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ABSTRACT OF THE DISSERTATION

Chemical Ecology of Marine Microbial Communities:

An Assessment of Bacterial Diversity and Dynamics in Tropical Marine Sediments

by

Alyssa Marie Demko
Doctor of Philosophy in Marine Biology
University of California San Diego, 2021

Professor Paul R. Jensen, Chair

Marine sediments cover ~70% of the earth and host rich and diverse microbial
communities. These microbial communities play an integral role in global nutrient cycling and the
food web. They can be both a source of disease and/or an agent of mitigation through the natural
products they produce, which can have cascading impacts on community structure and ecosystem
function. Despite their importance, marine sediment microbes remain woefully understudied. The
goal of this dissertation was to use next generation sequencing technology and newly developed

bioinformatic pipelines to gain insight into these complex communities. First, I sought to
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reevaluate the 1% culturability paradigm by comparing sediment microbial communities using
culture-dependent and culture-independent techniques. This comparative approach not only
highlighted that >1% of sediment bacteria could be cultured, but also revealed the biases associated
with culture-independent methods. Thirty-nine genera were identified in culture that were not
detected with culture-independent methods, including some taxa that were fairly divergent from
known cultured representatives. Next, [ wanted to assess connections between sediment microbial
communities, the sediment metabolome and sediment characteristics across varying spatial scales.
To do this, microbial communities were sampled at three spatial scales, 1 m? quadrats, 10 m
transects, and sites across a 12 km? area. Additionally, a small molecule in sifu resin capture
(SMIRC) method was employed to capture the metabolome present in sediments. The results from
this study indicate that microbial diversity significantly increases with spatial scale and that
sediment characteristics, such as grain size and nitrate concentrations, are significantly correlated
with microbial communities. The SMIRC method was able to capture natural products and
revealed the vast chemical landscape of marine sediments, much of which remains unexplored.
Finally, I sought to evaluate how microbial communities in marine sediments vary in relation to
the surrounding benthic environment by comparing fringing and back reefs of Mo’orea, French
Polynesia. Even within a small area, ~1 km?, fringing and back reef sediment communities were
distinct from each other. Back reefs exhibited greater richness and diversity in the microbial
communities while fringing reefs had greater metabolomic richness. Supervised correlative
analyses identified connections between microbes, metabolites and environmental characteristics
such as nutrient concentration. Many of the taxa identified in the network analyses belong to
relatively unknown lineages, providing important insight into the role these lineages may be

playing in their communities. In conclusion, the results of this dissertation provide fundamental
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baseline information about the microbial communities and metabolites associated with marine

sediments.
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Chapter 1

Introduction

1.1 Microbial Diversity

While the field of microbiology dates back to the pioneering work of Antonie van
Leeuwenhoek in the 1600s, environmental microbiology or microbial ecology was not an area of
study until the late 1800s with the research of Martinus Beijerinck and Sergei Winogradsky. Their
development of culture and enrichment techniques facilitated the ability to study specific groups
of microbes and gain insight into their physiology and functional roles in the environment. While
the first attempts to classify microbes relied solely on morphology, the use of culturing techniques
and the ability to achieve pure cultures allowed for further phenotypic characterization and thus,
improved microbial classification (Rossello-Mora and Amann, 2001).

In the last century, the use of DNA in culture-independent methods has transformed our
understanding of microbial taxonomy and microbial community ecology. DNA-DNA
hybridization techniques became the standard practice for identifying new bacterial species which
was then followed by the use of 16S rRNA gene sequencing. Whereas hybridization techniques
require repetition with each potentially new species, sequencing of genes such as 16S result in a
definitive characteristic that can be archived and repeatedly used (Staley, 2006). One major
limitation however with the 16S rRNA gene is its accuracy in identifying bacteria down to the
species level. Since 16S rRNA can be almost identical while DNA-DNA hybridization methods

are indicative of separate species (Fox ef al., 1992), a threshold needed to be established for when



16S rRNA was indicative of a delineation at the species level (Staley, 2006). It was from
comparative work with DNA-DNA hybridization and 16S rRNA sequencing, that a threshold of
97% became the marker: bacteria that shared <97% similarity with known species could therefore
be classified as novel species (Stackebrandt and Goebel, 1994; Staley, 2006).

As sequencing technology continued to improve, whole microbial communities could be
sequenced and identified based on the 16S rRNA gene, revolutionizing our understanding of
microbial diversity (Rossello-Mora and Amann, 2001; Madigan et al., 2003). However, since next-
generation sequencing methods frequently use short regions of the 16S rRNA gene and the 97%
similarity threshold is now known to be more variable in its applicability to species, bioinformatic
methods and classification standards continue to change. Whole genome sequencing is now
frequently used for species level identification and for greater accuracy in building phylogenies
crossing the domains of life. Not only do we now know that bacteria are everywhere, but the sheer
diversity of bacteria continues to astound, with significantly more bacterial diversity on the tree of
life relative to Archaea and Eukaryotes (Hug et al., 2016). The development of genomic and
metagenomic sequencing has not eliminated the use of 16S rRNA studies. Rather, given the
efficiency of use and low cost of 16S rRNA sequencing, 16S rRNA is still widely used for high-
throughput studies on microbial communities. However, in place of 97% operational taxonomic
unit (OTU) clustering, these methods now use denoising pipelines to identify unique amplicon
sequence variants (ASVs, also sometimes referred to as ESVs or zOTUs) which are then

taxonomically classified (Callahan et al., 2016; Amir et al., 2017; Nearing et al., 2018).



1.2 Microbial Communities and Marine Sediments

Additional improvements in the technology and bioinformatic pipelines associated with
16S rRNA have facilitated studying microbial communities (or microbiomes) in virtually all
environments, unlocking insight into everything from the role of the gut microbiome in human
disease (Shreiner et al., 2015; Halfvarson et al., 2017; Armour et al., 2019; Tang et al., 2019) to
the diversity and function of microbial communities in remote and extreme environments (Zak and
Kling, 2006; Achberger et al., 2016; Lang et al., 2017; Peoples et al., 2019). Standardized
methodology across studies, such as that employed by the Earth Microbiome Project (Thompson
etal.,2017), has further facilitated comparative insights into microbial communities. For example,
Thompson et al. (2010) showed that free-living microbial communities exhibit significantly
greater species richness than most host-associated communities, saline and non-saline
communities are distinct from each other, and environment type has a strong influence on the alpha
and beta diversity of microbial communities.

The use of culture-independent methods makes it possible to capture not only a broad
picture of the microbial community present in different environments but it can also provide
insight into community function through extrapolated connections to cultured representatives via
tools like PICRUSt (Langille et al., 2013) and PAPRICA (Bowman and Ducklow, 2015) or more
directly through shotgun metagenomic analyses (e.g. Haas et al., 2016; Dai et al., 2018; Hillmann
et al., 2018). While advancements have also been made to culture microbes more effectively
through methods such as the ichip (Berdy et al., 2017) and adapting culturing techniques based on
metabolic information gained from metagenomics (e.g. Tripp et al., 2008), culture-independent
studies continue to highlight the large diversity of microbes present on Earth, many of which

remain uncultured to date (Lloyd ef al., 2018).



Not surprisingly, both culture-dependent and culture-independent efforts in environmental
microbiology have predominantly focused on microbial communities associated with human
interests. In particular, many human microbiome studies have yielded valuable insights into human
health and disease (Gilbert et al., 2018). For example patients suffering from recurrent Clostridium
difficile infections can now be effectively treated using fecal microbiota transplantation procedures
which cause patient fecal microbiomes to shift and resemble healthy donor communities
(Weingarden et al., 2015). Environments such as soils are also frequently studied due to the
importance of agriculture. For example, novel biotechnological approaches are being proposed
based on microbiome studies to optimize crop yield (Qiu et al., 2019).

In contrast, marine sediments, which cover more than 2/3 of Earth, remain relatively
understudied. The Earth Microbiome Project showed marine sediments to be among the most
species rich environments (Thompson et al., 2017) and studies on microbial abundances estimate
sediments to contain the most phylogenetically novel microbes (Lloyd et al., 2018). However, it
was only recently that a study focused specifically on the diversity present globally in marine
sediments (Hoshino et al., 2020). Hoshino et al. (2020) compared sediment microbial communities
from across 299 globally distributed locations and found significant correlations between the
taxonomic composition of communities, the presence or absence of oxygen, and the organic carbon
concentration of sediments. Additionally, taxonomic richness was predicted to be 7.85 x 103 - 6.10
x 10> ASVs for archaea and 3.28 x 10* - 2.46 x 10% ASVs for bacteria globally, an estimate
comparable to seawater and topsoil environments (Hoshino et al., 2020).

Previous research has also demonstrated the microbial richness and diversity on a fine
scale. Probandt et al. (2018) examined individual grains of sand and visualize the attached

microbial cells through CARD-FISH and microscopy techniques. Sequencing of sand grain



communities further demonstrated that thousands of unique taxa were associated with a single
grain of sand (Probandt et al., 2018). However, despite the ability to generate large, culture-
independent datasets and associated functional information through metagenomics, sediments
remain relatively understudied. Given the lack of study, much remains unknown about even
common and globally distributed sediment lineages, adding to the difficulty in understanding these

complex communities (Baker ef al., 2021).

1.3 Ecological Importance of Microbial Communities

Microbes act as the foundation for all ecosystems, providing essential functions for life on
earth. The photosynthetic marine cyanobacterial genus Prochlorococcus alone, which was not
discovered until the 1980s (Chisholm et al., 1988), is both the smallest known photosynthetic
organism and the most abundant in the ocean, making it a critical contributor to global oxygen
supplies (Partensky et al., 1999). And in ecosystems devoid of light, chemosynthetic microbes act
as the primary producers in the system (Madigan et al., 2003). Furthermore, microbes are a food
source for other microscopic organisms at the base of the food web and are responsible for the
decomposition of organic matter like decaying plants and animals, thus cycling nutrients back into
the ecosystem (Snelgrove, 1997). Macro-organisms are also associated with a community of
microbes, internally and externally, through their specific microbiomes. These remain poorly
studied but can be important for the well-being of the host.

While microbial communities can exhibit natural fluctuations, instability in the community
(or dysbiosis), can have drastic impacts on the host and/or system. For instance, dysbiosis in the
human microbiome had been linked to health conditions such as Crohn’s, obesity and cystic

fibrosis (Cho and Blaser, 2012; Lynch and Bruce, 2013). Similarly, in marine host-systems,



dysbiosis in the coral microbiome contributes to health state and disease progression (Bourne et
al., 2009; Glasl et al., 2019; Meyer et al., 2019). In free-living microbial communities, changes to
the community composition can have drastic impacts on community function. For example, coral
reefs with greater algal cover host more copiotrophic bacteria in the surrounding seawater
compared to reefs with greater coral cover (Haas et al., 2016). Shifts in the metabolism of the
microbial communities are also observed, with higher algal cover associated with a switch from
the Embden-Meyerhof pathway of glycolysis to the less energetically efficient Entner-Doudoroff
(ED) and pentose phosphate (PP) pathways (Haas et al., 2016).

It is important to note that changes to the sediment microbial community can also have
important ramifications for overall ecosystem structure and function. For instance, microbial
communities associated with ecologically important Zostera seagrass beds are significantly
different in their composition when compared to the sediment communities of Caulerpa beds
(Gribben et al., 2017). Laboratory experiments have demonstrated that the microbial communities
from Zostera habitats mitigate the growth of invasive Caulerpa fragments while the communities
from Caulerpa beds facilitate growth of Caulerpa fragments (Gribben et al., 2017). Therefore,
Zostera beds with dysbiotic sediment communities are at higher risk for succumbing to the
invasive seaweed Caulerpa (Gribben et al., 2017). Thus, it is valuable to have baseline information
about microbial communities associated with different benthic environments and understand how

alterations to those communities may impact the ecosystem as a whole.

1.4 Microbial Natural Products and Marine Chemical Ecology

In addition to gaining further insight into microbial community members, another

important avenue of research investigates the ecological roles of bacterial natural products, also



known as secondary or specialized metabolites. These chemical compounds, which include potent
antibiotics and cytotoxins (Smith and Nicolaou, 1996), are well known from laboratory cultures,
yet their production and function in nature remain poorly understood. Some secondary metabolites
have been linked to nutrient acquisition (siderophores- Butler, 2005), communication (quorum
sensing-Waters and Bassler, 2005), and defense (feeding deterrence- Burkepile et al., 2006), but
the vast majority of work has been focused on the extraction and elucidation of novel, bioactive
compounds for drug discovery. In fact, relatively few marine natural products have been directly
linked to a defined ecological role (e.g. Gil-Turnes et al., 1989; Wietz et al., 2013).

