n = 167 from MA (18.4%), n = 183 from DA (20.2%), n =
203 from MU (22.4%), n = 134 from NSW (14.8%), and n = 215 from SH (23.8%), with an
average of 180 ± 28.5 isolates collected per medium.
2.3.2 Bacterial CFUs by Cultivation Medium
During microbial cultivation, fast-growing colonies were observed to quickly
overtake the substrate of several of the low-dilution (10-1 and 10-2) MA plates, leaving
little opportunity for slow-growers. The average amount of CFUs computed mL-1 of a
sample, in most cases, followed a trend of highest to lowest by media type with highest
to lowest levels of nutrients (MA > DA > MU > NSW > SH), with just a few exceptions
(Figure 2.8). Furthermore, results indicate that MA supported the growth of the highest
proportion of CFUs from sponges specifically at higher dilutions, and most likely would
have been even more successful if microbe-dense sponge homogenates had been
diluted further. In general, fewer CFUs were cultivated mL-1 of a sample from the two
oligotrophic media (NSW and SH).
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Figure 2.8 Average CFU counts reflecting the mean of sample replicates (duplicate samples of sponges or
triplicate samples of seawater and sediment) of the highest dilutions. Abbreviations: V. gigantea (VG), A.
fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), marine agar (MA), delicious agar
(DA), mucin agar (MU), natural seawater agar (NSW), and sponge-homogenate agar (SH).

Mean CFU abundance according to isolation source was similarly determined and
found to be higher for sponges than seawater or sediment. This is not surprising
considering that the HMA sponge species studied here have been shown to contain 100
to 1000-fold microbes mL-1 than seawater, which is reflected in these results. In terms of
cultivation, CFUs mL-1 of sponge tissue was calculated to be up to 6 x 106 on MA, DA,
and MU agar, but about 10-fold lower on NSW and SH agar, except E. ferox on NSW agar
which was about 2 x 106 mL-1 of sponge. According to these reports, about 1% of CFUs
mL-1 of V. gigantea, A. fistularis, X. muta, and E. ferox sponge samples were amenable to
cultivable. Similarly, about 1% of what is traditionally reported for the microbial density
of seawater (~ 10-3), which again, is an unsurprising result due what is known as the
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Great Plate Count Anomaly [202]. In summary, of the cultivation media used in this
study, MA and DA at the highest dilutions (10-3 or 10-4) were the first and second most
successful for microbial cultivation in terms of the highest recovery of CFUs mL -1 (or
cm3) of sponge homogenate, respectively.
2.3.3 Dereplication via IC-MALDI-TOF-MS
The first phase of dereplication of the cultivated microbial library was achieved
using a mass-spectrometry technique referred to as MALDI. An example of the mass
spectral profiles or PMFs generated via MALDI analysis for each bacterial isolate is
shown in Figure 2.9. Mass spectra (MS) were subjected to cluster analysis, which
grouped strains based on the similarity of their MS proteomic profiles, resulting in the
construction of a complex dendrogram representing all isolates, as seen in Figure 2.10.
Control E. coli strains repeatedly grouped at or below a distance level of ~ 50 in the
constructed dendrograms (Figure 2.11), and thus, a cutoff value of roughly 50 was
employed to assign MALDI clades. Figure 2.12 illustrates how MALDI clades were
assigned to this dataset using the estimated species-level cutoff of 50.
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Figure 2.9 An example of PMFs generated from IC-MALDI-TOF MS analysis representing randomly
selected strains RKSG217 (A) and RKSG292 (B) of the same MALDI clade (193), and an overlay of the two
PMF spectra (C).

Figure 2.10 Cluster analysis dendrogram representing the similarity of PMFs generated from MALDI
analysis for all bacterial isolates; arrow indicates the position of the E. coli control samples in the
dendrogram. Boxed group of isolates represents clade 195 in which a large number of organisms were
grouped into a single clade based on their PMFs.
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Figure 2.11 Cluster analysis dendrogram from Figure 2.10 zoomed in to illustrate the E. coli clade (black
box) representing three strains that were analyzed in parallel with isolates as controls, to determine the
appropriate species level cutoff; arrow indicates the distance threshold of ~ 50.

Figure 2.12 Cluster analysis dendrogram from Figure 2.10 zoomed in to illustrate the first assigned clades
using the pre-determined species level cutoff; arrow indicates the chosen distance threshold of ~ 50.
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By utilizing MALDI as a dereplication tool, redundant bacterial isolates were rapidly
identified and consolidated into clades, ultimately enabling the reduction of total
samples (bacterial isolates) to be examined, and the time required for further data
acquisition. Overall, 902 bacteria were initially purified in this collection, and 195 MALDI
distinct clades were identified based on cluster analysis. For our purposes, isolates that
were grouped into the same MALDI clade were considered to be recurrences of the
same species or a very similar bacterial taxon. A summary of the numbers of bacterial
isolates from all samples and media, pre and post-dereplication, is provided in Table 2.2.
However, at this stage in the analysis, the accuracy of dereplication and sensitivity (to
which taxonomic level) of analysis enabled by the MALDI method was yet, still unclear.
Therefore, to validate MALDI as a dereplication tool, and to taxonomically classify
bacteria, several isolates representing each MALDI clade (n = 246) were selected for
further analysis via 16S rRNA gene sequencing (see section 2.3.4).

Table 2.2 Quantities of bacterial isolates according to isolation source and medium pre- (pre) and postdereplication (post) via IC-MALDI-TOF MS. Numbers reflect the full data set (sample replicates were
combined). Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW),
sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW),
sponge homogenate agar (SH), not available (NA), and frequency of clades versus isolates (Freq).
Isolation Source
Isolation
Medium

VG
(n = 2)

AF
(n = 2)

XM
(n = 2)

EF
(n = 2)

SW
(n = 3)

SD
(n = 3)

Total
(n = 14)

Freq

pre

post

pre

post

pre

post

pre

post

pre

post

pre

post

pre

post

MA

26

14

40

16

17

6

18

1

23

13

43

29

167

79

0.47

DA

32

10

24

9

36

7

41

8

23

16

27

13

183

63

0.34

MU

31

18

28

10

32

8

52

6

23

13

37

20

203

75

0.37

NSW

22

10

17

8

30

7

29

1

13

8

23

17

134

51

0.38

SH

NA

NA

9

3

71

13

71

7

33

11

31

2

215

36

0.17

Total

111

52

118

46

186

41

211

23

115

61

161

81

902

195

0.22

Freq

0.47

0.39

0.22

0.11

81

0.53

0.50

0.22

--

2.3.4 Molecular Sequencing Analysis and Taxonomic Assignments of OTUs
A total of 246 isolates were chosen as representatives of the 195 assigned MALDI
clades to classify bacterial isolates representing the bacterial library, and their 16S rRNA
genes were sequenced. From the fully constructed library (n = 902), and based on the
results of MALDI dereplication (n = 195) and 16S rRNA gene sequencing, isolates were
assembled into distinct OTUs (n = 107). Through the use of two complimentary search
tools (BLASTn and RDP), about 40% of OTUs (n = 43) to the species-level (as a single
species), and several more (n = 30) were identified as two possible related species.
Remaining OTUs were able to be resolved to the genus-level, except those having low
sequence similarity (< 97%) to known species. Resolution of this caliber is not
uncommon with 16S rRNA sequencing, as this technique has been demonstrated to
reveal 65−83% of community datasets to species-level [432]. However, BLAST and RDP
implementations do not use specific evolutionary models to determine similarity. As a
result, they cannot be used to infer detailed evolutionary relationships or definitive
taxonomic classification [402]. Therefore, at this stage, taxonomic assignments of OTUs
were assigned based on their closest relatives and were considered as such until further
substantiation via phylogenetic analysis. Taxonomically assigned OTUs are reported in
Table 2.3, along with their gene sequence identities (from BLASTn) and S_ab scores
(from RDP).
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Table 2.3 Taxonomic affiliation of OTUs based on BLASTn and RDP. OTUs that exhibited equal sequence similarity to more than one species are displayed here
as such (only type strains were included in sequence comparisons here). OTUs represented by more than one isolate (doubleton or multitons) are distinguished
here by a selected representative isolate ID number. OTUs having gene sequence identities of < 97% (in blue) are considered ‘unclassified’ or putatively novel
strains, but preliminarily, they are assigned here as their closest relative. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater
(SW), sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge homogenate agar (SH).
Phylum
(Class)

Closest Relative
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OTU
No.

Genbank
Acc. No.

Seq.
Length

Strain ID
(RKSG###)

Sum of
Isolates

001

MG799527

815

924

1

Brachybacterium

002
003
004

MG799447
MG799434
MG799432

809
849
1465

054
007
001

1
1
1

Micrococcus
Mycobacterium
Rhodococcus

005

MG799444

1450

042

1

006

MG799448

1474

057

3

Streptomyces

MG799450

1389

069

1

Streptomyces

Genus

Species

008

MG799433

963

004

5

Bacillus

009

MG799435

948

010

3

Bacillus

010
011
012
013
014
015
016
017
018
019
020
021
022

MG799451
MG799454
MG799465
MG799467
MH491170
MG799495
MG799506
MG799509
MG799521
MH491168
KX896698
MG799510
KX896700

776
800
826
889
1274
867
773
786
796
1456
1429
1453
1429

080
118
190
204
232
534
802
812
872
114
066
814
123

1
1
1
2
1
1
1
1
1
2
1
1
1

Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Bacillus
Oceanobacillus
Fulvivirga
Fulvivirga
Marivirga

conglomeratum,
paraconglomeratum
aloeverae
murale, tokaiense
gordoniae
rochei, plicatus,
enissocaesilis
champavatii, sampsonii,
globisporus
champavatii, sampsonii,
albidoflavus, hyrogenans
safensis, pumilus,
zhangzhouensis
aerius, stratosphericus,
altitudinis, aerophilus
circulans
niabensis
marisflavi
algicola
hwajinpoensis
simplex
megaterium, aryabhattai
cereus
oceanisediminis
massiliensis, damuensis
kasyanovii, imtechensis
imtechensis
tractuosa

023

MG799494

849

532

3

Tenacibaculum

024
025
026

KX896699
MG799440
KX896701

1446
1460
1409

073
038
542

1
1
1

Aestuariispira
Labrenzia
Labrenzia

007

Actinobacteria

Firmicutes

Bacteroidetes

Proteobacteria
(Alpha)

Streptomyces
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BLAST
Identity
(%)

S_ab
score

Isolation
Source

Media

Specialist
or
Generalist

100

1.000

AF

SH

S

97.7
99.9
99.6

0.989
0.995
0.965

VG
VG
VG

MA
MA
MU

S
S
S

100

0.995

VG

MU

S

99.7

0.985

VG, AF

MA

S

99.7

0.987

AF

MA

S

100

0.978

VG

100

1.000

VG

99.2
99.0
100
99.7
99.8
100
99.5
100
99.9
99.7
95.0
97.5
89.7

1.000
0.938
1.000
0.985
0.989
1.000
0.956
1.000
0.949
0.991
0.773
0.858
0.629

VG
AF
SW
AF, SD
SD
AF
SD
SD
SD
AF
AF
SW
AF

mesophilum

99.9

0.993

AF, SD

insulae
aggregata
aggregata

92.1
99.0
96.7

0.685
0.938
0.831

AF
VG
VG

MA, DA,
MU
MA, DA,
MU
MU
MA
MU
MA, MU
MU
MA
MA
MA
NSW
MA
MA
MA
MA
MA,
NSW
DA
DA
MA

S
S
S
S
G
G
G
S
G
G
G
S
S
G
S
G
S
S
S
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Genus

Species

Labrenzia
Labrenzia
Loktanella
Paracoccus
Pseudovibrio
Pseudovibrio
Pseudovibrio
Pseudovibrio
Rhizobium

alba
alexandrii
hongkongensis
marcusii
denitrificans
denitrificans
denitrificans
denitrificans
endolithicum, rhizoryzae

BLAST
Identity
(%)
96.9
98.8
99.2
99.9
99.8
100
96.9
95.6
98.9

Ruegeria

atlantica, conchae

99.0

0.948

VG

62

Ruegeria

arenilitoris

99.6

0.967

VG, AF,
SW, SD

1
2
18
4
1
1
1
1
1
1
1
16
1
1
1
2
1
2
2
1
1
2
20
2

Ruegeria
Ruegeria
Ruegeria
Ruegeria
Ruegeria
Ruegeria
Ruegeria
Sulfitobacter
Acinetobacter
Aestuariibacter
Alteromonas
Alteromonas
Alteromonas
Endozoicomonas
Endozoicomonas
Endozoicomonas
Endozoicomonas
Halomonas
Marinobacter
Marinomonas
Microbulbifer
Photobacterium
Photobacterium
Photobacterium

arenilitoris
conchae, arenilitoris
mobilis
conchae
conchae
arenilitoris
arenilitoris
faviae, dubius
johnsonii
aggregatus
macleodii, mediterranea
mediterranea
tagae, macleodii
elysicola, montiporae
elysicola, euniceicola
montiporae
elysicola, montiporae
ventosae
sediminum, similis
aquiplantarum
variabilis
damselae
rosenbergii
gaetbulicola

99.2
99.2
100
98.9
96.6
97.9
96.0
99.5
99.9
98.1
99.3
99.0
98.4
93.0
93.5
93.1
94.8
98.2
98.5
98.6
100
100
99.4
99.0

0.954
0.960
1.000
0.943
0.831
0.866
0.802
0.907
0.974
0.923
0.955
0.943
0.942
0.704
0.730
0.705
0.756
0.905
0.932
0.939
1.000
1.000
0.967
0.961

AF
VG, SD
VG
SD
SD
AF
SD
SW
SW
SW
VG
VG, AF
SD
VG
VG
VG
VG
SW
AF
VG
SD
SW
XM, SD
SD

OTU
No.

Genbank
Acc. No.

Seq.
Length

Strain ID
(RKSG###)

Sum of
Isolates

027
028
029
030
031
032
033
034
035

KX896702
MG799530
MG799511
MG799443
MG799438
MG799441
MG799500
MG799507
MG799531

1452
835
758
1412
898
1445
768
729
1449

952
954
820
041
019
039
715
803
964

1
1
1
1
41
70
1
1
1

036

MG799442

929

040

7

037

MG799449

930

062

038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060
061

MG799452
MG799470
MG799497
MG799505
MH491184
MH491169
MH491180
MG799524
MG799462
MG799457
MG799439
MG799445
MG799522
MG799436
KX896697
MH491176
MG799499
MG799526
MH491174
MG799437
MG799469
MG799464
MG799472
MG799473

873
836
778
1042
1210
1368
727
763
808
1507
762
867
867
1425
1453
1444
1280
732
1435
703
828
836
850
905

098
208
547
798
951
119
824
888
176
150
037
044
875
011
058
541
659
890
503
017
206
187
224
230

Phylum
(Class)

Proteobacteria
(Alpha)

Proteobacteria
(Gamma)

Closest Relative
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S_ab
score

Isolation
Source

0.888
0.934
0.902
0.994
0.984
0.995
0.840
0.751
0.890

SD
SD
SW
VG
VG, AF
VG, AF
AF
SD
SW

Media
MU
MU
DA
MU
All
All
SH
MA
DA
MA, DA,
MU
MA, DA,
MU,
NSW
MA
MA, DA
All
MA
MU
MA
DA
SH
DA
MA
DA
All
NSW
MA
MA
MA, MU
MU
SH
MU
MU
MA
DA, MU
All
MU

Specialist
or
Generalist
G
G
G
S
S
S
S
G
G
S
G
S
G
S
G
G
S
G
G
G
G
S
S
G
S
S
S
S
G
S
S
G
G
G
G

S_ab
score

Isolation
Source

rosenbergii
rosenbergii

BLAST
Identity
(%)
99.0
97.7

0.953
0.882

XM, EF, SD
EF

phenolica

100

0.889

SW, SD

Genbank
Acc. No.

Seq.
Length

Strain ID
(RKSG###)

Sum of
Isolates

Genus

Species

062
063

MG799474
MG799498

906
1426

231
615

8
1

Photobacterium
Photobacterium

064

MG799456

907

148

12

Pseudoalteromonas

065

MG799458

793

155

22

Pseudoalteromonas

066
067
068
069
070

MG799459
MG799460
MG799461
MG799466
MG799468

1466
914
922
894
810

166
168
173
194
205

1
181
2
2
31

071

MG799479

897

250

46

072

85

073
074

Phylum
(Class)

Closest Relative

OTU
No.

0.941

EF, SW

All

G

Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas

98.3
98.8
99.6
99.9
99.0

0.912
0.957
0.971
0.992
0.951

DA
All
MA, DA
MA, MU
All

G
G
G
G
G

Pseudoalteromonas

shioyasakiensis, prydzensis

98.9

0.955

SW
All
SW
SW, SD
XM, EF, SD
XM, EF,
SW, SD

All

G

97.9

0.874

XM

MU

S

97.7

0.846

EF

All

S

355

1

Pseudoalteromonas

MH491172

1436

397

18

Pseudoalteromonas

400

11
Proteobacteria
(Gamma)

G

100

680

876

MU
MU
MA, DA,
MU

Specialist
or
Generalist
G
S

gelantinilytica,
shioyasakiensis
flavipulchra
shioyasakiensis
shioyasakiensis
piscicida
ruthenica

MG799485

MG799488

Media

shioyasakiensis,
gelantinilytica
gelatinilytica,
shioyasakiensis

Pseudoalteromonas

piscicida

98.6

0.931

EF

Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Pseudoalteromonas
Vibrio
Vibrio
Vibrio

shioyasakiensis
shioyasakiensis
flavipulchra
shioyasakiensis
flavipulchra, piscicida
shioyasakiensis
ruthenica
lipolytica
arabiensis, shioyasakiensis
coralliilyticus, neptunius
coralliilyticus, sinaloensis
diazotrophicus, maritimus

97.4
99.5
98.2
99.1
98.0
96.2
95.8
100.0
99.9
98.5
99.6
97.8

0.874
0.977
0.904
0.970
0.888
0.814
0.810
1.000
0.899
0.929
0.973
0.864

EF
EF
XM
EF
SW
SD
SD
SD
SW
VG
SW
SW

075
076
077
078
079
080
081
082
083
084
085
086

MH491173
MG799490
MG799501
MG799503
MG799508
MH491181
MH491183
MG799523
MG799525
MG799446
MG799455
MG799463

794
770
1466
1476
1494
755
1109
855
836
885
907
893

418
434
737
777
810
853
854
879
889
046
144
182

1
1
1
1
1
1
1
1
1
1
4
2

087

MG799477

868

237

3

Vibrio

tubiashii

100

0.976

XM, SD

088
089

MG799478
MG799480

834
864

243
292

2
42

Vibrio
Vibrio

shilonii, mediterranei
alginolyticus, owensii

98.7
99.9

0.924
0.984

SD
AF, XM, SD

090

MG799481

846

293

18

Vibrio

fortis, pelagius

99.3

0.962

XM

091
092

MG799482
MG799483

885
846

303
305

21
35

Vibrio
Vibrio

fortis
alginolyticus, owensii

99.7
99.5

0.985
0.957

XM
AF, XM, SD
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DA, MU,
SH
DA
SH
SH
SH
MA
MU
MU
NSW
SH
MU
MA
NSW
MA, MU,
NSW
MA, DA
All
DA, MU,
SH, NSW
All
All

S
S
S
S
S
G
G
G
G
G
S
G
G
G
G
G
S
S
G

86

OTU
No.

Genbank
Acc. No.

Seq.
Length

Strain ID
(RKSG###)

Sum of
Isolates

093
094
095
096
097
098
099
100
101
102

MH491171
MG799486
MG799491
MH491175
MH491178
MG799504
MH491179
MG799514
MG799515
MH491181

851
839
830
1296
622
783
703
836
853
735

338
357
459
512
744
793
823
825
831
844

18
18
18
53
1
1
1
1
1
1

103

MG799518

815

866

104

MG799519

867

105
106
107

MG799520
MG799528
MG799532

775
846
782

S_ab
score

Isolation
Source

azureus, sinaloensis
azureus, natriegens
alginolyticus, owensii
alginolyticus, natriegens
alginolyticus
hepatarius
coralliilyticus, neptunius
mediterranei, shilonii
alginolyticus, owensii
alginolyticus, natriegens

BLAST
Identity
(%)
92.4
98.8
99.9
99.0
97.4
98.0
98.9
99.5
99.3
99.2

0.613
0.927
0.980
0.972
0.872
0.891
0.900
0.960
0.937
0.948

XM
XM
EF
VG, XM
XM
SD
SD
SD
SD
SW

fluvialis, brasiliensis

98.9

0.935

SD

99.2

0.960

SD

NSW

G

99.1
99.4
99.4

0.957
0.956
0.957

SD
XM
SD

NSW
NSW
DA

G
S
G

Closest Relative

Phylum
(Class)

Genus

Species

Proteobacteria
(Gamma)

Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio
Vibrio

3

Vibrio

869

1

Vibrio

870
943
965

1
1
1

Vibrio
Vibrio
Vibrio

tubiashii, caribbeanicus,
europaeus, brasiliensis,
hepatarius
proteolyticus
tubiashii, sinaloensis
brasiliensis
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Media
All
All
All
All
SH
MA
DA
DA
DA
MU
MA,
NSW

Specialist
or
Generalist
S
S
S
S
S
G
G
G
G
G
G

Each bacterial isolate was able to be assigned to a MALDI clade. Using results from
the 16S rRNA gene sequencing, isolates that were selected as representatives of each
MALDI clade were compared back to their assigned MALDI placement. If similar taxa
were grouped and showed congruence with the groupings of MALDI clades, they were
assigned as the same genus or species as their MALDI counterparts. However, if
bacterial isolates were incorrectly grouped in MALDI clades when compared to
sequencing results, they were still regarded as being unsuccessfully grouped via MALDI
dereplication. This assessment resulted in the determination that the number of isolates
comprising the majority (97%) of MALDI clades displayed congruency with results from
16S rRNA gene sequencing to either the genus or species-level. Isolates falling within
these 189 clades were then able to be post-assigned to their respective bacterial taxon.
The few MALDI clades that were remaining (MALDI clades 11, 193−195) contained
a notable number of bacterial isolates (n = 487). This may have been the result of
indistinguishable PMFs, as illustrated in the group of boxed isolates in Figure 2.10. This
could be a result of inadequate physical disruption of cell walls, which could prevent
access to intracellular proteins and interference of the crystallization process (prior to
ionization) [433], or just plainly a low yield of protein which was insufficient for spectral
analysis [434]. Consequently, these remaining isolates were distributed among OTUs
containing sequenced strains of the same MALDI clades, in the same ratio as they
appeared, via random subsampling.
According to MALDI cluster analysis, the MALDI clade 194 was comprised of 40
isolates; ten of those were selected for 16S rRNA gene sequencing, resulting in their
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assignments to four OTUs most closely related to different species of the genus
Pseudoalteromonas. After 16S rRNA sequencing analysis, ten of the 40 isolates
representing MALDI clade 194 had successfully been assigned to four OTUs (OTU065,
067, 071, and 074), and were comprised of one, six, one, and two isolates, respectively.
As these ten isolates comprised at least four separate OTUs of the same genus but
different species, the remaining 30 isolates of MALDI clade 194, which had not been
directly sequenced, could not be resolved as a distinct OTU. Thus, the 30 isolates were
randomly sub-sampled and distributed among these four OTUs in the same ratio as the
sequenced isolates appeared. This resulted in a final count of four, twenty-four, four,
and six isolates assigned to OTU065, 067, 071, and 074, respectively. Ultimately, by
extrapolating results from 16S rRNA sequencing back to non-sequenced isolates, all
strains were assigned to an OTU, as shown in Table 2.3.
2.3.5 Frequency of Species (OTU) Recovery from Samples and Media
Analysis of bacterial communities was carried out using both full and normalized
OTU0.01 tables, the former to determine the absolute number and identity of OTUs,
bacterial species richness, and evenness, and the standardized dataset for comparisons
in relative abundance and community compositions between samples and media. A
summary of the full distribution of OTUs across all samples and media, including the
deduced assignments of non-sequenced bacterial isolates (based on 16S rRNA gene
sequencing and IC-MALDI-TOF MS dereplication), is shown in a binary table Table 2.4. In
this table, the frequency of distinct OTU (species) recovery, relative to the number of
original colonies collected, is also reported for individual samples and isolation media.
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Based on isolation source, seawater (31.3%) and sediment (30.4%) displayed the highest
frequencies of OTU recovery per isolate, followed by V. gigantea (24.3%), A. fistularis
(19.5%), X. muta (12.4%), and finally E. ferox (8.5%). Thus, X. muta and E. ferox required
greater sampling depth, beyond that of the other sources, to identify a comparable
number of distinct OTUs.
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Table 2.4. Taxonomic distribution of OTUs by sample and media type and frequency of OTU0.01 recovery relative to the number of bacteria isolated. The
quantity and distribution of bacterial isolates and OTUs are displayed according to bacterial taxon: phylum (bolded) and genus. Abbreviations: V. gigantea (VG),
A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar
(NSW), sponge homogenate agar (SH), and isolates (Iso).
Isolation Source
Bacterial Taxon
(Phylum, Genus)

Actinobacteria

VG
(n = 2)

AF
(n = 2)

Iso

OTU

Iso

OTU

6

5

3

3

1

1

Brachybacterium

XM
(n = 2)
Iso

OTU

Isolation Medium

EF
(n = 2)
Iso

OTU

SW
(n = 3)
Iso

OTU

Total

SD
(n = 3)
Iso

OTU

MA

DA

Iso

OTU

6

4

Iso

MU
OTU

NSW

Iso

OTU

2

2

Iso

SH

OTU

Iso

OTU

Iso

OTU

1

1

9

7

1

1

1

1
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Micrococcus

1

1

1

1

1

1

Mycobacterium

1

1

1

1

1

1

Rhodococcus

1

1

1

1

Streptomyces

3

2

2

2

4

2

Firmicutes

8

2

6

5

2

2

4

4

9

8

2

2

Bacillus

8

2

2

2

4

4

7

7

2

2

2

1

5

4

4

Oceanobacillus

2

1

Bacteroidetes

4

3

1

1

Fulvivirga

1

1

1

1

Marivirga

1

1

Tenacibaculum

2

1

95

7

1

1

Alphaproteobacteria

80

9

Aestuariispira
Labrenzia

2

2

1

10

1

Paracoccus

1

1

Pseudovibrio

66

2

35

3

Rhizobium

Sulfitobacter

4

59

3

2

1

10

1

1

1

1

1

5

3

8

6

1

1

20

12

8

6

1

1

18

11

2

1

4

6

4

2

2

2

2

1

1

1

1

3

1

219

22

1

1

4

4

1

1

1

1

113

4

1

1

1

1

2

1

23

11

59

10

2
1

11

6

2

Loktanella

Ruegeria

9

1

1

2

1

1

1

3

1

1

1

3

2

1

1

9

12

90

3

6

24

34

2

7

53

10

1

1

1

1

1

1

31

1

1

1

18

5

52

2

8

1

38

3

17

4

2

1

1

25

1

24

1

4

25

13

1

2

8

2

8

1
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9

1

1

1

1

Isolation Source
Bacterial Taxon
(Phylum, Genus)

VG
(n = 2)

AF
(n = 2)

XM
(n = 2)

Isolation Medium

EF
(n = 2)

SW
(n = 3)

Total

SD
(n = 3)

MA

DA

MU

NSW

SH

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

Iso

OTU

17

11

10

5

184

22

201

17

103

27

133

33

88

27

128

27

141

32

94

23

217

22

648

62

Acinetobacter

1

1

1

1

1

1

Aestuariibacter

1

1

1

1

1

1

6

1

3

1

18

3

3

3

5

4

1

1

2

1

Gammaproteobacteria

Alteromonas

6

2

Endozoicomonas

5

4

3

1

Halomonas

1

Marinobacter
Marinomonas

2
1

1

3

2

5

1

1

1

Microbulbifer

1

91

Photobacterium

1

1

1

2

1

2

2

7

2

1

1

2

1

2

1

2

1

1

1

1

1

1

1

10

2

6

2

7

3

10

3

3

1

5

2

12

5

4

1

9

1

33

5

Pseudoalteromonas

2

2

2

1

93

8

122

9

54

10

63

11

42

9

60

10

77

11

39

6

118

10

336

20

Vibrio

3

2

3

2

80

11

73

6

33

10

56

16

35

11

57

13

45

11

44

14

67

9

248

24

Total

111

27

118

23

186

23

211

18

115

36

161

49

167

53

183

39

203

48

134

28

215

27

902
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Frequency of OTU
Recovery per Isolate

0.243

0.195

0.124

0.085

0.313

0.304

91

0.317

0.213

0.236

0.209

0.126

0.119

In an attempt to enhance the cultivability of marine-associated bacteria, the
expectation based on previous studies [204,435] was that MA, DA, and MU media would
support the highest frequency of OTU reclamation per isolate, and that NSW and SH
agar (minimal media mimicking the natural environment and sponge matrix) would
support a lower frequency of OTUs, but would possibly support the isolation of unique
taxa. As a whole, our results showed that MA supported the highest frequency of OTU
reclamation per isolate (31.7%), and OTUs from DA and MU were obtained at a
moderate frequency, at 21.3% and 23.6%, respectively. Generally, from the two minimal
media (NSW and SH) fewer colonies (lower CFU counts), fewer taxa (OTUs), and the
lowest frequency of OTUs (20.9% and 12.6%) were recovered from these media,
respectively. Therefore, these results were comparable to those of previous studies
[204,435].
2.3.6 Composition of Cultivated Bacterial Communities
In total, 626 isolates (50 OTUs) were collected solely from sponges, and 276
isolates (remaining 57 OTUs) were obtained from a combination of sponges, seawater,
and sediment. The full bacterial library cultivated from marine sponges, seawater, and
sediment consisted of four taxonomic phyla including Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria (Alpha, Gamma). The highest portion of cultivated OTUs
belonged to the phylum Proteobacteria (n = 84; 78.5%), and was exclusively comprised
of the two classes Gammaproteobacteria (n = 62; 57.9%) and Alphaproteobacteria (n =
22; 20.6%). The phylum Firmicutes (n = 12; 11.2%) was the second most abundant
taxon, followed by the phylum Actinobacteria (n = 7; 6.5%) and finally Bacteroidetes (n =
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4; 3.7%). Figure 2.13 displays the absolute number of OTUs identified from each source
(pooled samples) and medium to the taxonomic level of phylum. Of the cultivation
media, members of all five phyla were isolated from MA, whereas lower cultivable
diversity was observed from other media. OTUs isolated from V. gigantea, A. fistularis,
seawater, and sediment each were comprised of at least four of the five
aforementioned bacterial phyla, but OTUs associated with both X. muta and E. ferox
revealed contrastingly lower cultivable diversity with OTUs belonging to the sole phylum
Proteobacteria (Gamma, Alpha).