The great microbial richness observed in marine sediments is thought to host untapped
bioactive compound diversity. The obligate marine actinomycete Salinispora, which has been
isolated from tropical and sub-tropical sediments (Jensen and Mafnas, 2006), dedicates ~10% of
its genome to the production of secondary metabolites (Penn et al., 2009). Interestingly, two
Salinispora species have been shown to exhibit an ecological trade-off in regard to the production
of secondary metabolites. Salinispora arenicola contains almost twice the number of secondary
metabolite biosynthetic gene clusters compared to S. tropica and exhibits inhibitory activity linked
to secondary metabolite production. In contrast, S. tropica grows faster and inhibits growth of
competitors via nutrient depletion (Patin ef al., 2015). Chemical extracts from Salinispora strains
have also been shown to alter sediment microbial communities in laboratory mesocosms,
indicative of the important role these small molecules may be playing in sediment communities
(Patin et al., 2017).

Recent culture-independent work has demonstrated that marine sediments exhibit high
biosynthetic potential and are unique in their diversity of operational biosynthetic units when

compared to seawater and soil (Bech et al., 2020). Interestingly, results from Bech et al. (2020)



suggest that low abundance organisms may be disproportionate in their biosynthetic potential. Rare
taxa, also known as the rare biosphere, are thought to fulfill important ecological roles and
disproportionately influence biogeochemical cycles, thus impacting overall ecosystem functioning
(Lynch and Neufeld, 2015; Jousset et al., 2017). However, despite the importance of the rare
biosphere, many culture-independent studies focus solely on the dominant taxa present in the
environment. Thus, it would be valuable to consider the entire microbial community when
evaluating the role secondary metabolites may be playing in structuring these complex

communities.

1.5 Environmental Metabolomics

Along with improvements in sequencing techniques, recent improvements in chemical
instrumentation and associated bioinformatic tools has led to the emergence of environmental
metabolomics as a method to gain insight into the potential ecological roles of secondary
metabolites. With environmental metabolomics, chemical extracts of environmental samples can
be used to assess the suite of chemical compounds present within a sample (the metabolome).
These can be visualized using web tools like the Global Natural Products Social Molecular
Networking (GNPS) platform (Wang et al., 2016) in conjunction with Cytoscape (Shannon ef al.,
2003). Programs have also been developed for statistical comparisons of metabolomics datasets
such as MetaboAnalyst (Chong et al., 2019). Comparative metabolomic studies have provided
insight into a variety of systems including the metabolic response of Staphylococccus aureus to
different antibiotic treatments (Schelli et al.,, 2017), the role of bacteria in phytoplankton
metabolism (Paul et al., 2013), how variation in allelopathic potency of dinoflagellates may impact

bloom dynamics (Poulin et al., 2018) and how chemical diversity and distribution of cyanobacteria



can be used to target sampling sites for natural product discovery (Luzzatto-Knaan et al., 2017).
Recent work has also highlighted the use of non-targeted metabolomics in environmental systems
to track shifts in organic matter chemotypes of seawater and the introduction of anthropogenic

compounds with rain events (Petras et al., 2021).

1.6 Linking Microbes and Metabolites

Improvements in sequencing and metabolomic techniques have facilitated paired studies
into microbe-metabolite interactions, primarily in human systems. For example, multi-omic
studies indicate that dietary compounds and phytochemicals can affect the abundance of bacteria
in the human gut, potentially altering host metabolism (Tang et al., 2019) and the fecal metabolome
has been shown to explain almost 70% of the gut microbial composition, making it a potential tool
to functionally profile the human gut (Zierer et al., 2018). As of yet, less work has been done
outside of humans, but the research that has been done indicates growing insight into connections
between microbes and metabolites. For instance, a longitudinal survey of wine fermentations
revealed that both the microbes associated with grapes and the final wine metabolome can be
indicative of the viticultural area and individual vineyard and further suggests that grape
microbiota at harvest may be used to predict final wine composition (Bokulich et al., 2016).
Additionally, a paired microbiome-metabolome supervised analysis was used to correlate the
production of specific peptides with a Fusobacteriaceae strain of bacteria associated with
Chaetodon lunulatus butterfly fish that are able to avoid gill ectoparasites (Reverter et al., 2020).
For marine sediments, the construction of a causeway coincided with changes to both the sediment

microbiome and metabolome (Soliman et al., 2017) while the abundance of Salinispora in



Belizean sediments was correlated with staurosporine, a known metabolite produced by
Salinispora (Tuttle et al., 2019).

However, one of the common caveats with microbial community datasets is that taxonomic
composition is relative within a sample. Additionally, both microbial community and metabolomic
datasets frequently require normalization techniques, such as the removal of zeros, for statistical
evaluation (Li, 2015). Microbiome and metabolome datasets can encompass thousands of
microbes and metabolites per sample, which results in computationally intensive methods to
extract meaningful information (Li, 2015). Consequently, analysis methods for omics datasets are
constantly being updated and improved. Methods used to tackle paired omic questions include
multivariate tests such as PERMANOVA and Mantel tests (Xia and Sun, 2017), neural network
approaches including mmvec (Morton et al.,, 2019), and matrix integration techniques like
mixOmics (Rohart et al., 2017).

While multi-omic approaches are still relatively new, they can be harnessed to ask
interesting questions about how microbes and metabolites are correlated in different systems and
in response to changing variables. And as the technologies continue to improve, environmental
datasets can be revisited to extract further meaning and generate hypotheses for subsequent work.
Given the ecological importance of marine sediments (Snelgrove et al., 1997; Baker et al., 2021)
and the lack of fundamental knowledge on how marine sediment communities and their
metabolites interact, I sought to evaluate these communities and assess the dynamics at play in this

dissertation.
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1.7 Overview of the Dissertation

The overarching goal of this thesis is to assess bacterial diversity in tropical marine
sediments and evaluate linkages between the bacterial community and the metabolome present in
these environments. This was done through the use of 16S rRNA community sequencing,
metagenomics, metabolomics and a variety of bioinformatic techniques. The dissertation is divided
into three main research chapters as follows:

In Chapter 2, I assessed the diversity of bacterial communities in marine sediments around
Carrie Bow Cay, Belize using both culture-dependent and culture-independent methods. To
evaluate culture-dependent diversity, two media types were employed to culture bacteria from
sediment samples associated with five different sites. Rather than hand-picking only visible
bacterial colonies, I extracted culture plates in their entirety and used next-generation sequencing
methods to evaluate the culture-dependent community. Sediments were also directly extracted and
sequenced to evaluate bacterial diversity in a culture-independent manner. By using both culture-
dependent and culture-independent techniques, I was able to determine culturing efficiency and
assess the strengths and limitations to both methods. Chapter 2 is currently in review at
Environmental Microbiology and thus remains largely unchanged from its manuscript form in this
dissertation.

Chapter 3 seeks to explore not only the bacterial diversity present in tropical marine
sediments, but to also assess how metabolomic profiles vary across five sites in Fiji and establish
connections between the communities, metabolites and sediment characteristics. For this chapter,
I employed a 1 m? quadrat that was subdivided into sixteen sections at each site in addition to 10
m transects at two selected sites. By collecting sediment samples using this spatial scheme, I was

able to probe spatial differences among marine bacterial communities. Chapter 3 also
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introduces the small molecule in sifu resin capture (SMIRC) method designed in the Jensen
Laboratory to capture the secreted sediment metabolome at each site. Additionally, a suite of
sediment characteristics was assessed including sediment grain size and organic content.
Bioinformatic techniques were then used to determine connections between the microbial
communities, the detected metabolites, and the sediment characteristics. This chapter is currently
being written into a manuscript for publication.

Chapter 4 builds on the methodology and research from Chapter 3 to gain further insight
into how bacterial communities and their metabolites vary across space and in relation to the
benthic environment. The SMIRC method was modified to enhance spatial resolution in the
metabolomics data making for a valuable paired dataset to explore connections between sediment
bacterial communities and metabolomes. Eight sites were assessed across a 1 m? quadrat and
surrounding 4 m transects for both the bacterial community and the metabolome. Additionally, a
sample subset was analyzed with a metagenomic pipeline to gain insight into the ecological
functioning of the sediment community. This chapter is currently being written into a manuscript
for publication.

Finally, chapter 5 discusses the significant findings and general conclusions brought forth

through this dissertation. Future directions related to this research are discussed.
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Chapter 2

Microbial diversity in tropical marine sediments assessed

using culture-dependent and culture-independent techniques

2.1 Abstract

The microbial communities associated with marine sediments are critical for ecosystem
function yet remain poorly characterized. While culture-independent (CI) approaches capture the
broadest perspective on community composition, culture-dependent (CD) methods can capture
low abundance taxa that are missed using CI approaches. The aim of this study was to assess
microbial diversity in tropical marine sediments collected from five shallow water sites in Belize
using both CD and CI approaches. CD methods captured approximately 3% of the >800 genera
detected across the five sites. Additionally, 39 genera were only detected using CD approaches
revealing rare taxa that were missed with the CI approach. Significantly different communities
were detected across sites, with rare taxa playing an important role in the delineation of sediment
communities. This study provides important baseline data describing shallow water sediment
microbial communities and evidence that standard cultivation techniques may be more effective

than previously recognized.

2.2 Introduction

Advances in sequencing technologies and bioinformatics have led to major improvements
in our ability to assess the diversity and distributions of environmental microbes (bacteria and

archaea) (Lynch and Neufeld, 2015; Hug et al., 2016; Thompson et al., 2017). The application of
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culture-independent (CI) methods has transformed our understanding of microbial diversity while
metagenome assembled genomes and single cell genomics have provided insight relevant to
functional traits in yet to be cultured organisms (Kalisky and Quake, 2011; Evans et al., 2015;
Parks et al., 2017). Despite these advances, the microbial diversity associated with marine
sediments remains poorly characterized relative to other major biomes such as soil and seawater
(Lloyd et al., 2018; Martiny, 2019; Baker et al., 2021). Sediment microbial communities are
diverse (Thompson et al., 2017), densely populated, (Dale, 1974; Musat et al., 2006), play integral
roles in fundamental ecosystem processes (Snelgrove et al., 1997; Baker et al., 2021), and can
exhibit extraordinary levels of fine-scale spatial structure (Probandt et al., 2018). While the
inaccessibility of deep-sea sediments (>200 m depth) may contribute to the lack of data, the
communities associated with shallow euphotic (<200 m depth) water sediments also remain poorly
described (Baker et al., 2021). Given that marine sediments cover ~70% of the earth’s surface
(Parks and Sass, 2009), baseline information describing sediment microbial diversity provides an
important mechanism to understand community structure over time and across environmental
gradients.

The gains afforded by CI diversity estimates can overshadow the intrinsic value of
microbial cultivation. Culture-dependent (CD) methods provide opportunities to assess microbial
metabolism and contributions to ecosystem function in ways that cannot be achieved using CI
approaches. For instance, cultivation of Nitrospira provided critical insight into the first bacterium
known to perform complete nitrification (Daims et al., 2015) while culture-dependent research
with Thermosulfidibacter takaii ABI70S6 resulted in the discovery of a reversible TCA cycle that
was not detected with metagenomics (Nunoura et al., 2018). Additionally, testing for inhibition

among marine Vibrio strains revealed that competition is greater between than within ecologically
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cohesive populations (Cordero et al., 2012) while CD work on two closely related species of
Salinispora demonstrated ecological trade-offs in competitive strategies (Patin et al., 2015).
Culturing techniques have been developed based on metabolic requirements inferred using CI
techniques (Tripp et al., 2008). Thus, these approaches can offer complementary insights into
microbial ecology, with the general observation that CI techniques provide more comprehensive
taxonomic coverage while CD methods can provide clearer taxonomic resolution (Orphan et al.,
2000; Chen et al., 2008; Shivaji et al., 2011; Vaz-Moreira et al., 2011; Dickson et al., 2014). While
both techniques have been used in tandem, surprisingly few studies have focused on major
environmental biomes such as marine sediments. Of note, the importance of media specificity and
rare taxa when comparing CI and CD approaches was recently reported (Pédron et al., 2020).
Recent bioinformatic comparisons of CD versus CI bacterial diversity have revived
discussion of the “great plate count anomaly” and the canonical theory that fewer than one percent
of bacterial taxa have been cultured (Martiny, 2019; Steen et al., 2019). These studies provide
contrasting views on the improvements that have been made in culturing relative to the proportions
of bacteria that remain uncultured (Martiny, 2019; Steen et al., 2019). Advances such as these
highlight the need to reassess frequently cited paradigms describing bacterial culturability,
including the great plate count anomaly. While the majority of bacterial taxa have yet to be cultured
(Lloyd et al., 2018), the development of innovative techniques in combination with persistent use
of traditional methods has led to the successful cultivation of notable microbes including
bacterioplankton in the SAR11 clade (Rappé et al., 2002; Henson et al., 2018), the first Asgard
archaea representative ‘Candidatus Prometheoarchaeum syntrophicum’ (Imachi et al., 2020) and

three Saccharibacteria (TM7) species with their Actinobacteria host (Cross et al., 2019),
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suggesting that many if not most microbes can ultimately be brought into the laboratory (Lewis et
al., 2020).

The aim of this study was to assess microbial diversity in marine sediments using both CD
and CI techniques. CD sample communities were determined by sequencing environmental plates
inoculated from sediments while CI sample communities were determined by direct sequencing of
sediments. Through the use of next-generation sequencing, we determined that culturing efficiency
was 1-2% based on the number of 16S rRNA amplicon sequence variants (ASVs) detected and 3-
4% in terms of the number of genera detected. Additionally, the CD method detected 39 genera
that were not detected using the CI approach, highlighting the importance of culturing for capturing
rare members of the community. These results emphasize the importance of both CD and CI

methods for assessments of microbial diversity in marine sediments.

2.3 Methods
2.3.1 Sample Collection and Processing

In September 2015, divers collected marine sediment samples from five locations around
the Smithsonian Field Station at Carrie Bow Cay, Belize (Table 2.1). At each site, five replicate
Whirl-Pak® (Nasco) bags were filled with sediment from a 3 m? area. Upon return to the field
station, 20 ml of wet sediment from each Whirl-Pak® was transferred into 50 ml falcon tubes with
20 ml of RNAlater® and stored at 4°C before transport on dry ice to Scripps Institution of
Oceanography (SIO) where they were stored at -40°C prior to DNA extraction. Two types of media
prepared at SIO were used for on-site, culture-dependent sample processing: seawater agar (SWA)
comprised of 16 g agar and 1 liter natural seawater, and 50% marine agar (MA) comprised of 0.5

g yeast extract, 2.5 g peptone, 16 g agar, and 1 liter natural seawater. Both media contained the
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antifungal agent cyclohexamide at a final concentration of 200 pg/ml. Freshly collected sediment
samples were diluted 1:2 with autoclaved seawater in 4 ml vials, vigorously shaken, and further
diluted 1:10 and 1:100 after which 50 pl of each dilution (1:2 1:10, 1:100) was inoculated onto
each medium, spread with a sterile glass rod, and the plates allowed to dry in a laminar flow hood
then sealed with parafilm. This resulted in a total of 150 plates (3 dilutions x 5 replicate sediments
x 2 media x 5 locations), which were transported back to SIO. In an effort to facilitate colony
growth but prevent one or two bacteria from swamping the plates, we kept the plates at room
temperature for eight days post inoculation and then stored them at -40°C prior to DNA extraction.

Two sets of control samples for the CD method were generated in January 2020. To control
for DNA contamination present in the media or reagents, plates made with both of the experimental
medium types were inoculated with a known amount (~3x107 cells) of Vibrio coralliilyticus, then
immediately parafilmed and stored at -40°C. To assess the approximate read counts that might be
expected from the initial inoculation without subsequent colony growth, dilution series of local
sediment (San Diego, CA) were plated following the experimental plate methods. Three replicate
dilution series were plated for each medium, each was spiked with a known amount (~3x107 cells)
of Vibrio coralliilyticus to ensure adequate DNA concentrations for sequencing, parafilmed

immediately to prevent colony growth, and stored at -40°C.
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Table 2.1: Site information for samples collected around Carrie Bow Cay, Belize.

Site | Latitude | Longitude | Depth Water Habitat Description
™N) W) (m) Temperature
CO)

1 16°47 88° 04’ 8 27 Spur and groove. Area with

54.06” 59.7” patches of sand, low relief reef
and a patch a seagrass.

2 16° 48’ 88° 04’ 20 27 Reef slope. Large sand area with
11.46” 41.46” scattered reef.

3 16° 49 88° 06’ 1 25 Entrance to Twin  Cays
32.76” 24.48” mangroves. Samples collected in

a sandy patch surrounded by a
seagrass bed.

4 16° 47 88° 07 6 30 Sea mound in the lagoon

43.56” 20.94” between fringing reef and
mainland.

5 16° 48’ 88° 04’ 1 Not collected | Near field station  dock.
10.44» 55.5” Sand/rubble.

2.3.2 DNA Extraction

Environmental DNA (eDNA) was extracted from approximately 1 g of freshly thawed
sediment per sample following physical (bead beating) and chemical (phenol-chloroform) DNA
extraction methods (Patin et al., 2013). One replicate from site 5 was lost resulting in a total of 24
sediment samples processed for CI analysis. DNA extractions were performed in duplicate for
each sediment sample (2 g of sediment in total extracted per sample) and the extracts combined
prior to purification. For the CD analyses, agar plates were left to thaw at room temperature for 30
min and 3 ml molecular grade water was added to the surface. A heat sterilized metal loop was
used to scrape the surface of each plate and the resulting suspension pipetted into a 15 ml falcon
tube. The three dilutions plated for each sediment were combined into a single falcon tube and
centrifuged at 8,000 RPM (9,803 RCF) and 4°C for 5 minutes generating 50 samples (5 replicate

sediments x 2 media x 5 locations). The supernatant was removed and the bottom 2 ml including
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the cell pellet were distributed into two ceramic bead-beating tubes prior to DNA extraction
following the protocol applied to the sediments (Patin et al., 2013). All control samples were
extracted using the same protocol described above, however due to samples being lost in transit to
the sequencing facility, minimal DNA remained for subsequent sequencing. As a result, replicates
for each control type were pooled, thus producing four control samples: a SWA blank control
spiked with V. coralliilyticus, a SWA inoculum control spiked with V. coralliilyticus, a MA blank

control spiked with V. coralliilyticus, and a MA inoculum control spiked with V. coralliilyticus.

2.3.3 PCR and Sequencing

The v4 region of the 16S rRNA gene was PCR amplified using the primers 515F
(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG GTGYCAGCMGCCGCGGTAA) and
806Rb (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACNVGGGTWTC
TAAT) (Caporaso et al., 2012). PCR was performed following the Phusion Hot Start Flex 2x
Master Mix protocol with an annealing temperature of 60°C and 1 pl of 5 ng/ul DNA. Products
were cleaned using ExoSap-IT® before adding Nextera XT (Illumina) indices and sequencing
adapters with the following PCR program: 98°C for 1 min followed by five cycles of 98°C for 10
sec, 65°C for 20 sec and 72°C for 30 sec with a final extension at 72°C for 2 min. Gel
electrophoresis was used to confirm the presence of a PCR product of the predicted size. Sequences
were normalized based on DNA concentration, pooled and cleaned with AMPure XP beads. The
purified library was then sent to the Institute for Genomic Medicine (IGM), University of
California, San Diego (UCSD) for sequencing on an Illumina MiSeq v2 500 cycle at a depth of

130k reads per sample. For controls, DNA was sent to Novogene (South Plainfield, NJ) for library
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preparation following their proprietary methods and sequencing with the above described primers

(515F & 806RD) on an Illumina NovasSeq.

2.3.4 Analysis

Raw sequences were imported into QIIME2-2020.2 (Bolyen et al., 2018) and denoised
using the DADAZ2 (Callahan et al., 2016) denoise-paired pipeline with an input of p-trim-left-f of
19 and p-trim-left-r of 20 to remove primers. Based on the raw files, p-trunc-len-f and p-trunc-len-
r were set to 250 and 155 base pairs respectively and chimeras were removed with the default
consensus method. In an effort to control for background inoculum that remained present but was
not actively growing, all amplicon sequence variants (ASVs) associated with the controls were
quantified to their relative read abundances (Appendix A). After accounting for ASVs associated
with Vibrio, the most abundant ASV present was identified as an unknown bacterium with 67
reads in one of the control inoculum samples (Appendix A). Since all other ASVs associated with
the inoculum controls, outside of Vibrio which was used as a spike-in, contained less than 67 reads,
we opted to set a minimum read threshold of 70 reads per feature for each CD sample before
proceeding with subsequent analyses. This threshold removed approximately 50% of ASVs
associated with CD samples (Table 2.2). Additionally, we checked each ASV associated with the
four control samples and determined that none of the ASVs remained in the experimental samples
after applying the filtration step. Taxonomy was then assigned using the SILVA v132 database
(Quast et al, 2013) and samples were subsequently filtered to remove chloroplast and

mitochondria sequences (Table S3) in QIIME2-2020.2.
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Table 2.2: Number of amplicon sequence variants (ASVs) remaining after filtration steps were

applied.
Sample Type
Control Control Culture- Culture-
Filtration Blank with Dependent | Dependent | Culture-Independent
Step (n=2) Inoculum MA SWA (n=24)
(n=2) (n=25) (n=25)
Unfiltered 14 38 562 709 27342
ASVs
removed
with 14 38 284 346 NA
inoculum
control
threshold
Chloroplast
&
mitochondria 0 0 0 1 1,091
ASVs
Final
Number of 0 0 278 345 26,251
ASVs

In order to assess how similar ASV sequences were to cultured representatives, an

approach based on Steen et al. (2019) was employed. Using the align.seqs command in Mothur

(Schloss and Westcott, 2011), both CD ASVs and CI ASVs were aligned with sequences from the

SILVA database. To compare to cultured strains, type strains [T] and cultured s[C] strains were

searched for in SILVA and downloaded as an aligned fasta file including gaps. Since SILVA

v138.1 was the database used for sequence extraction, the corresponding non-redundant full library

was also downloaded (SILVA 138.1 SSURef NR99 tax silva full align trunc.fasta). The

align.report files were then filtered to remove any sequences with inadequate alignments (pairwise

alignment lengths <250). Histograms based on similarity to the nearest cultured representative and
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scatterplots with the nearest cultured relative compared to the most similar sequence in the full
library were generated using ggplots2 (Wickham, 2016) in R. Some of the ASV's were then further
interrogated by using the NCBI BLAST tool by selecting to exclude uncultured sequences.
QIIME2-2020.2 was used to perform alpha and beta diversity analyses at the ASV level
after rarefying samples to a depth of 62,830 reads. Associated statistical analyses were also
performed with QIIME2-2020.2 at the ASV level using the non-parametric Kruskal-Wallis test
(Kruskal and Wallis, 1952) for method and site comparisons in relation to alpha diversity indices
(Faith’s Phylogenetic Diversity and Pielou’s Evenness) and multivariate PERMANOVA tests with
999 permutations (Anderson, 2001) for beta diversity (both weighted and unweighted UniFrac
(Lozupone and Knight, 2005)) comparisons across methods and sites. ANCOM analysis (Mandal
et al., 2015), which was specifically designed to address compositional microbial data, was
performed at the genus level using QIIME2-2020.2 to determine genera that significantly differed
across sites in culture-independent samples. Figures were generated using QIIME2-2020.2,
RStudio version 3.6.2 (R Core Team, 2019), ggplot2 (Wickham, 2016), nVennR (Quesada, 2020),

and Excel version 16.36.

2.3.5 Data Availability
All raw sequences files are available through NCBI’s Sequence Read Archive (SRA).
Accession numbers for CI files are SAMNO08824420 — SAMNO0882443, CD files are

SAMN15932210 — SAMN15932259 and controls are SAMN15932260 — SAMN15932263.