Figure 2.13 Distribution of bacterial isolates according to phylum (or class). Abbreviations: V. gigantea
(VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), marine agar (MA),
delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge homogenate agar (SH).
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In order from most to least abundant taxa, cultivated bacterial isolates were
distributed among six classes (Actinobacteria, Alphaproteobacteria, Bacilli, Cytophagia,
Flavobacteria, Gammaproteobacteria), 11 orders (Alteromonadales, Actinomycetales,
Bacillales,

Cytophagales,

Flavobacteriales,

Oceanospirillales,

Pseudomonadales,

Rhizobiales, Rhodobacterales, Rhodospirillales, Vibrionales), at least 18 known families
(Alteromonadaceae,

Bacillaceae,

Dermabacteraceae,

Flammeovirgaceae,

Flavobacteriaceae, Hahellaceae, Halomonadaceae, Moraxellaceae, Micrococcaceae,
Mycobacteriaceae,

Nocardiaceae,

Oceanospirillaceae,

Pseudoalteromonadaceae,

Rhizobiaceae, Rhodobacteraceae, Rhodospirillaceae, Streptomycetaceae, Vibrionaceae),
and a preliminary estimate of at least 29 recognized genera. Gram-negative (GN)
bacteria were the most dominant among recovered isolates (83%). The most abundant
GN OTUs belonged to the genera Alteromonas, Photobacterium, Pseudoalteromonas,
Pseudovibrio, Ruegaria, and Vibrio. A small subset of Gram-positive (GP) bacteria were
also isolated, predominantly belonging to the genera Bacillus and Streptomyces.
The full OTU0.01 table was normalized in R using the function decostand (method =
hellinger) from the vegan package for accurate comparisons using relative abundance.
The distribution of OTUs (relative abundance) amongst all sources (pooled samples) and
media is illustrated in Figure 2.14. From this figure, some clear patterns begin to emerge
regarding bacterial community compositions. Bacterial taxa derived from V. gigantea
and A. fistularis appear to be more similar to each other than to those of the other
sponge, seawater, or sediment samples, with their most abundant OTUs belonging to
the genera Pseudovibrio and Ruegaria, respectively. However, the bacterial populations
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derived from X. muta and E. ferox, although exhibiting the lowest species richness,
overlap in community composition with seawater and sediment populations. Seawater
and sediment populations appear to display greater bacterial diversity than do all four
marine sponges, and the sponges V. gigantea and A. fistularis display markedly greater
taxonomic diversity than do the communities of X. muta and E. ferox. The most
abundant bacterial taxa derived from X. muta, E. ferox, seawater, and sediment were
identified as being members of the genera Pseudoalteromonas and Vibrio. Interestingly,
although X. muta and E. ferox are known as bacteriosponges that have been shown to
contain diverse microbial communities [436], only members of Gammaproteobacteria
were isolated from these two sponges.
As mentioned, bacterial isolates belonging to four phyla, Actinobacteria,
Firmicutes, Bacteroidetes, and Proteobacteria, were cultivated from five types of agar
media (MA, DA, MU, NSW, and SH). Results indicated that the majority of multiton
OTUs, represented by three or more individuals from all media types [437], were
comprised of members of the genera Pseudovibrio, Ruegaria, Photobacterium,
Pseudoalteromonas, and Vibrio. Remaining singleton and doubleton OTUs (represented
by one or two isolates, respectively) were scattered across media types. As seen in
Figure 2.13 and Figure 2.14, the most nutrient-dense medium (MA) supported the
cultivation of the most diverse population of bacterial OTUs. In addition to the five
genera just mentioned (Pseudovibrio, Ruegaria, Photobacterium, Pseudoalteromonas,
and Vibrio), MA supported the growth of the only recovered members of the genera
Fulvivirga (phylum Bacteroidetes), Microbulbifer (class Gammaproteobacteria), and
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Oceanobacillus (phylum Firmicutes). Also, MA yielded the isolation of members of the
genera Streptomyces, Mycobacterium, and Micrococcus (phylum Actinobacteria).
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Figure 2.14 Relative abundance (Hellinger-transformed) of 16S rRNA gene amplicon sequences (OTUs) cultivated from each sample and medium to the genuslevel; sample replicates have been pooled. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), marine
agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge homogenate agar (SH).
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Though populations derived from both DA and MU appear to exhibit similar
species richness, taxonomic diversity differed between the media, with DA yielding
single

strains

(singleton

OTUs)

of

the

genera

Acinetobacter

(class

Gammaproteobacteria), Loktanella, and Rhizobium (Alphaproteobacteria), while MU
agar yielded singleton OTUs of the genera Streptomyces, Rhodococcus (phylum
Actinobacteria), Bacillus (phylum Firmicutes), Marinomonas, Marinobacter (class
Gammaproteobacteria), and Paracoccus (phylum Actinobacteria). Also, several isolates
of the genera Labrenzia (class Alphaproteobacteria) and Endozoicomonas (class
Gammaproteobacteria) were isolated from MA, DA, or MU agar. Both low-nutrient
media recipes (NSW and SH) used for cultivation yielded fewer and less-diverse bacterial
taxa mainly belonging to the phylum Proteobacteria. In addition to the four commonly
observed genera (Pseudovibrio, Ruegaria, Photobacterium, Pseudoalteromonas, and
Vibrio), a single isolate of the genus Tenacibaculum (phylum Bacteroidetes) and a
singleton related to Alteromonas (class Gammaproteobacteria) were identified from
NSW. Lastly, most colonies collected from SH were members of the phylum
Proteobacteria, including singleton OTUs related to the genera Halomonas (class
Gammaproteobacteria) and Sulfitobacter (class Alphaprotebacteria), plus a single isolate
belonging to the genus Brachybacterium (phylum Actinobacteria).
Ultimately, several group-specific observations of pooled samples reflected the
main differences and similarities in bacterial communities. Populations representing V.
gigantea and A. fistularis (related sponges) exhibit the greatest taxonomic overlap.
Similarly, bacterial communities derived from X. muta and E. ferox were extremely
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similar exhibiting low diversity, followed by populations of seawater and sediment also
revealing extensive taxonomic overlap. In the following section, statistical analyses will
be performed to evaluate this apparent group-specific variation, address the null
hypothesis, and verify which cultivated bacterial communities (pooled samples) were
significantly dissimilar. The relative abundance of OTUs obtained from each sample
group, and medium can be visualized in Figure 2.15.
All media and X. muta, E. ferox, seawater, and sediment samples supported
growth of several OTUs (species) of the genera Vibrio, Psuedoalteromonas, and
Photobacterium (Gammaproteobacteria), providing little support that these particular
taxa are host-specific, but are instead prospective ‘generalists’ or ubiquitious marine
bacteria. This pattern is not observed for all species suggesting that certain species, such
as Vibrio sp. RKSG046 (OTU084), Pseudoalteromonas sp. RKSG166 (OTU066), and
Photobacterium sp. RKSG615 (OTU063), could be a potential host or habitat-specific
taxa. Conversely, Figure 2.15 indicates that many members of the phyla Actinobacteria,
Firmicutes, and Bacteroidetes, and a select few Proteobacteria exhibit sample-specific
distribution. In other words, certain species of these taxonomic groups may represent
sponge-specific clones that are not specific to a particular host sponge species but
instead could consist of core sponge-microbiota in geographically related Caribbean
species. Moreover, numerous representative OTUs of the genera Streptomyces,
Oceanobacillus, Fulvivirga, Tenacibaculum, Labrenzia, Ruegaria, and more, were
uniquely identified from discrete sources, suggesting that these species could be
putative host-specific, specialist bacteria.
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Fig 2.15 (on following page)

100

Figure 2.15 Hierarchical clustered OTU heatmap (calculated using pheatmap package, distance =
correlation, method = average) of the relative abundance (Hellinger-transformed OTU table) of cultivated
taxa across all sample groups and media. Abbreviations: V. gigantea samples 1 and 2 (VG1 and VG2), A.
fistularis samples 1 and 2 (AF1 and AF2), X. muta samples 1 and 2 (XM1 and XM2), E. ferox samples 1 and
2 (EF1 and EF2), seawater samples 1, 2, and 3 (SW1, SW2, and SW3), sediment samples 1, 2, and 3 (SD1,
SD2, and SD3), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and
sponge homogenate agar (SH).

Overall, bacterial taxa that are putatively host-specific (OTUs exclusively recovered
from a single source) include the following genera derived from V. gigantea:
Marinomonas, Paracoccus, Rhodococcus, Mycobacterium, and Micrococcus, from A.
fistularis: Marinobacter, Acinetobacter, and Brachybacterium, from V. gigantea and A.
fistularis: Streptomyces, from seawater: Sulfitobacter, Rhizobium, and Loktanella, and
from sediment: Microbulbifer. The intricacies of sponge-microbial relationships such as
those theorized here could be interesting to explore further in forthcoming
experiments.
2.3.7 Alpha Diversity: Species Richness and Dominance
Alpha diversity metrics were calculated from rarefied data in R using the iNEXT package
[397], and species accumulation curves were generated for each specimen and medium
(Appendix Table A.1). Rarefaction is used to simulate the occurrence of random subsampling, and to demonstrate that environmentally-derived populations are
representative of the microbial community found in nature (i.e., average species
accumulation) [390]. Separate curves were plotted for species accumulation as
functions of Hill numbers (0, 1, and 2), which represent the various biodiversity
measurements (S, H’, and D), respectively (Figure 2.16). The point at which species
accumulation curves begin to level off indicates the extent of sampling depth required

101

to reach its asymptote (the maximum number of species in a population), which in turn
suggests that further sampling is superfluous, as it will not uncover additional species
richness. The curves in Figure 2.16 not only highlight the effect of sampling efforts in
this study but also represent the estimated number of species (from rarefaction) versus
the number of bacterial sequences obtained, with added (theoretical) extrapolation to
300 individuals per sample [390].
It is apparent from Figure 2.16 A that the accrual of new species would most likely
continue to occur beyond 300 individuals for the majority of samples. Conversely,
according to both H’ and D, species accumulation curves in Figure 2.16 B-C, which take
into account species dominance, indicate relatively little benefit for obtaining new
species with sampling beyond 100–200 individuals. These results suggest that in this
study, additional sampling may have yielded a greater abundance of species, but would
most likely not have a significant impact on overall alpha measurements of diversity or
dominance.
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Figure 2.16 Rarefaction curves and asymptotic diversity indices of bacterial communities (calculated using iNEXT package) shown according to sample and
medium. Rarefaction curves represent estimated species accumulation with extrapolation up to 300 individuals (97% confidence interval) as a function of alpha
diversity metrics (q); adjacent box-plots represent equivalent diversity metrics, display 25−75% range with lines extending to upper and lower limits, and stars
indicate significance (p < 0.5). Each boxplot (D-F) corresponds to the adjacent rarefaction curve; calculated values representing boxplots are shown in the
Appendix Table A.1. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), marine agar (MA), delicious
agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge homogenate agar (SH).
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As Hill numbers increase, measurements of diversity gradually adjust to
incorporate fewer singleton and doubleton OTUs. According to Figure 2.16 D, a steady
decrease in species richness was observed in the following order: V. gigantea > A.
fistularis > X. muta > E. ferox. However, when taking into account mostly dominant
OTUs (Figure 2.16 E-F), both H’ and D reflect an increase in diversity of X. muta and E.
ferox, potentially beyond that of V. gigantea and A. fistularis. This result makes sense
because while fewer OTUs were isolated from X. muta and E. ferox, most of them were
considered dominant and carried more weight in calculations than did the rarer species
representing V. gigantea and A. fistularis. In contrast, both seawater and sedimentassociated communities exhibited higher species diversity across Hill numbers (q = 0, 1,
2) than communities derived from the four sponge species, which is consistent with
reports from earlier studies [209].
To determine if differences in diversity among groups were statistically supported,
a one-way ANOVA test was applied to pooled samples and media as fixed groups, based
on resulting p-values; (p < 0.05 was considered significant). F-tests were computed in
conjunction with ANOVA tests to evaluate variance (how far data points are scattered
across the sample mean). This was calculated in R using the variation between sample
means divided by the variation within samples. If an F-value is low, it indicates a weak
effect on the results, so even if the p-value is significant, the effect of input data (sample
groups) on diversity may not be important or true. Also, computed R2 values indicate
the amount of variation explained by the input data.
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Overall, differences in species richness (q = 0) of bacterial communities between
groups were significant with a relatively high F value of 6.7, indicating that the variation
within groups is much smaller than between groups. Also, the computed R2 value
indicated that 89% of the observed variation in species richness is explained by the input
data. However, differences in overall diversity were not supported according to H’ and D
values (Table 2.5). Similarly, bacterial communities cultivated on MA, DA, and MU were
significantly more species-rich than those from NSW or SH (Figure 2.16), but based on H’
and D, did not significantly differ in diversity, suggesting that unsurprisingly, certain
sponge-associated taxa (like Proteobacteria) may be more amenable to cultivation on
nutrient-rich substrates.

Table 2.5 Alpha diversity ANOVA (calculated using lm function in R) to test whether the fit of multiple
regression models is significant for measurements between groups; significant values are bolded.
Abbreviations: degrees of freedom (Df).
2
Measurement
Hill number
Df
p-value
F
R
species richness (S)
q=0
10
0.0064
6.6641
0.8928
Shannon index (H’)
q=1
10
0.1725
1.9800
0.7122
Simpson's index (D)
q=2
10
0.5925
0.8662
0.5199

2.3.8 Beta Diversity: Similarity and Specificity of Bacterial Communities
More advanced beta diversity analyses were completed to evaluate community
dissimilarity, variation, and dispersion, which involved ordination comprised of
multivariate analysis, hierarchical clustering, and NMDS, followed by statistical
significance tests to assess the null hypothesis (that there were no differences in
bacterial communities between sample groups). As previously mentioned, absolute
values of OTUs were pre-treated using decostand (method = hellinger) for standardizing
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data between community compositions of differing sampling depths [204]. For
multivariate analyses, Bray-Curtis distances (dissimilarities) were calculated using the
vegdist function (method = bray) of the vegan package in R (Appendix Table A.2) and
subjected to NMDS, from which ordination plots were generated via the function
metaMDS (distance = bray). Two ordination plots were created, one with only samples
and media displayed (Figure 2.17), and one also displaying OTU distribution as part of
the ordination (Appendix Figure A.1).
From Figure 2.17, results of NMDS ordination (community variance) revealed
consistency with what was observed for alpha diversity and relative abundance. For
instance, the microbial communities of the taxonomically related sponges V. gigantea
and A. fistularis were more similar to each other than to those of other communities,
while also maintaining the uniqueness of their bacterial assemblage. In other words,
bacteria that were cultivated from the sponge relatives V. gigantea and A. fistularis are
distinct from the other host sponges, seawater, and sediment, as well as from each
other. Moreover, the variance in the composition of their cultivable bacterial
communities supports the possibility of sponge-specific microbial populations [438].
In contrast, a great deal of overlap was observed between the bacterial
communities derived from taxonomically non-related sponges X. muta and E. ferox, as
well as with their surrounding environments (seawater and sediment); statistically,
there was no clear variation in these bacterial communities, and no correlation in hostspecific taxonomy of these two sponge-derived populations apart from what was
cultivated from seawater or sediment [153]. Furthermore, ordination based on
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calculated Bray-Curtis dissimilarity values, seen in the Appendix support these results
and plots in Figure 2.17 and Appendix Figure A.1.
The variation between sample groups based on Bray-Curtis dissimilarities (OTU
relative abundance) and NMDS ordination was statistically supported according to the
adonis function (p = 0.03*) from the vegan package as the ANOVA test, and the
betadisper/permutest function (p = 0.042*) to test for homogeneity of multivariate
dispersion among samples. Since both adonis and betadisper were significant according
to p-values, differences in compositions, and thus betadiversity among groups are ‘real’
and not an artifact. Also, the F-value from betadisper was high, signifying that groups do
play a role in differences between populations (Table 2.6). Testing for significance in
variance between bacterial communities provides support for overall differences, but it
won't indicate from where those significant differences arise. Tukey's test was
performed to further test the significance of pairwise variation between communities.
The bacterial community derived from E. ferox was determined to be significantly (p =
0.03*) different from both with seawater and sediment-derived communities, and
differences in populations derived from V. gigantea versus E. ferox were nearly
supported at p = 0.09 (Appendix Figure A.1). Group variation (dispersion) was
statistically supported based on both observed and permuted p-values in pairwise
comparisons between the following sample groups: VG-EF, VG-AF, AF-SW, XM-SW, EFSW, and EF-SD (Appendix Table A.3). To determine which OTUs statistically supported
sample variance, the functions krustal.test, and Tukey.test of the vegan package, were
calculated in R (Appendix Table A.4). Consequently, OTU009 (p = 0.05*) representing
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Bacillus species (spp) from V. gigantea contributed to the variation between the sample
groups: VG-AF, VG-EF, VG-SW, and VG-SD. Additionally, OTU074 (p = 0.05*)
representing the species P. piscicida isolated from E. ferox contributed to the variation
observed between the following groups: VG-EF, AF-EF, XM-EF, SW-EF, and SD-EF.

Figure 2.17 NMDS ordinations based on Bray-Curtis dissimilarities. Polygons connect triplicate samples
and lines connect duplicate samples. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E.
ferox (EF), seawater (SW), sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU), natural
seawater agar (NSW), and sponge homogenate agar (SH).

Table 2.6 Multivariate analyses of Bray-Curtis (relative abundance) dissimilarities among all samples and
media, representing the NMDS ordination (in Figure 2.17) comparing sponges, seawater, and sediment
communities, and individual media-cultivated populations. The functions used for calculations in R are
shown in parentheses; significant differences are starred. Abbreviations: degrees of freedom (Df).
2

Measurement

Df

p-value

F

R

Estimate of variance in beta diversity (permanova)

10

0.030

1.796

0.692

Test for homogeneity of multivariate dispersion
(betadisper/permutest)

10

0.042

10.124

--
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2.3.9 Phylogenetic Analysis
Before phylogenetic analysis of 16S rRNA gene sequences, the taxonomy of OTUs
had been preliminarily assigned based on their closest relatives in Genbank and RDP
databases [308,419]. To verify taxonomic inferences of OTUs, and to assess the
presence of host-specific clusters within this dataset, five phylogenetic trees were
constructed, one for each taxonomic domain (phylum or class). Mostly type strains, but
also various ‘uncultured’ sequences also derived from sponges, were included in
alignments and phylogenetic analysis. Three algorithms were applied for the
construction of phylogenetic trees, including ML, NJ, and MP. Similar tree topographies
were observed using all methods; ML trees are displayed in Figure 2.18 – Figure 2.24.
Based on phylogenetic analysis, the taxonomic assignments of bacterial OTUs
could be confirmed, and enabled the identification of three putative SSCs observed in
the Actinobacteria, Bacteroidetes, and Gammaproteobacteria phylograms, as displayed
in orange boxes in Figure 2.18, Figure 2.20, and Figure 2.23; SSCs were only considered
as such if they were reproducible using all three algorithms. Sequences of this bacterial
collection did not cluster within the recognized SSCs of Actinobacteria or Bacteroidetes.
Surprisingly, isolates of the phylum actinobacteria appeared to cluster more closely with
relatives derived from soil, which was unexpected considering they were cultivated from
sponges (Figure 2.18); however, this does not disprove their specificity to marine
sponges. As seen in Figure 2.20, the apparent Bacteroidetes SSC contained only type
strains (not from this study), and to our knowledge, was never before recognized or
reported.
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Furthermore, isolated members of Gammaproteobacteria of the family
Hahellaceae (i.e., RKSG011, RKSG058, RKSG541, and RKSG659; Figure 2.23) appear to
cluster together with other sequences derived from sponges or other invertebratehosts, herein referred to as an invertebrate-specific monophyletic cluster (ISCs). The
strains RKSG011, RKSG058, RKSG541, and RKSG659, were obtained solely from V.
gigantea, and initially listed as being putative sponge-specialists in Table 2.3; though
this does not prove a sponge-specific symbiotic association, it does imply a potential
host-microbe affiliation [209]. No obvious SSCs were observed in the phylogenetic trees
generated for Firmicutes (Figure 2.19) or Alphaproteobacteria (Figure 2.21).
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Figure 2.18 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Actinobacteria. All sequences from this study are bolded (64 sequences; 510 nt) and accession numbers
are shown in parentheses followed by the original isolation source/organism. E. coli was used as an
outgroup. The tree was constructed based on Kimura 2-parameter modeling with discrete gamma
distribution and invariant sites (K2+G+I); positions with less than 90% coverage were eliminated. The
orange box indicates a putative sponge-specific monophyletic cluster (SSC). Bar = 0.05 substitutions per nt
position.
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Figure 2.19 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Firmicutes. All sequences from this study are bolded (81 sequences; 636 nt) and accession numbers are
shown in parentheses followed by the original isolation source/organism. E. coli was used as an outgroup.
The tree was constructed based on Kimura 2-parameter modeling with discrete gamma distribution and
invariant sites (K2+G+I); positions with less than 90% coverage were eliminated. Bar = 0.02 substitutions
per nt position.

112

Figure 2.20 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Bacteroidetes. All sequences from this study are bolded (42 sequences; 527 nt) and accession numbers
are shown in parentheses followed by the original isolation source/organism. E. coli was used as an
outgroup. The tree was constructed based on Kimura 2-parameter modeling with discrete gamma
distribution and invariant sites (K2+G+I); positions with less than 90% coverage were eliminated. Bar =
0.01 substitutions per nt position.
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Figure 2.21 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Alphaproteobacteria. All sequences from this study are bolded (76 sequences; 631 nt) and accession
numbers are shown in parentheses followed by the original isolation source/organism. E. coli was used as
an outgroup. The tree was constructed based on Kimura 2-parameter modeling with discrete gamma
distribution and invariant sites (K2+G+I); positions with less than 90% coverage were eliminated. Bar =
0.05 substitutions per nt position.
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Figure 2.22 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Gammaproteobacteria, sub-tree of the order Vibrionales. All sequences from this study are bolded (73
sequences; 632 nt) and accession numbers are shown in parentheses followed by the original isolation
source/organism. E. coli was used as an outgroup. The tree was constructed based on Kimura 2parameter modeling with discrete gamma distribution and invariant sites (K2+G+I); positions with less
than 90% coverage were eliminated. Bar = 0.02 substitutions per nt position.
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Figure 2.23 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Gammaproteobacteria, sub-tree mainly of the orders Oceanospirillaceae and Pseudomonadales. All
sequences from this study are bolded (47 sequences; 632 nt) and accession numbers are shown in
parentheses followed by the original isolation source/organism. E. coli was used as an outgroup. The tree
was constructed based on Kimura 2-parameter modeling with discrete gamma distribution and invariant
sites (K2+G+I); positions with less than 90% coverage were eliminated. Bar = 0.05 substitutions per nt
position.
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Figure 2.24 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences within the phylum
Gammaproteobacteria, sub-tree of the order Alteromonadales. All sequences from this study are bolded
(55 sequences; 632 nt) and accession numbers are shown in parentheses followed by the original isolation
source/organism. E. coli was used as an outgroup. The tree was constructed based on Kimura 2parameter modeling with discrete gamma distribution and invariant sites (K2+G+I); positions with less
than 90% coverage were eliminated. Bar = 0.05 substitutions per nt position.
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2.3.10 Putatively Novel (Unclassified) Bacterial Isolates
Several OTUs were not easily assigned as a certain taxon due to their low 16S rRNA
gene sequence similarities (< 97%) to type strains in Genbank and RDP databases
(shown in blue text in Table 2.3); these strains were denoted as ‘unclassified’ or
putatively novel [403,405,439]. By implementing this criterion, of all taxonomically
assigned OTUs (n = 107), about 15% (n = 16) were unclassified, their novelty stretching
across different taxonomic levels. The extent to which bacteria display uniqueness in
similar studies generally varies, and is more frequently reported to be unique to the
species-level (97−99% similarity) or even the genus-level (95−97%), but less often to the
family-level (< 95% similarity) [411,439,440]. In this study, considering the wide range of
uniqueness of bacteria, some having < 90% 16S rRNA gene sequence similarity to kown
species, their identities likely range from novel species to new families. However,
taxonomic delineation thresholds based on percent similarities are only indicators of
potential novelty, but require phylogenetic analysis to determine their evolutionary
placement compared to known bacteria. Based upon the uniqueness of ‘unclassified’
OTUs based on their 16S rRNA gene sequence similarity, and their ease of growth in the
lab, certain isolates (n = 6) were selected for further analysis and characterization. Table
2.7 contains a summary of unclassified bacteria isolated in this study, and the strains
that were chosen for formal description are shown in blue. Polyphasic analyses of novel
bacteria will be described further in Chapter 3.
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Table 2.7 List of isolates considered as putatively novel taxa based on low 16S rRNA gene sequence
similarity (< 97%) to type strains; strains that were selected for further characterization are highlighted in
blue. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW),
sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and
sponge homogenate agar (SH).
Total

OTU
No.

Strain ID
(RKSG###)

1

020

066

2

022

123

3

024

073

4

033

715

5

026

542

6

051

011

7

052

058

8

053

541

9

054

659

10

027

952

11

034

803

12

042

951

13

044

824

14

080

853

15

081

854

16

093

338

Genus

BLAST
Identity
(%)

Sum of
Isolates

Fulvivirga

95.0

1

Marivirga

89.7

1

Aestuariispira

92.1

1

Pseudovibrio

96.9

1

Labrenzia

96.7

1

93.0

1

93.5

1

93.1

2

94.8

1

Labrenzia

96.9

1

Pseudovibrio

95.6

1

MA

96.6

1

MU

96.0

1

96.2

1

95.8

1

92.4

18

Closest Relative in Genbank
Family
Flammeovirgaceae
Rhodospirillaceae
Rhodobacteraceae

Hahellaceae

Rhodobacteraceae

Endozoicomonas

Ruegeria

Pseudoalteromonadaceae

Pseudoalteromonas

Vibrionaceae

Vibrio

Isolation
Source

Isolation
Medium
MA

AF

DA
SH

MA
VG
MA, MU
MU

SD

DA
MU

XM

All

2.4 Conclusion
2.4.1 Evaluation of Bacterial Isolation and MALDI Dereplication
The main objective of this work was to overcome traditional culture challenges
with the use of a variety of media, in an attempt to mimic natural conditions, and as a
means to isolate a diverse bacterial library that thoroughly represented the bacterial
communities of V. gigantea, A. fistularis, X. muta, and E. ferox. When working with a
large library of environmentally-derived microorganisms, the re-isolation of the same
bacteria is inevitable [368,377]. Thus, a rapid and reliable method of grouping bacteria
(to the genus or species-level) with a method like IC-MALDI-TOF MS is auspicious [366].
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This technique is commonly used when analyzing environmental samples to cluster
bacterial isolates based on their PMF similarity to group strains together [368,377].
Results suggest that the use of intact-cell extracts for MALDI, preserved in 95% ethanol
at -20°C, was sufficiently sensitive to identify isolates to the genus-level, and the
species-level in many cases [377].
2.4.2 Investigation and Classification of Cultivated Bacterial Isolates
Largely, the bulk of the bacterial library (> 50%) was comprised of members of the
phylum Proteobacteria (Alpha and Gamma), followed by the phyla Firmicutes,
Actinobacteria, and Bacteroidetes. This result is consistent with previous findings, such
that these four bacterial lineages have been repeatedly identified as predominant
members of cultivable sponge microbiota when using traditional plating techniques
[153,214,441-443]. In fact, an earlier study reported a total of 50 genera of the phyla
Actinobacteria, Firmicutes, and Bacteriodetes, and the classes Gammaproteobacteria
and Alphaproteobacteria represented the culture-dependent taxa isolated from X. muta
and X. testudinaria [444]; however here, surprisingly, only Gammaproteobacteria were
isolated from X. muta (and E. ferox). An explanation for this may be that X. muta and E.
ferox required different nutritional requirements than those used here to induce the
growth of particular bacterial symbionts [201].
Many bacteriosponges like those studied here have been shown to harbor spongespecific communities [175,209,305,314,436,442] that are considerably different from
the bacterial communities in proximate habitats. According to phylogenetic analysis, the
majority of bacteria isolated from sponges, seawater, and sediment clustered with
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known marine bacteria, some of which were similarly obtained from sponges or other
marine sources, and were even established as sponge-specific phylogenetic clusters
(SSCs) [153,223,428]. Thus far, both the phyla Bacteroidetes and Gammaproteobacteria
have been shown to contain SSCs [214,308]. Likewise, here, OTUs appear to have
specific associations with the environments from which they were isolated, such as
those isolates delineated in the invertebrate-sponge cluster (ISC) observed in the
phylogram of Gammaproteobacteria (Figure 2.23). Additionally, some putative SSCs
were observed in the phylograms of Actinobacteria (Figure 2.18), representing
uncultured strains only, and Bacteroidetes (Figure 2.20); yet, unfortunately, the latter
SSCs did not contain bacteria isolated in this study.
Like Jung et al. (2014) [445] and other groups [204,219,446], an absence of some
other seldom cultivated, sponge-specific taxa was noted, which included the phyla
Acidobacteria,

Chloroflexi,

Gemmatimonadetes,

Nitrospira,

Poribacteria,

Planctomycetes, TM7, and Verrucomicrobia [442,444]. A possible explanation for the
absence of many of these particular bacterial phyla (or candidate phyla) may be their
facultative nature, meaning they are known to be slow-growing microorganisms,
notoriously challenging to culture in a laboratory, and may require specific growth
conditions that we are not yet aware of [447]. True microbial symbionts are not
renowned for their ease of fermentation [448]. Therefore, the cultivation of slowgrowing, oligotrophic, or previously unculturable microbes can be easily inhibited and
overtaken, especially on nutrient-rich substrates, by the copiotrophic (fast-growing)
nature of Proteobacteria and other taxa [449].
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2.4.3 Diversity and Distinction of Cultivated Bacterial Communities
Overall, cultivable bacterial communities derived from the sponge relatives V.
gigantea and A. fistularis were associated with distinct compositions and greater
diversity than what was observed for X. muta and E. ferox, with statistical support. Here,
the genera Streptomyces, Pseudovibrio, Bacillus, and Ruegeria were shown to be major
components of the sponge-derived bacterial communities of V. gigantea and A.
fistularis. Members of these four bacterial genera were scarcely obtained from seawater
samples; presumably, because they could be sponge-specific bacteria, potentially even
unique to the sponge taxon order Verongida or family Aplysinidae, as putatively hostspecific populations. Interestingly, certain V. gigantea and A. fistularis derived
sequences formed clades separate from sponge-specific clusters, yet still maintained
relatively conserved bacterial populations, maybe as part of the ‘host-specific’ portion
of sponge microbiota (Figure 2.3) [223]. In contrast, X. muta and E. ferox communities
maintained extensive taxonomic overlap with the bacteria isolated from seawater and
sediment. Hence, these two sponge-derived communities did not exhibit any potential
host-microbiome specificity.
In comparison to all four sponge-derived microbial communities, seawater and
sediment-associated

bacterial

populations

demonstrated

markedly

increased

biodiversity to the species or genus-level, as all results were based on OTU0.01
abundance. However, if examining these populations to the phylum-level, as displayed
in Figure 2.13, seawater and sediment bacteria are comprised of fewer taxa than V.
gigantea and A. fistularis. Therefore, the level of taxonomic delineation of microbial
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communities can vary but is crucial to address at a species-level now that today, we
have that capability to assess true microbial diversity. These findings expand on the
current knowledge of the intricacy and uniqueness of sponge-bacteria and microbiomes
of host sponges.
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3 Characterization of Novel Marine Bacteria
3.1 Introduction
3.1.1 Cultivation of Novel Bacteria
Marine environments are known as promising sources of diverse and novel
microbiota that produce unique and structurally diverse NPs with associated
bioactivities of pharmaceutical relevance [141]. The identification and characterization
of novel bacteria are gaining in importance today due to a gap in knowledge regarding
unknown bacterial communities of host microbiomes. With this work, the objective was
to investigate and characterize microbial communities (microbiomes) while also probing
for novel microorganisms with potential for the associated production of novel
compounds. Today, this area of research is not only relevant, but also growing in
importance to address a range of serious health concerns such as antibiotic resistance
[450], gut health [451], and more [196,452,453].
As a result of the work described in Chapter 2, a large bacterial library was
established, and upon further investigation was revealed to contain 18 putatively novel
bacterial isolates, based on < 97% 16S rRNA gene sequence similarity to type strains.
The proportion of putatively novel bacteria identified in our collection was relatively
high (~ 15% of OTUs) as compared to other culture-dependent and even some cultureindependent (metagenomic sequencing) studies [454]. Customarily, the use of 16S rRNA
gene sequence identities of 97% and 95% are used as rough thresholds to delineate
novel species and genera, respectively [403]. Here, 16S rRNA gene sequence similarities
of isolates were observed to be as low as 89%, suggesting the possibility of a new family
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of bacteria. Without detailed phylogenetic analyses, however, it's unclear as to the level
of their taxonomic novelty. Based on this research and similar reports, Caribbean
sponges and sediment are prolific sources of diverse and ‘unclassified’ bacteria with the
potential to contain entirely unknown secondary metabolites [153,412,455-457].
Six ‘unclassified’ bacterial isolates were chosen for further evaluation and
characterization (RKSG058T, RKSG066, RKSG073, RKSG123, RKSG542, and RKSG952)
resulting in their description as novel taxa. These strains were selected both because of
their unique sequence identity and their robust growth under standard laboratory
conditions. The strains RKSG058T and RKSG542 were isolated from V. gigantea;
RKSG066, RKSG073, and RKSG123 were isolated from A. fistularis, and RKSG952 was
recovered from marine sediment. Of the six novel isolates, one strain was recently
published as a novel genus within the family Hahellaceae, with the proposed
nomenclature of Sansalvadorimonas verongulae RKSG058T [458]. Three additional
manuscripts describing the characterization of five remaining novel bacteria are
currently in progress. This chapter describes the polyphasic characterization of six novel
bacteria cultivated from sponges or sediment.
3.1.2 Background Relevant to RKSG058T
During efforts to explore the cultivable microbial diversity associated with the
marine sponge V. gigantea, we isolated strain RKSG058T, which exhibited low 16S rRNA
gene sequence similarity (92.0–93.7%) to species within the family Hahellaceae;
Accordingly, RKSG058T was determined to be a novel genus most closely related to
members of the family Hahellaceae, first circumscribed by Garrity et al. in 2005 [459]
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(order Oceanospirillales [460], class Gammaproteobacteria [461]). The family
Hahellaceae currently encompasses six genera including the type genus Hahella
[462,463], as well as Zooshikella [464,465], Endozoicomonas [466-474], Kistimonas
[475,476], Halospina [477], and Allohahella [463,478]. All type strains of the family
Hahellaceae have been isolated from marine environments as obligate halophiles
(requiring salt for growth) except Kistimonas scapharcae [476], which has been reported
to persist in the absence of salt. The genera Endozoicomonas and Kistimonas specifically
appear to be associated with marine invertebrates, including mollusks [466], corals
[469,474], sponges [468,471], bivalves [470,476], tunicates [473], and echinoderms
[475]. In contrast, members of the other genera in the Hahellaceae family were isolated
from abiotic marine sources such as seawater [463,478], beach sands [464], tidal flat
sediments [462,463], and a hypersaline lake [477].
3.1.3 Background Relevant to RKSG066 and RKSG123
During the cultivation of bacteria from the sponge A. fistularis, we isolated two
strains RKSG066 and RKSG123 that were affiliated with the phylum Bacteroidetes and
the order Cytophagales, based on 16S rRNA gene sequence analysis. Within the class
Cytophagia falls the order Cytophagales, which was established by Leadbetter in 1974
[479], subsequently emended [480,481]
Cytophagaceae

[482], Cyclobacteriaceae

to include the recognized families
[483],

Flammeovirgaceae

[484],

and

Rhodothermaceae [485]. However, several unresolved phylogenetic discrepancies
within the phylum Bacteroidetes remain a challenge for convergent taxonomic
classification today [486]. As a result, Bacteroidetes has recently undergone major
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taxonomic revisions according to multilocus [487] and whole genome-based
phylogenetic reconstruction [488]. As a result, over the past five years, seven new
families (Bernardetiaceae, Catalimonadaceae, Hymenobacteraceae, Microscillaceae,
Mooreiaceae, Persicobacteraceae, and Thermonemataceae) have been ascribed to the
order Cytophagales [489]. Also, the family Rhodothermaceae has been removed from
the order Cytophagales and revised as the sole family in a new phylum
Rhodothermaeota [487]. Currently, the class Cytophagia and its sole order Cytophagales
consist of ten families and four genera (Luteivirga [490], Chryseolinea [491],
Ohtaekwangia [492], and Thermoflexibacter [493]) not formally assigned to families.
The

family

Flammeovirgaceae

presently

consists

of

20

genera

(http://www.bacterio.net/-classifphyla.html#flammeovirgaceae) [494] composed of
genera derived from a variety of ecological niches with particular relevance as
microbiota of aquatic macroorganisms. Here we are proposing strain RKSG066 as a
novel species of the genus Fulvivirga, and RKSG123 as a novel family and genus of the
order Cytophagales with the proposed nomenclature Xanthovirgaceae and Xanthovirga,
respectively.
3.1.4 Background Relevant to RKSG073, RKSG542, and RKSG952
Like within the phylum Bacteroidetes, results of extensive phylogenetic analyses
have led to multiple taxonomic rearrangements within Alphaproteobacteria, which is
one of the largest and most diverse classes of bacteria in regards to morphology,
physiology, and phylogeny. Currently, the class Alphaproteobacteria contains more than
140 genera and 425 species [495,496], which are either photoautotrophic or
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photoheterotrophic, having the ability to produce bacteriochlorophyll a (bcl a) [497].
For our purposes, we need only discuss the two orders Rhodospirillales and
Rhodobacterales

of

the

class

Alphaproteobacteria.