2.4 Results

2.4.1 Culture-Dependent (CD) Sediment Microbial Diversity
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Across all five sites, CD alpha diversity analyses revealed on average 54 + 3 16S rRNA
amplicon sequence variants (ASVs) for sediments plated on seawater agar (SWA) and 39 + 2
ASVs for the same sediment samples plated on marine agar (MA) (Figure 2.1a). SWA yielded
significantly higher phylogenetic richness (Figure 2.2a; Faith’s PD Kruskal-Wallis H=8.870,
p=0.003) and greater evenness (Figure 2.2b; Pielou’s Kruskal-Wallis H=7.645, p=0.006) when

compared to the ASVs detected on MA.
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Figure 2.1: Mean alpha rarefaction curves across sediment samples from five sites in Belize. a)
Culture-dependent results obtained using seawater agar (SWA) and marine agar (MA) media and
b) Culture- independent results. Error bars represent standard error among replicates.
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Figure 2.2: Alpha diversity boxplots of marine sediment microbial communities from Carrie Bow
Cay, Belize in culture-dependent and culture-independent samples determined using a) Faith’s
Phylogenetic Diversity Index and b) Pielou’s Evenness.
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The microorganisms detected on the SWA and MA plates were classified into five bacterial
phyla (Figure 2.3). The three most abundant phyla were similar for both media, with Proteobacteria
being the most abundant, averaging 80% and 96% of the communities on SWA and MA plates,
respectively. Bacteroidetes represented 20% of the SWA communities compared to ca. 1.6% for
MA, indicating that the low nutrient medium was more selective for this phylum. On MA,
Firmicutes was the second most abundant phylum at ca. 2.6%. In comparison, Firmicutes averaged
ca. 0.13% on SWA, suggesting that the nutrient rich MA media better selects for this phylum. The
other two phyla detected in culture were Epsilonbacteraeota (formerly Epsilonproteobacteria) and
Actinobacteria, both of which averaged <1% of the community in SWA and MA (Figure 2.3).

At the genus level, the ASVs detected on SWA were assigned to 102 genera while those
detected on MA were assigned to 76 genera. CD methods identified 128 different genera, of which
50 were detected using both SWA and MA while 52 were unique to SWA and 26 were unique to
MA (Figure 2.4). Vibrio represented the most abundant genus observed on both media, accounting
for 27% and 44% of the sequences detected on SWA and MA, respectively. Other relatively
abundant genera cultured included Ruegeria (SWA 25.4% & MA 35.1%), Persicobacter (SWA
18.8% & MA 0.7%), Microbulbifer (SWA 6.0% & MA 3.5%), and Alteromonas (SWA 3.9% &
MA 1.7%). Most taxa detected with CD methods averaged <1% of the community, including 92

SWA assigned genera and 62 MA assigned genera.
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Figure 2.3: Rank abundance of phyla detected using a) culture-dependent methods and b) culture-
independent methods. Light gray bars represent taxa associated with marine agar (MA) while
white bare represent seawater agar (SWA) samples. Archaea are denoted as [A] and error bars
indicate standard error.
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Figure 2.4: Proportionally scaled Venn diagram of microbial genera detected using culture-
dependent (SWA and MA) and culture-independent methods.

2.4.2 Culture-Independent (CI) Microbial Diversity

CI diversity for the same five sites was considerably greater than what was detected using

the CD techniques, averaging 2,942 + 133 ASVs (Figure 2.1b). CI communities included 68 phyla

(57 Bacteria, 9 Archaea and 2 Eukarya) (Figure 2.3b), with about half of the sequences assigned

to Proteobacteria. After Proteobacteria, the relatively most abundant phyla were Bacteroidetes,

Planctomycetes and Cyanobacteria. On average across all samples, 55 of the 68 phyla detected

(81%) represented less than 1% of the relative community, and thus can be considered rare. When
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combined, these rare taxa averaged ~7% of the total community, indicating their importance to
community composition. More than 15 phyla represent either candidate phyla or unannotated taxa,
indicating that microbial diversity at the phylum level remains poorly characterized in marine
sediments (Figure 2.3b).

In total, 1,844 genera (1,728 Bacteria, 113 Archaea and 3 Eukarya) were observed using
the CI technique (Figure 2.4), with the communities across all five sites displaying fairly rich
(Figure 2.5a; Faith’s PD range 79.15-222.88) and even distributions (Figure 2.5b; Pielou’s
evenness index range 0.81-0.93). The most commonly observed genus was Woeseia, which
averaged 4.96% of the relative community across all five sites. Of the 1,844 genera identified, only
16 averaged >1% of the community. Many CI ASVs were not annotated at the genus level or were
annotated as “uncultured,” suggesting they belong to poorly described taxa. Those that averaged
>1% of the community and could be identified at the genus level included Woeseia (4.96%),
Xenococcus (2.49%), Zeaxanthinibacter (2.18%), Candidatus Nitrosopumilus (1.65%),
Pleurocapsa (1.46%), Chroococcidiopsis (1.10%), and Rhodopirellula (1.07%). Minor (£0.001
average relative percent), non-target amplification of eukaryotic sequences was observed. These

were annotated as unassigned eukaryotic or ciliate associated.
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Figure 2.5: Culture-independent alpha diversity boxplots of marine sediment microbial
communities from across five sites around Carrie Bow Cay, Belize determined using a) Faith’s
Phylogenetic Diversity Index and b) Pielou’s Evenness.
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2.4.3 Method Comparisons

In total, ASVs were annotated to 1,883 genera across all methods used in this study (Figure
2.4). As expected, the CI communities were significantly richer (Figure 2.2a; Faith’s PD Kruskal-
Wallis H=52.076 p<0.001) and included 1,755 genera that were only detected using this approach
(Figure 2.4). An additional 89 genera were detected using both the CI and CD approaches. Of
those 89 genera, 45 were detected on both media types, 28 only on SWA and 16 only on MA
(Figure 2.4). Surprisingly, 39 genera detected in culture were not detected using the CI technique
(Figure 2.4; Table 2.3).

Of'the 39 genera that were only detected with CD methods, 24 of these genera were specific
to SWA, ten were specific to MA, and five were detected on both SWA and MA (Figure 2.4). All
of the genera uniquely detected using the CD technique were relatively rare, with 37 averaging
<1% of the community (Table 2.3). The two most relatively abundant genera detected in culture
but not using the CI technique were Celeribacter, which averaged 1.92% and 0.05% of the SWA
and MA communities, respectively, and Halomonas, which averaged 0.71% and 1.14% of the
SWA and MA communities, respectively. Taxa specific to the SWA method included
Proteobacteria, Bacteroidetes and Actinobacteria such as Marinomonas, Mesonia and
Streptomyces. Taxa only detected via MA cultures included members of the Firmicutes,
Bacteroidetes and Proteobacteria such as Fictibacillus, Taeseokella and Fangia (Table 2.3). While
the vast majority of taxa detected using CD methods have previously been isolated from marine
sources, both the SWA and MA yielded genera that do not have named marine species.
Interestingly, for all but one of these genera, closely related strains have been detected in marine

samples (Table 2.3).
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Table 2.3: Amplicon sequence variants (ASVs) annotated to the genus level detected using
culture-dependent methods only (n=number of detected replicates). If the genus was not annotated
(UA), the lowest taxonomic rank is indicated. NA = not applicable. If the genus has named species
from the marine environment, at least one example is cited.

Genus Site(s) | Medium Mean Mean relative | Named species
(n) relative percent SWA | reported from
percent MA | + standard marine
+ standard error environments
error
Corynebacterium 1 2 MA (1) 1.14E-02 + Yes (Ben-Dov et
1.14E-02 NA al., 2009)
Microbacteriaceae 1 SWA (1) 6.14E-03 + Yes (Lee, 2008)
UA NA 6.14E-03
Agrococcus 1 SWA (1) 5.45E-03 + Yes (Lee, 2008)
NA 5.45E-03
Kocuria 1 SWA (1) 5.91E-02 + Yes (Kim et al.,
NA 5.91E-02 2004)
Streptomyces 5 SWA (3) Yes (Gallagher
1.20E-02 + and Jensen,
NA 7.85E-03 2015)
Luteivirga 5 SWA (1) 2.37E-03 £ Yes (Haber et
NA 2.37E-03 al.,2013)
Pontibacter 5 SWA (1) Yes
4.53E-03 £ (Nedashkovskay
NA 4.53E-03 aetal., 2005)
Taeseokella 5 MA (1) | 3.04E-02 + Yes (Li et al.,
3.04E-02 NA 2019)
Mesoflavibacter 3 SWA (1) 3.42E-03+ | Yes (Askeretal.,
NA 3.42E-03 2007)
Mesonia 3 SWA (1) 1.43E-02 + Yes (Choi et al.,
NA 1.43E-02 2015)
Pseudofulvibacter 1 MA (1) | 6.12E-03 + Yes (S. H. Yang
6.12E-03 NA etal.,2016)
Robertkochia 4 SWA (1) 2.17E-03 £ Yes (Hameed et
NA 2.17E-03 al.,2014)
Salegentibacter 5 SWA (1) Yes
1.84E-03 £ (Nedashkovskay
NA 1.84E-03 aetal.,2006)
Zunongwangia 5 MA (1) | 4.50E-03 + Yes (Shao et al.,
4.50E-03 NA 2014)
Fictibacillus 5 MA (1) | 4.58E-02 + Yes (Dastager et
4.58E-02 NA al.,2014)
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Table 2.4: Amplicon sequence variants (ASVs) annotated to the genus level detected using

culture-dependent methods only, Continued.

Genus Site(s) | Medium Mean Mean relative | Named species
(n) relative percent SWA | reported from
percent MA | =+ standard marine
+ standard error environments
error
Halobacillus 5 MA (1) | 3.64E-03 + Yes (Teasdale et
3.64E-03 NA al., 2009)
Paenibacillus 5 MA (1) | 7.88E-03 + Yes (Lee et al.,
7.88E-03 NA 2013)
Staphylococcus 2 MA (1) | 5.33E-03 + Yes (Arora,
5.33E-03 NA 2013)
Skermanella 1 SWA (1) No marine
isolates, but see
*Maldonado et
al 2009
1.50E-02 + (Maldonado et
NA 1.50E-02 al., 2009)
Brevundimonas 1 SWA (1) 7.22E-03 + Yes (Fritz et al.,
NA 7.22E-03 2005)
Aureimonas 1 SWA (1) 6.46E-02 + **No
NA 6.46E-02
Hoeflea 1 SWA (1) 8.32E-03 + Yes (Biebl et al.,
NA 8.32E-03 2006)
Nesiotobacter 3 MA (1) Yes (Kumar et
& SWA | 248E-02 + 1.62E-02 + al., 2019)
(1) 2.48E-02 1.62E-02
Amaricoccus 5 SWA (1) No marine
isolates, but see
***Pohlner et al
2.61E-03 + 2019 (Pohlner et
NA 2.61E-03 al., 2019)
Celeribacter 1&5 | MA(2) Yes (Lee et al.,
& SWA | 490E-02 £ 1.92E+00 + 2012)
(3) 3.57E-02 1.91E+00
Paracoccus 1 SWA (1) 5.24E-03 + Yes (Z. P. Liu et
NA 5.24E-03 al., 2008)
Sulfitobacter 3 SWA (1) 3.53E-03 + Yes (Park et al.,
NA 3.53E-03 2007)
Thalassobius 2&4 | MA (1) Yes (Yiand
& SWA | 2.74E-03 £ 2.75E-03 £ Chun, 2006)
(1) 2.74E-03 2.75E-03

33




Table 2.5: Amplicon sequence variants (ASVs) annotated to the genus level detected using

culture-dependent methods only, Continued.

Genus Site(s) | Medium Mean Mean relative | Named species
(n) relative percent SWA | reported from
percent MA | =+ standard marine
+ standard error environments
error
Blastomonas 3 SWA (1) 2.73E-02 £ Yes (Meng et
NA 2.73E-02 al., 2017)
Sphingomonas 1 SWA (1) 5.43E-03 + Yes (Schut et
NA 5.43E-03 al., 1997)
Neiella 1,2& | SWA (3) 1.28E-02 + Yes (Du et al.,
4 NA 7.43E-03 2013)
Colwelliaceae 1,2,3, | MA(11) Yes (Jean et al.,
uncultured 4&5 | &SWA | 8.48E-02+ 1.74E-01 £ 2006)
(16) 2.88E-02 8.17E-02
Psychromonadaceae | 1 &5 | SWA (3) 1.20E-02 + Yes (Lietal.,
UA NA 8.22E-03 2013)
Fangia 3 MA (1) | 2.90E-03 + Yes (Lau et al.,
2.90E-03 NA 2007)
Halomonas 1,2,3, | MA(15) Yes (L. A.
4&5 | &SWA | 1.14E+00 £ 7.07E-01 + Romanenko et
(15) 3.93E-01 2.57E-01 al., 2002)
Marinomonas 1 SWA (1) Yes
3.53E-02 + (Romanenko et
NA 3.53E-02 al., 2009)
Nitrincolaceae UA 2 SWA (1) 2.77E-03 + Yes (Arahal et
NA 2.77E-03 al., 2007)
Oleibacter 5 SWA (1) 1.46E-03 + Yes (Teramoto
NA 1.46E-03 etal,2011)
Psychrobacter 2,3& | MA(3) Yes (L. a
4 9.14E-03 + Romanenko et
5.96E-03 NA al., 2002)

*Maldonado et al. 2009 isolated a strain from the marine environment where the closest 16S hit
was Skermenella (Maldonado et al., 2009).