First,

within

the

order

Rhodospirillales, initially described by Pfennig and Trüper in 1971 [498], the family
Rhodospirillaceae encompasses 39 described genera according to the latest reports
(http://www.bacterio.net/-classifphyla.html#rhodospirillaceae) [499]. Taxa within this
family are ecologically and metabolically diverse, though many species are
morphologically alike in that they are mainly spiral or vibroid (curved) rods [500] and
are motile by means of polar or lateral flagella [499]. In addition, members of
Rhodospirillaceae typically carry out photosynthesis, and grow preferentially by
obtaining nutrients from organics (photoheterotrophically) under anoxic conditions, but
can also survive photoautotrophically, often found in anaerobic aquatic environments
[500,501].
Secondly,

the

order

Rhodobacterales

consists

of

the

sole

family

Rhodobacteraceae; this is one of the largest of all named families, currently
representing 128 genera, and continually expanding (http://www.bacterio.net/classifphyla.html#rhodobacteraceae). Considering that discoveries of Rhodobacteraceae
strains around the world are interpreted and reported by different researchers
concomitantly, it is not surprising that the rapidly evolving nomenclature poses a
challenge for taxonomic assignments [502]. Ecological, biochemical, and metabolic
diversity of this taxon adds further complexity for classification [502]. The majority of
Rhodobacteraceae species thrive in marine habitats, require salt for growth, and exist as
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aerobic, photo- and chemo-heterotrophs; therefore, many members possess the ability
to obtain nutrients via photo-assimilation under aerobic conditions [502,503].
Taxonomically, genera of the family Rhodobacteraceae (Roseibium, Stappia,
Labrenzia, Pseudovibrio, and Nesiotobacter) have emerged as somewhat of a sub-group
often referred to as the “Marine Roseobacter Clade” (MRC) [504,505]. The sub-clade
MRC mainly consists of halophilic bacteria that are flexible in the procurement of energy
from different sources, many being chemoautotrophic [506]. Noteworthy features of
several organisms of this group include the ability to synthesize bchl a [506,507], and
the presence of two genes, one encoding for bchl a via the pufML gene, and the second,
a class of carbon monoxide dehydrogenase (CODH) enzymes encoded by the coxL gene
[508]. The distribution of pufML and coxL genes within the MRC may assist in
establishing the functional roles of these bacteria (as potential sponge-symbionts)
within an ecosystem, as these microbes could provide nutrients or energy to their
respective host via the use of photosynthesis and carbon monoxide (CO) oxidation
[508]. Additionally, many members comprising this sub-group can be characterized by
their fatty acid compositions including the predominant ubiquinone coenzyme Q10 (Q10) and the polar lipid sulfoquinovosyl diacylglycerol (SQDG) [506]. The aforementioned
features are useful as chemotaxonomic markers to aid in classification [506], but these
alone cannot be used to distinguish species, as several other characteristics can be quite
variable across phylotypes [507,509].
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3.2 Materials and Methods
3.2.1 Characterization of Novel Bacteria
Methods outlining bacterial cultivation, isolation, DNA extraction, 16S rRNA gene
sequencing, and phylogenetic analyses were previously described (see Chapter 2).
Sequence similarities of unique bacterial isolates and their closest relatives in Genbank
(based on BLASTn) were corroborated using the EZBioCloud pairwise alignment
tool (https://www.ezbiocloud.net/tools/pairAlign; accessed Jan. 2019 [510]). Fifteen
bacterial strains were determined to exhibit low gene sequence similarities (< 97%) to
type strains in Genbank. Selectively, isolates RKSG058T, RKSG066, RKSG073, RKSG123,
RKSG542, and RKSG952 were chosen to investigate further, mainly due to their ease of
culturing and dissimilarity of their 16S rRNA gene sequences to type strains. For
comparative experiments, several reference strains were obtained from the culture
collections (Table 3.1). Also, Endozoicomonas euniceicola EF212T and Endozoicomonas
gorgoniicola PS125T were from our ‘in-house’ culture collection, as they were isolated
and characterized by a former student (Pike et al., 2013) [469].
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Table 3.1 List of reference strains ordered from culture collections for use in comparative experiments for
formal characterization of bacterial isolates. Abbreviations: Korean Collection for Type Cultures (KCTC),
Belgian Coordinated Collections of Microorganisms (BCCM), Japan Collection of Microorganisms (JCM),
German Collection of Microorganisms and Cell Cultures (DSMZ), NITE Biological Resource Center (NBRC).
Sum of
Isolate for
Taxon
Culture Collection
Strains
Comparison
T
T
1
Endozoicomonas elysicola KCTC 12373
KCTC
RKSG058
T
T
2
Endozoicomonas montiporae LMG 24815
BCCM
RKSG058
T
T
3
Kistimonas scapharcae JCM 15607
JCM
RKSG058
T
T
4
Kistimonas asteriae JCM 15607
JCM
RKSG058
T
T
5
Zooshikella ganghwensis DSM 15267
DSMZ
RKSG058
T
6
Fulvivirga imtechensis JCM 17390
JCM
RKSG066
T
RKSG066
7
Fulvivirga kasyanovii JCM 16186
JCM
T
RKSG066
8
Fulvivrga lutimaris KCTC 42720
KCTC
T
RKSG123
9
Luteivirga sdotyamensis LMG 26723
BCCM
10
11
12
15
16
13
14
17
18

T

Aestuariispira insulae KCTC 32577
T
Nesiotobacter exalbescens DSM 16456
T
Pseudovibrio denitrificans JCM 12308
T
Labrenzia alexandrii DSM17067
T
Labrenzia aggregata DSM 13394
T
Roseibium aquae JCM 19310
T
Roseibium dehamense JCM 10543
T
Roseibium sediminis KCTC 52373
T
Roseibium hamelinense NBRC 16783

KCTC
DSMZ
JCM
DSMZ
DSMZ
JCM
JCM
KCTC
NBRC

RKSG073
RKSG542
RKSG542
RKSG542
RKSG542
RKSG952
RKSG952
RKSG952
RKSG952

3.2.2 Microscopy and Morphology
The Gram reaction of each bacterium was evaluated using the BD Gram staining
kit. Initial morphology and motility of cells were observed using the wet mount slide and
hanging drop methods [511,512]. Further, cell morphology and presence of flagella
were determined using cells grown on MA at 30°C in log and stationary phases of
growth (over the course of 2–5 days) by visual inspection using phase-contrast
microscopy (Leica DME, EC3 Microsystems) and transmission electron microscopy (TEM)
(Hitachi BioTEM 7500, Nissei-Sangyo). Cell suspensions for TEM were fixed in 3% (v/v)
glutaraldehyde buffered with 0.1 M sodium phosphate, applied to a collodion-
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coated 400 mesh copper grid, negatively stained with 1% (w/v) phosphotungstic acid,
and sealed between glass microfluidics slides.
3.2.3 Motility by Gliding
For isolates RKSG066 and RKSG123, further differentiation of cell motility was
examined to determine if the strains exhibited a gliding-motility or were non-motile.
The method of Tittsler and Sandholzer (1936) [513] was applied with the slight
modification that varying dilutions of agar in plates were used in place of semi-solid agar
in tubes. To prepare MA plates, differing concentrations of agar including 3.75 g L -1 (25%
w/v), 7.5 g L-1 (50% w/v), and 11.25 g L-1 (75% w/v) were combined with marine broth
2216 (MB; BD Difco). Plates were inoculated by stabbing with sterile wooden sticks, and
incubated at 30°C for seven days; observations were made each day. Assays were
performed in triplicate; gliding motility was signified by a zone of diffuse growth
spreading from the line of inoculation through the agar substrate [513].
3.2.4 Optimal Growth Conditions
For bacteria isolated as part of our collection, the following assays were performed
in triplicate. Anaerobic growth was assessed using the BD GasPak EZ kit according to the
manufacturer’s instructions. Optimal cell growth in liquid cultures, under various growth
conditions, was evaluated by measuring turbidity at 600 nm (OD 600) on a SpectraMax
M5 (Molecular Devices) plate reader every day for seven days. The optimal temperature
range and upper/lower limits of growth were determined in MB by incubation of cells at
4, 15, 22, 30, 33.5, 37, 42, 45, 50, and 60°C. While maintaining cells at a temperature of
30°C, the remaining parameters were tested. Optimal salt content was evaluated using
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nutrient broth (NB, EMD Millipore) supplemented with varying concentrations of NaCl
at 0%, 0.5%, and 1−15% (w/v) in increments of 1%. The pH optimum was determined
using NB supplemented with 3% (w/v) NaCl, ranging from pH 4–12 (in pH unit
increments of 1); media was buffered with phosphate/HCl and glycine/NaOH for pH
ranges 4–8 and 9–11, respectively.
Antibiotic susceptibility was tested by the disc-diffusion method on MA [514].
Sterile discs were placed on the agar surface, each impregnated with one of the
following reagents: ampicillin (10 μg), penicillin G (10 U), streptomycin (10 μg),
gentamicin (10 μg), nalidixic acid (10 μg), kanamycin (30 μg), neomycin (30 μg),
tetracycline (30 μg), and vancomycin (30 μg). Zones of inhibition were measured after
three days of incubation at 30°C on MA, and susceptibility was scored by measuring the
distance from the edge of the clear zone to the edge of the disc . Results of antibiotic
testing were interpreted using a variety of specifications depending on the bacterial
taxon, to be contiguous with what has been reported in the literature for accurate
comparisons; this will be further clarified in the results section.
3.2.5 Chemotaxonomic Analyses
For all bacterial isolates and reference strains in Table 3.1, the following was
performed, unless otherwise specified. Cells were grown on MA at 30°C for 2−4 days,
and harvested according to the standard MIDI protocol (Sherlock Microbial
Identification System v.6), to capture cells in the late exponential phase of growth.
Cellular fatty acid methyl esters (FAMEs) were generated; fatty acid analysis was carried
out by MIDI, Inc. using GC-MS [515]. Respiratory ubiquinones were extracted from
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freeze-dried cells, after cultivation at 30°C in MB (300 mL) for three days, using a twostage method according to Tindall [516]; they were then analyzed using ultra-high
performance liquid chromatography-high-resolution mass spectrometry (UHPLC-HRMS)
according to the method described by Lohman et al. (2014) [517]; Q-10 and
menaquinone 3 (MK-3) were run as standards. Polar lipids were separated by 2D-TLC on
aluminum-backed silica plates (10 x 10 cm; Silicycle). Chromatography was carried out
using the solvent systems chloroform/methanol/water (65:25:4 by vol) and
chloroform/acetic acid/methanol/water (80:12:15:4 by vol) for the first and second
dimensions, respectively [516,518]. Various reagents were used for detection of polar
lipids with differing functional groups according to Worliczek et al. (2007) [519]. Five
plates were run per strain and stained with different reagents to detect polar lipids with
differing functional groups [520]. All polar lipids were detected using 10% ethanolic
phosphomolybdic acid (Sigma) [521], aminolipids were detected using ninhydrin reagent
(1.5 g ninhydrin, 100 mL water-saturated butanol) [522], Zinzadze reagent (molybdenum
blue; Sigma) was used to detect phospholipids [523], and α-naphthol reagent (1.57 g αnaphthol, 32.4 mL ethanol, 4.1 mL concentrated H2SO4, 2.5 mL of ddH2O) was used to
identify the presence of glycolipids [524].
3.2.6 Physiological and Biochemical Assays
Biochemical characteristics were examined using API 20 NE and API ZYM kits
(bioMérieux), and Microlog Biolog GN2 MicroPlates. Assays were performed in triplicate
according to the manufacturer’s instructions, with the exception that 3% (w/v) NaCl was
added to inoculating fluids. Catalase and oxidase activities were tested using BD
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Catalase and BD Oxidase reagent droppers, according to the manufacturer’s
instructions. Further, for strains RKSG066 and RKSG123 only, hydrolysis of starch and
casein was tested on MA plates supplemented with 10% (w/v) casein (Gibco, VWR) and
0.2% (w/v) soluble starch (Gibco, VWR). Starch and casein agar plates were inspected;
clear zones forming around colonies indicated a positive result. For the starch hydrolysis
test, agar plates required flooding with Lugol’s solution to observe clearance zones
[490]. Colonies grown on MA were covered with an aqueous solution of 20% KOH and
inspected for color changes indicating the presence of flexirubin-type pigments [525].
Lastly, for strains RKSG542 and RKSG952 only, hydrogen sulfide (H2S) production was
assessed on SIM agar (20 g L-1 casein peptone, 6 g L-1 meat peptone, 0.3 g L-1 sodium
thiosulfate, 0.2 g L-1 ferric ammonium sulfate, 15 g L-1 agar, fill to 1 L ddH2O) and
observed for black precipitate, indicating a positive result of ferrous ammonium sulfate
reacting with H2S gas.
3.2.7 Bacteriochlorophyll a Production and PCR Gene Screening
Production of cellular photosynthetic pigments bcl a was investigated in vivo
following the protocol of Allgaier et al. (2003) [526] and in vitro according to Biebl et al.
(2007) [506]. Strains were incubated in 50 mL of MB in the dark for three days (200 rpm
at 30°C). The absorbance of cells diluted in phosphate-buffered saline (PBS) in vivo and
cell extracts diluted in acetone/methanol (7:2 v/v) was analyzed in vitro on the
SpectraMax M5 spectrophotometer in the range of 400−900 nm. The presence of pufLM
genes was surveyed for strains RKSG542 and RKSG952 using the primer set pufMF (5’CGCACCTGGACTGGAC-3’) and pufMR (5’-CCATSGTCCAGCGCCAGA-3’) with an expected
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fragment size of ~1500 bp, according to the method by Allgaier et al. (2003) [526]. The
presence of a gene encoding for a carbon monoxide dehydrogenase large subunit (coxL)
was investigated as well. PCR amplification of coxL fragments was performed for
RKSG542 and RKSG952 using the primer pair BMSf (5’-GGCGGCTTYGGSTCSAAGAT-3’)
and O/Br (5’-YTCGAYGATCATCGGRTTGA-3’), as described by King and Dunfield (2004)
[527]. Amplicons of the expected size (~ 1300 bp) were excised, purified (GeneJET PCR
Purification Kit; Thermo Fisher Scientific), and sequenced using the same primers as
employed for PCR amplification (Eurofins Genomics).
Partial pufLM and coxL sequences were deposited in Genbank under accession
numbers MK583934, MK570157–MK570159 and MK583932–MK583933, respectively.
3.2.8 Genome Sequencing
To extract high-quality gDNA for genome sequencing of bacterial isolates, the
AllPrep DNA/RNA Mini Kit (Qiagen) was used, according to manufacturer's instructions.
Bacterial strains sent for genome sequencing included those from our collection:
RKSG058T, RKSG066, RKSG073, RKSG123, RKSG542, and RKSG952. In addition, genomes
of the following reference strains were also sequenced: R. dehamense JCM 10543T, R.
hamelinense NBRC 16783T, F. lutimaris KCTC 42720T, F. kasyanovii JCM 16186T, and L.
sdotyamensis LMG26723T. Genome sequencing was completed because all type strains
for publication now require their genomes to be sequenced, and some previously
described type strains were lacking publication of their full genomes.
Prior to sending gDNA for sequencing, it had to meet the following recommended
specifications to be considered pure, high molecular weight DNA: concentration = 5−10
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ng μL-1, an absorbance ratio of 260/280 nm = 1.7−1.9 (check for protein contamination),
and an absorbance ratio of 260/230 nm = 2.0−2.2 (check for residual contaminants from
DNA extraction like phenol). Once these criteria were met, gDNA from the
aforementioned isolates was sequenced at The Sequencing Center (Fort Collins,
Colorado, USA). Genomes were sequences using the IIlumina MiniSeq platform with 150
bp pair-end reads (300 cycles). Genome sequencing was performed at The Sequencing
Center using the MiniSeq Reagent Kit High Output; library prep was performed following
the Nextera XT DNA Library Prep Kit protocol, and was de-novo assembled using Velvet
v.1.2.10 (http://www.ebi.ac.uk/~zerbino/velvet/), a genomic assembler designed for
short reads like those obtained via Illumina sequencing.
Resulting genome sequences were deposited in Genbank under the bioproject
number PRJNA523378 and biosample numbers SAMN10974928−SAMN10974938.

3.3 Results and Discussion
3.3.1 Results of Polyphasic Analyses of RKSG058T
Strain RKSG058T exhibited limited 16S rRNA gene sequence similarity (92.0–93.7%)
to type strains within the family Hahellaceae, falling below the 95% similarity cut-off
typically used for demarcation to the level of genus [528]. In pairwise sequence
comparisons, the 16S rRNA gene of RKSG058T was most similar to members belonging
to the genus Endozoicomonas, having the closest similarity to the type species E.
elysicola MKT110T (93.7%). Sequence similarities were slightly lower when compared to
members of the genera Kistimonas (91.4–92.0%) and Zooshikella (90.2–90.9%), and
were even less (< 89.5%) for other genera within the family Hahellaceae (Hahella,
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Allohahella, and Halospina). Phylogenetic analyses of 16S rRNA gene sequences
revealed that RKSG058T formed a strongly supported monophyletic branch (96%
bootstrap support) within the family Hahellaceae, as well as a sister clade with the
genera Endozoicomonas and Kistimonas (Figure 3.1). The placement of RKSG058T was
strongly supported as a separate lineage in these phylogenetic analyses.
Notably, similar to strains of the family Hahellaceae, RKSG058T was isolated from a
benthic marine invertebrate [466-476]. Also, the phenotypic investigation revealed
characteristics that strain RKSG058T shared with several members of this family,
including colony pigmentation, cell morphology, motility, salt requirements, and relation
to oxygen. Electron micrographs illustrated the cellular morphology of RKSG058T as rods
with slightly swelled ends with a single, sub-polar flagellum (Figure 3.2). Interestingly,
cells of strain RKSG058T exhibited resistance to streptomycin and nalidixic acid,
moderately susceptibility to tetracycline, and complete susceptibility to ampicillin,
penicillin G, gentamicin, kanamycin, neomycin, and vancomycin. Results were reported
as susceptible if there was a clearance zone of > 12 mm, moderately susceptible at 10–
12 mm, and resistant at < 10 mm, as described previously [529].
According to our results strain RKSG058T can be distinguished from its closest
relatives within of the family Hahellaceae based on several characteristics. Some of
these include differences in gDNA G+C (mol %) content, catalase and oxidase activity,
and slightly different proportions of chemotaxonomic components including
predominant cellular fatty acids, respiratory quinones, and polar lipids (Figure 3.3).
Based on phenotypic, genotypic and chemotaxonomic characteristics, strain RKSG058 T
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was formally assigned as a novel bacterial genus and species within the family
Hahellaceae, for which the name Sansalvadorimonas verongulae gen. nov., sp. nov. was
described by Goldberg et al. (2018) [458]. An emended description of the genus
Kistimonas was also reported. A summary of the principal characteristics that
differentiate strain RKSG058T from other genera within the family Hahellaceae is
provided in Table 3.2.

T

Figure 3.1 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of strain RKSG058
(in bold print) and members of related genera within the family Hahellaceae (29 sequences; 1314 nt).
GenBank accession numbers are shown in parentheses. Numbers at nodes are bootstrap percentages of
1000 re-samplings (> 50 % are shown). Filled circles at nodes indicate the same topology was recovered
from neighbor-joining, maximum-likelihood, and maximum-parsimony algorithms; open circles indicate
that corresponding nodes were recovered from neighbor-joining and maximum-likelihood. Caulobacter
T
vibrioides CB51 was used as an outgroup. Bar = 0.05 substitutions per nt position.
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B
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Figure 3.2 Transmission electron micrograph (TEM) of RKSG058 of rod-shaped cells, scale bar = 2 μm (A),
and an individual cell with slightly swelled-ends and sub-polar flagellum, scale bar = 500 nm (B).

A

B

E

C

F

D

G

T

Figure 3.3 Two-dimensional thin-layer chromatogram of the total polar lipids for strain RKSG058 (A), E.
T
T
T
T
elysicola MKT110 (B), E. euniceicola EF212 (C), E. gorgoniicola PS125 (D), E. montiporae CL-33 (E), K.
T
T
asteriae JCM15607 (F), Z. ganghwensis DSM15267 (G). Plates stained with 10 % ethanolic
phosphomolybdic acid to detect all polar lipids. Abbreviations: diphosphatidylglycerol (DPG),
phosphatidylglycerol (PG), phosphatidylethanolamine (PE), phosphatidylserine (PS), unidentified aminophospholipid (APL), glyco-phospholipid (GPL), unidentified aminolipid (AL), unidentified phospholipid (PL),
and unidentified lipid (L).
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T

Table 3.2 Differential characteristics that distinguish strain RKSG058 from related genera within the family Hahellaceae. Taxa: Sansalvadorimonas (data
T
obtained from this study); Endozoicomonas (n = 9; data obtained from this study for E. elysicola MKT110 and from [466]); Kistimonas (n = 2; data obtained
T
T
from this study for K. asteriae JCM15607 and from [475]); Zooshikella (n = 2; data obtained from this study for Z. ganghwensis DSM15267 and [464,465]);
Hahella (n = 2; data obtained from [462,530]); Allohahella (n = 2; data obtained from [462,478]). Summarized features comprise all species of each genus,
T
T
except for E. arenosclerae Ab112 (reported data was inferred from the genome sequence or missing altogether) and H. denitrificans HGD 1−3 . All strains were
positive for alkaline phosphatase; all strains were negative for indole production, α-mannosidase, α-fucosidase, α-chymotrypsin, L-arabinose, and D-raffinose.
Abbreviations: positive (+), weakly positive (w), negative (−), variable (v), no data available (ND), aerobic (A), facultatively anaerobic (FAN), para-nitrophenylβD-galactopyranoside (PNPG), tributyrin (C4), tricaprylin (C8), summed feature 3 (SF3; C16:1ω7c and/or C16:1ω6c), summed feature 8 (SF8; C18:1ω7c and/or
C18:1ω6c), coenzyme Q9 (Q-9), coenzyme Q8 (Q-8), menaquinone-9 (MK-9), menaquinone-8 (MK-8), diphosphatidylglycerol (DPG), phosphatidylglycerol (PG),
phosphatidylethanolamine (PE), phosphatidylserine (PS), unidentified amino-phospholipid (APL), glyco-phospholipid (GPL), unidentified aminolipid (AL),
unidentified phospholipid (PL), and unidentified lipid (L).
Characteristic

S. verongulae
T
RKSG058

Endozoicomonas spp

Kistimonas spp

Zooshikella spp

Hahella spp

Allohahella spp

Isolation source

Marine sponge

Marine invertebrates

Marine invertebrates

Beach sand

Marine sediment

Seawater

White, cream, beige

Cream, beige, pale
yellow

Pinkish red, cream

Cream

Rods

Rods

Pinkish-red, metallicgreen sheen
Slightly curved or
straight rods

Rods

Straight or irregular
rods

Colony color
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Cell shape

Translucent, cream,
pale yellow
Rods, slightly swelled
ends

Motility

+

v

+

+

+

v

Flagella

Single polar

Single polar

ND

Single polar

Single polar

−

0.5–10 [2–3]

> 0–5 [1–3]

0–10 [1]

1–8 [2–4]

1–10 [2–6]

0.5–12 [1–2]

§

Growth Features
NaCl (% w/v) [optimum]

+

+

v

+

+

+

Temp (°C) [optimum]

15–42 [30]

4–37 [22–30]

10–45 [25–37]

15–45 [30–35]

10–45 [35]

3–37 [25–28]

pH range [optimum]

6–9 [7]

6–10 [6–8]

6–10 [8]

5–9 [7–8]

5–10 [7–8]

5–10 [7]

A

A / FAN

A / FAN

A

A

A / FAN

Catalase

+

+

−

+

+

+

Oxidase

+

v

−

+

−

v

v

−

−

Salt requirement

Relation to oxygen
Enzyme activities (BD/API 20 NE/API ZYM)

Nitrate reduction to nitrite

−

v

Arginine dihydrolase

+

v

+
§

+
§
+
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+
+

§

Characteristic

S. verongulae
T
RKSG058

Endozoicomonas spp

Kistimonas spp

Zooshikella spp

Hahella spp

Allohahella spp

β-glucosidase (aesculin)

−

v

v

−

+

−

Protease (gelatin)

−

−

−

§

−

+

−

§

−

−

v

β-galactosidase (PNPG)

−

v

−

Esterase (C4)

+

v

v

+

+

+

Esterase/Lipase (C8)

+

v

v

+

+

+

Leucine arylamidase

+

+

+

+

+

v

Valine arylamidase

w

v

−

−

+

−

Cysteine arylamidase

−

v

−

−

−

−

Acid phosphatase

+

v

+

+

+

v

Dextrin

+

v

−

+

ND

−

Tween 80

+

+

+

+

ND

v

N-Acetyl-D-Glucosamine

+

v

v

+

+

§

−

D-Cellobiose

+

v

v

+

+

§

−

§

D-Fructose

+

v

+

+

+

§

−

§

D-Galactose

+

v

−

+

−

§

−

§

α-D-Glucose

+

v

v

+

+

−

§

Maltose

+

v

v

+

v

−

D-Mannitol

+

−

−

−

v

−

D-Mannose

+

v

−

−

+

−

−

v

−

−

Utilization of Carbon (Biolog GN2)

142

D-Melibiose

−

v

−

−

L-Rhamnose

−

v

−

v

Sucrose

+

v

−

v

D-Trehalose

+

−

v

+

Methyl Pyruvate

+

v

Acetic acid

+

v

−
−
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§

§

§

§

v

−

ND

−

v

ND

−

§

v

ND

+

§

§

§

Characteristic

S. verongulae
T
RKSG058

Endozoicomonas spp

Kistimonas spp

Zooshikella spp

Hahella spp

Allohahella spp

Chemotaxonomy
Predominant fatty acids

Respiratory quinones
Polar lipids
DNA G + C content (mol %)
‡
§

Q-9

Q-9

DPG, PG, PE,
AL, PL, L

Q-9, MK-9,
Q-8, MK-8
DPG, PG, PE,
APL, AL, PL, L

DPG, PG, PE, PS,
APL, AL, PL, L

DPG, PG, PE,
APL, PL, L

SF3, C16:0,
C17:0 10-methyl,
C18:1ω9c,
C16:0 N-alcohol
MK-7, Q-9,
Q-8
PG, PE,
AL, PL, L

42.3

46.6-50.5

47.3-47.6

40.2-41.3

49.2-53.9

SF3, SF8, C16:0

Q-9, Q-8

SF3, SF8, C16:0

SF3, SF8, C16:0

SF3, SF8, C16:0

Data obtained from genome sequence in Genbank.
Only one of two species reported.
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‡

SF3, C16:0,
C16:1ω9c,
C18:1ω9c
Q-9, Q-8
PG, PE, GPL,
APL, AL, PL
56-57

3.3.1.1 Emended description of the genus Kistimonas
The description of the genus, originally defined by Choi et al. (2010) with
modifications by Lee et al. (2012), should be expanded to include the following
characteristics: can reduce nitrate to nitrite, oxidase is positive or negative, and
the major polar lipids are diphosphatidylglycerol (DPG), phosphatidylglycerol (PG),
and phosphatidylethanolamine (PE).
3.3.1.2 Description of Sansalvadorimonas gen. nov.
Sansalvadorimonas *San.sal.va.do.ri.mo’nas. L. fem. n. monas a unit, monad;
N.L. fem. n. Sansalvadorimonas a monad from San Salvador, The Bahamas]. The
genus falls within the class Gammaproteobacteria, order Oceanospirillales, and
family Hahellaceae, as determined by 16S rRNA gene phylogenetic analysis. Cells
are GN rods, strictly aerobic, and motile by means of a single, sub-polar flagellum.
Oxidase and catalase are positive. The type species is Sansalvadorimonas
verongulae.
3.3.1.3 Description of Sansalvadorimonas verongulae sp. nov.
Sansalvadorimonas verongulae *ve.ron’gu.lae. N.L. gen. n. verongulae of
Verongula]. In addition to the properties given in the genus description, cells are
rod-shaped (0.6–1.2 μm wide × 2.0–12.0 μm long) often having slightly swelled
ends. The colonies are circular, smooth and shiny with entire edges. Cells become
visible after 24−36 hr on MA at 30 °C, beginning as punctiform colonies that are
translucent, gradually becoming cream to pale yellow. Growth occurs at 15–42 °C,

144

at pH 6–9, and with 0.5 to 10 % (w/v) NaCl. Optimal growth occurs at 30 °C, pH 7,
and with 2–3 % (w/v) NaCl.
For API 20 NE, results are positive for arginine dihydrolase and urease.
Negative results are observed for nitrate reduction, indole production, D-glucose
fermentation, aesculin (β-glucosidase), gelatin hydrolysis (protease), and PNPG (βgalactosidase) activity. Results are also negative for assimilation of D-glucose, Larabinose, D-mannose, D-mannitol, N-acetyl-glucosamine, D-maltose, potassium
gluconate, capric acid, adipic acid, malic acid, trisodium citrate, and phenylacetic
acid. For API ZYM, alkaline phosphatase, esterase (C4), esterase/lipase (C8),
leucine arylamidase, acid phosphatase, and naphthol-AS-BI-phosphohydrolase are
positive. Valine arylamidase is weakly positive, while lipase (C14), cysteine
arylamidase, trypsin, α-chymotrypsin, α/β-galactosidase, β-glucuronidase, α/βglucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase are
negative. Biolog GN2 plates indicate positive results for utilization of the following
carbon sources: dextrin, tween 40, tween 80, N-acetyl-D-glucosamine, adonitol, Darabitol, D-cellobiose, i-erythritol, D-fructose, D-galactose, gentiobiose, α-Dglucose, maltose, D-mannitol, D-mannose, D-psicose, sucrose, D-trehalose,
turanose, xylitol, methyl pyruvate, mono-methyl succinate, acetic acid, D-gluconic
acid, D-glucosaminic acid, α-ketoglutaric acid, α-ketovaleric acid, and succinic acid.
Negative results are observed for α-cyclodextrin, glycogen, N-acetyl-Dgalactosamine, L-arabinose, L-fucose, m-inositol, α-D-lactose, lactulose, Dmelibiose, β-methyl-D-glucoside, D-raffinose, L-rhamnose, D-sorbitol, cis-aconitic
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acid, citric acid, formic acid, D-galactonic acid lactone, D-galacturonic acid, Dglucuronic acid, α/β/γ-hydroxybutyric acid, p-hydroxy-phenylacetic acid, itaconic
acid, α-ketobutyric acid, D,L-lactic acid, malonic acid, propionic acid, quinic acid, Dsaccharic acid, sebacic acid, bromosuccinic acid, succinamic acid, glucuronamide, Lalaninamide, D-alanine, L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic acid, Lglutamic acid, glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-histidine, hydroxy-Lproline, L-leucine, L-ornithine, L-phenylalanine, L-proline, L-pyroglutamic acid, Dserine, L-serine, L-threonine, D,L-carnitine, γ-aminobutyric acid, urocanic acid,
inosine, uridine, thymidine, phenylethylamine, putrescine, 2-aminoethanol, 2,3butanediol, glycerol, D,L-α-glycerol phosphate, α-D-glucose-1-phosphate, and Dglucose-6-phosphate.
The predominant cellular fatty acids (>10 %) are summed feature 3 (SF3;
C16:1ω7c and/ or C16:1ω6c), summed feature 8 (SF8; C18:1ω7c and/or C18:1ω6c), and
C16:0. The major and minor respiratory quinones are coenzyme Q9 (Q-9) and
coenzyme Q8 (Q-8), respectively. The polar lipids consist of DPG, PG, and PE, three
unidentified aminolipids (AL), an unidentified phospholipid (PL), and five
unidentified polar lipids (L). The genomic DNA G+C content is 42.3 mol%. The type
strain RKSG058T (=TSD-72T =LMG 29871T) was isolated from a marine sponge
Verongula gigantea, collected off the west coast of San Salvador, The Bahamas.
3.3.2 Results of Polyphasic Analysis of RKSG066 and RKSG123
Both strains RKSG066 and RKSG123 were originally cultivated on MA from the
sponge A. fistularis and will be described together as they are both affiliated with the
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phylum Bacteroidetes and the order Cytophagales. The nearly complete 16S rRNA gene
sequence of RKSG066 exhibited the closest similarity to members of the genus
Fulvivirga, with F. imtechensis AK7T (94.5%) [531], F. kasyanovii KMM 6220T (94.4%)
[532], and F. lutimaris TM-6T (93.7%) [533]. Phylogenetic analyses revealed that
RKSG066 formed a monophyletic clade with recognized Fulvivirga type strains with high
bootstrap support (96%) Figure 3.4. In addition, RKSG066 exhibited certain
characteristics that were strongly consistent with most members of the family
Flammeovirgaceae including cells that are lengthy, non-flagellated, flexible rods (Figure
3.5 A) and motile by gliding, plus biochemical attributes of cells like being alkaline
phosphatase-positive, containing menaquinone-7 (MK-7), and the ability to hydrolyze
esculin, gelatin, casein and starch. Yet, RKSG066 is distinguishable from members of the
closest related genus (Fulvivirga) as a result of the following characteristics: extremely
long, narrow, bendable rods (> 100 μm) that consistently formed a tangled, filamentouslike mesh of intertwined cells (Figure 3.5 A), differing fatty acid (less iso-C15:0, more isoC17:0 3-OH, and the presence of SF3, a differing polar lipid profile (Figure 3.6 A),
significantly lower G+C content (43.0 mol %), resistance to several antibiotics (cutoff of <
10 mm), and the utilization of citric acid and L-rhamnose as carbon sources. Therefore,
RKSG066 is being proposed as a novel species of the genus Fulvivirga. Phenotypic,
biochemical, and chemotaxonomic features that distinguish RKSG066 from related
strains are provided in Table 3.3.
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Figure 3.4 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of strains RKSG066
and RKSG123 (in bold print) and members of related genera within the order Cytophagales (36 sequences;
1229 nt). GenBank accession numbers are shown in parentheses. Numbers at nodes are bootstrap
percentages of 1000 re-samplings. Filled circles at nodes indicate the same topology was recovered from
neighbor-joining, maximum-likelihood, and maximum-parsimony algorithms; open circles indicate that
T
corresponding nodes were recovered from neighbor-joining and maximum-likelihood. C. vibrioides CB51
was used as an outgroup. Bar = 0.01 substitutions per nt position.
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Figure 3.5 Phase contrast images of RKSG066 (100X) with very long, slender, flexible rod-shaped cells
forming large filamentous masses (A) and RKSG123 (40X) with short, rod-shaped cells (B).

A

B

Figure 3.6 Total polar lipid profile of RKSG066 (A) and RKSG123 (B) after separation by two-dimensional
TLC. Abbreviations: diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), phosphatidylethanolamine
(PE), unidentified amino-phospholipid (APL), unidentified phospholipid (PL), and unidentified lipid (L).
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Table 3.3. Differential characteristics of strains RKSG066, RKSG123, and their closest phylogenetic relatives. Taxa: Fulvivirga (data obtained from this study and
from [533]); Xanthovirga (data obtained from this study); Luteivirga (data obtained from this study and from [490]. All strains are positive for the following:
catalase and oxidase, alkaline phosphatase, esterase (C4), esterase/lipase (C8), naphthol-AS-BI-phosphohydrolase, and acid phosphatase. Strains 1-4 are
positive for esculin hydrolysis (β-glucosidase), leucine arylamidase, valine arylamidase, but negative for utilization of L-arabinose, D-mannitol, D-melibiose, minositol, lipase (C14), α/β-galactosidase, β-glucuronidase, α-glucosidase, α-mannosidase, and α-fucosidase. Abbreviations: positive (+), weakly positive (w),
negative (−), no data available (ND), aerobic (A), summed feature 3 (SF3; C16:1ω7c and/or C16:1ω6c), summed feature 4 (SF4; iso-C17:1 and/or anteiso-C17:1),
menaquinone-7 (MK-7), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), unidentified amino-phospholipid (APL), unidentified aminolipid (AL),
a
b
c
unidentified phospholipid (PL), and unidentified lipid (L). References: [533], [531], and [534].
Characteristic
Isolation source
Colony morphology
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Cell shape
Motility

F. aurantia
RKSG066

F. kasyanovii
T
KMM 6220

F. imtechensis
T
AK7

F. lutimaris
T
TM-6

X. aplyisinae
RKSG123

L. sdotyamensis
T
PIII.02

Marine sponge
Circular, smooth,
mucoid, shiny, dark
orange
Long, slender,
flexible rods, large
aggregates
Gliding

Seawater

Seawater
Smooth, raised,
translucent,
yellowish

Tidal flat

Marine sponge
Circular, smooth,
shiny, translucent to
opaque yellow

Marine sponge

Irregular, smooth,
yellow to brownish
Rods

Long, slender rods

Gliding

a

−

b

Irregular, smooth,
yellow

Circular, convex,
orange

Rods

Slender, flexible rods

Rods

−

−

−

0.5-7 [2-3]

0.5-12 [2]

2-8

+

+

+

10-33 [30]

4-37 [30-37]

15-35

5.5-8 [7-8]

6-8 [8]

6-9

Growth
NaCl (% w/v) [optimum]
Salt requirement
Temp (°C) [optimum]
pH range [optimum]

0.5-12 [2-3]

0-10 [2-3]

+

−

15-45 [30-37]
5-8 [7-8]

a

2-12 [2-6]

b

+

14-44 [37]
7.5-8

b

a

20-40 [30-37]
7-8

a

A

b

a

b

Relation to oxygen

A

A

A

A

A

Flexirubin pigments

−

−

ND

ND

−

−

Casein

+

+

+

−

+

+

Starch

+

−

+

+

+

−

−
+
+

−
+
a
+

+
+
−

+
+
+

−
−
−

Hydrolysis of

Enzymatic activities (API 20NE)
Nitrate reduction
β-glucosidase (esculin)
Protease (gelatin)

a

b

+
+
b
−
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F. aurantia
RKSG066

Characteristic

F. kasyanovii
T
KMM 6220

F. imtechensis
T
AK7

F. lutimaris
T
TM-6

X. aplyisinae
RKSG123

L. sdotyamensis
T
PIII.02

Utilization of carbon sources (Biolog GN2)
Tween 40

+

+

+

−

+

+

Tween 80

+
+
w

+
+
+

+
+
−

−
−
+

w

−
+

−
b
−

+
b
−

−
+

+
−
+
+
−
+

−
+

+
+

−
−

+
−

−
+
−

+
−
+

w

+
−
+

−
+
+
−
+
−

−
−
−
−
−
−

−
+

+
b
−

w

+
−

−
−

−
−

SF3, C16:1ω5c, isoC15:0, iso, C15:0 3-OH

SF3 , iso-C15 :1, isoC15:0, iso-C15:0 3-OH,
iso-C17:0 3-OH

SF3, iso-C15:0

SF4, C16:0, C18:0,
C16:1ω5c, iso-C15:0

SF3, iso-C15:0, isoC16:1, iso-C16:0, C16:0,
anteiso-C15:0

D-Cellobiose
D-Fructose
D-Galactose
D-Maltose
α-D-Glucose
α-D-Lactose
D-Mannose
D-Melibiose
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D-Raffinose
L-Rhamnose
Sucrose
D-Trehalose
Citric Acid

−
−
−

b

−
−
−
−
−

Chemotaxonomy
b

a

†

Predominant fatty acids
Respiratory quinones
Polar lipids
DNA G+C content (mol %)

MK-7

MK-7

PG, PE, APL, PL

PE, AL, L

43.0

59.9

b

b

SF3, SF4 , C15:0,
iso-C15:0 3-OH,
C16:1ω5c, iso-C17:0 3OH
MK-7
PE, AL, L
55.1
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b

b

MK-7

MK-7

MK-7

PE, AL, PL

PG, PE, PL, L

PE, PL

50.9

42.9

38.1

Based on phylogenetic analysis (Figure 3.4), RKSG123 exhibited the closest 16S
rRNA gene sequence similarity with strains within the order Cytophagales, including L.
sdotyamensis PIII.02T (88.5%), Roseivirga ehrenbergii KMM 6017T (89.3%), Fabibacter
halotolerans UST030701-097T (87.7%), Marivirga tractuosa KCTC 2958T (88.8%),
Persicobacter diffluens B-1 LewinT (88.9%), and Reichenbachiella agariperforans KMM
3525T (88.4%). Despite low 16S rRNA gene sequence identity (< 90%), RKSG123 shares
commonalities with strains within the order Cytophagales. Some of these include cells
that are non-motile, lacking both flagella and gliding motility (Figure 3.5 B), and are
positive for hydrolysis of esculin, gelatin, casein, and starch. Still, phylogenetic analysis
placed RKSG123 in a well-supported lineage apart from most currently described taxa in
the order Cytophagales (Figure 3.6 B). In accordance with taxonomic studies of other
Bacteroidetes [535], bacteria were considered susceptible to the antibiotic when the
diameter of the inhibition zone was > 12 mm, moderately susceptible at 10–12 mm and
resistant at < 10 mm. Differentiating characteristics of RKSG123 include resistance to all
antibiotics tested in this study (cutoff of < 10 mm), urease activity, and utilization of Lrhamnose, fatty acid composition, and polar lipid profile. Additional differentiating
characteristics are provided in Table 3.3.
The 16S rRNA gene sequence similarity (89%) of RKSG123 to members of the
family Flammeovirgaceae was well below the 95% similarity cut-off commonly used to
delineate different genera. The bacterium L. sdotyamensis PIII.02T, currently unassigned
to a family [490], is the closest relative of RKSG123. These two strains consistently
cluster together as a monophyletic branch with 90−95% bootstrap support (Figure 3.4).
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Based on phylogenetic analysis with high bootstrap support, RKSG123 is proposed as a
new family of the suggested nomenclature Xanthovirgaceae and the genus Xanthovirga.
Moreover, it is suggested to revise the nomenclature of the related bacterium L.
sdotyamensis PIII.02T, which at this time is unclassified to the family-level, to the novel
family Xanthovirgaceae of the order Cytophagales. The formal descriptions of both
RKSG066 and RKSG123 as novel taxa are ongoing, and the manuscript will be submitted
in the near future.
3.3.2.1 Formal Description of Fulvivirga aurantia sp. nov.
Fulvivirga aurantia [N.L. fem. adj. aurantius orange]. In addition to the
characteristics described for the genus, cells are very long, slender, flexible, rodshaped, and absent of flagella but motile by gliding. Growth is strictly aerobic and
robust on MA after 2−3 days of incubation at 30°C. During log phase of growth, a
few individual rod-shaped cells can be observed (0.5−0.7 μm wide x 1.5−10 μm
long), but the majority of cells grow very long and slender, forming aggregates of
cells that clump together and become looped and tangled, making their length
difficult to measure accurately (> 20 μm long). Cells can be visualized as large
filamentous masses using phase-contrast microscopy. Colony morphology,
observed after growth at 30°C on marine agar for 3−5 days, is circular, dark orange
(non-diffusible pigment), shiny, smooth, and convex colonies with entire margins.
Colonies begin as punctiform but become larger and mucoid. Growth occurs
between 15 and 45°C, with optimal growth at 30−37°C. Cells require salt for
growth and are cultivable in MB with 0.5−12% (w/v) NaCl, with optimal growth at
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2−3%. Growth also occurs at pH 5−8, optimally at pH 7−8. Cells are oxidase and
catalase positive. Flexirubin-like pigments are absent. Hydrolysis of casein and
starch was observed by RKSG066.
Results were positive for esculin (β-glucosidase) and gelatin (protease)
hydrolysis and variable for D-glucose assimilation. Results were negative for the
following: nitrate reduction, indole production, arginine dihydrolase, urease, PNPG
(β-galactosidase); also negative for assimilation of L-arabinose, D-mannose, Dmannitol, N-acetyl-glucosamine, D-maltose, potassium gluconate, capric acid,
adipic acid, malic acid, trisodium citrate, and phenylacetic acid. Alkaline
phosphatase, esterase (C4), esterase/lipase (C8), leucine arylamidase, valine
arylamidase, cysteine arylamidase, acid phosphatase, and naphthol-AS-BIphosphohydrolase were positive, while trypsin and α-chymotrypsin showed weak
activity. Negative results were obtained for lipase (C14), α/β-galactosidase, βglucuronidase, α/β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and
α-fucosidase. Positive results were observed for Biolog GN2 microplates for
utilization of the following carbon sources: dextrin, tween 40, tween 80, Larabinose, D-arabitol, D-cellobiose, α-D-glucose, D-mannose, D-psicose, Lrhamnose, mono-methyl succinate, cis-aconitic acid, citric acid, γ-hydroxybutyric
acid, α-ketoglutaric acid, succinic acid, bromosuccinic acid, succiniamic acid,
glucuronamide, and urocanic acid; weakly positive for D-fructose, L-fucose, Dgalactose, D-mannitol, pyruvic acid methyl ester, D-galactonic acid lactone, Dglucuronic acid, α/β-hydroxybutyric acid, α-ketovaleric acid, glycyl-L-glutamic acid,
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L-histidine, γ-aminobutyric acid, α-D-glucose-1-phosphate, and D-glucose-6-

phosphate. Negative for utilization of α-cyclodextrin, glycogen, N-acetyl-Dgalactosamine, N-acetyl-D-glucosamine, adonitol, i-erythritol, gentiobiose, minositol, α-D-lactose, lactulose, maltose, D-melibiose, β-methyl-D-glucoside, Draffinose, D-sorbitol, sucrose, D-trehalose, turanose, xylitol, acetic acid, formic
acid, D-galacturonic acid, D-gluconic acid, D-glucosaminic acid, p-hydroxyphenylacetic acid, itaconic acid, α-ketobutyric acid, D,L-lactic acid, malonic acid,
propionic acid, quinic acid, D-saccharic acid, sebacic acid, L-alaninamide, D-alanine,
L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-

aspartic acid, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-proline,
L-pyroglutamic acid, D-serine, L-serine, L-threonine, D,L-carnitine, inosine, uridine,

thymidine,

phenylethylamine,

putrescine,

2-aminoethanol,

2,3-butanediol,

glycerol, and D,L-α-glycerol phosphate.
The major fatty acids (>10%) are iso-C17:0 3-OH, iso-C15:0, SF3, and C16:1ω5c.
The only isoprenoid quinone is MK-7. The major polar lipids are PG and PE, one
unidentified amino-phospholipid (APL), and two unidentified PLs. The DNA G+C
content is 43 mol%. The type strain RKSG066 (=TSD-73 =LMG 29870) was isolated
from the marine sponge Aplysina fistularis, collected off the west coast of San
Salvador, The Bahamas.
3.3.2.2 Emended Description of the genus Luteivirga
The circumscription of the genus Luteivirga by Haber et al. (2013) [490] was
previously assigned to the order Cytophagales, but formally unassigned to a
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family. Phylogenetic analyses of 16S rRNA gene sequences revealed that Luteivirga
sdotyamensis PIII.02T formed a well-supported lineage with Xanthovirga aplysinae
sp. nov., strain RKSG123. Morphological, physiological, and chemotaxonomic
characteristics reported for the genus Luteivirga are compatible with the proposed
taxon Xanthovirga, gen. nov. Thus, we propose that the type species, and sole
species of this genus, Luteivirga sdotyamensis PIII.02T, be assigned to the family
Xanthovirgaceae fam. nov.
3.3.2.3 Formal Description of Xanthovirgaceae fam. nov.
Xanthovirgaceae [xan.tho.vir.ga.ce’ae. Xanthovirga type genus of the family;
N.L. suff. aceae denoting a family; N.L. fem. pl. n. Xanthovirgaceae the family of
the genus Xanthovirga]. Cells are GN, strictly aerobic, non-motile rods, oxidase and
catalase positive, orange-colored colonies absent of flexirubin-type pigments. Cells
require salt for growth and hydrolyze casein. The respiratory quinone is MK-7. This
family belongs to the phylum Bacteroidetes, class Cytophagia, and order
Cytophagales. Currently, the family comprises the two genera Xanthovirga and
Luteivirga; the type genus of the family is Xanthovirga aplysinae RKSG123.
3.3.2.4 Formal Description of Xanthovirga gen. nov.
Xanthovirga [xan.tho.vir’ga. L. fem. n. xantho yellow; N.L. fem. n. virga rod;
N.L. fem. n. xanthovirga, yellow rod]. This genus falls within the phylum
Bacteroidetes, order Cytophagales, and family Xanthovirgaceae, as determined by
16S rRNA gene phylogenetic analysis. Cells are non-motile, strictly aerobic,
catalase and oxidase positive GN rods. Flexirubin-like pigments are absent. The
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major isoprenoid quinone is MK-7. Predominant fatty acids include iso-C15:0,
anteiso-C15:0, C16:1ω5c, iso-C17:1 3-OH, and summed feature 4 (iso-C17:1 I and/or
anteiso-C17:1 B). The type species is Xanthovirga aplysinae RKSG123.
3.3.2.5 Formal Description of Xanthovirga aplysinae sp. nov.
Xanthovirga aplysinae *a.pli.sin’ae. N.L. n. aplysinae referring to the genus
name of the marine sponge, Aplysina fistularis, from which the type strain was
isolated]. In addition to the characteristics described for the genus, cells are nongliding, flexible rods (0.7−1 μm wide x 2.4−4 μm long). Robust growth occurs on
MA after 2−3 days with incubation at 30°C. Cells observed after growth at 30°C on
marine agar for 3−5 days are smooth, shiny, slightly raised to convex, with entire
margins; they begin as punctiform colonies that are almost translucent, gradually
becoming opaque and yellow. Growth occurs at 4−37°C, at pH 6−8, and between
0.5 and 12% (w/v) NaCl. Optimal growth occurs at 30−37°C, pH 8, and 2% (w/v)
NaCl. Hydrolysis of casein and starch was observed.
Results were positive for nitrate reduction to nitrite, urease, esculin (βglucosidase) and gelatin (protease) hydrolysis, and variable between replicates for
PNPG (β-galactosidase) and utilization of D-glucose. Results were negative for
indole production, D-glucose fermentation, and arginine dihydrolase; negative for
assimilation of L-arabinose, D-mannose, D-mannitol, N-acetyl-glucosamine, Dmaltose, potassium gluconate, capric acid, adipic acid, malic acid, trisodium
citrate, and phenylacetic acid. Results were positive for alkaline phosphatase,
esterase (C4), esterase/lipase (C8), acid phosphatase, and naphthol-AS-BI-
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phosphohydrolase; negative for lipase (C14), leucine arylamidase, valine
arylamidase, cysteine arylamidase, trypsin, α-chymotrypsin, α/β-galactosidase, βglucuronidase, α/β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and
α-fucosidase. Positive results were observed for the utilization of the following
carbon sources: dextrin, tween 40, tween 80, L-arabinose, D-fructose, L-fucose, Dgalactose, α-D-glucose, lactulose, D-mannose, D-melibiose, D-psicose, L-rhamnose,
turanose, mono-methyl succinate, D-galactonic acid lactone, D-galacturonic acid,
D-glucuronic acid, α-ketobutyric acid, α-ketoglutaric acid, α-ketovaleric acid,

succinic acid, succiniamic acid, glucuronamide, urocanic acid, D-glucose-6phosphate; weakly positive for gentiobiose, L-histidine and α-D-glucose-1phosphate. Negative for utilization of α-cyclodextrin, glycogen, N-acetyl-Dgalactosamine, N-acetyl-D-glucosamine, adonitol, D-arabitol, D-cellobiose, ierythritol, m-inositol, α-D-lactose, maltose, D-mannitol, β-methyl-D-glucoside, Draffinose, D-sorbitol, sucrose, D-trehalose, xylitol, pyruvic acid methyl ester, acetic
acid, cis-aconitic acid, citric acid, formic acid, D-gluconic acid, D-glucosaminic acid,
α/β-hydroxybutyric acid, γ-hydroxybutyric acid, p-hydroxy-phenylacetic acid,
itaconic acid, D,L-lactic acid, malonic acid, propionic acid, quinic acid, D-saccharic
acid, sebacic acid, bromosuccinic acid, L-alaninamide, D-alanine, L-alanine, L-alanylglycine, L-asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-aspartic acid, glycylL-glutamic acid, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-

proline, L-pyroglutamic acid, D-serine, L-serine, L-threonine, D,L-carnitine, γ-
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aminobutyric acid, inosine, uridine, thymidine, phenylethylamine, putrescine, 2aminoethanol, 2,3-butanediol, glycerol, and D,L-α-glycerol phosphate.
The major fatty acids (≥ 9%) are C16:0, iso-C15:0, iso-C17:0 3-OH, C16:1ω5c, and
summed feature 4 (iso-C17:1 I and/or anteiso-C17:1 B). The only isoprenoid quinone
is menaquinone-7. The major polar lipids are PG, PE, two unknown PLs, and one
unknown L. The DNA G+C content is 42.9 mol%. The type strain RKSG123 (=TSD-75
=LMG 30075) was isolated from the marine sponge Aplysina fistularis, collected off
the coast of San Salvador, The Bahamas.
3.3.3 Results of Polyphasic Analysis of RKSG073
Calculated pairwise distances of nearly full-length 16S rRNA gene sequences
provided substantiation that RKSG073 was most closely related to A. insulae AH-MY2T
(91.7%), followed by members of Terasakiella (88.6−89.5%), Kiloniella strains
(88.8−89.6%), and Thalassospira (86.7−88.9%). Phylogenetic analysis of RKSG073
revealed that this strain formed a deep monophyletic branch with A. insulae AH-MY2T
(family Rhodospirillaceae) with 98% bootstrap support, which then subsequently
clustered with species within the genera Terasakiella (family Methylocystaceae),
Thalassospira (family Rhodospirillaceae), and Kiloniella (family Kiloniellaceae) (Figure
3.7). Similar tree topologies were observed using multiple algorithms.
Strain RKSG073 shares some morphological and chemotaxonomic features with
the four related genera mentioned above, such as cells being curved rods (Figure 3.8),
and containing similar major fatty acids, respiratory ubiquinones, and polar lipids (Figure
3.9). Notably, several traits are unique to this bacterium compared to its relatives, such
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as being catalase negative and non-nitrate reducing (Terasakiella brassicae B3T also
reported not to reduce nitrate). Also, RKSG073 has a lower DNA G+C content, higher
percentage of SF8 fatty acid and its closest relative A. insulae AH-MY2T differs in motility
[536]. RKSG073 demonstrated resistance to the antibiotics penicillin G (10 μg), like A.
insulae AH-MY2T, and also to nalidixic acid (10 μg), but moderately susceptible to
tetracycline (30 μg) and susceptible to ampicillin (10 μg), streptomycin (10 μg)
gentamicin (10 μg), kanamycin (30 μg), vancomycin (30 μg), and neomycin (30 μg). This
was established using the criteria of resistance if no inhibition zone was observed
around the disc, but susceptible if the inhibition zone diameter was > 6 mm [537]. Based
on the phylogenetic analyses and other distinguishing characteristics, we propose strain
RKSG073 as the first cultured representative of a new genus and species designated as
Curvivirga fistularae, belonging to the same higher taxon of its closest relative A. insulae
AH-MY2T (family Rhodospirillaceae). Additional characteristics that distinguish this strain
from its relatives are provided in Table 3.4.
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Figure 3.7 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of RKSG073 and
representatives of orders within the class Alphaproteobacteria (27 sequences; 1245 nt). GenBank
accession numbers are shown in parentheses. Numbers at nodes are bootstrap percentages of 1000 resamplings (≥ 40% shown). Filled circles at nodes indicate the same topology was recovered from neighborjoining, maximum-likelihood, and maximum-parsimony algorithms; open circles indicate that
T
corresponding nodes were recovered from neighbor-joining and maximum-likelihood. E. coli ATCC 11775
was used as an outgroup. Bar = 0.05 substitutions per nt position.
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Figure 3.8 Transmission Electron Micrograph image of RKSG073 cells. Scale bar = 2 μm.

Figure 3.9 Total polar lipid profile of RKSG073 after separation by two-dimensional TLC. Plate stained with
10 % ethanolic phosphomolybdic acid to detect all polar lipids. Abbreviations: diphosphatidylglycerol
(DPG), phosphatidylglycerol (PG), phosphatidylethanolamine (PE), glyco-phospholipid (GPL), glycolipid
(GL), unidentified amino-phospholipid (APL), and unidentified phospholipid (PL).
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Table 3.4 Differential characteristics of strain RKSG073 and its closest phylogenetic relatives. Taxa: Curvivirga (data obtained from this study); Aestuariispira
(data obtained from this study and from [536]); Kiloniella (data obtained from this study and from [538]); Terasakiella (data obtained from [538]). All strains
are positive for oxidase, alkaline phosphatase, esterase (C4), and leucine arylamidase; all strains are negative for urease, aesculin hydrolysis, α-chymotrypsin,
α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase. All data was
taken from referenced authors unless otherwise specified. Abbreviations: positive (+), weakly positive (w), negative (−), variable (v), no data available (ND),
aerobic (A), facultatively anaerobic (FAN), summed feature 8 (SF8; C18:1ω7c and/or C18:1ω6c), diphosphatidylglycerol (DPG), phosphatidylglycerol (PG),
phosphatidylethanolamine (PE), phosphatidylserine (PS), unidentified amino-phospholipid (APL), unidentified amino-glycolipid (GPL), unidentified aminolipid
d
e
f
(AL), unidentified glycolipid (GL), unidentified phospholipid (PL), and unidentified lipid (L). References: [538], [539], and [540].
Characteristics

C. fistularae
RKSG073

A. insulae
T
AH-MY2

K. spongiae
T
JCM 19930

K. laminariae
T
LD81

Isolation source

Marine sponge

Tidal Flat

Marine sponge

Marine alga

Cell shape

Slender, curved
rods

Curved, spiral
rods

Rod-shaped

Slender, curved
spirilla, rods

K. litopenaei
T
P1-1
Gut microflora,
Pacific white
shrimp
Rod-shaped

T. pusilla
T
LMG 7372

T. brassicae
T
B3

Marine shellfish

Wastewater,
pickle processing

Spiral, rigid,
helical rods

S-shaped, helical
counterclockwise

+

−

+

+

+

+

+

Single, bipolar

None

Single, polar

Single, polar

Single, polar

Single, bipolar

Single, bipolar

−

−

−

−

−

+

0.5-10 [2]

1-7 [2]

0-6 [2.5]

0.3-10 [3]

0.5-7 [3]

0.5-8

0.5-8 [1-2]

+

+

−

+

+

+

+

Temp (°C) [optimum]

15-45 [37]

15-37 [30]

11-31 [25]

4-40 [25]

15-37 [28-32]

6-40 [32]

4-40 [32-37]

pH range [optimum]

6-9 [6]

6-8 [7]

6-8.5 [7]

3.5-9.5 [5.5]

6-10 [7-9]

6-9

5.5-9 [6.5-7.5]

A

A

A

FAN

FAN

A

A

+

+

+

w

−

+
−
−
+
+

+
e
−
e
−
+
+

+
−
−
−
+

Motility
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Flagella
H2S production

e

+

Growth
NaCl (% w/v) [optimum]
Salt requirement

Relation to oxygen

Enzyme activities (BD/API 20 NE, API ZYM)
Catalase

−

+

Oxidase

+
+
+
−
+

+
+
−
+
+

Casein hydrolysis
Starch hydrolysis
Nitrate reduction
Alkaline phosphatase

+

+

ND

ND

−
+
+

−
+
+
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f

C. fistularae
RKSG073

A. insulae
T
AH-MY2

K. spongiae
T
JCM 19930

K. laminariae
T
LD81

K. litopenaei
T
P1-1

T. pusilla
T
LMG 7372

T. brassicae
T
B3

+
+

+
+

+
−

+
−

+
+

+
+

+
+

+
v
v
−
+

+
+
−
−
−

+
+
−
+
+

+
+
−
+
+

+
+
w

−
+

+
+
−
−
−

−
−
−
−
+

Acetic Acid

v

Citric Acid

−
−
+

+
+
−
+

−
−
−
+

+
+
+
−

−
+
−
+

+
+
−
+

+
−
−
−

75.45

65

63.1

48.6

74.2

35.5

28.8

15.4

8.6

2.8

8.5

3.2

9.9

14.5

Q-10, Q-9
DPG, PG, PE,
GPL, AL, GL, PL
42.3

Q-10, Q-9, Q-8
PG, PE, PS, AL,
GL, PL, L
56

Q-9

Q-9

Q-9

PG, PE, APL, AL, L

PG, PE, APL, L

44.6

51.1

Q-10, Q-9, Q-8
DPG, PG, PE, PS,
e
APL, AL
e
45.8

Q-10
DPG, PG, PE, PS,
APL, PL, L
42.3

Characteristics
Esterase (C4)
Esterase/Lipase (C8)
Leucine arylamidase
Valine arylamidase
Cysteine arylamidase
Trypsin
Acid Phosphatase
Utilization of Carbon (Biolog GN2)

D-Cellobiose

Tween 80

164

Chemotaxonomy
SF8
C16:0
Ubiquinones
Polar Lipids
DNA G + C content (mol%)
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d

PG, PE, AL, PL, L
46.1

3.3.3.1 Description of Curvivirga gen. nov.
Curvivirga [Cur.vi’vir.ga. L. fem. adj. curvam curved; N.L. fem. n. virga rod;
N.L. fem. n. curvivirga, curved rod]. According to 16S rRNA gene analysis, the
genus falls within the class Alphaproteobacteria, order Rhodospirillales, and family
Rhodospirillaceae. The description of the genus is the same as that of the type
strain and only species in the genus, RKSG073.
3.3.3.2 Description of Curvivirga fistularae sp. nov.
Curvivirga fistularae *fist.u.lar’ae. N.L. n. fistularae of fistularis, referring to
the marine sponge Aplysina fistularis, from which the type strain was isolated].
Cells are GN, strictly aerobic, motile and shaped as slender, curved rods (0.3−0.6
μm wide × 2.5−7 μm long); cells are motile by means of single, bipolar flagella.
Robust growth on MA occurs after 2−3 days when incubated at 30°C. The colonies
are circular, smooth, shiny, with entire edges, and begin as punctiform colonies,
beige or pale yellow. Growth occurs at 15−45°C, at pH 6−8, and between 0.5 and
10% (w/v) NaCl; salt is required for growth. Optimal growth occurs at 37°C, pH 6,
and 2% (w/v) NaCl. Cells are oxidase positive and catalase negative. Hydrolysis of
casein and starch was observed, but the production of H2S did not occur.
For API 20 NE, negative results were observed for all parameters including
nitrate reduction, indole production, D-glucose fermentation, arginine dihydrolase,
urease, aesculin (β-glucosidase), and gelatin hydrolysis (protease), and PNPG (βgalactosidase); negative for assimilation of D-glucose, L-arabinose, D-mannose, Dmannitol, N-acetyl-glucosamine, D-maltose, potassium gluconate, capric acid,
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adipic acid, malic acid, trisodium citrate, and phenylacetic acid. For API ZYM,
results were positive for alkaline phosphatase, esterase (C4), esterase/lipase (C8),
leucine arylamidase, acid phosphatase, and naphthol-AS-BI-phosphohydrolase.
Both valine arylamidase and cysteine arylamidase are variable, while lipase (C14),
trypsin, α-chymotrypsin, α/β-galactosidase, β-glucuronidase, α/β-glucosidase, Nacetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase are negative. Results
from Biolog GN2 were positive for utilization of the following carbon sources:
dextrin, tween 40, tween 80, L-arabinose, D-fructose, L-fucose, D-galactose, α-Dglucose, D-mannose, L-rhamnose, turanose, succinic acid mono-methyl ester, Dgalactonic acid lactone, D-galacturonic acid, D-glucuronic acid, α-hydroxybutyric
acid, γ-hydroxybutyric acid, p-hydroxy-phenylacetic acid, α-ketoglutaric acid, D,Llactic acid, succinic acid, bromosuccinic acid, succinamic acid, glucuronamide, and
urocanic acid. Negative results are observed for α-cyclodextrin, glycogen, N-acetylD-galactosamine, N-acetyl-D-glucosamine, adonitol, D-arabitol, D-cellobiose, i-

erythritol, m-inositol, α-D-lactose, lactulose, maltose, D-mannitol, β-methyl-Dglucoside, D-raffinose, D-sorbitol, D-trehalose, xylitol, pyruvic acid methyl ester,
cis-aconitic, citric acid, D-glucosaminic acid, itaconic acid, α-ketobutyric acid, αketovaleric acid, malonic acid, propionic acid, D-saccharic acid, L-alaninamide, Dalanine, L-alanine, L-alanyl-glycine, L-asparagine, L-aspartic acid, L-glutamic acid,
glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-histidine, hydroxy-L-proline, Lleucine, L-ornithine, L-phenylalanine, L-proline, L-pyroglutamic acid, D-serine, Lserine, L-threonine, D,L-carnitine, γ-aminobutyric acid, inosine, uridine, thymidine,
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phenylethylamine, putrescine, 2-aminoethanol, 2,3-butanediol, glycerol, D,L-αglycerol

phosphate,

α-D-glucose-1-phosphate,

and

D-glucose-6-phosphate.