** Aureimonas is the sister genus of Aurantimonas (Rathsack et al., 2011). Aurantimonas that has
been isolated from marine sources, however it has also been identified as a common contaminant
(Rathsack et al., 2011; Salter et al., 2014).

*#* All Amaricoccus species have been isolated from sludge, but Pohlner et al. (2019) also found
OTUs that hit to Amaricoccus from marine sediment (Pohlner ez al., 2019).
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Not surprisingly, the CI approach identified numerous taxa with few or no cultured
representatives. For example, the phylum Latescibacteria (aka WS3), which is commonly detected
in CI studies (Youssef et al., 2015; Farag et al., 2017; Lloyd et al., 2018), and to the best of our
knowledge does not have a cultured representative, was also identified as ca. 1.07% of the CI
communities. Additionally, bacteria from the widely distributed and diverse phyla Acidobacteria,
Patescibacteria and Gemmatimonadetes averaged 2.7%, 0.95, and 0.6% of the relative CI
community respectively, but few strains from these phyla have been cultured (Hugenholtz et al.,
2001; Ward et al., 2009; DeBruyn et al., 2011; Soro et al., 2014; Lemos et al., 2019).

Both CD and CI ASVs were also assessed in relation to their nearest cultured relative in
the SILVA database (Figure 2.6). Not surprisingly, many of the ASVs shared greater similarity
with sequences from other CI studies than with known type or cultured strains (Figure 2.6). ASVs
from CD samples had a median similarity of 99.6% with cultured representatives, but there were
a few distinct outliers (Figure 2.6). One ASV from CD samples was identified with SILVA as an
uncultured Chitinophagales and shared only ~79% similarity with a cultured representative. When
that ASV was assessed with the NCBI BLAST database, the most similar sequence was a
Muribaculaceae bacterium with ~85% sequence similarity originally isolated from a pig gut. The
other ASV from CD samples that was <90% similar to any culture in the SILV A database, matched
with a recently cultured sponge microbe called Xanthovirga aplysinae (99.6% similar) (Goldberg
et al., 2020). There were also a handful of sequences between 90-95% similar to cultured
sequences. Subsequent searching with BLAST confirmed the lower similarity for some, while
others had >99% similarity to recent isolates from marine sources such as holothurians and corals.
In contrast to the CD samples, the median sequence similarity for CI samples was 85.4% (Figure

2.6). Many of the ASVs <60% similar were identified as archaea with SILVA. Of those, some
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shared greater similarity (~80%) with members of the Microgenomates group of bacteria in the

NCBI database.
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Figure 2.6: Scatterplot of amplicon sequence variant (ASV) similarity from culture-dependent and
culture-independent samples. ASVs were compared to the nearest cultured or type strain extracted
from the SILVA v138.1 database (y-axis) versus the nearest sequence identified with the full non-
redundant SILVA v138.1 database (x-axis).

When assessing beta diversity and the presence/absence of ASVs in each community, the
CD communities were found to be significantly different than CI communities (Figure 2.7a;
Unweighted UniFrac PERMANOVA pseudo-F=39.826, p=0.001). There was one CI replicate that
was distinct from the rest of the CI samples (Figure 2.7), likely due to the large (>20%) fraction
of an unknown genus of Flavobacteriales present within that sample. When considering sample

site, cultured communities showed no pattern while CI communities seemed to cluster by site
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(Figure 2.7b). Weighted beta diversity analysis also showed significant separation between CD

and CI communities (Figure 2.7¢; Weighted UniFrac PERMANOVA pseudo-F=125.15, p=0.001)

and between the nutrient rich (MA) and nutrient poor (SWA) media types (Figure 2.7c). Since

there appeared to be clustering based on sites within the CI communities (Figure 2.7b & d), only

CI samples were considered for subsequent CI community visualizations and comparisons.
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a) sample type and b) site. Weighted results colored by c¢) sample type and d) site.
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2.4.4 Culture-Independent (CI) Site Comparisons

The five sites sampled were within 5 km of each other (Table 2.1) but represented different
habitats: an 8 m deep spur and groove reef (site 1), a 20 m deep reef slope (site 2), a 1 m deep sand
patch in a seagrass bed at the mouth of a mangrove island (site 3), a 6 m deep seamount in a lagoon
(site 4), and a 1 m deep sand and rubble patch at the marine station’s dock (site 5). Both weighted
and unweighted UniFrac analyses on the CI communities indicate a significant difference among
site communities (Figure 2.8; Unweighted UniFrac PERMANOVA pseudo-F=2.982, p=0.001;
Weighted UniFrac PERMANOVA pseudo-F=7.987, p=0.001).

Site 3 appeared the most distinct from the other communities in the unweighted UniFrac
(Figure 2.8a) and showed higher richness than the four other sites (Figure 2.5a). Some of the
taxonomic differences between sites included relatively more Proteobacteria at site 2, relatively
fewer Cyanobacteria at sites 3 and 4, and about twice the relative amount of Chloroflexi at site 3
when compared to the other sites. Additionally, an analysis of composition of microbiomes
(ANCOM) done at the genus level identified seven taxa that were significantly different by site,
six of which were related to site 3. These were identified as Marixanthomonas, an unidentified
genus of the BD2-7 (Family Cellvibrionales), an uncultured gammaproteobacterium that was
relatively more abundant at site 3, and two taxa that were absent from site 3 (Stanieria, an unknown

genus of Xenococcaceae, and un uncultured MBAE14 gammaproteobacterium).
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Figure 2.8: Unifrac analysis of culture-independent sediment microbial communities across five
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2.4.5 Culturing Efficiency

We assessed culturing efficiency in two ways. First, we quantified percent efficiency by
determining the total number of ASVs cultured vs. the number identified using CI techniques. The
alpha diversity rarefaction curves based on observed ASVs revealed that saturation was achieved
using both techniques (Figure 2.1), thus ensuring that effective comparisons could be made. The
number of cultured ASVs represented 1.82% and 1.33% (for SWA and MA, respectively) of the
ASVs detected using the CI approach. Second, we calculated the overlap in taxonomic assignment
from domain down to ASV using the two approaches (Table 2). Based on taxonomic assignment,
3.95% of'the genera detected using the CI approach were also detected in culture on SWA medium
while 3.31% were detected on MA. Thus, while the amount of diversity cultured will vary with
the method used, our results generally exceeded the <1% value typically reported in association

with the great plate count anomaly (Staley and Konopka, 1985; Martiny, 2019; Steen et al., 2019).
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Table 2.6: Percent cultured across taxonomic levels. Percent cultured calculations were based on
taxonomic overlap in culture-dependent (CD) and culture-independent (CI) samples. Percent taxa
unique to CD samples represents the number of taxa only identified with CD methods as a
proportion of the total taxa identified at the corresponding level.

Percent Taxa Unique to Culture-

Percent Cultured Dependent Samples
Taxonomic Level SWA MA SWA MA
Domain 33.33 33.33 0 0
Phylum 7.35 7.35 0 0
Class 2.39 3.19 0 0
Order 291 2.75 0.46 0.15
Family 3.36 2.76 0.51 0.34
Genus 3.95 3.31 1.54 0.80
Species 3.16 2.64 1.77 1.22
ASV 0.39 0.33 0.86 0.68

2.5 Discussion

It is widely recognized that CD approaches are inadequate for measuring microbial
diversity. Early comparisons of colony counts to cell counts indicated that <1% of environmental
bacteria were cultured, a phenomenon referred to as the “great plate count anomaly” (Razumoyv,
1932; Staley and Konopka, 1985). The great plate count anomaly was the first indication that a
majority of environmental bacteria were not readily cultured using standard techniques, which has
subsequently driven numerous studies seeking to improve culturability (Kaeberlein et al., 2002;
Tamaki et al., 2009; Tanaka et al., 2014; Rygaard et al., 2017). The advent of sequence-based CI
methods brought the extent of uncultured microbial diversity into better perspective (Lynch and
Neufeld, 2015; Hug et al., 2016; Lloyd et al., 2018). But while high-throughput amplicon
sequencing methods, such as 16S rRNA gene surveys, are valuable tools for assessing microbial

communities, there are biases and limitations with these methods. For instance, DNA extraction
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(Brooks et al., 2015), primer selection (Fischer et al., 2016; Laursen et al., 2017; Wear et al., 2018;
Willis et al., 2019), PCR amplification (Brooks et al., 2015) and template concentration (Kennedy
et al., 2014) have all been shown to impact microbial community profiles and the use of the 16S
rRNA gene as a taxonomic marker can miss up to 10% of environmental sequences (Eloe-Fadrosh
et al., 2016). Additionally, variables used for sequence analysis, such as operational taxonomic
unit clustering vs. denoising affect diversity estimates (Patin et al., 2013; Callahan et al., 2017,
Edgar, 2017, 2018; Nearing et al., 2018; Straub et al., 2019) and resulting data interpretations are
further complicated by the compositional nature of amplicon data (Gloor et al., 2017).

Given advances in both CD and CI techniques, it is surprising though that few studies have
sought to reassess bacterial diversity estimates using both approaches (but see some example
comparisons in river sediment: (Pédron et al., 2020), lake sediment: (Elfeki et al., 2018), seawater:
(Rygaard et al., 2017), cheese: (Perin et al., 2017), and lungs: (Dickson et al., 2014)). Here, we
used CD and CI techniques to explore the microbial communities in marine sediments and estimate
culturing efficiency by sequencing bacteria directly from agar plates as opposed to the more
traditional approach of isolating or counting colonies. The 16S rRNA gene sequences amplified
from sediment eDNA required ~50,000 reads, post quality control and denoising, to approach
saturation in the alpha rarefaction curves. This indicates that relatively deep sequencing is needed
to capture the microbial diversity present in these complex communities. A recent study comparing
global diversity of marine sediments detected over 34,000 ASVs associated with bacteria and
archaea across 299 sites (Hoshino et al., 2020). In total, our study found over 27,000 ASVs from
CD and CI samples around Carrie Bow Cay, Belize. One major difference between the global
study (Hoshino et al., 2020) and ours is sequencing depth. While Hoshino et al. (2020) were able

to do an impressive global analysis on a large number of samples, none of their rarefaction curves
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reached saturation, suggesting that much of the rare biosphere was missed. Given the richness
levels detected at fine scales in sediment (Probandt ef al., 2018) and that the majority of taxa
identified in our sediments were in low relative abundance (<1%), deep sequencing is needed to
detect ecologically relevant members of the rare biosphere and to fully profile sediment
communities (Lynch and Neufeld, 2015; Jousset ef al., 2017).