Variable results between replicates were observed for gentiobiose, D-melibiose, Dpsicose, sucrose, acetic acid, formic acid, D-gluconic acid, β-hydroxybutyric acid,
quinic acid, and sebacic acid.
The predominant cellular fatty acids are summed feature 8 (C18:1ω7c and/or
C18:1ω6c). The major and minor respiratory ubiquinones are Q-10 (81%) and Q-9
(19%), respectively. Identified polar lipids are DPG, PG, and PE, along with one
unknown glycophospholipid (GPL), one unknown glycolipid (GL), one unknown AL,
and three unknown PLs. The genomic DNA G+C content is 42.3 mol%. The type
strain RKSG073 (= TSD-74 =LMG 29869) was isolated from the marine sponge
Aplysina fistularis collected off the coast of San Salvador, The Bahamas.
3.3.4 Results of Polyphasic Analyses of RKSG542 and RKSG952
Comparative analysis of 16S rRNA sequences of RKSG542 and its nearest neighbors
revealed that this strain is most closely related to L. aggregata NBRC 16684T (96.6%), L.
alexandrii DFL-11T (96.2%), L. marina DSM 17023T (95.6%), L. alba DSM 18320T (96.0%),
P. denitrificans DN34T (96.3%), P. hongkongensis UST20140214-015BT (96.2%), and N.
exalbescens LA33BT (95.6%). Nevertheless, although strain RKSG542 exhibited slightly
higher 16S rRNA gene sequence similarity to L. aggregata NBRC 16684T, RKSG542
repeatedly formed a distinct lineage with members of Pseudovibrio and Nesiotobacter
rather than Labrenzia with high bootstrap support in phylogenetic analyses (Figure
3.10). Results strongly indicated that strain RKSG542 is not a lineage of the genera
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Labrenzia, Pseudovibrio, or Nesiotobacter, but instead represents a novel genus and
species that is evolutionarily related to and shares features with all three genera. Some
of these overlapping features include requiring salt for growth, rod-shaped cells with
monotrichous flagella, the formation of star-shaped aggregates (Figure 3.11 A), the
ability to reduce nitrate to nitrite (except L. alexandrii), being catalase and oxidase
positive, and similar fatty acids and ubiquinone features. Yet, RKSG542 is specifically
distinguishable from Pseudovibrio because it cannot reduce nitrate to molecular
nitrogen (N2), meaning it is not a denitrifying bacterium, and has a lower DNA G+C
content [541]. Also distinct, RKSG542 did not produce bchl a and differs by lacking the
polar lipid SQDG, which is present in most Labrenzia species (Figure 3.12 A). We
propose that RKSG542 is the first cultured representative of the new genus for which
the name Pseudolabrenzia cremeus is proposed. Further differentiating characteristics
of RKSG542 are reported in Table 3.5.
RKSG542 exhibited resistance to the antibiotics gentamicin (10 μg), nalidixic acid
(10 μg), and vancomycin (30 μg), moderately susceptible to penicillin G (10 μg),
streptomycin (10 μg), neomycin (30 μg), and tetracycline (30 μg), and fully susceptible to
ampicillin (10 μg) and kanamycin (30 μg). RKSG952 exhibited the following: resistant to
ampicillin (10 μg), penicillin G (10 μg), tetracycline (30 μg), vancomycin (30 μg) and
nalidixic acid (10 μg); susceptible to kanamycin (30 μg) and streptomycin (10 μg), and
moderately susceptible to gentamicin (10 μg) and neomycin (30 μg).
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Figure 3.10 Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of strains RKSG542
and RKSG952 (in bold print) and closely related representatives of Rhodobacteraceae (28 sequences; 1244
nt). GenBank accession numbers are shown in parentheses. Numbers at nodes are bootstrap percentages
of 1000 re-samplings. Filled circles at nodes indicate the same topology was recovered from neighborjoining, maximum-likelihood, and maximum-parsimony algorithms; open circles indicate that
corresponding nodes were recovered from neighbor-joining and maximum-likelihood. Mesorhizobium loti
T
LMG 6125 was used as an outgroup. Bar = 0.02 substitutions per nt position.
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A

B

Figure 3.11 Transmission Electron Micrograph images for RKSG542 (A) and RKSG952 (B).

A

B

Figure 3.12 Total polar lipid profile of RKSG542 (A) and RKSG952 (B) after separation by after separation
by two-dimensional TLC. Abbreviations: diphosphatidylglycerol (DPG), phosphatidylglycerol (PG),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), unidentified amino-phospholipid (APL),
unidentified aminolipid (AL), unidentified phospholipid (PL), and unidentified lipid (L).
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Table 3.5 Differential characteristics of strain RKSG542 and its closest phylogenetic relatives. Taxa: Pseudolabrenzia (data obtained from this study); Labrenzia
(data from this study and from [542]); Pseudovibrio (data from this study and from [542]); Nesiotobacter (data obtained from this study and from [542]). All
T
T
strains are negative for indole production (except ND for P. denitrificans DN34 and L. salina Cs25 ); all strains are positive for oxidase and catalase (except
T
negative for L. salina Cs25 ). Antibiotic resistance was determined according to guidelines used by Zhong et al. (2014); diameters of inhibition zone < 10 mm,
10–20 mm, and > 20 mm were classified as resistant, weakly resistant and susceptible, respectively. All data were from referenced authors unless otherwise
indicated. Abbreviations: positive (+), weakly positive (w), negative (−), variable (v), no data available (ND), aerobic (A), facultatively anaerobic (FAN), molecular
nitrogen (N2), summed feature 8 (SF8; C18:1ω7c and/or C18:1ω6c), Tr (trace amounts), coenzyme Q10 (Q-10), diphosphatidylglycerol (DPG), phosphatidylglycerol
(PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylmonomethylethanolamine (PMME), sulfoquinovosyl diacylglycerol (SQDG),
g
h
j
unidentified amino-phospholipid (APL), unidentified aminolipid (AL), unidentified phospholipid (PL), and unidentified lipid (L). References: [543], [506],
k
m
n
[544], [545], [507], and [509].
Characteristic
Isolation source
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Cell morphology

Flagella
Bchl a
pufLM genes
coxL genes

P. cremeus
RKSG542

L. aggregata
T
NBRC 16684

L. alexandrii
T
DFL-11

Marine
sponge

Marine
g
sediment

Rods, starshaped
aggregates

Large rods,
star-shaped
h
aggregates

Marine
dinoflagellate
Rods, uneven
ends, starshaped
aggregates

Monotrichous Oligotrichous
−
−
+

g

L. marina
T
DSM 17023

L. alba
T
DSM 18320

L. salina
T
Cs25

P. denitrificans
T
DN34

Tidal flat

Oysters

Halophyte

Seawater

Rods, clubshaped, starlike
aggregates

Monotrichous Monotrichous Monotrichous

Peritrichous

None

−

ND

ND

ND

−

+

ND

−

ND

ND

ND

+

ND

+

ND

ND

ND

+

+

+

+

+

ND

−

h

+

+

h

+

h

+

Nitrite reduction to N2

−

+

Indole production

−

−

h

D-Glucose fermentation

−

−

h

0.5-5 [2]

0-10

Straight rods

Peritrichous

−

+

Long rods

ND

h

Nitrate reduction to nitrite

Large rods, do
Rods, straight,
Rods,
not form
curved, or
aggregates
rosettes
irregular

P. hongkongensis
N. exalbescens
UST20140214T
LA33B
T
015B
Hypersaline
Flatworm
lagoon

−

+

+

ND

+

−

−

+

ND

+

k

k

−

−

−

ND

+

−

−

+

+

ND

ND

+

−

+

1-10

3-6 [3]

1-8

1-11 [4-5]

2-6 [3]

1-5 [3]

1-13.5

+

+

+

+

+

+

+

15-34 [26]

25-30 [25]

13-28

15-40

18-37 [30]

15-40 [25-28]

35-45

6-9.2 [7-8.5]

ND

ND

7-10

8

6-9 [7]

ND

Growth range [optimum]
NaCl (% w/v)
Salt requirement

−

−

e

e

Temp (°C)

22-37 [30]

15-37

pH range

7-9 [7]

ND

e

171

Characteristic
Relation to oxygen

P. hongkongensis
N. exalbescens
UST20140214T
LA33B
T
015B

P. cremeus
RKSG542

L. aggregata
T
NBRC 16684

L. alexandrii
T
DFL-11

L. marina
T
DSM 17023

L. alba
T
DSM 18320

L. salina
T
Cs25

P. denitrificans
T
DN34

A

FAN

FAN

FAN

A

A

FAN

ND

FAN

−

+

j

−

+

+

m

−

+

−

−

j

m

+

−

Enzyme activities
(API ZYM)
β-Galactosidase
β-Glucosidase (esculin)

v

+

Protease (gelatin)

−

−

−

+

+

+

−

k

+

+

−

−

+

−

+

Utilization of
(Biolog GN2)
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D-Fructose

+

w

+

+

w

+

ND

+

+

D-Galactose

−

+

w

+

−

−

+

−

−

D-Mannose

−

+

+

+

ND

+

+

−

w

Glycerol

+

+

−

ND

−

+

−

−

−

Maltose

+

+

+

+

−

+

+

+

+

Sucrose

+

+

−

+

+

+

+

+

w

35.1

75.6

71

52.0

55

55.0

87.7

77.7

21.8

n

1

5.2

Predominant fatty acids
SF8
C18:0
Respiratory quinones
Polar lipids
DNA G + C content (mol %)

Q-10

Tr

Q-10

n

g

n

n

6.5

8.8

Q-10

Q-10

72.8
6.8

n

n

n

7.6

7.6

Q-10

Q-10

Q-10

ND

ND

ND

ND

ND

51.7

53.3

61.0

DPG, PG, PE,
APL, PL, L

DPG, PG, PC,
PE, PMME,
b
SQDG , AL

DPG, PG, PC,
PE, PMME,
SQDG, AL

DPG, PG, PC,
PE, PMME,
SQDG, AL

DPG, PG, PC,
PE, PMME,
SQDG, AL

DPG, PG,
PC, PE,
PMME,
SQDG

49.0

59.0

56.1

59.7

ND

62.4
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n

The 16S rRNA gene sequence of RKSG952 exhibited the highest similarity to
members of the genus Roseibium, forming a highly supported clade with the three type
strains R. hamelinense Och 368T, R. aquae DSG-S4-2T, and R. denhamense OCh 254T with
sequence similarities of 97.3%, 96.9%, and 96.5%, respectively. Features first used to
distinguish Roseibium as a genus were described by Suzuki et al. (2000) and emended by
Biebl et al. (2007) [506]. Because of the addition of R. aquae DSG-S4-2T by Zhong et al.
(2014) [546], the genus description was revised to include a range of distinguishable
characteristics that were also observed for RKSG952; some of these included colony
morphology and rod-shaped cells with swelled ends, as seen for RKSG952 (Figure 3.12
B), nitrate reducing to nitrite, catalase positive, alkaline phosphatase positive, and urea
and esculin hydrolysis. However, even after this most recent revision, RKSG952 still
differs in some ways from other Roseibium species. RKSG952 differs in that it does not
contain photosynthetic pigments (bchl a), pufLM genes, or the polar lipids PMME, PC,
and SQDG (Figure 3.12 B). Additionally, RKSG952 has a lower gDNA G+C content (50.9
mol %), does not produce H2S, lacks α-galactosidase activity, cannot hydrolyze Larginine, tween 80, or starch, and cannot utilize D-glucose, D-mannose, or pyruvate.
Distinguishing features of RKSG952 from its Roseibium relatives are reported in Table
3.5.
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Table 3.6 Differential characteristics of strain RKSG952 and its closest phylogenetic relatives. Taxa: Roseibium (data obtained from this study and from [546]).
All strains are positive for catalase activity, D-glucose fermentation, alkaline phosphatase, urea (urease), aesculin hydrolysis (β-glucosidase), and assimilation of
D-sorbitol and maltose. All strains are negative for H2S production, hydrolysis of starch, assimilation of malic acid, cystine arylamidase, β-Glucosidase, N-acetyl
β-glucosaminidase, α-mannosidase, and α-fucosidase. All strains are resistant to ampicillin (10 μg), penicillin G (10 μg) and tetracycline (30 μg) according to
guidelines used by Zhong et al. (2014) [546]; diameters of inhibition zone < 10 mm, 10–20 mm, and > 20 mm were classified as resistant, weakly resistant, and
susceptible, respectively. All data from this study unless otherwise specified. Abbreviations: positive (+), weakly positive (w), negative (−), aerobic (A), summed
feature 8 (SF8; C18:1ω7c and/or C18:1ω6c), coenzyme Q10 (Q-10), diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylmonomethylethanolamine (PMME), sulfoquinovosyl diacylglycerol (SQDG), unidentified amino-phospholipid
o
(APL), unidentified aminolipid (AL), unidentified phospholipid (PL), and unidentified lipid (L). References: [546].
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Characteristics

R. geraceae
RKSG952

R. hamelinense
T
JCM 10544

Isolation source

Marine sediment

Sands

Cell shape

Rods, swelled ends

Colony morphology

Circular, smooth,
shiny, cream to pink

R. denhamense
T
JCM 10543
Rhodophyta
(red algae)
Rods
Circular, smooth,
glistening, opaque,
pink
Peritrichous
+

Flagella

Monotrichous

Rods
Circular, smooth,
glistening, opaque,
pink
Peritrichous

BChl a

−

w

pufLM genes

−

+

coxL genes
Nitrate reduction
(API 20NE)
Indole production
(API 20NE)
Oxidase (BD)
DNA G+C content (mol %)

Saline lake
Rods
Circular, smooth,
opaque, slightly pink
Monotrichous
+

+
o

R. aquae
T
DSG-S4-2

+
o

+

−

−

+

+

+

−

+

+

−

+

+

o

+

+

+

−

50.9

59.2-63.4

57.6-60.4

61.4

0.5-7 [2]

0-10

0.5-7.6

0-8 [1-2]

Growth Range [optimum]
NaCl (% w/v)
Salt requirement

+

−

+

−

Temperature (°C)

15-37 [37]

27-30

27-30

20-40 [35]

6-10 [8]

7.5-8
A

7.5-8

6.5-10.5 [7.5-8]

A

A

pH range
Relation to oxygen

A
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Characteristics
Enzyme activities
(API 20NE/ZYM)
Acid phosphatase

R. geraceae
RKSG952

R. hamelinense
T
JCM 10544

+

+

Arginine dihydrolase

+

−

Gelatin hydrolysis

+

+

Leucine arylamidase

+

−

Trypsin

+

−

α-Galactosidase

−

β-Galactosidase
Utilization of
(API 20NE/Biolog)
D-Glucose

−

+

−

+

+

o
o

R. denhamense
T
JCM 10543

−
−

o
o

+

o
o

−
+
+

−

o

−
o
o
o

w
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o

−
−

−
o

R. aquae
T
DSG-S4-2

−
+
−

+
o

D-Mannose

−

+

D-Fructose

+

+

+

−

Pyruvate

−

+

+

+

Sucrose

+

+

+

−

Tween 80

+

−

−

−

SF8

23.2

67.3

64.1

72.0

C19:0 ω8c cyclo

41.1

−

−

−

Q-10

Q-10
DPG, PG, PC,
PE, PMME, SQDG, AL

Q-10
DPG, PG, PC,
PE, PMME, SQDG, AL

Q-10
DPG, PG, PC,
PE, PMME, SQDG, AL, PL

+

+

Major fatty acids

Respiratory quinones
Polar lipids

DPG, PG, PE, APL, PL, L
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Primers designed for the amplification of genes encoding carbon monoxide
dehydrogenase (CODH) large subunit form II (coxL form II) [527] yielded the expected
size fragments (1260−1290 bp) for both isolates RKSG542 and RKSG952; the protein
sequences were deduced (using the BLASTp implementation). The coxL fragments from
RKSG542 and RKSG952 displayed high sequence similarities of approximately 87% and
94% to known sequences in Genbank, respectively. Phylogenetic analysis of RKSG542,
RKSG952, and homologous protein sequences demonstrated clustering with similar coxL
sequences reported from species of Labrenzia, Stappia, Roseibium, Nesiotobacter,
Polymorphum, and Pseudovibrio. Furthermore, the coxL gene could be considered a
taxonomic marker as a similar topology was observed for the phylogenetic placement of
RKSG542, RKSG952, and their closest relatives (Figure 2.13); in other words, the coxL
analysis supports 16S rRNA gene sequence analysis. Inherently, the presence of a gene
does not confirm the activity of the associated enzyme. Still, S. stellulata and S.
aggregata have been reported to have the capacity to oxidize and consume CO [508].
These results suggest that strains RKSG542 and RKSG952 may oxidize CO similar to
related strains [507]. Notably though, unlike form I, which verifiably oxidizes CO, the
precise function of form II coxL enzymes remains unclear [547].
As a result of the heterogeneity of features between RKSG952 and previously
described Roseibium species, a further revision of the genus Roseibium must be
included in the species description; it must be extended to include the following traits as
variable: production of bchl a, arginine dihydrolase activity, the presence of pufLM and
coxL genes, nitrate reduction, polar lipid profiles, and fatty acid compositions. Mainly
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due to phylogenetic positioning and various overlapping characteristics, RKSG952 is
proposed as a novel member of the genus Roseibium within the family
Rhodobacteraceae, for which we suggest the name R. geraceae.

Figure 3.13 Neighbor-joining phylogenetic tree displaying the evolutionary placement of deduced carbon
monoxide dehydrogenase (CODH) protein derived from strains RKSG542, RKSG952, and related sequences
from Genbank. Bar = 0.05 substitutions per amino acid position.
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3.3.4.1 Description of Pseudolabrenzia gen. nov.
Pseudolabrenzia [Pseu.do.lab.ren’zi.a. Gr. adj. pseudos false; N.L. fem. n.
Labrenzia from the name Labrenz, honoring Dr. Matthias Labrenz, a German
marine microbiologist who described many interesting bacterial isolates from
hypersaline Ekho Lake, Antarctica.] This genus falls within the α-2 subgroup of
class Alphaproteobacteria, order Rhodobacterales, and family Rhodobacteraceae
according to 16S rRNA gene sequencing and phylogenetic analysis. The description
of the genus is the same as that of the type strain and only species of the genus,
RKSG542.
3.3.4.2 Description of Pseudolabrenzia cremeus sp. nov.
Pseudolabrenzia cremeus *crem’eus N.L. adj. cremeus cream colored]. In
addition to the characteristics described for the genus, cells are GN and strictly
aerobic. Cells are rod-shaped (0.3−0.7 μm wide x 1−6 μm long) and motile by
means of a single, polar flagellum (monotrichous). Robust growth on MA occurs
after 2−3 days with incubation at 22−30°C. The colonies are circular, smooth,
shiny, slightly raised to convex, with entire margins; they begin as punctiform
colonies are cream to light yellow. Growth occurs at 22−37°C (weak growth at
37°C), at pH 7−9, and between 0.5 and 5% (w/v) NaCl (weak growth with 4-5%
NaCl). Optimal growth occurs at 30°C, pH 7, and 2% (w/v) NaCl. Cells are oxidase
and catalase positive. Did not hydrolyze casein, starch, or DNA, and did not
produce H2S.
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API 20 NE results were positive for nitrate reduction to nitrite, and variable
between replicates for esculin hydrolysis (β-glucosidase). Negative results were
obtained for indole production, D-glucose fermentation, arginine dihydrolase,
urease, gelatin hydrolysis (protease); also negative for utilization of D-glucose, Larabinose, D-mannose, D-mannitol, N-acetyl-glucosamine, D-maltose, potassium
gluconate, capric acid, adipic acid, malic acid, trisodium citrate, and phenylacetic
acid. API ZYM results were positive for alkaline phosphatase, esterase (C4),
esterase/lipase (C8), leucine arylamidase, and weakly positive for naphthol-AS-BIphosphohydrolase; negative for lipase (C14), valine arylamidase, cysteine
arylamidase, trypsin, α-chymotrypsin, acid phosphatase, α/β-galactosidase, βglucuronidase, α/β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and
α-fucosidase. For Biolog GN2 microplates, RKSG542 was able to utilize the
following carbon sources: tween 40, tween 80, adonitol, D-arabitol, i-erythritol, Dfructose, gentiobiose, α-D-glucose, maltose, D-mannitol, D-mannose, sucrose, Dtrehalose, turanose, mono-methyl succinate, D-gluconic acid, D-glucuronic acid,
α/β-hydroxybutyric acid, p-hydroxy-phenylacetic acid, D,L-lactic acid, quinic acid,
sebacic acid, glucuronamide, L-alaninamide, D-alanine, L-alanine, L-alanyl-glycine,
L-asparagine, L-glutamic acid, L-leucine, L-ornithine, L-proline, L-pyroglutamic acid,

glycyl-L-aspartic acid, glycyl-L-glutamic acid, hydroxy-L-proline, L-phenylalanine, Dserine, L-serine, L-threonine, and glycerol. Variable results were obtained between
replicates for propionic acid, succiniamic acid, L-histidine, hydroxy-L-proline, Lphenylalanine, α-aminobutyric acid, phenylethylamine, and putrescine. Results
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were negative for α-cyclodextrin, dextrin, glycogen, N-acetyl-D-galactosamine, Nacetyl-D-glucosamine, L-arabinose, D-cellobiose, L-fucose, D-galactose, m-inositol,
α-D-lactose, lactulose, D-melibiose, β-methyl-D-glucoside, D-psicose, D-raffinose, Lrhamnose, D-sorbitol, xylitol, pyruvic acid methyl ester, acetic acid, cis-aconitic
acid, citric acid, formic acid, D-galactonic acid lactone, D-galacturonic acid, Dglucosaminic acid, γ-hydroxybutyric acid, itaconic acid, α-ketobutyric acid, αketoglutaric acid, α-ketovaleric acid, malonic acid, D-saccharic acid, succinic acid,
bromosuccinic acid, L-aspartic acid, glycyl-L-aspartic acid, glycyl-L-glutamic acid, Lthreonine,

D,L-carnitine,

urocanic

acid,

inosine,

uridine,

thymidine,

2-

aminoethanol, 2,3-butanediol, D,L-α-glycerol phosphate, α-D-glucose-1-phosphate,
and D-glucose-6-phosphate.
The major fatty acids are SF8, C18:0 (21.8%), and C16:0 (13.2%). The only
isoprenoid quinone is Q-10. The major polar lipids are DPG, PG, PE, one unknown
APL, three unknown PLs, and two unknown Ls. The DNA G+C content is 49.0 mol
%. The type strain RKSG542 (=TSD-76, =LMG 29867) was isolated from the marine
sponge Verongula gigantea, collected off the coast of San Salvador, The Bahamas.
3.3.4.3 Emended description of the genus Roseibium
The circumscription of the genus is the same as that given by Suzuki et al.
(2000) and Biebl et al. (2007) with the detraction of some characteristics formerly
used to distinguish the genus. Variability may occur between Roseibium type
strains for the following: flagella type (mono- or peritrichous), requirement of NaCl
for growth, indole production, oxidase activity, presence of coxL genes [546],
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presence of pufLM genes, production of bcl a, hydrolysis of arginine, and presence
of the polar lipids DPG, PC, PMME, SQDG, and AL. Additionally, growth may occur
at 15°C and pH 6, and the DNA G+C range has expanded to include 50-63.4 mol %.
3.3.4.4 Description of Roseibium geraceae sp. nov.
Roseibium geraceae *ger.a.ce’ae+. N.L. n. geraceae referring to the research
station where this research began, and from where the type strain was isolated].
In addition to the characteristics described for the genus, cells are GN and strictly
aerobic. Cells are rod-shaped (0.6−0.9 μm wide x 1.5−3.5 μm long) with slightly
wider, swelled ends. Cells are motile by means of a single, polar flagellum
(monotrichous) (Figure 3.11). Colonies are smooth, shiny, slightly raised to convex,
with entire margins; they begin as cream-colored punctiform colonies but become
larger and pink. Growth occurs between 15 and 37°C, with optimal growth at 37°C.
Cells are cultivable in MB with 0.5−7% (w/v) NaCl, can weakly grow without salt,
but grow optimally with 2% NaCl. Growth also occurs between a pH of 6−10,
optimally at pH 8. Cells are oxidase and catalase positive. Hydrolysis of casein,
starch, and DNA was not observed, and H2S was not produced.
API 20 NE results were positive for D-glucose fermentation, arginine
dihydrolase, urease, esculin (β-glucosidase), and gelatin (protease) hydrolysis.
Results were negative for nitrate reduction, indole production, PNPG (βgalactosidase),

D-glucose,

L-arabinose,

D-mannose,

D-mannitol,

N-acetyl-

glucosamine, D-maltose, potassium gluconate, capric acid, adipic acid, malic acid,
trisodium citrate, and phenylacetic acid. For API ZYM, positive results were
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observed for alkaline phosphatase, leucine arylamidase, trypsin, acid phosphatase,
and naphthol-AS-BI-phosphohydrolase, and weakly positive for esterase (C4) and
esterase/lipase (C8). Negative results were obtained for lipase (C14), valine
arylamidase,

cysteine

arylamidase,

α-chymotrypsin,

α/β-galactosidase,

β-

glucuronidase, α/β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and
α-fucosidase. Biolog GN2 microplates produced positive results for tween 40,
tween 80, adonitol, D-fructose, gentiobiose, α-D-glucose, maltose, D-sorbitol,
sucrose, turanose, acetic acid, propionic acid, quinic acid; variable for D-galactose,
m-inositol, D-mannitol, D-mannose, D-trehalose, citric acid, L-glutamic acid, Lpyroglutamic acid, and glycerol. Negative for α-cyclodextrin, dextrin, glycogen, Nacetyl-D-galactosamine,

N-acetyl-D-glucosamine,

L-arabinose,

D-arabitol,

D-

cellobiose, i-erythritol, L-fucose, α-D-lactose, lactulose, D-melibiose, β-methyl-Dglucoside, D-psicose, D-raffinose, L-rhamnose, xylitol, pyruvic acid methyl ester,
mono-methyl succinate, cis-aconitic acid, formic acid, D-galactonic acid lactone, Dgalacturonic acid, D-gluconic acid, D-glucosaminic acid, D-glucuronic acid, α/βhydroxybutyric acid, γ-hydroxybutyric acid, p-hydroxy-phenylacetic acid, itaconic
acid, α-ketobutyric acid, α-ketoglutaric acid, α-ketovaleric acid, D,L-lactic acid,
malonic acid, D-saccharic acid, sebacic acid, succinic acid, bromosuccinic acid,
succiniamic acid, glucuronamide, L-alaninamide, D-alanine, L-alanine, L-alanylglycine, L-asparagine, L-aspartic acid, glycyl-L-aspartic acid, glycyl-L-glutamic acid,
L-histidine, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-proline, D-

serine, L-serine, L-threonine, D,L-carnitine, γ-aminobutyric acid, urocanic acid,
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inosine, uridine, thymidine, phenylethylamine, putrescine, 2-aminoethanol, 2,3butanediol, D,L-α-glycerol phosphate, α-D-glucose-1-phosphate, and D-glucose-6phosphate.
The major fatty acids are C19:0 cyclo ω8c (41.1%), summed feature 8 (C18:1ω7c
and/or C18:1ω6c; 23.2%), C18:0 (10.5%), and C16:0 (6.2%). The only isoprenoid
quinone is Q-10. The major polar lipids are DPG, PG and PE, one unknown APL, one
PL, and three unknown Ls. The DNA G+C content is 50.9 mol%. The type strain
RKSG952 (=TSD-77, =LMG 29866) was isolated from sediment collected off the
coast of San Salvador, The Bahamas.

3.4 Conclusion
Marine environments contain complex and diverse microbial populations, and are
well known as vast sources of novel or ‘yet-to-be’ cultured microbiota [201]. Therefore,
tremendous microbial diversity still exists awaiting discovery. The difficulty or inability
to culture symbiotic bacteria apart from their host or natural habitat, termed the “Great
Plate Count Anomaly” in the mid-1980s [202,548], is still almost certainly one of the
greatest obstacles of our time. The cultivation of microbes from marine sponges and
other macroorganisms is therefore hindered as a result of this limitation since only
minor advances have been reported in regards to enhancing bacterial cultivation in the
laboratory. A large gap still remains between microbial diversity in nature versus culture
collections; many bacterial taxa still have no cultivated representatives [549].
Today, a variety of researchers and scientific disciplines are invested in forwardthinking approaches to address the cultivation of previously uncultivable or novel
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microorganisms. Previous studies have reported the frequent isolation of previously
uncultured bacteria from marine sponges and sediment using a variety of techniques
[550,551]. Some of these include a plate scraping method from media supplemented
with antibiotics [349], the use of floating filters in liquid media [204], diffusion chambers
[443,552] and in situ incubations [553,554].
Though many of these advanced techniques have enabled the discovery of new
microorganisms, here, we were able to isolate 16 putatively novel bacteria via
conventional plating methods. As a result of the building a diverse microbial library,
followed by extensive phylogenetic and polyphasic analyses, six bacterial strains were
formally characterized as two novel species, three novel genera, and one novel family.
Furthermore, the genomes of each novel bacterium and some reference strains were
sequenced to provide new insights into the metabolomic capabilities of unique marine
bacteria. With the application of suitable bioinformatics platforms, perhaps some
ecological roles or enzymatic functionalities of these bacteria could be inferred as well
via in situ genomic mining or in silico techniques.
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4 Bioactivity of Natural Products Derived from Marine Bacteria
4.1 Introduction
4.1.1 Marine Sponges as Renowned Drug Dispensaries
Marine sponges are widely known to harbor an astounding array of bioactive
chemical compounds renowned as being invaluable therapeutic resources [555].
Chemicals derived from or inspired by sponge NPs have greatly contributed to different
aspects of human health, and several have been introduced into the clinic
[6,130,555,556]. Of all marine organisms, sponges are the best known for containing an
unusually

large

number

of

brominated

NPs

[239].

Some

sponge-derived

organobromines are among the earliest MNPs ever to be discovered [456,557]. In many
cases these uniquely abundant brominated metabolites are so prevalent that they can
serve as chemotaxonomic markers for certain sponge species [244,456,557,558].
For this work, preference was placed on studying certain Caribbean species (V.
gigantea, A. fistularis, and X. muta) mostly because of the brominated chemical
substances they are known to contain, many of which are associated with antibacterial,
antifungal, antiviral, cytotoxic, and other properties [185,240-242,559-566]. Specifically,
brominated tyrosine-derived alkaloids have been isolated from practically all members
of the order Verongida [567], particularly from the family Aplysinidae [568]. For
example, the Mediterranean sponge Aplysina aerophoba is a taxon known for the
production of hundreds of bromotyrosine-derived alkaloids [185,240,244,569] including
substances such as aeroplysinin-1 [494] and psammaplin A [570]. A review by Lira et al.
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(2011) [244] described more than 100 halogenated metabolites identified between
1967 and 2010 from sponges belonging to the genus Aplysina alone [456,557]. Similarly,
brominated polyacetylenic acids, eneyne-tetrahydrofurans, and several other
derivatives have been discovered from members of the genus Xestospongia [239,566].
In Table 4.1, a few of the leading brominated metabolites reported from V. gigantea, A.
fistularis, and X. muta are illustrated, along with their known associated bioactivities.