As expected, CD richness estimates were considerably lower, averaging 54 and 39 ASVs
per sample for seawater agar (SWA) and marine agar (MA) respectively, compared to >2,000
ASVs per CI sample. While we did not perform colony counts, the number of ASVs detected
appeared higher than the number of colonies readily visualized by eye on the plates after eight
days of incubation, suggesting that much of the diversity detected may have arisen from micro-
colonies that could not be easily counted or isolated using standard practices. This result likely
helps account for the observation that culturing efficiency, as defined by the number of detected
ASVs, on SWA and MA relative to the CI results was 1.82 and 1.33%, respectively, or 3.15% in
total. Given that only two cultivation media were used, these results support a re-evaluation of the
1% culturability paradigm. It would also be beneficial to perform colony counts in parallel to
sequencing plates to help delineate methodological differences in assessing the great plate count
anomaly and to confirm the presence of micro-colonies in culture. Pairwise approaches have been
successfully used in some studies (e.g. Perin et al., 2017; Rygaard et al., 2017; Elfeki et al., 2018;
Pédron et al., 2020), but not yet in marine sediments to our knowledge. Culturability varies
depending on the ecosystem and complexity of the community, so additional studies across
systems and with varying methodologies will be beneficial for proper re-assessment of the great

plate count anomaly.
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We were also interested in assessing culturing efficiency based on the taxa detected in
culture compared to CI samples. While, we determine the taxonomic overlap between CD and CI
methods from domain to ASV, we focused on the genus level given limitations with species
assignment when using short regions of the 16S rRNA gene (Liu ef al., 2008; Vétrovsky and
Baldrian, 2013; Yang et al., 2016; Johnson et al., 2019). When assessing culturing efficiency based
on the genera detected with both CD and CI methods, culturability increased to 3.95 and 3.31%
on SWA and MA respectively (and increased to 5.42 and 4.04% if including genera only identified
with CD methods). While this highlights that cultivation may in fact be more effective than the
original experiments of the great plate count anomaly, the lack of marine sediment representatives
in culture was apparent given the high frequency at which our taxonomy was denoted as
“uncultured” or unassigned. While we would expect culturability to increase with taxonomic level,
surprisingly we found that the culturing percentage remained fairly consistent (~3%) until the
phylum (~7%) and domain level (~33% since no Archaeal or Eukaryotic sequences were detected
in culture). This finding supports previous research documenting the limited knowledge on marine
sediment microbial diversity (Baker ef al., 2021).

While we further explored differences in communities at the genus level, it is important to
note that there is considerable intra-genus diversity in microbes (Cordero et al., 2012; Patin et al.,
2015), thus limiting the conclusions we can draw from studies such as ours based on a short
fragment of the 16S rRNA gene. Additionally, given functional variation within microbial
lineages, assessing communities at different taxonomic levels would provide differing insight. For
instance, Hoshino et al. (2020) evaluated ASV differences in relation to the phylum level which
can provide some insight into broad functional patterns (e.g. aerobic vs anaerobic metabolism) but

lacks the resolution and/or associated metagenomic data to concretely answer functional questions.
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Additionally, taxonomic assignment might vary based on the reference database. For instance,
SILVA may only identify an ASV to the order level while a closer NCBI match would provide
taxonomy to the genus level. Additionally, if taxonomy is annotated to the same level, reference
databased can disagree (Pollock ef al., 2018). Thus, it can be difficult to extract ecological meaning
from taxonomic community profiles, especially in understudied environments like sediments that
lack cultured representatives and genomic data for many lineages (Baker et al., 2021).

Here, we defined cultured taxa as those that were identified after applying a background
threshold to remove any ASVs that had fewer than 70 reads in their corresponding samples. The
three cultured phyla that occurred in >1% relative abundance were Proteobacteria, Bacteroidetes
and Firmicutes. Among these, Proteobacteria also represented the largest fraction of the CI
community, indicating that members of the most abundant phylum detected can be readily
cultured. While both Bacteroidetes and Firmicutes were detected on SWA and MA, SWA had a
considerably larger fraction of Bacteroidetes (~20% compared to ~2%) while MA had more
Firmicutes than SWA (~3% compared to ~0.1%), demonstrating how these different media enrich
for different taxa. Additionally, the cultivation of significantly greater microbial richness on the
relatively nutrient poor medium SWA supports previous results (Watve et al., 2020) and suggests
that, even for sediment communities, high nutrient concentrations can be inhibitory. Interestingly,
the candidate phylum PAUC34f was detected in every replicate of our CI analyses, yet this phylum
remains uncultured to date (Chen et al., 2020). While PAUC34f was not detected in our post-
filtering CD data, it was detected in one SWA replicate prior to correcting for the inoculum control.
Given that dilution to extinction in a nutrient poor medium led to the cultivation of the ubiquitous

SAR11 clade of marine bacterioplankton (Rappé et al., 2002), our decision to pool eDNA obtained
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from the dilutions prior to sequencing may have masked evidence for the cultivation of this
phylum.

Approximately 20% of the ASVs detected using the CD method could only be assigned to
broad groups, such as the Roseobacter clade CHAB-I-5, or remained unclassified at the genus
level. Given the accuracy of removing erroneous sequences while obtaining greater taxonomic
resolution with denoising pipelines (Callahan et al., 2016, 2017; Amir et al., 2017; Nearing et al.,
2018; Prodan et al., 2020), our ASVs without taxonomic assignment likely represent undescribed
taxa obtained in culture. Our subtraction of inoculum controls further supports this suggestion. In
addition to culturing taxa that could not be assigned to a known genus, we also cultured genera
that contained few named species. For instance, the genus Ascidiaceihabitans only contains one
species, isolated from the tunicate Halocynthia aurantium (Kim et al., 2014), yet was detected on
six SWA replicates (max ~27% relative percent) and three MA replicates (max ~2% relative
percent). We also observed the genus Endozoicomonas in two replicates of MA (max ~2% relative
percent). Endozoicomonas bacteria have been found in association with a wide variety of marine
organisms including corals (Bayer et al., 2013), tunicates (Schreiber et al., 2016) and sea slugs
(Kurahashi and Yokota, 2007). A recent CI study revealed the potential for diverse functional roles
for Endozoicomonas as a symbiont while also postulating that this bacterium has a free-living stage
based on its large genome size (Neave et al., 2017). Our detection of Endozoicomonas in multiple
replicates potentially represents a previously uncultured, free-living stage of this taxon.

In addition to separation of the CD vs CI communities observed in beta diversity analyses,
we also saw clustering by site in the CI samples, with site 3, a sand patch near a seagrass bed and
a mangrove island, seemingly the most distinct. Gribben et al. 2017 found that seagrass sediment

communities can reduce the success of an invasive macrophyte, indicating their importance for the

45



overall health of these ecosystems (Gribben et al., 2017). ANCOM results identified seven taxa at
the genus level that significantly differed between sites, with three taxa found to have the highest
relative abundance at site 3 and three taxa completely absent from site 3. Further studies are needed
to determine what, if any, role these taxa may play in seagrass communities and what physical and
chemical characteristics may play a role in structuring these communities. Changes in clustering
patterns of CI communities were also observed when using unweighted vs weighted UniFrac. The
unweighted UniFrac showed clearer separation across sites in the CI communities. Given that
weighted UniFrac accounts for the relative abundances of taxa, this finding suggests that there are
commonalities in the dominant community members across the five sites. Additionally, all
significant genera identified through ANCOM were rare members of the community, with the
maximum relative percent abundance of ~0.2%. Therefore, it appears that rare members of the
community are likely driving site differentiation in beta diversity. While we cannot determine
functional differences in our sites with this study, previous research has demonstrated the
disproportionate role rare microbes may play in communities (Jousset ef al., 2017; Bech et al.,
2020). Given that the vast majority of taxa identified in our study represented <1% of the relative
communities at each site, it would be valuable to explore how rare microbes may functionally
impact sediment communities in future work.

One surprising result was the detection of cultured taxa that were not detected using CI
methods. Similar results were reported from Mediterranean water samples (Crespo et al., 2016)
and recent work in a freshwater system (Pédron et al., 2020). Almost all genera only detected with
CD methods would likely be considered members of the rare biosphere. Eight of the genera
detected only in CD samples have been previously identified as laboratory contaminants including

Corynebacterium, Kocuria, Paenibacillus, Brevundimonas, Hoeflea, Paracoccus, Sphingomonas,
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Acinetobacter, and Psychrobacter (Salter et al., 2014), however they all also have named species
from the marine environment. Given the identification of marine representatives and our filtering
methods, we believe these taxa to be members of our communities rather than contaminants. To
the best of our knowledge, Aureimonas is the only genus detected exclusively from CD methods
that has not been previously reported from marine samples. It was detected on one MA replicate
from Site 1 and represented 1.62% of that community. Aureimonas is a sister genus to
Aurantimonas, which does include marine representatives (Rathsack et al., 2011), suggesting that
the ASV might have been misannotated due to high sequence similarity. Alternatively, this may
be the first report of the genus Aureimonas from the marine environment. Importantly, the CD
methods revealed ASVs that could not be identified to the genus level, or were simply annotated
as “uncultured”, suggesting that new taxa had been cultured using these relatively simple
approaches.

One of the potential limitations in using environmental enrichment methods is the difficulty
in isolating pure cultures. Bacteria may fail traditional isolation attempts for a variety of reasons
including obligate associations with co-occurring microbes or metabolic needs that are not met
when the strain is isolated from the community. Thus the use of new techniques such as reverse
genomics (Cross et al., 2019) and metagenomics in conjunction with traditional methods can aid
in culturing efforts (Lewis et al., 2020). Additionally, innovative culturing techniques that utilize
environmental conditions such as diffusion chambers (Bollmann et al., 2007) and the ichip (Berdy
et al., 2017) also provide a means to increase culturing success. It would be interesting to further
interrogate the unique taxa we detected in our culturing approach to determine if they could be
isolated using traditional methods such as dilution to extinction, traditional methods with altered

medium (e.g. (Rygaard ef al., 2017) or if new techniques might prove more fruitful. One of the
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divergent strains detected in CD samples was subsequently identified as Xanthovirga aplysinae.
Given the recent description of this genus, isolated with traditional methods on MA (Goldberg et
al., 2020), it is likely that continued culturing efforts in underexplored environments will yield
novel diversity. It is also possible that our threshold for defining culturability was not stringent
enough due to differences between sample and control sediments, in which case further efforts
should focus on taxa that were detected in relatively higher abundances across multiple cultures.
In conclusion, the sediment microbial communities analyzed here were highly diverse, with
the majority of genera representing rare (<1%) members of the community. The unique detection
of taxa using CD methods supports the value of these techniques in conjunction with CI methods
to assess community composition. Additionally, it may be valuable to further explore variation in
microbial communities across spatial scales to ensure adequate sampling and diversity

assessments.
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Chapter 3

Assessing connections between marine microbial
communities, metabolites and sedimentary characteristics

across varying spatial scales

3.1 Abstract

Marine sediments host rich and diverse microbial communities that remain woefully
understudied. Previous research has found correlations between the microbial communities in
marine sediments and various environmental characteristics, but few studies have explored those
connections using next-generation sequencing or considered the role of spatial variability in
community dynamics. Furthermore, studies of microbial communities rarely assess the associated
environmental metabolome which includes compounds responsible for cooperation and
competition. Thus, the goal for this project was to utilize 16S rRNA community analysis in
conjunction with environmental metabolomics and sediment characteristics to study the microbial
community of tropical marine sediments across a 1 m? quadrat, 10 m transects and five sites in a
12 km? area around Nacula Island, Fiji. Our results highlight that microbial diversity increases
with spatial scale. Sedimentary characteristics including nitrate, iron and grain size composition
were significantly correlated with microbial communities. Finally, while metabolomic profiles
were less distinct than microbial communities, supervised DIABLO analysis was able to identify

correlations between microbial genera, metabolites and sediment traits. Thus, this study establishes
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baseline information about sediment communities and emphasizes the importance of accounting

for spatial heterogeneity when sampling.

3.2 Introduction

Marine sediments host an incredible abundance and diversity of microbes, with cell counts
between 10% - 10° per cm® in surface sediments (Dale, 1974; Musat ef al., 2006) and global
estimates between 2.9 x 10%° — 5.39 x 10% cells (Kallmeyer et al., 2012; Parkes et al., 2014).
Recent richness estimates for archaea and bacteria in marine sediments range from 3.28 x 10* —
2.46 x 10°and 7.85 x 10° — 6.10 x 10° amplicon sequence variants (ASVs) respectively (Hoshino
et al., 2020). These benthic microbes are an integral component of the marine ecosystem - acting
as key players in global nutrient cycling, the decomposition of pollutants, and as a food source for
protozoans, meiofauna and even macrofauna (Snelgrove et al., 1997; Hoshino et al., 2020; Baker
et al., 2021). Recently, microbial communities in marine sediments have even been shown to
impact the success of invasive macrophytes (Gribben et al., 2017), demonstrating their potential
cascading impacts on ecosystems. Despite their importance, much remains unknown about the
structure and function of these complex communities.