Table 4.1 Known brominated NPs reported from V. gigantea, A. fistularis, and X. muta.
Sponge
taxon

Associated
Bioactivities

References

Verongamine

histamine-H3
receptor
antagonists

[571]

N,N,N-trimethyl-3′ bromotyramine

unknown

[240]

N,N-dimethyl-3′ ,5′ dibromotyramine

unknown

[240]

Dienone

unknown

V. gigantea,
A. fistularis

Aeroplysinin 1

antibiotic,
antiviral (HIV),
antineoplastic,
cytotoxic

[573,574]

A. fistularis

Aerothionin

antibacterial,
antimycobacteri
al

[494,575577]

Brominated NP

Chemical Structure

V. gigantea

V. gigantea
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[572]

Sponge
taxon

Associated
Bioactivities

References

antibacterial

[576,578]

histamine-H3
receptor
antagonists

[579,580]

Aplysamine 2

moderate
anticancer

[579,581]

Aplysfistularine

unknown

[244,582]

Cavernicolin

antimicrobial

[583,584]

Fistularin 3

antiviral

Purealidin L

antimicrobial,
antineoplastic

[586]

antimicrobial,
cytotoxic

[560,587,
588]

Brominated NP

Chemical Structure

Homoaerothionin

Aplysamine 1

A. fistularis

A. fistularis

A. fistularis

Dibromoverongiaquinol
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[577,585]

Sponge
taxon

Associated
Bioactivities

References

Brominated
polyacetylenic acids
(several other analogs)

HIV protease
inhibition,
antifungal

[239,589]

Mutafuran G
(several other analogs)

antifungal

[242]

Brominated NP

Chemical Structure

X. muta

4.1.2 Clinically Relevant Halogenated Compounds
Naturally-derived halogenated compounds (organohalogens) have been shown to
exhibit a range of biochemical functions and medicinal properties, such as antibacterial,
antifungal, antiviral, anti-inflammatory, anti-proliferative, anti-fouling, cytotoxic, and
insecticidal activity [590-595], and thus are of great importance to the pharmaceutical
and agricultural industries [596,597]. There are several prominent examples of clinically
relevant halogenated pharmaceuticals that were first discovered as NPs including
chloramphenicol [598], rebeccamycin [599], and vancomycin [72,600]; all were originally
obtained from environmental bacteria of the order Actinomycetales [2]. Also,
salinosporamide A was discovered in 2003 from a then-novel marine actinomycete,
Salinospora tropica CNB-392 [215], isolated from ocean sediments on seawater-based
agar medium [601,602]. Salinosporamide A is one of the only modern examples of an
original, unmodified NP to enter the clinic; it is currently undergoing numerous clinical
trials as a new anticancer treatment [603].
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Notably, most halogenated NPs biosynthesized by terrestrial organisms, as seen
here, typically contain chloride as the halogen moieties, whereas marine organisms
utilize bromine more commonly; this is despite there being larger concentrations of
chloride than bromide in seawater [592,594,604]. Bioactive properties of these
halogenated molecules are often believed to be directly due to the halogen moiety, as
reportedly, their non-halogenated counterparts (analogs) lose their potency or medical
properties altogether when the halide substituent is removed [590]. For example,
vancomycin and salinosporamide A both have been shown to exhibit a loss in
bioactivity when the chloride functional group was exchanged with a non-halogen
substituent [234,601,602,605-607]. Therefore, NPs with chemical scaffolds containing
halogen functionalities (in this case likely bromine) could serve as excellent markers for
detection of prospective bioactive NPs, and pertinent starting points for drug discovery.
4.1.3 Enzymes Involved in Halogenation
Over the past 50 years, our knowledge about halogenating enzymes has increased
tremendously [608]. Between 1960 and 1995, haloperoxidases were the only type of
halogenating enzymes known to catalyze the incorporation of halide ions into organic
substrates during the production of secondary metabolites. More recently FDHs were
discovered; together both are regarded as the major categories of halogenating
enzymes found in marine and terrestrial organisms [608]. Presently, halogenases and
haloperoxidases can be further sub-divided into five different types currently grouped
based on their mechanism and structure [249]. Some of these features include ironheme, non-heme vanadium, or flavin-dependent enzymes, along with the essential co-
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factors H2O2 or O2. Halogenase enzymes have been shown to exhibit selective reactivity
with specific organic precursors during the production of secondary metabolite,
whereas, haloperoxidases are known to non-selectively transfer a halide to a diverse
range of biosynthetic substrates [249]. For our purposes, while probing the gDNA of
bacterial isolates, gene sequences encoding putative halogenases served as bioactivity
markers (to identify bacteria from this library that potentially have the ability of
producing halogenated NPs). The identification of novel halogenases could facilitate a
deeper understanding into their substrate-specific mechanisms, or taken a step
further could be used as ‘greener’ alternatives to harmful (halogenated) chemicals
often used in synthetic laboratories.
4.1.4 Role of Sponge-Bacteria in Biotechnology
Marine sponges and their microbial communities together represent unique
ecological niches containing an extraordinary range of chemical resources with equally
diverse biological properties [156,609,610]. As far back as the 1960s that scientists
began to notice that many metabolites produced by marine microbes in culture shared
structural similarities with known compounds associated with marine invertebrates
[611,612]. Indeed, several therapeutically relevant sponge-derived compounds were
later proven to have originated from microbial sources [178,181]. Recently, Nicacio et
al. (2017) [613] made an extraordinary discovery by identifying, in antimicrobial
extracts of a known bacterium P. denitrificans Ab134 from the sponge Arenosclera
brasiliensis, several known bromotyrosine-derived alkaloids previously only isolated
from Verongida sponges, thus providing further evidence of the ‘microbial origin’
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theory [192,614]. Generally, bacteria are known as prolific producers of an assortment
of specialized metabolites as a means to gain a selective advantage over neighboring
populations [615,616]. Moreover, each strain of a species has the potential to possess
distinct genetic machinery that encodes for unique secondary metabolites [617].
Therefore, sponge-microbial communities represent practically endless biotechnological
resources awaiting discovery [615,618].
4.1.5 Gram-Negative Bacteria: the Overlooked Majority
Over time, the GP genus Streptomyces has emerged as the leading microbial
source for natural product discovery. This is largely due to the concept “one strain many
compounds” (OSMAC) [49,619], referring to the ability of a single strain to produce
many different metabolites when grown under a range of conditions, revealing the
phenomenon known as induction of ‘silent’ or ‘cryptic’ NPs [137]. Though OSMAC is a
concept not limited to Streptomyces, this genus tends to dominate the NPs field mainly
because of their large genomes that contain a higher abundance of BGCs. Undoubtedly,
Streptomyces will continue to receive the most attention owing to the realization that
many more BGCs exist than chemicals have been observed in culture [620,621].
Therefore, an inherent bias has developed over time where GN bacteria are often
overlooked because they typically contain fewer biosynthetic gene clusters than do
most Actinobacteria [616]. As a consequence, recent reports describe 90 new
metabolites discovered from primarily terrestrial Streptomyces species in just a single
year (2016) [118,622]. Conversely, the phylum Proteobacteria and most other GN
bacteria currently receive considerably less attention than do Actinobacteria [616]; this
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is despite their ubiquitous presence in marine environments, and even though they
encompass more taxonomically diverse members than most other bacterial phyla [623].
In actuality, Proteobacteria is the second largest bacterial phylum after Actinobacteria
from which bioactive compounds have been harvested [154,227], or according to
Timmermans et al. (2017), may even surpass Actinobacteria as sources of natural
product leads [623].
Henceforth the question remains, are GN bacteria less prolific producers of
secondary metabolites than GP bacteria, or do fewer discoveries occur as a result of
them being understudied? Genomics has essentially answered this question, but not
completely. Certain GN taxa like Pseudomonas and myxobacteria are also known as
prolific producers of NPs with large genomes, comparable to those of Actinobacteria
[624-627]. However, the high-level of taxonomic diversity observed with GN bacteria
warrants further investigation into their metabolomic capabilities.
4.1.6 High-Throughput Chemical Profiling of Bacterial Library
At this stage in the research, it made sense to take full advantage the sizeable,
established marine-bacterial library for the purpose of screening for new NPs, with a
specific focus on the identification of brominated metabolites in culture. As mentioned,
to identify organobromines in bacterial fermentations could provide another example of
mistaken identity of the ‘true producer’ (i.e., previously-reported sponge metabolite of
microbial origin) [153]. Indeed, they are more cases of non-microbial NPs that were later
identified from microbes [628], yet relatively few examples where a sponge-derived
microbe was shown to produce a compound that was previously ascribed to its

192

respective host [613]. Therefore, direct evidence of ‘microbial origin’ regarding
brominated compounds previously reported from sponges could be an extremely
impactful contribution to the scientific community. Even more fascinating could be the
identification of known sponge-derived organobromines in bacterial extracts of
suspected sponge-specific or ‘specialist’ bacteria.

4.2 Materials and Methods
4.2.1 Chemical Profiling and Metabolomics Analysis of Bacterial Library
As previously described, 902 bacterial isolates were cultivated and purified to
generate glycerol stocks. As part of this process, remaining culture broths from each
fermentation (~ 5 mL) were subjected to screening for NP production. Each culture
broth was extracted twice with 5 mL of ethyl acetate (EtOAc), a medium polarity
solvent. Crude extracts were dried under air, reconstituted to ~ 1 mL with methanol
(MeOH), transferred to HPLC vials, and either directly subjected to UHPLC-HRMS
analysis with a Kinetex 1.7 μm C18 100 Å 50 × 2.1 mm column, as a preliminary chemical
screen, or stored at -20°C until UHPLC-HRMS analysis. Beginning with a ratio of 95%
solvent A (ddH2O, 0.1% formic acid) and 5% solvent B (acetonitrile, 0.1% formic acid), a
linear gradient was run with a flow rate of 500 μL min-1, first with a 0.2 min hold, and
then continuing until reaching 4.8 min at 100% solvent B; each run was followed by a 3
min hold for equilibration. Eluate was monitored using a photodiode array (PDA)
detector (Thermo Accela), evaporative light scattering detector (ELSD), and Exactive
HRMS (hybrid quadrupole-orbitrap) with electrospray ionization (ESI). Mass spectra
were recorded in positive mode to monitor m/z between 200−2000. Xcalibur.raw
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(Thermo) data files were processed in and converted to .netcdf format using the
Thermo File Converter tool, then imported into MZmine2 v.2.31, a freely available
software [629], for pre-processing followed by metabolomics analysis. The
implementation of a metabolomics platform modified from a method described by
Forner et al. (2013) [357] is subsequently described here.
Initially, Xcalibur.raw data files were manually inspected to establish a minimum
intensity threshold to employ for analysis; an appropriate cutoff was determined based
on background noise levels observed in sample blanks. Bacterial extracts (n = 902) were
analyzed via UHPLC-HRMS resulting in the generation of nearly 950 Xcalibur.raw data
files. In MZmine2, an ion intensity of 105 was used as the threshold. Mass features for
metabolomics were defined using a 0.05 m/z ratio window and a retention time (rt)
window of 0.1 sec. Buckets with peak heights above the threshold of 10 5 were exported
into an Excel sheet, where each ion or ‘bucket’ represents a distinct m/z ratio and rt.
Chromatograms were built and then subjected to deconvolution, where isotopic peaks
were identified and aligned in the chromatograms using the Join Aligner implement in
MZmine2. Identified metabolites were exported in the form of binary chemical datasets,
where each mass feature or ‘bucket’ was represented by a distinct m/z, rt, and peak
height. Peak lists were exported as .csv files; any redundant masses associated with
methanol (MeOH) blanks (sample solvent), reserpine (external standard), or media
blanks were deleted from the dataset.
Buckets (ions) remaining in the data matrix for each isolate were investigated;
resulting ions were visualized by formulating a heatmap using the pheatmap function of
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in R (hclust = average). Chemical entities (ions) were classified by comparing MS parent
ions of [M+H]+ or [M+Na]+ adducts to masses (m/z) of known compounds in public
databases such as AntiBase 2017 (mostly microbial NPs) [630], MarinLit v.2019 and
AntiMarin (marine-derived NPs), and the Dictionary of Natural Products v.27.1 (NPs
from all sources) [631]. Sample ions with hits of the same masses in Antibase 2017,
within an error range of 10 ppm, were reported as their closest match. Ions that were
unique to anything reported in Antibase 2017, having a mass difference of > 10 ppm or
‘hits’ from unrelated organisms, were flagged as ‘putatively novel hits’ pending further
investigation. The following equation was used to determine differences (Δ) in ppm:

4.2.2 Chemical Extraction of Marine Sponges
Pieces of the original sponge samples were flash-frozen at the time of collection,
and stored long-term at -80°C. For processing, the frozen sponge samples were
transferred to pre-weighed glass scintillation vials, and freeze-dried, resulting in
approximately 0.5 g of sponge for each specimen. Sponge material was first extracted
with dichloromethane:methanol (DCM:MeOH; 1:1) using enough solvent to cover the
sponge material completely. Scintillation vials were sonicated for 20 min, the process
was repeated a second time, and the solvent was dried under air to yield crude sponge
extracts. Bulk C18 (~ 100 mg) and 1 mL of DCM:MeOH (1:1) were added to crude
extracts, sonicated for 20 min, and again dried under air.
Solid phase extraction was performed via the following method: C18 Sep-Pak
cartridges (Waters) were set up on a vacuum manifold and first cleaned with
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DCM:MeOH (1:1), then MeOH (100%), and finally ddH2O:MeOH (9:1); each wash
required 30 mL of solvent in increments (10 mL x 3). The C18 dried extracts were
transferred into the pre-washed SPE columns. After cleaning the columns, the following
eluents were pipetted onto C18 Sep-Pak cartridges for fractionation (the first 3 mL in ~ 1
mL increments), while allowing the vacuum pump to pull the solvent through the
columns: (1) 15 mL ddH2O:MeOH (9:1), (2) 10 mL ddH2O:MeOH (5:5), (3) 10 mL
ddH2O:MeOH (2:8), (4) 10 mL acetonitrile (ACN; 100%), (5) 10 mL acetone (100%), and
(6) 10 mL MeOH:DCM (1:1). Fractions (1−6) were collected in separate pre-weighed
scintillation vials, dried overnight in a GeneVac, weighed, and dissolved in MeOH to a
concentration of 0.5 mg mL-1. A total of 40 sponge extracts were generated and samples
were stored at -20°C until UHPLC-HRMS analysis (same method as described for
bacterial extracts).
4.2.3 Halogenase Gene Screening of Bacterial Library
Bacterial isolates representing the dereplicated library according to MALDI clades
(assigned in Chapter 2) were screened for the presence of genes encoding putative FDHs
using PCR. First, gDNA was extracted from bacteria following the phenol-chloroform
method described in Chapter 2. To standardize samples for molecular analysis, DNA
extracted from each isolate was quantified using the Pico Green kit and normalized to a
concentration of 25 ng μL-1 (as described in Chapter 2). A degenerate primer set (HALO)
was utilized for the PCR scree; the following oligonucleotides were ordered from
Eurofins Genomics (Toronto, ON): HALOforD (5’-GGACGGCTGGTTCTGGNHNATHCC-3’)
and HALOrevE (5’-CACGCCGCGGGAGWANANNGGRTC-3’). As previously described by
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Bayer et al. (2013) [256], degenerate HALO primers were designed based on 10 deduced
amino acid sequences homologous to the cmlS gene from S. venezuelae, which encodes
for a FDH involved in the biosynthesis of chloramphenicol.
Primers were reconstituted to 100 μM with 10/0.1 TE buffer (pH 8.0). Each PCR
reaction contained 1 μL of bacterial gDNA (~ 25 ng/μL), 12.5 μL EconoTaq PLUS GREEN
2X (Lucigen), 1.25 μL DMSO, 0.25 μL HALOforD, 0.25 μL HALOrevE, and 9.75 μL ddH2O.
Thermal cycling conditions were as follows: initial denaturation at 94°C for 2 min, 30
cycles of (denaturation at 95°C for 30 sec, primer annealing at 61.5°C for 30 sec,
extension at 72 °C for 30 sec), and a final extension step of 2 min at 72°C. Just over 270
bacterial strains were subjected to this HALO PCR screen; isolates were tested as single
replicates in 96-well plates. PCR products were subjected to electrophoresis (110 V, 40
min) using 1% agarose gels with 0.5% EtBr, and finally visualized using a UV
transilluminator (BioSpectrum, OptiChemi HR Camera). Samples for which fragments of
approximately 300 bp were observed in the HALO PCR screen were quality control
checked with single primer amplification reactions to test for non-specific amplification.
Bacterial isolates where non-specific amplification was observed (amplification with
single primers or observation of incorrectly sized amplicons) were eliminated from the
down-stream analysis. Reactions generating specific amplicons of the correct size were
sequenced at Eurofins Genomics using both HALOforD and HALOrevE primers [256].
Resulting sequence chromatograms were visually inspected and subjected to
BLASTn and BLASTx searches; protein sequences in Genbank having the highest
sequence similarities were compiled and exported as .fasta files. All sequences were
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aligned using the ClustalW implementation in BioEdit v.7.2.5, manually evaluated, and
trimmed. Protein sequence alignments were imported into MEGA7 for phylogenetic
analysis. The best-fit substitution model for phylogenetic analysis of the halogenase
sequences data was tested in MEGA7 [417] and identified as the model with the lowest
Bayesian Information Criterion (BIC) score [632]. Phylogenetic analysis was performed
for the ML [421], NJ [422], and MP [423] algorithms using the Whelan and Goldman
(WAG) substitution model [633] and Gamma distribution; similar topologies were
acquired using all statistical methods.
Partial halogenase sequences were deposited in Genbank under accession
numbers (MK583934, MK570157–MK570159).
4.2.4 Media Study to Induce Metabolite Production
Bacterial isolates that were identified as having ‘hits’ in the halogenase PCR
screen, that exhibited taxonomic novelty or revealed interesting chemical profiles, were
chosen for a media study; 12 strains were selected including six from the HALO PCR
screen (RKSG001, RKSG042, RKSG057, RKSG059, RKSG065, and RKSG069) and six of the
novel strains described in Chapter 3 (RKSG058T, RKSG066, RKSG073, RKSG123, RKSG542,
and RKSG952). Bacteria were streaked onto MA from glycerol stocks, sub-cultured to
check for purity, and then inoculated into culture tubes (25 x 100 mm) with the
following bacterial fermentation media (BFM): (1) BFM3m (soy peptone 5 g L-1; glycerol
12 g L-1, NaCl 5 g L-1, K2HPO4 3 g L-1, KCl 0.5 g L-1, MgSO4*7H20 0.5 g L-1, instant ocean 18
g L-1); (2) BFM5m (pancreatic digest of casein 17 g L-1, enzymatic digest of soybean meal
3 g L-1, dextrose 2.5 g L-1, NaCl 5 g L-1, K2HPO4 2.5 g L-1, instant ocean 18 g L-1, pH 7.3 ±
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0.2); (3) BFM7m (yeast extract 2 g L-1, olive oil 5 g L-1, NaCl 5 g L-1, glucose 2 g L-1, NaCl 5
g L-1, KH2PO4 1 g L-1, K2HPO4 1 g L-1, MgSO4*7H2O 0.2 g L-1, FeCl3 0.05 g L-1, CaCl2*H2O
0.02 g L-1, instant ocean 18 g L-1, pH 7.3 ± 0.2); (4) BFM11m (soluble starch 10 g L-1, yeast
extract 4 g L-1, peptone 2 g L-1, KBr 0.1 g L-1, FeSO4*7H2O 0.04 g L-1, instant ocean 18 g L1

, pH 7.0 ± 0.2); (5) BFM11m-Br (same as BFM11m, except KBr 2 g L-1); (6) marine

nutrient broth (peptone 5 g L-1, beef extract 1.5 g L-1, yeast extract 1.5 g L-1, NaCl 5 g L-1,
instant ocean 18 g L-1, pH 7.4 ± 0.2). These media were chosen because they are
regularly used in the Kerr Lab for inducing NP production. Cultures were fermented at
30°C for 2−5 days with agitation at 200 rpm before chemical extraction using EtOAc,
dried under air, and submitted for UHPLC-HRMS analysis.
4.2.5 Identification of Putative Halogenated Compounds
Targeted metabolomics analysis was employed to evaluate HRMS data for the
presence of putatively brominated or chlorinated metabolites in bacterial cultures.
Compounds containing a Br or Cl atom are easily identifiable as they are indicated by
two isotopic peaks in the mass spectra exactly two mass units apart (M+2)+. This occurs
because both bromine (79Br and 81Br) and chlorine (35Cl and 37Cl) exist as mixtures of two
naturally occurring isotopes of approximately equal abundance, or a ratio of about three
to one, respectively. In other words, if one bromine is present, two roughly equal parent
peaks representing the two Br isotopes would be observed in the HRMS spectra at m/z
[M]+ and [M+2]+ in positive mode.
Similarly, if chlorine is present, a big parent peak will be visible representing the
35

Cl isotope (that exists at roughly 75%), and another peak at [M+2]+ representing the
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37

Cl isotope, which would be about one-third of the height of the base peak.

Furthermore, if molecules happen to contain more than one halogen (Br or Cl) atom, the
isotopic ratios occur as more complicated ions patterns, but peaks remain exactly two
mass units apart. These distinctive isotopic fragmentation patterns (in the HRMS
spectra) were targeted to identify the presence of any chemical entities containing one
or more halogen atoms.
Bacterial and sponge extracts were manually inspected in Xcalibur (Thermo) for
the presence of ions having the [M]+ and [M+2]+ indicative pattern described above.
Also, an implementation in MZmine2 was used to screen for ionized peaks suggestive of
the presence of halogen atoms at an ion peak intensity > 103, which may have been
missed during manual analysis. A spreadsheet, exported as a .csv file, was compiled of
putative Br or Cl containing metabolites, to more critically inspect for any potential
halogenated compounds recognizable via metabolomics analysis.
4.2.6 Antibacterial and Anticancer Bioactivity Screening
The remaining material after the chemical screen of bacterial extracts was utilized
for bioassay testing. If multiple isolates had previously been assigned to a single OTU,
their extracts were pooled (to reduce sample size and increase mg of material). Extracts
were dried in deep 96-well plates (100 μg well-1) on the GeneVac overnight, and stored
at -20°C until testing was conducted. Samples were submitted to be screened for antibacterial and anti-cancer activities via bioassays developed and performed by Nautilus
Biosciences Inc., according to a method described previously by Overy et al. (2014)
[634]; all assays were performed under sterile conditions in a biosafety hood level 2
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(BSL2). Only bacterial extracts were tested; the bioactivity of sponge extracts was not
evaluated.
Briefly, extracts were tested against a panel of the following pathogens:
methicillin-resistant Staphylococcus aureus ATCC 33591 (MRSA), Staphylococcus warneri
ATCC 17917, vancomycin-resistant Enterococcus faecium EF379 (VRE), Pseudomonas
aeruginosa ATCC 14210, Proteus vulgaris ATCC 12454, and Candida albicans ATCC
14035. Extracts were assayed in a 96-well plate format as single replicates due to the
limited amount of material remaining. Bacterial fermentation extracts were
reconstituted in 1 mL of sterile 20% DMSO to bring the concentrations to 1 mg mL-1,
then were diluted in 96-well plates to obtain a final concentration of 100 μg mL-1 well-1
in 2% DMSO. Each plate contained several replicates of control wells including untreated
negative controls (medium + 2% DMSO + pathogen), and a range of positive controls
including vancomycin for MRSA and S. warneri, rifampicin for VRE, gentamycin for P.
aeruginosa, ciprofloxacin for P. vulgaris, and nystatin for C. albicans. Cell growth was
assessed by measuring optical densities at 600 nm (OD600) on a Thermo Scientific
Varioskan Flash plate reader. Plates were read immediately following set-up (Tzero), and
then again after incubation at 37°C for ~ 22 hours (T22h). Tzero readings were subtracted
from the final readings to calculate percent inhibition of growth; results were
normalized relative to vehicle control wells to determine the percent (%) of cell
inhibition.
Cytotoxicity and anticancer activities of bacterial extracts were assayed as single
replicates against three normal cell lines and three cancer cell lines. These included:
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human foreskin BJ fibroblasts (BJ; ATCC CRL-2522), adult human epidermal
keratinocytes (HEKa; Invitrogen C-005-5C), monkey kidney cells (Vero; ATCC CCL-81),
two human breast cancer (adenocarcinoma) cell lines (HTB26; ATCC HTB-26, MCF7;
ATCC HTB-22), and human colorectal carcinoma (HCT116; ATCC CCL-247). Cell cultures
were maintained at 37°C in T75 cm2 culture flasks using the manufacturer's
recommendations; each medium was supplemented with sterile 10% fetal bovine serum
(FBS; Corning) plus antibiotics (100 μU penicillin, 0.1 mg mL-1 streptomycin; Lonza).
Culture flasks were monitored daily, and media was refreshed every two days until cells
reached 80% confluence, after which they were counted, diluted to 103−104 cells well-1
with culture medium lacking antibiotics, and aliquoted into 96-well cell culture plates.
All extracts were screened at 100 μg mL-1 for cell growth inhibition (cytotoxicity). Each
plate contained four replicates each of a two-fold serial dilution of doxorubicin from 16
to 0.125 μg mL-1 as positive controls and the vehicle control (medium + 1% DMSO +
cells). Plates were incubated at 37°C, for 24 hours and then treated with Alamar blue
(Invitrogen) at 10% of the well volume. Fluorescence was measured using a Thermo
Scientific plate reader at 560 ± 12 nm excitation and 590 nm emission immediately
following Alamar blue addition (Tzero), and again after four hours (T4h) at RT. To calculate
percent inhibition, fluorescence measurements (590 nm) at Tzero were subtracted from
the readings at T4h post-Alamar blue addition and normalized to the fluorescence
emission of negative control wells using the equation:
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4.3 Results and Discussion
4.3.1 Chemical Profiling of Bacterial Library
The use of a metabolomics method developed in the Kerr Lab [357] facilitated
both the rapid comparison of HRMS spectra (i.e., chemical profiling) and the
identification of known, putatively novel, or halogenated metabolites. In total, a total of
71 samples were identified as containing at least one of 59 chemical entities (buckets);
the full dataset of ions observed in bacterial extracts (> 105) can be found in the
Appendix Table A.5. Buckets (peak heights) exhibiting a mass abundance < 105 were not
included in the further analysis because it is challenging to discriminate these as being
legitimate compounds, media components, or background noise; plus, metabolites of
low-abundance are often challenging to separate from a crude mixture. Of course, by
eliminating peaks < 105 from down-stream analysis, it is a trade-off as there is a risk of
some interesting chemistry being overlooked. But in this case, it was useful to narrow
down the number of chemical leads to manageable sample size.
The exact masses of [M+H]+ or [M+Na]+ adducts listed in the dataset (> 105) were
searched in Antibase 2017. Masses with ‘hits’ < 10 Δ ppm were presumed to be known
metabolites, particularly if they were derived from a related organism. If there were no
matches within 10 ppm of the query mass, or if there were matches but with
compounds derived from unrelated organisms, ions were flagged as potentially new
compounds. Preliminary determinations of ions observed in crude extracts and their
respective Antibase 2017 matches included numerous metabolites identified in the
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culture broths of bacterial isolates, many of them known but several putatively
unknown as well, as can be visualized in the heatmap displayed in Figure 4.1.
Beginning with ions predominantly observed in the cultures of members of the
phylum Actinobacteria, in the ISP2m culture extract of Streptomyces RKSG069 were the
ions m/z 410.2566 and 445.1129; the former was a putatively novel metabolite, but the
latter matched with several known Streptomyces-derived antibiotics, including
biprimaquines (m/z 601.3563), plicacetin (m/z 518.2617), resomycin (m/z 365.1021),
wailupemycin (m/z 347.0915), germacidin (m/z 225.1487), and several more. In
addition, in the NBm extract of RKSG065 (OTU006 also containing RKSG059 and
RKSG057), the putatively novel ion m/z 912.6334 was identified, which displayed strong
antifungal activity again Candida albicans.
Of the phylum Firmicutes, several isolates representing B. safensis/pumilus (within
OTU008−009) including RKSG004 and RKSG010 were observed to produce a surfactinlike family of molecules (m/z 1036, 1050, 1064, and 1078), which differ in the number of
methylene (CH2) groups often associated with B. pumilus, and typically exhibit high
broad-spectrum bioactivities [635]. Surprisingly, although Bacillus sp. RKSG540 was
identical to other isolates (within OTU008) based on 16S rRNA gene sequencing, and
they were all similarly cultured in ISP2m broth, it was the sole producer of what appears
to be a lipoamide analog at m/z 351.2253 ([M+Na]+ adduct), suggesting the possibility of
intraspecies variation in NP production for these Bacillus isolates. Equally interesting,
Berrue et al. [635] reported the isolation of novel lipoamides from a strain of B. pumilus
isolated from sediment collected in San Salvador, The Bahamas.
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Figure 4.1 Heatmap displaying ions (> 10 ) identified by metabolomics analysis. Some of these buckets are highlighted in red with brief descriptions; on the xaxis are samples (and culture medium) and the y-axis associated ions (m/z).
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Strain RKSG540 was similarly classified as B. pumilus (100% similarity) and isolated from
the same location (The Bahamas) thus is likely another novel lipoamide producer.
However, in contrast to the lipoamides reported by Berrue et al. (2009) [635],
antibacterial activity was not detected from the RKSG540 extract.
Next, within the phylum Bacteroidetes, ions m/z 522.3552 (no hits) and m/z
494.3241 (closest hit was to vinylamycin) were observed in the crude extract of
RKSG038 (related to L. aggregata). Vinylamycin, an antibiotic discovered from a soil
Streptomyces, with activity against MRSA and ultraviolet (UV) absorbance at 227 and
261 nm [636]. Upon closer look, the RKSG038 extract did not exhibit MRSA activity in
our bioassay, but UV absorbance at 227 nm was observed; thus, this compound was not
confirmed to be vinylamycin, suggesting that these pseudomolecular ions could both
represent two putatively novel compounds. However, if the ion at m/z 494.3241 is
vinylamycin, this would be the first report of this antibiotic to be identified from a
bacterium other than a Streptomyces [636]. Either way, RKSG038 would be an
interesting strain to follow-up on.
Among members of the class Alphaproteobacteria, m/z 335.2694 was seen in the
extract of strain RKSG951 and matched with bahamamide, which was first reported
from the culture broth of an ‘unclassified’ GN marine bacterium CNE-852 from sediment
in the Bahamas [637]. Interestingly, similar to CNE-852, RKSG951 was derived from
Bahamian sediment as an ‘unclassified’ bacterium related to the genus Ruegeria. No
activity was reported from the crude extract of RKSG951 putatively containing
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bahamamide, which is interesting considering no associated bioactivity has been
reported for bahamamide [637].
Within Gammaproteobacteria, in the cultures of strains RKSG230, RKSG250, and
RKSG338 related to the bacteria Photobacterium, Pseudoalteromonas, and Vibrio
species, respectively, a family of compounds are present, for which the closest matches
of m/z 279.1592 and 313.1434 correspond with oncorhyncolide discovered from a
seawater-derived bacterium [638] and ochracenomicin [639], respectively. Notably,
these extracts exhibited specific activity (~ 75%) against VRE, which to our knowledge
has not been reported for these known compounds, yet ochracenomicin has been
shown to exhibit antibacterial activity against GP pathogens such as S. aureus and
Micrococcus luteus [639]. Lastly, the majority of novel bacteria described in Chapter 3,
when cultured in ISP2m and MB, produced an array of metabolites, several of them
matching with known compounds in Antibase 2017, but also many putatively new
compounds as well. The ions observed in culture extracts of the novel strains RKSG066,
RKSG073, RKSG123, RKSG542, and RKSG952 described in Chapter 3, along with their
closest matches in Antibase, are reported in Table 4.2 and Appendix Table A.5.
Unfortunately, no obvious brominated or chlorinated metabolites were observed
in bacterial cultures above a threshold of 105. Thus, sponge extracts were also inspected
to confirm the presence of known brominated compounds, which if absent, could
account for their absence in bacterial cultures as well. However, several ions in sponge
extracts displayed isotopic fragmentation patterns as would be expected for brominated
compounds. Though the lack of brominated metabolites in bacterial cultures was not an
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ideal result, several more compounds were identified in bacterial extracts via
metabolomics analysis. These chemical leads can serve as excellent starting points for
future students who are interested in pursuing noteworthy or putatively novel
chemistry from sponge-bacteria. Due to time constraints, further experimentation
involving purification and structure elucidation of putatively novel NPs was not
permissible, but all bacterial isolates reported in this study are accessible for prospective
student research projects.
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Table 4.2 Bacterial extracts that exhibited interesting chemistry or activity in the bioassays. Results of cell growth inhibition assays of ≥ 75% are shown in red,
45-74% are shown in yellow, < 45% are shown in grey. No antibacterial activity was observed for P. aeruginosa or P. vulgaris; no cytotoxic activity was observed
against healthy cell lines Vero or BJ, or breast cancer cell line HCT116. For differences in ppm (Δ ppm) where multiple compounds were observed, the lowest
amount is shown. Hits were considered as such if they were from bacteria, but not when derived from other sources such as fungi, cyanobacteria, etc.
Antibacterial Activity
(% Inhibition)

Antibase Hits

99.7
99.7

209

Δ
ppm

Compound

HTB26

069

NBm

[M+H]+
(m/z)

MCF7

007

100

No Hits
[M+H]+

HEKa

065

Medium

C. albicans

006

S. rochei
S. albidoflavus,
S. violascens
S. albidoflavus,
S. hydrogenans

16S
rRNA
Identity
(%)

S. warneri

042

Bacterial Taxon
(% similarity)

VRE

005

Strain ID
(RKSG###)

MRSA

OTU
No.

288.1805

199.1692

0

several hits from Streptomyces spp

99

92

--

--

--

--

--

NBm

912.6334

225.1487

0.9

mandalarpyrone or germacidin

--

--

--

97

--

--

--

ISP2m

410.2566

445.1129

0

several hits from Streptomyces spp

--

--

--

--

30

--

--

5.7

family of surfactin-like molecules

98

100

69

22

37

--

50

lipoamide C from B. pumilus

--

--

--

--

--

--

--

phenethylbutyramide analog

--

61

--

--

20

--

--

--

50

--

--

--

22

--

--

55

--

--

--

--

--

004, 010

B. safensis,
B. pumilus

100

ISP2m

445.2909

1036.6967,
1050.7115,
1064.7269,
1078.7421

008

540

B. safensis,
B. pumilus

100

ISP2m

--

329.2434

0

010

080

B. circulans

99.2

ISP2m

--

192.1385

1.0
1.0

008

020

066

022

123

022

123

024

073

025

038

026

542

027

952

Unclassified
Bacteroidetes
Unclassified
Bacteroidetes
Unclassified
Bacteroidetes
Unclassified
Alphaproteobacterium
L. aggregata
Unclassified
Alphaproteobacterium
Unclassified
Alphaproteobacterium

Cytotoxicity
(% Inhibition)

95.0

ISP2m

440.2771

199.0868,
245.1284,
265.0972,
339.2068

pimprinine from S. pimprina, cyclo-(D-Phe,
D-Pro) from marine bacterium, perlolyrin
from marine Streptomyces, antiostatin from
S. cyaneus
homorifamycin from Amycolatopsis
mediterranei

89.7

ISP2m

617.4126

670.3246

3.7

89.7

MB

352.2517

--

--

--

--

--

--

--

--

--

--

92.1

MB

408.3110,
480.3088

425.3626

--

trimethylocotrienol from marine bacterium

--

--

--

--

98

--

--

99.0

ISP2m

522.3552

494.3241

3.4

vinylamycin

--

--

--

--

--

--

--

96.7

MB

566.4282

--

--

--

--

74

--

--

--

--

--

97.0

MB

566.4282

--

--

--

50

--

--

--

--

--

--
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Antibacterial Activity
(% Inhibition)

Antibase Hits

Unclassified
Alphaproteobacterium

97.0

BFM7m

030

041

P. marcusii

99.9

031

019

P. denitrificans

032

039

P. denitrificans

032

210

033
036

Δ
ppm

Compound

HTB26

952

[M+H]+
(m/z)

MCF7

027

No Hits
[M+H]+

HEKa

Medium

C. albicans

16S
rRNA
Identity
(%)

S. warneri

Bacterial Taxon
(% similarity)

VRE

Strain ID
(RKSG###)

MRSA

OTU
No.

Cytotoxicity
(% Inhibition)

297.2465

--

--

--

100

100

--

--

--

--

--

ISP2m

370.2952,
416.3369

--

--

--

--

--

--

--

--

--

--

99.8

ISP2m,
MB

522.3556

--

--

--

--

51

--

--

--

--

20

100

ISP2m

289.1335

251.1252,
353.2299

6.5

several hits from Streptomyces and
Micromonospora spp

--

50

--

--

--

--

22

--

--

--

--

--

--

--

--

--

--

940

P. denitrificans

100

ISP2m

404.3086,
522.3556

214

P. denitrificans

99.7

ISP2m,
MB

522.3556

--

--

--

--

80

--

--

--

--

--

964

R. rhizoryzae

98.9

ISP2m

522.3556

480.3086,
228.1596

0.9

N-octanoyl-L-homoserine from bacterium
(quorum-sensing), several hits

--

--

--

--

--

--

--

394.2618,
410.3259

605.2609

2.5

ansamitocin

--

--

--

--

28

31

--

037

040

R. conchae

99.0

ISP2m,
MB

043

951

R. conchae

96.6

MB

--

335.2694

0.3

bahamamide from GN bacterium

--

--

--

--

--

--

--

99.5

ISP2m

293.2088,
269.2112

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

046

888

S. dubius

047

150

A. aggregatus

98.1

ISP2m,
MB

048

037

A. mediterranea

99.2

ISP2m

363.1946

--

--

--

94

100

--

--

--

--

--

049

044

A. mediterranea

99.0

ISP2m

--

452.2772

11.1

several hits from Streptomyces spp

--

21

--

--

95

--

--

055

168

P. shioyasakiensis

98.8

ISP2m

351.0976,
452.2773

--

--

--

--

--

--

--

--

--

--

357.2788

--

--

--

--

81

--

--

--

--

--

--

--

--

--

--

52

21

--

79

--

--

--

--

--

056

173

P. shioyasakiensis

99.6

ISP2m,
MB

057

194

P. flavipulchra

99.9

ISP2m

--

279.0765

8.2

060

250

P. shioyasakiensis

98.9

ISP2m

--

279.1592,
313.1434

0.3

060

573

P. shioyasakiensis

98.9

BFM7m

721.5817

--

--

--

100

100

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

067

777

P. shioyasakiensis

99.1

BFM7m

210

FR 900148 from S. xanthocidicus
(chlorinated)
oncorhyncolide from marine bacterium,
ochracenomicin from Amycolatopsis sp.

Antibacterial Activity
(% Inhibition)

Antibase Hits

100

083

230

P. gaetbulicola

99.0

083

848

P. gaetbulicola

99.0

087

144

V. sinaloensis

091

516

V. owensii

211

Δ
ppm

Compound

HTB26

M. variabilis

[M+H]+
(m/z)

MCF7

206

No Hits
[M+H]+

HEKa

080

Medium

C. albicans

16S
rRNA
Identity
(%)

S. warneri

Bacterial Taxon
(% similarity)

VRE

Strain ID
(RKSG###)

MRSA

OTU
No.

Cytotoxicity
(% Inhibition)

357.2788

--

--

--

--

84

--

--

--

--

--

--

279.1592,
313.1433

0.3

oncorhyncolide from marine bacterium,
ochracenomicin from Amycolatopsis sp.

--

79

--

--

--

--

--

ISP2m

707.3138

621.2766

10.3

malleobactin from Bacillus spp

--

--

--

--

--

--

--

99.6

ISP2m

--

--

--

--

--

64

--

--

--

--

--

99.9

BFM7m

527.3941

299.2583

0.7

decanoic acid analog from class Bacilli

100

79

--

--

--

--

--

0.3

--

73

--

--

--

--

--

--

--

--

--

99

--

--

--

--

--

--

--

--

--

ISP2m,
MB
ISP2m,
MB

095

338

V. neptunius

??

ISP2m

--

279.1592,
313.1435

098

512

V. natriegens

99.8

ISP2m

--

452.2773,
454.2930

4.0

108

943

V. sinaloensis

99.4

ISP2m

195.0630

452.2772

3.8

108

948, 951

V. sinaloensis

99.4

ISP2m,
MB

413.3365

--

--

--

26

--

--

--

74

--

--

103,
104

831, 844

V. owensii,
V. natriegens

99.3,
99.2

ISP2m

454.2930

329.2687,
331.2843,
452.2773

0.3

paclipid from Antarctic bacterium,
hexadecanoyl from Streptomyces sp.,
microtermolide from termite-associated
Streptomyces sp.

--

--

--

--

99

--

--

023,
015

532, 534

T. mesophilum,
B. simplex

99.9,
100

ISP2m,
MB

284.2582

--

--

--

--

31

--

--

82

35

069,
029,
045

810, 820,
824

P. piscicida,
L. variabilis,
R. arenilitoris

98.0,
99.3,
96.0

--

297.0871,
452.2773,
454.2930

0.7

phencomycin methyl ester from
Streptomyces sp., microtermolide from
termite-associated Streptomyces sp.,
aureoverticillactam from S.
aureoverticillatus

--

--

--

--

87

--

ISP2m

211

oncorhyncolide from marine bacterium,
ochracenomicin from Amycolatopsis sp.
microtermolide from termite-associated
Streptomyces sp., aureoverticillactam from
S. aureoverticillatus
microtermolide from termite-associated
Streptomyces sp.

--

4.3.2

Brominated Compounds in Sponge Extracts

Sponge samples collected in this study were extracted with multiple solvents, and
samples were analyzed via UHPLC-HRMS as previously described for bacterial extracts.
As expected, several brominated metabolites were observed in the extracts of V.
gigantea, A. fistularis, and X. muta. Specifically, methanolic extracts of sponge replicates
contained several clusters of ions having fragmentation patterns characteristic of dibrominated substances. An example of MS spectra exhibiting isotopic patterns
indicative of di-brominated constituents is shown in Figure 4.2, which displays a
H2O:MeOH (9:1) extract from A. fistularis. In this sponge extract, the pseudomolecular
ions at m/z 335/337/339 (rt 1.8), m/z 503/505/507 (rt 2.2), and m/z 518/520/522 (rt
2.4) exhibit peaks of an intensity ratio of 1:2:1, which likely correspond to the dibrominated metabolites aeroplysinin 1 [560], aerophobin 2 [640], and purealidin A
[641], respectively.
Masses of brominated compounds in sponge extracts (> 10 5) were searched in NP
databases, and corresponded with compounds such as aeroplysinin 1 [560], purealidin L
[586], aplysfistularine [244,582], 14-debromoprearaplysillin [642], and dienone [572]
from V. gigantea and A. fistularis. However, most metabolites could not be definitively
classified based on MS data alone, largely on account of the numerous brominated
analogs that exist in nature [572]. Yet, the obvious presence of brominated compounds
in sponge extracts, along with their deficiency in bacterial extracts, suggests that these
particular metabolites may not be of microbial origin; yet to make that conclusion would
require further investigation.
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Figure 4.2 Extract of H2O:MeOH (9:1) from A. fistularis.
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4.3.3

PCR Screening for Genes Encoding Flavin-Dependent Halogenases

In the late 1990s, flavin-dependent halogenases (FDHs) were identified as being a
new class of halogenating enzymes (previously only haloperoxidases were known)
responsible for the incorporation of chloride and bromide atoms into NPs. Today, FDHs
are perhaps the leading class of characterized halogenating enzymes, often found within
microbial BGCs [247,252]. FDHs are two-component systems consisting of a flavin
reductase, and often containing tryptophan-binding site, which require a redox cofactor of molecular oxygen (O2) for functionality [643,644], plus of course the availability
of halide ions. Halogenases enable the interaction of a enzyme-bound halogen with
electron-rich substrates (i.e., molecules activated for electrophilic attack) [592,645].
Notably, FDHs are known for their regioselective halogenation; thus, they catalyze the
introduction of halogen atoms to a specific carbon in a molecule [247,646].
PCR-based screening for genes encoding halogenases can be a powerful tool for
bioprospecting of halometabolite-producing bacteria without requiring prior bioassayguided fractionation assays or metabolomics analyses [647]. Using a set of previously
described degenerate halogenase primers (HALO) [256], PCR amplification of the
appropriate size fragments (~ 300 bp) was observed for numerous isolates, which were
further verified through performing PCR reactions with single primers to control for nonspecific amplification. Next, amplicons were sequenced at Eurofins Genomics using the
same (forward and reverse) HALO primers used in the PCR screen, and compared to
known halogenases using BLASTx. As a result, six bacterial isolates (RKSG001, RKSG042,
RKSG057, RKSG059, RKSG065, and RKSG069) of the phylum Actinobacteria, representing
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four OTUs (OTU004-007) cultivated from V. gigantea and A. fistularis, contained three
sequences of FDH gene fragments.
Phylogenetic analysis was performed to investigate the evolutionary relationships
of partial genes amplified in the halogenase PCR screen. Top BLAST hits of deduced
amino acid sequences were incorporated into alignments along with the sequences
amplified from RKSG001, RKSG042, RKSG057, RKSG059, RKSG065, and RKSG069.
Constructed phylograms placed sequences derived from these six bacterial isolates with
many proven and predicted FDHs, the majority of which were from Actinobacteria. This
result may have been obtained because of the primers used here for the halogenase
screen; they were designed based on the cmlS gene (chloramphenicol biosynthesis in S.
venezuelae) and homologous sequences of mainly Actinobacteria [256,598,648], and
had a G+C bias in the third codon position; this is often observed for primers used to
screen Streptomyces because this taxon contains G+C in 90% of third codon positions
[649-651]. This bias could have prevented amplification as most of the strains in this
library are GN bacteria have a G+C content of around 50% in the third codon position
[652-654]. Although the majority of known halogenase sequences in Genbank have
been derived from GP bacteria, there are still several that have also been identified from
other bacterial groups.
According to phylogenetic analysis, a similar topology was observed when
analyzing these relationships using ML, NJ, and MP statistical algorithms; the NJ
phylogenetic tree is displayed in Figure 4.3. Halogenase sequences appear to cluster
together according to their known substrate, which is not surprising as FDHs typically
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exhibit a predisposition to specific substrates for halogenation [247,256]. Sequences
derived from Streptomyces isolates RKSG057, RKSG059, RKSG065, and RKSG069 formed
a clade with other FDHs believed to be involved in the biosynthesis of tryptophanderived halometabolites [643]. Conversely, partial halogenase sequences amplified from
Rhodococcus sp. RKSG001 and Streptomyces sp. RKSG042 each formed their own clades.
More specifically, the partial halogenase sequence from RKSG042 formed a
monophyletic clade with a couple ‘predicted’ halogenases, which then formed a lineage
with ‘proven’ halogenases involved in the biosynthesis of halometabolites such as
tetracycline and pyrrolnitrin [655,656]. In addition, the partial halogenase sequence
derived RKSG001 (Rhodococcus strain) formed a monophyletic clade with cmlS enzymes
(involved in chloramphenicol biosynthesis) derived from S. venezuelae and a
Micromonospora strain [657]. Sequencing revealed that the six putative halogenase
sequences identified here exhibited a high degree (85–95%) of similarity to known and
predicted halogenases, with subsequent phylogenetic analysis mirroring the topology of
the 16S rRNA phylogenetic tree (Figure 3.13), suggesting the putative halogenases
sequences identified here are taxon-specific.
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Figure 4.3 Neighbor-joining cladogram displaying the evolutionary relationships of deduced amino acid
halogenase sequences amplified from bacterial isolates and their closest relatives. Bar = 0.2 substitutions
per amino acid position.

Fundamentally, the presence of sequences encoding FDHs suggests that these
particular isolates may contain the biosynthetic machinery needed to assemble
halogenated organic compounds. Unfortunately, no obvious halogenated NPs were
identified in the preliminary screen of bacterial extracts from which partial halogenase
genes were identified. This suggests that gene clusters encoding halogenated
metabolites may be cryptic in these strains, and may require induction for biosynthesis
to occur, the result of which could likely be the assembly of a new halogenated natural
product. Therefore, these six strains were fermented in eight different media in an
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attempt to elicit the expression of ‘cryptic’ gene clusters and to ultimately induce the
production of novel bioactive halogenated metabolites.
4.3.4

Media Study to Induce the Production of Halogenated Natural Products

A proven strategy for inducing the expression of ‘silent’ or ‘cryptic’ microbial BGCs
involves the modification and variation in growth substrates (i.e., media composition)
[658,659]. In doing so, the expression of BGCs can be activated, induced, or upregulated, resulting in the production of completely new NPs or the increased
production of a compound of interest [658,659]; conventional media induction methods
such as these provide examples of the phenomenon known as OSMAC [49]. Thus, the
aforementioned six strains of GP bacteria (containing halogenase gene fragments) and
novel taxa described in Chapter 3 were selected for further studies to investigate more
fully their potential for NP production in the laboratory using a conventional method of
varying fermentation conditions. They were cultured using a minimum of eight media
recipes in an attempt to elicit the production of silent or cryptic NPs.
Bacterial extracts obtained via media studies were similarly subjected to UHPLCHRMS and metabolomics analysis, and masses that matched with known compounds in
Antibase 2017, in these second round of culturing, are listed in Appendix Table A.5; only
results from Streptomyces strains are presented in the heatmap in Figure 4.4. However,
several ions were observed to be produced in a single medium, thus suggesting an
induction via specific media components. For example, the ions observed in the extracts
of strains RKSG042, RKSG065, and RKSG952 differed according to media type.
Furthermore, several isolates, when fermented in NBm or BFM7m broth revealed
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differing chemistry, along with associated bioactivities, which in the primary cultures
with ISP2m or MB was not observed.

Figure 4.4 Heatmap displaying compounds observed in the cultures of Streptomyces isolates from media
studies. A few of these buckets are highlighted in red with brief descriptions. The x-axis displays samples
while the y-axis displays associated masses (m/z) of detected ions.

Although some interesting and potentially novel chemistry was uncovered from
this media study, brominated or chlorinated metabolites were still not detected in
bacterial

extracts.

Intriguingly,

isolates

exhibiting

high

similarity

to

P.

denitrificans Ab134, reported to produce several bromotyrosine-derived alkaloids
previously only isolated from Verongida sponges [613], were likewise cultivated from
V. gigantea and A. fistularis here, as part of our collection. Unfortunately, brominated
metabolites were not observed in the culture broths of these strains according to
UHPLC-HRMS data, nor was amplification observed in the halogenase PCR screen for
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these isolates. It is likely that if another set of degenerate primers had been designed
from GN associated halogenase sequences, the PCR screening might have been more
successful with this particular bacterial collection. From these results, it is not known if
more species of the phylum Actinobacteria contain the pertinent genetic machinery to
synthesize halogenated metabolites, or whether this observation is the result of a
systematic predisposition towards studying Actinobacteria. With the report by Nicacio
et al. (2017) [613] being published recently, time did not allow for intense studies
involving P. denitrificans strains (RKSG019, RKKSG039, RKSG715, etc.). Chemical
production of P. denitrificans, or further PCR screening with re-designed halogenase
primers from template GN halogenase sequences, could be implemented in future
studies.
In general, these finding do not completely disprove the ‘bacterial origin’ theory of
respective sponge-associated brominated metabolites. Media studies are useful as a
straightforward chemical elicitation strategies, but the lack of a metabolite in culture
does not verifiably prove that the associated microorganism lacks the ability to
synthesize it. Instead, it demonstrates that particular fermentation conditions that were
utilized did not contain the components necessary for the induction of halogenasecontaining BGCs. In essence, the absence of a compound is not proof that it does not
exist, but nonetheless, is an important step towards determining the true producing
organism.
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4.3.5

Bioactivity Screening of Bacterial Extracts

Overall, many bacterial extracts exhibited antagonistic effects of medium to high
levels of activity against known bacterial and fungal pathogens, with a good majority of
activity being against VRE. In many cases, MRSA and VRE activities occurred in
combination with each other, likely because they are both GP pathogens. Moreover,
some isolates displayed selective activity (> 70% cell growth inhibition) against VRE
including RKSG150, RKSG173, RKSG206, RKSG214, RKSG230, and RKSG338. Additionally,
RKSG194 (OTU057) displayed moderate activity toward breast cancer cell lines (MCF7
and HTB26).
Members of the genus Bacillus are known for possessing a high abundance of
lipopeptides, which in addition to having surfactant-like properties, also display
antagonistic effects against bacteria and fungi [660,661]. In extracts of Bacillus extracts
such as RKSG004 (OTU008) demonstrated high activity against MRSA and VRE, plus
moderate cell inhibition against S. warneri and a breast cancer cell line (HTB26). A
summary of putatively novel, or otherwise interesting ions, detected in bacterial
cultures, many of which exhibiting bioactivity, are summarized in Table 4.2.

4.4 Conclusion
4.4.1 Secondary Metabolism of Marine Sponge-Bacteria
Marine sponges are home to billions of bacteria that exist symbiotically with their
host to form complex microbial communities [299]. Marine microbes have found ways
to survive and thrive in their particular niche micro-environments by synthesizing
specialized metabolites that have evolved characteristic features to provide a selective
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advantage for the producer. With this work, secondary metabolite production of several
hundred marine-derived bacteria cultivated from sponges, seawater, and sediment was
investigated and compared using a few selectively chosen media. This provided a
snapshot into the metabolome of each bacterium across a large taxonomic library, with
the goal of identifying novel or halogenated (brominated) NPs. The recovery of bacteria
observed to exhibit a range of bioactivities supports the principle that marine sponges
and their microbiota represent an ecological niche of hidden diversity with yet untapped
metabolic and therapeutic potential [185,275].
4.4.2 Halogenated Substituents in Natural Products
In regards to the halogenase gene fragments that were discovered, it is unclear if
they exist within biosynthetic clusters or if they are located elsewhere in the genome.
Unfortunately, time did not permit for the optimization of this technique or for
sequencing the genome of the strains, but the latter could address this inquiry quite
rapidly [647]. Halogenases that are vastly removed from any obvious BGCs may be
inactive genetic remnants not yet entirely expelled from the genome and no longer
exhibiting their enzymatic functions [662], or could be functional but located apart from
genes within a BGC [663]. Another possibility could be that the halogenase sequences
uncovered here are contiguous within conventional biosynthetic genes, thus may still be
functional; this result would suggest that a suitable stimulus, not yet known, may be
required to induce the production of potentially novel halo-metabolites [664].
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4.4.3 Biosynthetic Potential of Divergent Bacterial Taxa
While the majority of microbial NPs have been associated with GP Actinobacteria
[665], it's also true that these compounds share distinct characteristics that exhibit
minimal deviation from common structural scaffolds [666]. NPs from GN bacteria,
however, appear to present divergent chemical structures not as familiar as the features
of Actinobacterial-NPs. Still, of the known NPs derived from GN bacteria, almost all
exhibit antimicrobial properties [615,661]. In addition, advancements in cultureindependent

and

metagenomic

sequencing technologies have revealed

the

extraordinary biosynthetic potential of GN bacteria, including species that have ‘yet-tobe’ cultured from the environment [616]. As a result, GN bacteria are being increasingly
recognized as rich sources of underexplored, unique NPs with potentially novel
pharmaceutical or biotechnological applications [616].
The media utilized in this study for bacterial cultivation were not chosen to be
selective towards any specific taxon, but instead, were selected for the purposes of
maximizing the diversification of the bacterial library. As the bulk of this culture
collection was comprised of GN bacteria, their chemical profiles could be evaluated in
comparison to those of the GP bacterial isolates to directly address these claims of
chemical richness. Thus, all bacterial extracts were screened for NPs with equal
intensity.
Overall, substantial chemical prospects were observed in the fermentation broths
of many marine bacteria. Although not statistically supported, general trends were
observed from this data as it became clear that both GN and GP bacteria revealed
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roughly equal chemical potential, if not more from the former. Although the sample size
here may be too small for an accurate comparison, GN isolates (~ 19%) from this
collection seem to display a slightly higher rate of producing putatively novel secondary
metabolites with associated bioactivity than their GP counterparts (~ 11%), supporting
the notion that while GN bacteria are often disregarded, they may be equally prolific NP
producing organisms. Although numerous bacterial isolates displayed bioactive
properties, the metabolites observed in respective cultures were not proven to be
directly responsible for the activity. To do this would require their purification, for which
time restrictions did not allow. However, several of these putatively novel chemical
leads could be pursued by graduate students in the future.
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5 General Discussion and Conclusions
5.1 The Future of Natural Products and Marine Biotechnology
Nature’s organic arsenal has been at the core of curative and medicinal practices
since ancient times [667]. Until recently, NPs from aquatic habitats have been largely
inaccessible due to numerous challenges [2]. The world's oceans are vast comprising
71% of our planet is covered by seawater [101]; hence, there is much biological and
chemical diversity to uncover [42,668]. Today, the field of marine biotechnology, also
described as “blue-biotechnology” [669], has become a multi-billion dollar industry with
no signs of slowing [670]. More than 22,000 chemical compounds have been isolated
from marine sources [671], representing a small portion of what really exists. MNPs of
pharmacological value have been tailored within these niche habitats over millions of
years to interaction with specific biological targets. Therefore, they are superbly refined
starting points for drug discovery [150,614].
Just this year, several countries within the United Nations (UN), including the
United States, Russia, China, Norway, Iceland, Japan, and South Korea, convened to
discuss the details of a new treaty put in place to “safeguard open oceans” [672].
Ultimately, the purpose of this agreement is to govern and preserve marine habitats in
the deep ocean seabed for bio-prospecting before valuable therapeutic resources are
lost [672,673]. Presently, climate change and the health of our planet are being
questioned and undermined by policy makers and the uninformed general public
[103,674].

225

5.2 Marine Sponges are Biological and Chemical “Hotspots”
Marine habitats support an elevated level of biodiversity [675-677], which typically
translates to the same in metabolic and chemical diversity [42,678]. In other words,
unique and rarely encountered marine organisms provide access to unfamiliar and
potentially novel secondary metabolites [679,680]. The race for discovering new NPs
largely began with bioprospecting of tropical areas like coral reefs in the Caribbean as
they are “biodiversity hotspots” [99,120]. Marine sponges themselves can also be
thought of as hotspots because they are prolific members of reefs, second only to coral,
while concurrently harboring both high concentrations of diverse bacteria and bioactive
NPs [153,175,659]. It's been reported that bacteriosponges, which harbor microbial
densities between 108–1010 bacteria per gram of sponge (wet weight), exceeding that of
seawater by 2–4 orders of magnitude [207], are often reported to have more
concentrated amounts of bioactive metabolites in their tissues [299]. It has also been
suggested that there is a higher probability of discovering microbiota with unique
chemistry from sponges [681] than other sources due to the sheer magnitude of
microbial density and novelty [211,307]. There is also a great deal of evidence available
suggesting that bacteria are often the ‘true producers’ of NPs [682]. Thus, bacterial
cultivation from sponge hosts was the focus of this work [683]. To our knowledge, the
research described here is the first extensive study involving the cultivable bacteria of
the sponges V. gigantea, A. fistularis, X. muta, and E. ferox.
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5.3 Strategies to Culture the ‘Unculturable’
Currently, we are experiencing what seems to be a paradigm shift from culturing
bacteria in the laboratory, towards metagenomic sequencing to search for NPs
[175,684-686]. However, microbial cultivation remains a promising strategy for culturing
the ‘unculturable’ to access their novel genetic machinery [201,204,439,687]. Despite
this, no matter what variations of nutrients are used, artificial growth conditions in
the laboratory inherently lack properties encountered in nature [346]. Therefore, NP
induction methods in the laboratory still fundamentally involve trial-and-error [139],
and require innovation [688,689] to trigger the expression of microbial biosynthetic
pathway [344,346]. Here, a combination of cultivation approaches using a variety of
media components (carbon, nitrogen, salts, sugars, etc.), spectrometric, and
molecular methods were implemented in an effort to accelerate the rate of NP
discovery [201,690-694].
It has been suggested that low-nutrient media may be more comparable to
conditions inside sponge mesohyl and other general marine sources like seawater
[204,695]. Therefore, multiple lean media recipes were used for microbial cultivation in
an attempt to mimic natural marine environments and elicit the growth of ‘yet-to-be’
cultured bacteria [201,346]. Two of these media (DA and MU) were selected based on
the highest yield of OTUs in an earlier study [204]. Two other media utilized for
cultivation were extra-lean (NSW and SH) as they contained only seawater [550] or
seawater plus sponge extract [204]; again the goal was to provide a substrate analogous
to the natural sponge mesohyl environment [153]. Finally, a general, all-purpose,
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nutrient-rich agar medium (MA) was incorporated as a safeguard if the agar recipes as
mentioned earlier did not support much growth [204]. Nevertheless, MA was found to
be slightly superior to the other media in terms of species richness.

5.4 Taxonomy of Bacteria Cultivated from Sponges
As a result of this work, a bacterial library was cultivated from marine samples that
comprised just over 900 bacterial isolates. This microbial collection was generated with
the objective of obtaining a diverse bacterial library representative of the cultivable
portion of four species of Caribbean marine sponges, seawater, and sediment. Following
the purification and classification of microbial isolates (n = 902), the bulk of this
microbial collection consisted of mainly GN bacteria (96%), and a far lesser portion of GP
bacteria (3%). By employing combinatorial methods of chemical dereplication and
molecular sequencing, 107 bacterial OTUs (species) were identified from all marine
sources; therefore, about 9% of all bacterial isolates represented distinct taxa.
To date, the predominant bacterial phyla repeatedly identified following spongetissue culture isolations belong to Actinobacteria, Acidobacteria, Bacteroidetes,
Chloroflexi, Cyanobacteria, Deferribacteres, Firmicutes, Gemmatimonadetes, Nitrospira,
Planctomycetes, Proteobacteria (Alpha, Beta, Gamma, and Delta), and Verrucomicrobia
[153,226]. All bacteria isolated in this study fell within four of these previously reported
sponge taxa and included Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria
(Alpha, Gamma). Other sponge-specific phyla such as Acidobacteria, Chloroflexi,
Deferribacteres, Gemmatimonadetes, Nitrospira, Planctomycetes, Proteobacteria (Beta,
Delta), and Verrucomicrobia were not identified as part of this bacterial collection,
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which is unsurprising considering they are seldom amenable to cultivation under
standard laboratory conditions [696,697]. Despite the difficulty of culturing symbiotic
microbes, diverse novel bacterial taxa are regularly isolated from sponge species
worldwide, yet this is only a minor fraction of what exists in nature [696].
The cultivable bacterial communities of sponges V. gigantea and A. fistularis were
more diverse than those of X. muta and E. ferox; for the latter two, only
Gammaproteobacterial strains were isolated. This is a curious result considering that all
four species are HMA sponges were previously shown to contain similar taxa [698,699],
some of which are cultivable based on our results. Here, cultivable bacterial
communities of different sponge taxa were not comparable. According to past sponge
metagenomic sequencing studies, several of the same eubacterial phyla have been
shown to be part of the hologenomes of V. gigantea [302], A. fistularis [302], X. muta
[699,700], and E. ferox [302], the majority of which have been reported as
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria
(Alpha, Beta, Delta, and Gamma), and Poribacteria. Taxonomically, these same phyla
have been repeatedly shown to cluster as ‘sponge-specific’ bacteria, based on many
studies over several years, plus the amalgamation of thousands of sponge-derived
sequences [214,307,308,701].

5.5 Diversity and Variation of Marine Bacterial Communities
The microbial communities derived from seawater and sediment, were the most
species rich, followed by V. gigantea and A. fistularis, and lastly X. muta and E. ferox.
Compared to species richness, the alpha diversity measurements for H’ and D varied
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across sample groups and media types. Diversity of sample groups X. muta, E. ferox, and
seawater, and NSW medium increased across measurements (S < H’ < D), whereas
relative to the other sample groups, V. gigantea, A. fistularis, and sediment, and media
MA, DA, MU, and SH, decreased (S > H’ > D) (Figure 2.16). This variation was observed
across diversity indices as a result of a dominance effect, where OTUs of very few or
single representatives are weighed less heavily in calculations. Thus, the communities
derived from V. gigantea, A. fistularis, and sediment were more species-rich (higher
abundance of OTUs), but also encompassed fewer dominant OTUs than sponges X.
muta, E. ferox, and seawater. Differentiation in sample richness between groups was
statistically supported overall (Table 2.5), whereas visual differences observed for
Shannon and Simpson's index of diversity between groups were not statistically
supported. This type of variation in alpha diversity measurements is often observed in
ecology [394,702,703], which is why all of them are needed for accurate comparisons.
Moreover, our findings of seawater and sediment exhibiting greater bacterial diversity
than sponges have been previously reported in the literature [226,308].
Several groups have reported that taxa identified as part of sponge-bacterial
communities are virtually absent from surrounding seawater [153,223,224]. A similar
result was observed for V. gigantea and A. fistularis populations, but interestingly, not
for X. muta or E. ferox, whose populations exhibited extensive overlap with seawater
and sediment. Furthermore, it was determined that the bacterial communities isolated
from V. gigantea and A. fistularis were more similar to each other but statistically
distinct from those of X. muta, E. ferox, seawater, and sediment, while also maintaining
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their unique signature. In comparison, though seawater and sediment exhibited higher
diversity than X. muta, E. ferox, variation in these four communities was not significantly
dissimilar.

5.6 Phylogenetic Analysis: Sponge-Specificity and Bacterial Novelty
As the number of reports on sponge-associated microbial consortia continues to
grow, a complete picture of microbial fingerprints for different sponge species, as well
as evidence of sponge-specific bacterial phylotypes, has emerged [153,299]. Here, three
putative SSCs were identified, one of which contained novel bacterial strains isolated
from sponges. The remainder of the GN bacterial library appeared to be
phylogenetically related to other marine-derived bacteria, although unexpectedly, many
of the GP isolates grouped more closely with their terrestrial relatives.
Today, the majority of microbes are still considered ‘yet-to-be’ cultured in a
laboratory, and thus provide genetic reserves of countless new NP prospects [153,211].
During the process of bacterial cultivation, several OTUs were identified that shared low
(< 97%) 16S rRNA gene sequence similarity to known sequences in Genbank. Ultimately,
15% of the species that were cultivated were, in this study, considered as ‘unclassified’
taxa. Phylogenetic analysis of nearly full-length 16S rRNA gene sequences revealed that
many bacterial isolates formed separate lineages distinct from known type species. As a
result of this prominent proportion of putatively novel bacteria, several strains were
selected for further investigation. In the end, six bacterial strains were carried forward
for full polyphasic characterization, and were formally described as novel genera or
species. Thus far, one of these six strains has been published as a novel genus and
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species with the nomenclature Sansalvadorimonas verongulae RKSG058T [458]. This
nomenclature was selected according to the location (The Bahamas) and sponge taxon
(V. gigantea) from which it was isolated. The taxonomic descriptions of the remaining
five bacterial isolates are currently ongoing, and will be submitted for publication
shortly.