While biotic processes, such as predation and bioturbation, undoubtedly play an important
role in structuring microbial communities (Mermillod-Blondin ef al., 2004; Thompson et al., 2017,
Deng et al., 2020), abiotic factors are also important. Percent organic carbon and nutrients, such
as nitrogen, have been positively correlated with bacterial biomass (Dale, 1974) and a recent
survey of global marine sediments found significant correlations between taxonomic composition,
sedimentary organic content and dissolved oxygen (Hoshino et al., 2020). Additionally, sediment

grain size is inversely correlated with bacterial abundance, likely due to a loss of physical niche
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space (Dale, 1974). Indeed, a single grain of sediment was found to host between 10*-10° bacterial
cells representing thousands of unique operational taxonomic units (OTUs) (Probandt et al., 2018).
In sandy sediments, the majority of bacteria are associated with the sediment grains (Rusch et al.,
2003) and results from epifluorescent microscopy on single grains of sand revealed increased
bacterial colonization within crevasses of the grain, further suggesting the importance of physical
niche space (Probandt et al., 2018).

Secondary metabolites are also thought to be important for structuring microbial
communities. Microbes produce chemical compounds that serve a variety of ecological functions
(Ghoul and Mitri, 2016). For instance, siderophores are produced to scavenge iron and can drive
cooperation, exploitation through “social cheating” and competition among bacteria (Kramer et
al., 2020). Alternatively, microbes can eliminate competitors through the production of
antimicrobial compounds, such as bacteriocins (Riley and Gordon, 1999). While recent work has
highlighted the natural product potential of marine sediments (Elfeki et al., 2018; Bech et al.,
2020) and a variety of secondary metabolites have been isolated from cultures of marine sediment
microbes (Fenical and Jensen, 2006; Dalisay et al., 2013; Ziemert et al., 2014; Yim et al., 2017),
the ecological role of these compounds in most cases remains unknown. Interestingly, when
sediment microbial communities from Fiji were exposed to organic extracts of the actinomycete
genus Salinispora in a laboratory mesocosm study, various members of the community, including
predatory bacteria, were reduced while several other taxa became enriched, providing evidence
that secondary metabolites can influence community diversity and structure within sediments
(Patin et al., 2017).

Traditionally, studies evaluating marine secondary metabolites have taken a targeted

approach, monitoring for specific known compounds, such as a marine toxins (Lane ef al., 2010).
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However recent years have seen an increase in untargeted environmental metabolomic studies. For
instance, one study that took an untargeted approach to sediment metabolomics determined that
the construction of a causeway led to divergence in the microbial communities and associated
metabolites on either side of the causeway (Soliman et al., 2017). This study however, was limited
in its spatial scale and did not directly link any metabolites with specific microbes (Soliman et al.,
2017). Recent work out of the Jensen laboratory was able to identify specific molecules in marine
sediments, determine concentrations, and correlate metabolites with known producers in the
community (Tuttle ez al., 2019). Given their potential role in influencing microbial community
structure and dynamics, it would be beneficial to gain insight into the spatial variability of
secondary metabolites and test for correlations with the associated microbial communities.
Therefore, the goal of this study was to assess how microbial communities and
metabolomes of marine sediments vary across spatial scales and in relation to environmental
characteristics. To do this, five sites around Nacula Island, Fiji were sampled for their microbial
communities using 16S rRNA, the corresponding sediment metabolome using an adsorbent resin
technique and for a variety of sedimentary traits. A spatial sampling scheme was employed to
facilitate site comparisons, as well as assess variation across a smaller (1 m? quadrat) and coarser
(10 m transects) scale within one site. Correlative techniques were then used to determine linkages
between microbial communities, metabolites and sedimentary traits. The results show that
microbial communities are remarkably distinct from each other in both alpha and beta diversity.
Multiple microbial taxa were determined to significantly vary in relative abundance based on site.
Sediment metabolomes broadly overlapped and exhibit considerable variation in their richness.
The majority of metabolites remain unknown, highlighting the chemical diversity in marine

sediments, and some putative hits are discussed. Environmental characteristics including nutrients
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and grain size composition of sediments were found to vary with sites and significant correlations
were detected between microbes, metabolites and traits. Ultimately, the results provide important

insight into the heterogeneity of marine sediment communities.

3.3 Methods
3.3.1 Sample Collection
All samples were collected around Nacula Island, Fiji via SCUBA in June of 2017 (Figure

3.1; Table 3.1). For fine scale sampling a 1 m? quadrat, divided into 16 even segments (4 x 4), was
deployed at each field site adjacent to a reef area. Surface sediment from each of the 16 sections
was then collected into whirl-pak (Nasco) bags denoting their location within the quadrat. To
assess diversity differences along a coarser scale, surface sediments were collected at one-meter
intervals along 10 m transects at sites 4 and 5. Upon returning to the surface, all sediment were
stored in a cooler until processing.

To process the sediment samples, 5 - 6 ml from each bag was transferred to a pre-labeled 15
ml falcon tube containing 6 ml of RNALater® using sterile techniques. Samples were inverted to
mix, parafilmed and stored at -20°C. A small scoop of sediment from each sample was also added
to a cryovial containing 50% glycerol and stored at -20 °C for future culturing work if needed. The

remaining sediment was kept in whirl-pak bags at -20 °C.
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Figure 3.1: Map of sites sampled around Nacula Island, Fiji in June 2017.

Table 3.1: Fiji Sampling Site Information.

Site . Depth | Latitude Longitude o e
Number Site Name (m) ) (E) Description
1 Westof Nacula | 1} s | 160 54759 | 177°22.722° | sandy patch by reef
Island
sandy patch by reef,
2 “The Zoo” 13.11 | 16°56.866° | 177° 23.934’ [noticeably more fish than
site 1
3 Nea? Nacula 1036 | 16° 53.1776° | 177° 24218’ sand near reef? notheable
village burrow holes in sediment

coarse calcareous
Off "Honeymoon

4 " 10.36 | 16°53.578” | 177°23.076° sediment, Halimede
Island
rubble, next to small reef
very fine sand near
s | Of Bé‘zzc)Lri‘goon 3.05 | 16°54.796° | 177°23.258° | shallow reefand a

seagrass bed
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3.3.2 DNA Extractions & Sequencing

In order to extract DNA, 2 g of sediment was sterilely removed from the RNALater® sediment
samples and divided into two ceramic bead beating tubes and extracted using a physical and
chemical lysis method (Patin ef al., 2013). Replicates were then combined during the purification
process. For the purposes of site comparisons, DNA was extracted from the four corner quadrat
samples at each site (total n= 20) and sent for subsequent library preparation and sequencing
through the UC Davis Host Microbe Systems Biology Core (HMSBC) in May 2018 (hereafter
referred to as “corner samples”). The 16S rRNA gene was amplified using the V4 primers
recommended by the Earth Microbiome Project (Thompson et al, 2017) S5I5F:
GTGYCAGCMGCCGCGGTAA (Parada et al., 2016) and 806Rb
GGACTACNVGGGTWTCTAAT (Apprill et al., 2015) and sequenced via an Illumina MiSeq
PE250 at a depth of ~100k reads per sample.

DNA was also extracted from all samples associated with site 4 (15 quadrat samples and 29
transect samples) in February 2020 (hereafter referred to as “site 4 samples™). Due to a lack of
DNA and sediment sample, one corner sample (FJ17_49) was omitted from the site 4 sequencing
efforts. Additionally, for transect samples, sediment was only preserved frozen in whirl-pak bags,
so extractions were done on those samples rather than sediment from frozen RNALater® tubes.
One transect sample (FJ17 _T303) was missing and therefore is not represented in the dataset. Site
4 samples were then sent in March 2020 to Novogene (South Plainfield, NJ) for library preparation
and sequencing using the above described 16S V4 primers on an [llumina Novoseq at a depth of

~100k reads per sample.
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3.3.3 Community Analysis

Given that the corner samples and site 4 samples were sequenced on different platforms,
the initial denoising process was performed separately using the same workflow. Sequences were
imported into QIIME2 (version 2020.2) (Bolyen et al., 2019) and denoised with DADA?2 (Callahan
et al., 2016). Default DADA?2 parameters were used with p-trunc-len-f 226, p-trunc-len-r 224, p-
trim-left-f 20 and p-trim-left-r 21 for corner samples and p-trunc-len-f 250, p-trunc-len-r 229, p-
trim-left-f 20 and p-trim-left-r 21 for site 4 samples. The resulting tables and rep-seq files were
merged using the feature-table merge and feature-table merge-seqs commands in QIIME2. The
merged file was then used to generate a tree for phylogenetic analyses and to perform taxonomic
assignment with the SILVA v138 SSU NR99 515f-806r classifier (Quast et al., 2013) based on
referenced reads and taxonomy generated through RESCRIPt (Robeson II et al., 2020). All
taxonomic classifications reported follow SILVA v138 nomenclature. SILVA v138 included
extensive taxonomic updates based on the Genome Taxonomy Database (GTD) (Parks ez al., 2018,
2020), LPSN (Parte, 2018; Parte et al., 2020) and Bergey’s. The dataset was then filtered to remove
sequences identified as chloroplasts, mitochondria or eukaryotes. Subsequently, the dataset was
separated into corner samples and site 4 samples and singleton sequences were removed. For
comparative diversity analyses, corner samples were rarefied to 41,836 reads. For site 4 samples,
four quadrat samples (FJ17 52, 56, 58 and 61) were found to have inadequate sequencing depth
and removed (leaving n=11 for the quadrat and n=29 for the transect samples). The remaining site
4 samples were then rarefied to 57,299 reads for diversity analyses.

Alpha and beta diversity analyses were performed using QIIME2 (v2020.2). Faith’s
Phylogenetic Index (Faith, 1992) was used to determine richness estimates while evenness was

assessed with Pielou’s Evenness Index (Pielou, 1966). Beta diversity analyses were performed
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using UniFrac, a phylogenetically informed method that can be done both unweighted (based on
presence/absence of taxa) or weighted (which accounts for proportion of taxa) (Lozupone and
Knight, 2005) and visualized as PCoA plots using Emperor (Vazquez-Baeza et al., 2013). Richness
and evenness values were imported into RStudio with R version 4.0.3 (R Core Team, 2019) and
visualized as boxplots using ggplot2 (Wickham, 2016). Statistical analyses of diversity indexes
were performed with QIIME2 and used the non-parametric Kruskal-Wallis test (Kruskal and
Wallis, 1952) to compare richness and evenness across sites and between the site 4 quadrat and
transect samples. Multivariate PERMANOV As were performed to compare beta diversity results
across sites and between the quadrat and transect samples of site 4 (Anderson, 2001). Analysis of
composition of microbes (ANCOM) (Mandal et al., 2015) was performed at the genus level to
determine which genera could explain differences across sites using QIIME2. Finally, to compare
how communities differed across spatial scales, Shannon diversity (Shannon and Weaver, 1964)
within site 4 was compared to diversity across transects and other sites. A Kruskal-Wallis test was

used to determine significance with Dunn’s post-hoc test.

3.3.4 Metabolomics

In an effort to capture a snapshot of the sediment metabolome without collecting large
amounts of sediments, I opted to use a resin capture method based on previous work in
environmental metabolomics (Lane ef al., 2010; Tuttle et al., 2019). Resin bags were made using
miracloth sewn into 18 x 22 cm dimensions with 200 g of Diaion® HP-20 resin added before bags
were hand-sewn shut. The HP-20 resin was then activated by submerging each bag in 100% HPLC-

grade methanol (MeOH) for 5 minutes, followed by 50:50 MeOH :H>O for 5 minutes and 100%
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H>O for 5 minutes. Bags were then placed into another 100% H>O bath for a minimum of 10
minutes before being transferred and stored damp in a Ziploc® bag at room temperature.

Resin bags were transported in sealed Ziploc® bags via SCUBA in an effort to limit their
interaction with seawater metabolites. After collecting sediment samples, five resin bags were
buried underneath the surface sediment where the quadrat had previously been placed. The
location was marked using a buoy and resin bags were left for approximately 24 hrs. Resin bags
were then removed and placed into a sealed Ziploc bag®, brought to the surface and placed in a
cooler for transport back to the field station. Resin bags were then stored in a -20 °C freezer until
extractions could occur at SIO. A control resin bag was prepared at SIO, stored in a Ziploc® bag
and processed in the same manner as experimental resin bags.