5.7 Gram-Negative vs. Gram-Positive Bacteria
Bacteria produce an assortment of specialized metabolites with diverse biological
activities [615,616]. However, the nature and abundance of these chemical substances
vary for different bacterial taxa [704,705]. When on the hunt for novel chemistry, the
scientific focus has recently centered on Actinobacteria for hopes of novel discoveries
[665]. Streptomyces species are particularly well known to be the most prolific
producers of microbial secondary metabolites [706], and often possess larger genomes
and greater abundance of BGCs to produce many more metabolites than are typically
observed in culture [49,707]. Very few new classes of antibiotics have been identified
since the 1960s despite being more urgently needed than ever due to the increasing
frequency of emerging antibiotic resistance [450,665].
Generally, less attention has been focused on investigating the chemistry of GN
bacteria; they continue to be the ‘overlooked majority’ [616]. Due to advancements in
genome sequencing technologies in recent years, the equally significant biosynthetic
potential of many previously-overlooked GN bacteria has been observed, including from
strains that are difficult to isolate [616]. Several GN-derived metabolites contain
structural parallels with marine invertebrate-derived compounds, much more so than
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GP bacteria [666]. Furthermore, virtually all known NPs derived from GN bacteria exhibit
antimicrobial activity [661]. There have been several cases over the years where
bioactive metabolites previously ascribed to invertebrates were found to be derived
from either a symbiotic member of the respective host's microbiome [246], or
mutualistic interactions between both macro and microorganisms [708]. GN bacteria
have become increasingly recognized as prolific yet underexplored sources of novel NPs
[616]. When you consider that mostly GN bacteria were isolated in the present study,
perhaps, in some cases, the bacteria isolated could be the ‘true’ producers of the active
compounds [121]. In short, GN bacteria, particularly those cultivated from sources of
abundant NPs (like sponges) should never be discounted as prospective microbes for
novel discoveries.

5.8 Mining for Halogenase Genes and Novel MNPs with Bioactivity
Sponges are amongst the most prolific producers of bioactive secondary
metabolites [612], several of which have been successfully developed for clinical use
[104,709]. As a result, marine sponges are often implicated as being major players in the
hunt for new drugs [610]. Numerous NPs have been identified from the particular
sponges that were chosen for this research [239-241,318,568,710], the majority of
which are of special interest due to their wide spectrum of antibacterial activity and
other pharmacological activities [564,711]. Our strategy was to select sponges already
known to contain bioactive NPs with the hypothesis that microbes cultivated from them
have the potential to be the ‘true’ producers of these compounds [121,612,712]. The
sponge genera studied here (Verongula, Aplysina, and Xestospongia) have been shown
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to contain brominated organics as its main class of metabolites [239,244,456].
Therefore, the goal was to cultivate bacteria from V. gigantea, A. fistularis, or X. muta
with the hopes that they would be capable of producing halometabolites in culture.
Brominated NPs are not only easily recognizable via mass spectrometry due to the
nature of their isotopic patterning [713], but also are more likely to exhibit bioactivity
than other non-halogenated equivalents [714].
Overall, numerous fermentation extracts were revealed to contain both known
and putatively novel metabolites, many of them demonstrating antibacterial and
anticancer activities in our bioassays. Although partial halogenase genes were
identified from Rhodococcus and Streptomyces strains, unfortunately, halogenated
molecules were not observed in their respective culture extracts. Genes involved in the
production of novel brominated compounds might only be activated under specific
conditions that we are not aware of, or are impossible to mimic under standard
laboratory conditions [45]. Conditions specific to the marine-sponge environment
(e.g., salt concentration, hydrostatic pressure, competition by other microorganisms
and marine nutrients) may be involved in complex, mutualistic exchanges that are
only possible in their natural environment [659]. Determining the proper growth
medium is a recurring challenge for NP scientists, and needs to be addressed [69].
With the perpetual influx of new sequencing data, discoveries regarding yet unknown
biosynthetic BCGs, such as those encoding halogenases.
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5.9 Limitations, Alternative Approaches, and Future Directions
There were some limitations of this study in terms of research design that should
be mentioned, as they could have impacted or influenced the results. Regrettably, the
design of this project permitted only the use of 300 agar plates, as field-work and air
transport tends to have their limitations. A total of 14 samples and three serial-dilutions
each were plated on five media for bacterial cultivation and isolation. A total of 60
plates per source organism or habitat (20-30 per sample replicate) were plated as three
replicates (serial dilutions) on five agar media. However, in retrospect, additional
isolation media, but fewer plates (replicates), could have been used for bacterial
cultivation and isolation to foster even more bacterial diversity [204,715]. Furthermore,
the impressive number of colonies that were cultivated made it impossible to collect
them all. Therefore, as in most studies, a limited number of colonies were picked from
agar plates, but still a quite remarkable number (about 1000 were picked). Colonies
were not selected at random, but instead, they were selected based on colony
morphology, with the intent of cultivating the greatest conceivable microbial diversity
and to increase the probability of finding novel organisms with novel chemistry.
Although sponge, seawater, and sediment samples from the original field
collections were initially frozen, and still remain at -80°C, culture-independent work was
excluded from this study. This was a decision made by the student and her advisors, as
the original goal of this work was to identify new NPs, and not to compare the bacterial
communities of all samples in an ecological sense. Furthermore, culture-independent
work is a great time commitment, for which other work would have had to be sacrificed,
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such as the characterization of novel bacteria. With this study lacking metagenomic
sequencing data from the same sources from which bacteria were isolated, the
proportion of OTUs that were cultivable as compared to total OTUs recovered from
sponge holobionts, seawater, and sediment cannot be commented on. However, this
could be addressed in the future.

5.10 Concluding Remarks
This thesis research was performed with the main objective of addressing
current challenges involving the cultivation of symbiotic marine sponge-bacteria. By
employing a variety of methods gleaned from the literature as being successful, and
by incorporating many of these creative strategies concomitantly, the goal was to
directly overcome lab cultivation challenges due to the “Great Plate Count Anomaly”
[202]. In the coming years, marine sponges and their microbial communities will almost
certainly remain prominent players in the MNPs field, driven by the interest in complex
host-symbiont dynamics [121], the progression in metagenomic sequencing, highthroughput methods and advanced metabolomics platforms [689], and the interest in
bioactive sponge-microbe NPs [555,563]. Sponges and their microbiota contain
boundless genomic potential due to their longevity of co-existence and their widespread nature [176,260,716]. Inhabiting virtually every marine habitat, sponges are
dominant members of coral reef benthos [717]. From a phylogenetic, ecological, and
chemical perspective, knowledge of sponges and their microbial communities is still
incomplete and ongoing [207].
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Ultimately, we are confident that the work described here can contribute to the
knowledge base in regards to both marine NP discovery and marine spongemicrobiology. It will still take many years of research in this area to fully comprehend
the nature and complexity of sponge relationships with their microbial communities.
Today, the latest molecular methods like metagenomic sequencing are becoming
widespread and highly efficient at providing information independent of our ability to
isolate and propagate bacteria or fungi [718]. But still, it remains a challenge to access
the full genetic machinery of individual microbes and to investigate secondary
metabolism from sequence data alone [201]. No single technique is sufficiently
comprehensive; ergo many approaches ought to be implemented concurrently to obtain
an accurate representation of inclusive microbial communities in nature [449]. Despite
the need for progress, culture-dependent strategies will remain relevant and prominent
tactics for both microbiologists and NP scientists to obtain a comprehensive view of
microbial communities, even in today's rapidly advancing genomics era [715,719].
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Appendix A
Table A.1 Values of diversity estimates (Hill numbers) that represent the boxplots in Figure 2.16
calculated via the iNext package in R. Abbreviations: V. gigantea sample 1 (VG1), V. gigantea sample 2
(VG2), A. fistularis sample 1 (AF1), A. fistularis sample 2 (AF2), X. muta sample 1 (XM1), X. muta sample 2
(XM2), E. ferox sample 1 (EF1), E. ferox sample 2 (EF2), seawater sample 1 (SW1), seawater sample 2
(SW2), seawater sample 3 (SW3), sediment sample 1 (SD1), sediment sample 2 (SD2), sediment sample 3
(SD3), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge
homogenate agar (SH).
Species Richness
Shannon Index
Simpson's Index
Sample or Medium
(q = 0)
(q = 1)
(q = 2)
VG1
32.88
19.64
12.38
VG2
34.06
4.26
2.16
AF1
27.51
7.73
4.38
AF2
53.56
8.09
3.36
XM1
22.09
15.02
10.97
XM2
23.13
10.07
5.05
EF1
24.93
12.03
7.69
EF2
16.12
10.86
6.64
SW1
34.29
25.69
14.06
SW2
90.47
27.89
15.01
SW3
30.20
16.28
9.80
SD1
48.76
39.93
30.55
SD2
58.49
27.79
12.93
SD3
17.09
8.95
5.98
MA
146.21
45.10
19.07
DA
151.65
30.82
16.18
MU
120.65
31.62
14.07
NSW
36.94
23.86
18.22
SH
89.22
15.75
7.64
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298
Figure A.1 Indicates all points of ordination for samples, media, and OTUs. Colored fill is based on geom_polygon in ggplot. Abbreviations: V. gigantea sample 1
(VG1), V. gigantea sample 2 (VG2), A. fistularis sample 1 (AF1), A. fistularis sample 2 (AF2), X. muta sample 1 (XM1), X. muta sample 2 (XM2), E. ferox sample 1
(EF1), E. ferox sample 2 (EF2), seawater sample 1 (SW1), seawater sample 2 (SW2), seawater sample 3 (SW3), sediment sample 1 (SD1), sediment sample 2
(SD2), sediment sample 3 (SD3), marine agar (MA), delicious agar (DA), mucin agar (MU), natural seawater agar (NSW), and sponge homogenate agar (SH).
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Table A.2 Variances in beta diversity Bray-Curtis dissimilarities (relative abundance) & Jaccard (presence/absence) in the lower and upper diagonal,
respectively, calculated using the vegan package in R via the function vegdist (method = bray or jaccard). Abbreviations: V. gigantea sample 1 (VG1), V.
gigantea sample 2 (VG2), A. fistularis sample 1 (AF1), A. fistularis sample 2 (AF2), X. muta sample 1 (XM1), X. muta sample 2 (XM2), E. ferox sample 1 (EF1), E.
ferox sample 2 (EF2), seawater sample 1 (SW1), seawater sample 2 (SW2), seawater sample 3 (SW3), sediment sample 1 (SD1), sediment sample 2 (SD2), and
sediment sample 3 (SD3).
VG1

VG2

AF1

AF2

XM1

XM2

EF1

EF2

SW1

SW2

SW3

SD1

SD2

SD3

MA

DA

MU

299

VG1

0

VG2

0.646115

AF1

0.713577 0.660849

AF2

0.679305 0.685256 0.479655

XM1

0.952973 0.957647

XM2

0.951184 0.911106 0.94838 0.890168 0.30151

EF1

0.951296 0.911372 0.948526 0.890454 0.412509 0.272355

EF2

0.950756 0.910091 0.947824 0.889078 0.352661 0.199685 0.158254

SW1

0.768155 0.795831 0.842822 0.767836 0.657172 0.622092 0.615473 0.614114

SW2

0.876096 0.814772 0.95746 0.869073 0.604167 0.568036 0.673348 0.614075 0.653207

SW3

0.951748 0.912437

SD1

0.799578 0.779741 0.841939 0.764523 0.571856 0.629812 0.684239 0.633814 0.724467 0.735071 0.650929

SD2

0.869752 0.819591 0.887842 0.841436 0.485972 0.428645 0.416036 0.40553 0.622003 0.658903 0.49259 0.631499

SD3

0.908578 0.949781 0.943602 0.877959 0.543838 0.400939 0.439632 0.419642 0.652923 0.616595 0.393939 0.753161 0.540908

MA

0.612822 0.761375 0.663375 0.620124 0.620236 0.592565 0.65729 0.636379 0.615094 0.609599 0.656452 0.557117 0.554542 0.691161

DA

0.704028 0.680641 0.763312 0.678574 0.477536 0.394371 0.45186 0.401516 0.525937 0.576295 0.492563 0.513227 0.451581 0.586256 0.417495

MU

0.640864 0.774093 0.776027 0.687378 0.449537 0.444621 0.504661 0.465929 0.620725 0.597132 0.551479 0.527941 0.476201 0.61301 0.438021 0.338193

NSW

0.736025 0.708318 0.711745 0.627385 0.415308 0.377516 0.439218 0.407976 0.529929 0.561551 0.474075 0.466402 0.4192 0.566198 0.453866 0.317058 0.385539

SH

NSW

SH

0.785018 0.832851 0.809031 0.97592 0.974981 0.97504 0.974756 0.868877 0.933957 0.975278 0.888629 0.930339 0.9521 0.759938 0.826311 0.78113 0.847943 0.939104
0

0.795796 0.813237 0.978365 0.953486 0.953631 0.952929 0.88631 0.897933 0.954214 0.876241 0.900852 0.974244 0.864523 0.809978 0.872664 0.829258 0.908516
0

1

1

0.648333
0
0.925541

1

0.973506 0.973583 0.973213 0.914708 0.978268

1

0.914187 0.940589 0.970983 0.797625 0.865771 0.873891 0.831601 0.942792

0.961331 0.941893 0.942053 0.941282 0.868674 0.929951 0.960148 0.866549 0.913891 0.935014 0.765527 0.808513 0.814729 0.771034 0.881012
0

0.463324 0.58408 0.521433 0.793124 0.753247 0.578699 0.727619 0.654079 0.704527 0.765612 0.646395 0.620249 0.58688 0.51243
0

0.428111 0.332896 0.767025 0.724519 0.444909 0.772864 0.600072 0.572386 0.744164 0.565662 0.615554 0.548111 0.3079
0

0.273262 0.761973 0.804791 0.53312 0.81252 0.587606 0.610756 0.79321 0.622456 0.670797 0.610356 0.40433
0

0.76093

0.7609 0.516815 0.775871 0.577049 0.591194 0.777789 0.572974 0.635678 0.579521 0.3859

0

0.79023 0.764263 0.840221 0.766957 0.790022 0.761682 0.68933 0.765985 0.69275 0.763678
0

0.923351 0.407161 0.286099 0.363438 0.348449 0.618467 0.594529

0.745711 0.84731 0.794384 0.762832 0.757455 0.731202 0.747756 0.719222 0.740338
0

0.788561 0.660047 0.565217 0.7926 0.660023 0.710908 0.643217 0.456525
0

0.774133 0.859203 0.715575 0.678321 0.691049 0.636117 0.736951
0

0.702064 0.713447 0.622192 0.645171 0.590755 0.611395
0

0.81738 0.739169 0.760082 0.723023 0.633671
0

0.58906

0.6092 0.624357 0.724561

0

0.505447 0.481464 0.543621
0

0.556519 0.587704
0

0.885199 0.832368 0.891776 0.78733 0.344474 0.181963 0.253392 0.239081 0.617702 0.587728 0.295777 0.58347 0.440294 0.463776 0.568087 0.373269 0.416134 0.35465
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0.523604
0

Table A.3 Pairwise comparisons using permutest (betadisper, pairwise = TRUE, permutations = 999) with
the vegan package. Observed p-values are below the diagonal and permuted p-values above the diagonal;
significant values are bolded. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF),
seawater (SW), and sediment (SD).
Pairwise
AF
EF
SD
SW
VG
XM
Comparisons
AF
-NA
2.5e-01
3.7000e-02
5e-03
0.004
EF
1.4915e-31
-6.2e-02
3.0000e-03
NA
NA
SD
2.672e-01
5.4086e-02
-9.0700e-01
6.59e-01
0.128
SW
1.861e-02
1.6261e-03 9.2167e-01
-2.47e-01
0.010
VG
1.1121e-31 5.1788e-32 6.7197e-01 2.5537e-01
-NA
XM
4.855e-31
1.2012e-30 1.0368e-01 3.8583e-03 1.0379e-31
--

Table A.4 Tukey test (TukeyHSD in vegan) for multiple comparisons of means (ANOVA) at a 95%
confidence level; significant values are bolded. Abbreviations: V. gigantea (VG), A. fistularis (AF), X. muta
(XM), E. ferox (EF), seawater (SW), sediment (SD), marine agar (MA), delicious agar (DA), mucin agar (MU),
natural seawater agar (NSW), and sponge homogenate agar (SH).
Sample groups

diff

lwr

upr

p adj

VG-AF
EF-AF
SD-AF
SW-AF
XM-AF
EF-DA
MA-DA
MU-DA
NSW-DA
SH-DA
MA-EF
SD-EF
SW-EF
VG-EF
XM-EF
MU-MA
NSW-MA
SH-MA
NSW-MU
SH-MU
SH-NSW
SW-SD
VG-SD
XM-SD
VG-SW
XM-SW
XM-VG

8.32E-02
-1.61E-01
1.27E-01
1.19E-01
-8.91E-02
7.91E-02
1.39E-16
5.55E-17
8.33E-17
8.33E-17
-7.91E-02
2.88E-01
2.80E-01
2.44E-01
7.16E-02
-8.33E-17
-5.55E-17
-5.55E-17
2.78E-17
2.78E-17
0.00E+00
-7.85E-03
-4.36E-02
-2.16E-01
-3.58E-02
-2.08E-01
-1.72E-01

-0.1945927
-0.43852325
-0.12674961
-0.13459483
-0.36689497
-0.26113524
-0.39290076
-0.39290076
-0.39290076
-0.39290076
-0.41938884
0.03395085
0.02610563
-0.03389224
-0.20619451
-0.39290076
-0.39290076
-0.39290076
-0.39290076
-0.39290076
-0.39290076
-0.23468657
-0.29725299
-0.46955527
-0.28940778
-0.46171005
-0.45012506

0.36105288
0.11712233
0.38048309
0.37263787
0.18875061
0.41938884
0.39290076
0.39290076
0.39290076
0.39290076
0.26113524
0.54118354
0.53333833
0.52175334
0.34945107
0.39290076
0.39290076
0.39290076
0.39290076
0.39290076
0.39290076
0.21899614
0.2099797
0.03767743
0.21782492
0.04552265
0.10552052

0.9485237
0.4238094
0.5836367
0.6514775
0.9259348
0.9893371
1
1
1
1
0.9893371
0.0253007
0.0295474
0.0945350
0.9789429
1
1
1
1
1
1
1
0.9988749
0.1086797
0.9997836
0.1278043
0.350446
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Table A.5 Summary of NPs detected in bacterial extracts and associated bioactivities. Abbreviations: mass-to-charge ratio (m/z), retention time (rt), species
(spp), V. gigantea (VG), A. fistularis (AF), X. muta (XM), E. ferox (EF), seawater (SW), sediment (SD), Japan Collection for Type Cultures (JCM), German Collection
of Microorganisms and Cell Cultures (DSMZ), Korean Collection for Type Cultures (KCTC), marine yeast/malt extract medium (ISP2m), marine broth (MB),
marine bacterial fermentation medium 3 (BFM3m), marine bacterial fermentation medium 16 (BFM16m), marine bacterial fermentation medium 17
(BFM17m), marine bacterial fermentation medium 18 (BFM18m), marine bacterial fermentation medium 10 (BFM20m), marine bacterial fermentation
medium 21 (BFM21m), marine bacterial fermentation medium 22 (BFM22), methicillin-resistant Staphylococcus (MRSA), vancomycin-resistant Enterococcus
(VRE), adult human epidermal keratinocytes (HEKa), human colorectal carcinoma (HCT116), and human breast cancer cell lines (MCF7, HTB26).
OTU

Sample

Taxon

16S rRNA
Similarity
(%)

Source

RKSG042

Streptomyces spp

100

1.65

severalhits

MRSA, VRE

310.1579

1.63

desmethyl-indolactam

231.0878

1.97

Medium

rt
(min)

NBm

619.3085

301
005

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

Mass Peak
(m/z)

VG

Adduct

[M+H]

+

no hits from bacteria

BFM21m

NBm

006,007

RKSG057,
RKSG059,
RKSG065,
RKSG069

Streptomyces spp

99.7

VG, AF

ISP2m,
BFM3m,
BFM16mBFM18m,
BFM20mBFM22m

Cytotoxicity
(> 50%
Inhibition)

---

288.1806,
518.2615

2.00

no hits, plicacetin from
Streptomyces plicatus

601.3563

2.00

biprimaquine

225.1487

3.01

several hits

445.1130

1.83

[M+H]

+

several hits from
Streptomyces

C. albicans

---

601.3563

301

2

biprimaquine

OTU

302

006,
007

007

Sample

RKSG057,
RKSG059,
RKSG065,
RKSG069

RKSG069

Taxon

Streptomyces spp

Streptomyces spp

16S rRNA
Similarity
(%)

99.7

99.7

Source

VG, AF

AF

Antibacteri
al Activities
(> 50%
Inhibition)

Cytotoxicity
(> 50%
Inhibition)

--

--

no hits

--

--

several hits from
Streptomyces

--

--

several hits from
Streptomyces and
Micromonospora spp

--

--

Medium

Mass Peak
(m/z)

rt
(min)

BFM21m

911.2068

1.86

no hits

BFM18m,
BFM21m,
BFM22m,
ISP2m

429.1180

2.18

several hits from
Streptomyces spp

BFM22m

385.1284

2.44

several hits from
Streptomyces spp

BFM17m,
BFM21m,
BFM22m

365.1021

2.92

BFM22m,
ISP2m

225.1487

2.98

several hits from
Streptomyces, Bacillus,
and Pseudomonas spp

BFM17m,
BFM21m,
BFM22m

347.0915

3.08

wailupemycin from
Streptomyces
maritimus

BFM17m

912.6344

3.25

regidamide or
surugamide

215.1063

2.27

223.133

2.42

241.1435

2.43

ISP2m

302

Adduct

[M+H]

[M+H]

Antibase Hits

+

resomycin

+

OTU

Sample

Taxon

16S rRNA
Similarity
(%)

Source

Medium

Mass Peak
(m/z)

rt
(min)

263.173

2.75

no hits

408.2414

3.59

longivostrerone

410.2566

3.76

511.3035

4.07

milbemycin

387.0961

6.32

two hits from
Streptomyces spp.

424.2077

2.35

amicoumacin A from
B. pumilus

425.2003

2.42

329.2434

3.66

445.2909

3.67

Adduct

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

Cytotoxicity
(> 50%
Inhibition)

--

--

--

--

--

--

ISP2m
007

RKSG069

Streptomyces spp

99.7

AF

303

BFM21m

008

RKSG540

B. safensis,
B. pumilus

100

VG

ISP2m

ISP2m
008

RKSG657

B. safensis,
B. pumilus

100

[M+H]

[M+H]

+

+

no hits

streptophenazine A/B
from Streptomyces spp
lipoamide C from
B. pumilus

[M+H]

+

subenniatin A

VG
467.2727

303

3.65

[M+Na]

+

no hits from bacteria

16S rRNA
Similarity
(%)

Medium

rt
(min)

Adduct

5.54,
5.69,
6.03,
6.26

[M+H]

--

--

OTU

Sample

Taxon

008,
009

RKSG004,
RKSG010,
RKSG043,
RKSG540,
RKSG657

B. safensis,
B. pumilus

100

VG

ISP2m

1036.6967,
1050.7115,
1064.7269,
1078.742

010

RKSG080

B. circulans

99.2

AF

ISP2m

--

ISP2m

199.0868,
213.1023

1.82

617.4126

3.25

670.3245

3.56

MB

352.2517

3.66

020

RKSG066

F. aurantia

100

Source

Mass Peak
(m/z)

AF

[M+H]

+

+

304
RKSG123

X. aplysinae

100

AF

[M+H]

+

family of surfactin-like
molecules

--

--

--

VRE

--

pimprinine from
Streptomyces pimprina,
pimprinethine from
Streptoverticillium spp

--

--

--

--

no hits

--

HEKa

hits from Streptomyces
and Micromonospora

--

--

no hits

VRE

--

homorifamycin from
Amycolatopsis
mediterranea
no hits

024

RKSG073

C. fistularae

100

AF

ISP2m,
MB

1038.6344

6.76

[M+H]

+

025

RKSG038

L. aggregata

99

VG

ISP2m

494.3240

4.05

[M+H]

+

026

RKSG542

P. cremeus

100

VG

MB

566.4102,
357.3000

4.41,
5.26

[M+H]

+

304

Cytotoxicity
(> 50%
Inhibition)

no hits

ISP2m
022

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

OTU

Sample

Taxon

16S rRNA
Similarity
(%)

027

RKSG952

R. geraceae

100

030

RKSG041

P. marcusii

99.9

Source

SD

VG

Medium

Mass Peak
(m/z)

rt
(min)

Adduct

BFM7m

295.2264,
297.2465

4.26,
4.48

[M+H]

370.2951

4.6

416.3369

4.89

ISP2m

+

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

Cytotoxicity
(> 50%
Inhibition)

no hits

MRSA, VRE

--

--

--

VRE

--

--

--

--

--

--

--

muscarinic from
Actinobacterium
[M+H]

+

no hits

305

RKSG936
031,
032

99.8

031

RKSG814,
RKSG935,
RKSG936,
RKSG939,
RKSG940

032

RKSG027,
RKSG031,
RKSG925,
RKSG940,
RKSG964,
RKSG974

P. denitrificans

RKSG949

P. ruthenica

070

P. denitrificans

5.06

426.3213

3.18

[M+NH4]

413.3365

3.63

[M+H]

+

ISP2m,
MB

227.1391

1.48

[M+H]

+

ISP2m

480.3085

3.99

[M+H]

+

AF

P. denitrificans
RKSG940

384.3108

+

MB
100

VG

99.8

VG, AF,
SW, SD

100

99

VG, AF,
SW

SD

ISP2m

522.3556

4.04

[M+H]

+

ISP2m

214.2531

3.89

[M+H]

+

305

cholic acid from
Pseudoalteromonas sp.
pamamycin-H3 from
Streptomyces
aurantiacus
hydroxypropyl
diketopiperazine

several hits from
Micromonospora spp
no hits from bacteria
medelamine-A from
Streptomyces

OTU

035

Sample

RKSG964

Taxon

R. endolithicum,
R. rhizoryzae

16S rRNA
Similarity
(%)

98.9

306

RKSG040,
RKSG173,
RKSG474,
RKSG815,
RKSG936

Source

SW

Mass Peak
(m/z)

rt
(min)

228.1596

3.02

480.3086

4.05

522.3552

4.06

no hits

410.3264,
357.2787,
410.2566

3.75

no hits

394.2618

3.91

605.2609

3.94

ansamitocin from
Thermomonospora

ISP2m,
MB

500.3946

4.37

no hits

ISP2m,
MB

233.1285

1.96

one hit from
Streptomyces

Medium

ISP2m

VG, AF,
SW, SD

Adduct

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

Cytotoxicity
(> 50%
Inhibition)

--

--

--

--

--

--

N-octanoyl-Lhomoserine lactone
[M+H]

+

several hits

ISP2m
RKSG040
036

R. atlantica,
R. conchae

99

RKSG040,
RKSG045,
RKSG052

VG

RKSG474
RKSG694,
RKSG815

AF, SW

[M+H]

[M+H]
037

RKSG815

R. arenilitoris

99.6

SW

410.2566

3.76

352.2383

4.69

no hits

+

+

no hits

ISP2m
RKSG693

AF

306

+

[M+NH4]

no hits from bacteria

OTU

Sample

Taxon

16S rRNA
Similarity
(%)

042

RKSG951

R. conchae

96.6

045

RKSG888

S. faviae, S. dubius

99.5

Source

SD

SW

Medium

Mass Peak
(m/z)

rt
(min)

Adduct

ISP2m,
MB

335.2694

4.24

[M+H]

293.2087

3.91

[M+Na]

+

4.05

[M+H]

307

RKSG150

A. aggregatus

98.1

SW

ISP2m

--

--

--

052

RKSG058

S. verongulae

100

VG

ISP2m,
MB

227.1391

1.48

[M+H]

+

057

RKSG017

M.aquiplanatarum

98.6

VG

ISP2m

341.2686

5.4

[M+H]

+

058

RKSG206

M. variabilis

100

SD

ISP2m

357.2787

3.75

--

3.18,
3.35,
3.54,
3.69
3.83,
3.96,
4.09,
4.20

[M+H]

+

3.31

[M+H]

+

061

RKSG230

P. gaetbulicola

99.0

SD

ISP2m

061

RKSG848

P. gaetbulicola

99

SD

ISP2m

621.2766

307

bahamamide from GN
bacterium

--

HEKa

no hits from bacteria

--

--

--

VRE

--

hydroxypropyl
diketopiperazine

--

HEKa

no hits

--

--

--

VRE

--

family of compounds

VRE

--

malleobactin from
Bacillus mallei

--

--

+

047

535.2384,
621.2761,
707.3136,
793.3525,
879.3909,
965.4279,
1051.4662,
1137.5010

Cytotoxicity
(> 50%
Inhibition)

+

ISP2m
269.2111

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

OTU

061

308
067

Sample

RKSG848

Taxon

P. gaetbulicola

16S rRNA
Similarity
(%)

99

Source

SD

Medium

Mass Peak
(m/z)

rt
(min)

Adduct

707.3138

3.48

[M+H]

+

+

3.62

RKSG130,
RKSG168

452.2772

3.67

RKSG130,
RKSG565,
RKSG726

454.2929

3.9

351.0976

2.22

hits with Streptomyces

283.1153

2.28

no hits

P. shioyasakiensis

98.8

XM, EF,
SW

ISP2m

[M+NH4]

RKSG838
RKSG194,
RKSG601,
RKSG789,
RKSG838

RKSG202

P. piscida

P. piscida

99.9

99.9

SW, SD,
EF

SD

ISP2m

281.0996

2.86

297.0871

2.11

386.1711

2.21

ISP2m

[M+H]

[M+H]

[M+H]
405.1658

308

2.51

--

--

--

--

--

HEKa

--

--

hit with Streptomyces

+

[M+Na]

069

oligo-hydroxybutyric
acid from marine
Streptomyces sp.

810.3792

RKSG168

Cytotoxicity
(> 50%
Inhibition)

no hits

ISP2m

RKSG260

067069

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

+

+

+

hits with Streptomyces

acetyl-phenazinecarboxylic acid methyl
ester from
Streptomyces sp.
hits with Streptomyces
bioxalomycin-beta1
from Streptomyces
viridostaticus
myxochelin from
myxobacterium

OTU

Sample

Taxon

16S rRNA
Similarity
(%)

RKSG250
P. shioyasakiensis,
P. prydzensis

071

Source

Medium

Mass Peak
(m/z)

SD

ISP2m

363.1653

rt
(min)

Adduct

2.62

[M+H]

+

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

no hits

VRE

98.9
98.9

RKSG573

Cytotoxicity
(> 50%
Inhibition)

--

309

XM

BFM7m

--

--

--

--

MRSA, VRE

--

MRSA

--

hits with Streptomyces

--

--

--

VRE

--

no hits from bacteria

--

--

078

RKSG777

P. shioyasakiensis

99.1

EF

BFM7m

--

--

--

084

RKSG046

V. coralliilyticus,
V. neptunius

98.5

VG

ISP2m

454.2929

3.9

[M+H]

085

RKSG144

V. coralliilyticus,
V. sinaloensis

99.6

SW

ISP2m

--

--

--

087

RKSG342,
RKSG851

V. tubiashii

100

XM, SD

ISP2m

195.0630

2.38

[M+H]

092

RKSG516

V. alginolyticus,
V. owensii

99.5

SW

BFM7m

--

--

--

--

MRSA, VRE

--

093

RKSG338

V. azureus,
V. sinaloensis

92.4

XM

ISP2m

--

--

--

--

VRE

--

096

RKSG512,
RKSG948

V. alginolyticus,
V. natriegens

99.0

VG

ISP2m

452.2772,
454.2928

3.71,
3.94

[M+H]

+

hits from Streptomyces
and Micromonospora
spp

--

HEKa

106

RKSG943

V. tubiashii,
V. sinaloensis

99.4

XM

ISP2m

2.38,
3.71

[M+H]

+

no hits from bacteria,
hits from
Micromonospora spp

--

--

195.0630,
452.2772

309

+

+

OTU

Sample

Taxon

16S rRNA
Similarity
(%)

--

JCM15607

K. asteriae

100

JCM

MB

329.2689

4.76

[M+H]

+

--

JCM16186

F. kasyanovii

100

JCM

MB

690.3504

2.83

[M+H]

+

--

DSM15267

Z. ganghwensis

100

DSMZ

MB

246.1603,
324.2073

2.71,
3.66

--

--

KCTC32577

A. insulae

100

KCTC

MB

297.2428

4.49

[M+H]

Source

Medium

Mass Peak
(m/z)

rt
(min)

Adduct

310
310

+

Antibase Hits

Antibacteri
al Activities
(> 50%
Inhibition)

Cytotoxicity
(> 50%
Inhibition)

nonadecanedoic acid,
paclipid A

--

HEKa

no hits

MRSA, VRE,
S. warneri

HEKa,
MCF7,
HTB26

--

MRSA, VRE,
S. warneri

HCT116,
MCF7,
HTB26

no hits

--

HEKa