In order to extract the resin bags, they were first left to thaw for 48 hours at 4 °C. Each
resin bag was rinsed with 1 L of distilled water five times to thoroughly remove any excess salts.
Bags were then soaked in 200 ml of fresh HPLC-grade MeOH five times to remove metabolites
from the resin. The solvent was filtered through P8 fluted paper (Fisher Scientific) and then dried
via rotary evaporation. Mass of the crude extract was determined before crude extracts were
resuspended in 100% MeOH to a concentration of 20 pg/ml. From there, a 1 pg/ml vial was made
and filtered via 0.2 um spin columns and run on a Bruker ion-trap LC-MS (positive mode with
H>O:acetonitrile gradient; Phenomenex Luna C18 column, 5 um particle size, 100A pore size, 150

mm length).

3.3.5 Metabolomic Analysis

The resulting LC-MS/MS files were converted to .mzXML format and uploaded into

MZMine 2 v3.27 (Pluskal et al., 2010) for processing. Mass detection for both MS1 and MS2 used
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the centroid method and noise levels were set to 1.0E5 and 1.0E3 respectively. The minimum time
was set to 0.01, minimum height of 3.0E3 and m/z tolerance to 20.0 ppm for building the
chromatograms. For chromatogram deconvolution the baseline cutoff was set to have a minimum
peak height of 2.0ES5, a duration of 0.01 to 3.0 min and a baseline level of 1.0E5. The m/z center
calculation was median with a m/z range of 0.02 and a 0.1 min retention time for MS2 pairing. The
isotopic peak grouper was set to have a m/z tolerance of 20 ppm, retention time tolerance of 0.1
min and a maximum charge of three with the most intense peak set as the representative isotope.
Finally, join aligner was used with a 20 ppm m/z tolerance, 75% weight for m/z, 25% weight for
retention time and 0.1 min retention time tolerance to align all detected peaks together and the
peak list rows filter was applied to set minimum peaks in a row to 2 and minimum peaks in isotopic
pattern to 2 peaks. Gap filling was performed with the peak finder method set to an intensity of
10%, 20 ppm m/z tolerance and 0.2 min retention time. The resulting peak list was exported as a
.csv file for downstream analysis.

MS1 data were then filtered to remove any peaks detected in the first column blank sample
and the method control sample in an effort to ensure the proper removal of any contaminants
associated with the LC-MS/MS column and/or the extraction method used. This process reduced
MSI features from 22,713 down to 4,593. To compare metabolite richness across samples by MS1
features, the number of observed MS1 peaks for each sample was determined. Subsequently a one-
way ANOVA test was performed to determine if metabolite richness was significantly different
across sites. Residuals were checked to ensure adherence to ANOVA assumptions and a Tukey’s
HSD post-hoc subsequently performed. Metabolomic profiles (MS1) were also visualized in
multivariate space with principal component analysis (PCA) in R. Site differences were

determined with the Adonis command in R from the vegan package performed using the Canberra
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method (Anderson, 2001; Oksanen et al., 2020). Finally, MS1 peak intensity data was uploaded
into MetaboAnalyst v5.0 (Chong et al., 2019) and then normalized using cube-root transformation
and pareto-scaling. A one-way ANOVA was performed to detect any metabolites that differed
significantly based on site with a Fisher LSD post-hoc test.

Raw .mzXML files for all samples in addition to the method control and first solvent blank
were uploaded into the Global Natural Product Social Molecular Networking (GNPS) platform
(Wang et al., 2016) for MS2 analysis using classical molecular networking. Default parameters
were used with a precursor mass tolerance of 2.0 Da and a fragment ion mass tolerance of 0.5 Da.
The resulting molecular network was visualized in Cytoscape v3.7.2 (Shannon et al., 2003) and
all nodes associated with the solvent blank and resin control were removed. Nodes were colored
based on site detection with parent mass indicated on the nodes and cosine score indicated on the
edges. A PCoA of MS2 data was also generated through the GNPS platform to assess differences
in site metabolomic profiles. The solvent blank was removed, and the dataset rerun to better

visualize the PCoA based on sites.

3.3.6 Sediment Characteristics

In order to quantify sediment composition and quality, a variety of trait assays and
measurements were employed. For site comparisons, triplicate samples were taken from each
corner section of the quadrats (5 sites x 4 corners x 3 replicates = 60 samples). For the site 4
samples, the organic content procedure was performed in triplicate while the sediment composition
was done in duplicate due to time and material constraints. All assays were performed with

sediment that was dried at 60 °C for a minimum of 12 hours to get an accurate starting dry mass.

61



Sediment organic content was determined using the loss on ignition (LOI) approach (Dale,
1974; Kreeger et al., 2010). In summary, approximately 1 g of dry sediment was placed into an
aluminum boat and then combusted in a muffle furnace at 550°C for 4 hours. The remaining
inorganic ash was then massed, and ash-free dry mass calculated as a proxy for organic content.
Percent calcium carbonate in sediments was determined by employing an acid titration method
(Black, 1965; Dean Jr, 1974). In summary, approximately 1 g of dry sediment was added to a 20
ml glass scintillation vial. Hydrochloric acid (0.5 M) was then added in small amounts and the vial
swirled causing a reaction that produces CO: bubbles. This process was repeated until the reaction
stopped. Sediment samples were then rinsed three times with distilled water to remove the acid
and dried overnight at 60 °C. Samples were then massed and the mass difference was used as a
proxy to calculate the percent calcium carbonate lost. One sample from site 2 (FJ17_20) was
missed from calcium carbonate analysis.

Sediment grain size composition was determined by employing a Fieldmaster ® sieve set
containing six standardized mesh sizes: 4000 um (fine gravel), 2000 um (very fine gravel), 500
pum (coarse sand), 250 um (medium sand), 125 um (fine sand) and 63 pm (very fine sand). Due to
instability when shaking the entire sieve stack together, the sieves were divided and shaken in two
sets. First, 5 g of dry sediment was added to the sieve set containing the four largest sieve sizes
and shaken for 22 min at ~280 rpm on a rotary shaker (New Brunswick). Next, the remaining finer
sediment from the base collection pan was moved into the 125 um sieve and shaken with the 63
um sieve for an additional 22 min. To determine the percentage of sediment in each size fraction,
the sediment was removed from each sieve and massed. The percentage was then determined based
on the proportion of mass in each sieve over the total collected mass. The total collected mass was

then also used in relation to the original starting mass to determine recovery efficiency.
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Nutrient analysis was also completed on the corner samples from each site. Dry sediment
was submitted to the Soil Analytical Laboratory at UC Davis and ammonium (NH4-N), nitrate
(NO3-N), and iron (Fe total) concentrations were determined following standardized protocols
(Keeney and Nelson, 1982; Sah and Miller, 1992; Hofer, 2003; Knepel, 2003). In order to supply
the proper amount of sediment for nutrient analysis, some of the sediment that had been used and

regathered during the sediment composition protocol was sent in addition to unused dry sediment.

3.3.7 Sediment Analysis

Sediment characteristics were visualized with ggplot2 v3.3.2 in RStudio v4.0. The
jitter_point function was used to display variation in individual replicates. For statistical analyses,
the average value for each corner sample was used (n=4 per site) rather than each replicate to avoid
issues with pseudo-replication. To statistically compare differences in sediment characteristics
across sites, one-way ANOVAs were performed with R and Tukeys HSD post-hoc test
subsequently done on characteristics that were found to be significantly different by site. ANOVA
residuals were checked to ensure no violations in statistical assumptions. If assumptions were
violated, the non-parametric Kruskal-Wallis test was then performed followed by Dunn’s post-hoc
test (Dunn, 1964) using the FSA package in R (Dinno, 2017; Ogle et al., 2020). Given that
sediment size composition is a compositional dataset, it was plotted using the multivariate PCA
approach with the vegan package v2.5-7 (Oksanen ef al., 2020) in RStudio. PERMANOVA and
pairwise PERMANOVA was performed in RStudio using the adonis command from vegan and
the pairwise.adonis2 command from the pairwiseAdonis library (Martinez Arbizu, 2017) via

devtools v2.3.2 (Wickham et al., 2020) to test site differences in sediment composition.
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3.3.8 Correlation Analyses

In an effort to evaluate connections between the community, metabolomics and sediment
composition, multivariate correlation analyses were employed. For correlation analyses,
community data was filtered in QIIME2 to maintain only features with a minimum frequency of
20 (selected since n=20), reducing the original dataset from ~25,000 features down to 9,995
features. Diversity analyses were then redone with rarefaction set to 40,369 reads. The metadata
distance-matrix command was used to generate distance matrixes based on Euclidean distance for
each sediment characteristic except grain size composition. Since grain size is compositional data
in nature, it was imported into RStudio and converted into a Euclidean distance matrix with the
dist function. The distance matrix was then imported into QIIME2. The metabolomics dataset was
imported into RStudio and converted into a Canberra distance matrix. The Canberra distance
matrix was then imported into QIIME?2 for subsequent analysis.

To first test for correlations between datasets, Mantel tests with spearman rank correlation
coefficients were performed in QIIME2. Weighted UniFrac distance was used for the microbial
community input as it accounts for relative proportion of community members. A supervised
approach (based on site) was then used to determine if correlations between microbial genera and
metabolites could be extracted via the DIABLO method in the MixOmics package (Rohart et al.,
2017) in R. Since DIABLO requires a paired dataset, the metabolomics data was haphazardly
reduced to four samples per site and matched with community samples from the same site.
DIABLO also advises the use of normalized data, so the transformed and scaled metabolomics
dataset from MetaboAnalyst was utilized. For the purposes of identifying connections, the filtered
microbial community dataset was input at the genus level (794 genera total) and transformed using

centered log-ratio (CLR) with the microbiome package (Lahti and Shetty, 2019). Metadata was
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also scaled using the base scale function in R prior to DIABLO analyses. For DIABLO, a sparse
partial least squared discriminant analysis (sSPLS-DA) was run on the paired datasets with site as
the identifying factor. The network function was then used with a correlation cutoff of 0.7 to detect
connections. Due to the difficulty in visualizing all the datasets and the web of connections at once,
networks were subsequently generated based on paired datasets. First, the microbe-metabolite
network was visualized, followed by a network focused on genera and sediment characteristics. In
an effort to further isolate and visualize important connections, the nutrient dataset was run
separately from the sediment size composition dataset. To reduce the number of connections for
subsequent analysis, the cutoff value in the nutrient network was raised to 0.8 while the sediment
size composition network was increased to 0.9. To assess connections at site 4, all genera from the
site 4 samples were used and the sediment size composition was tested in conjunction with organic

content with the cutoff set to 0.8 given the smaller dataset dimensions.

3.4 Results

3.4.1 Microbial Diversity Across Sites

Sediments from five sites around Nacula Island, Fiji, covering about 12 km? were sampled
for their microbial communities (Figure 3.1, Table 3.1). Sediment communities exhibited
considerable richness, 24,759 amplicon sequence variants (ASVs) were observed in total,
averaging between 2,200 to 3,290 depending on site (Figure 3.2a). Sites 3, 4 and 5 had significantly
greater richness, both in terms of observed ASVs (Observed ASVs Kruskal-Wallis H=10.36
p=0.035) and in phylogenetically informed richness (Figure 3.2b; Faith’s PD Kruskal-Wallis
H=12.29 p=0.015). Sites were all fairly even, although site 5 was significantly less even than the

other sites (Figure 3.2c; Pielou’s Evenness Kruskal Wallis H=12.53 p=0.014). Sites were
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significantly different in terms of beta diversity, both when considering presence/absence of taxa
(Figure 3.3a; Unweighted UniFrac PERMANOVA pseudo-F= 3.00 p=0.001) and the relative

proportions of ASVs (Figure 3.4b; Weighted UniFrac PERMANOVA pseudo-F= 20.43 p=0.001).
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Figure 3.2: Alpha diversity of sediment microbial communities across five sites around Nacula
Island, Fiji. a) Observed amplicon sequences variants (ASVs) b) Faith’s phylogenetic diversity
(PD) index and c) Pielou’s evenness. Letters denote significant differences (alpha=0.05).
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Figure 3.3: Beta diversity of sediment microbial communities across five sites around Nacula
Island, Fiji. a) unweighted UniFrac and b) weighted UniFrac.

A total of 78 phyla (13 Archaea and 65 Bacteria) were detected across sites. Proteobacteria
were the most abundant with an average relative percent ranging from 42 to 48% at each site.
Desulfobacterota was the second most abundant phylum across sites 1, 3, 4 and 5 (average range

8.15-15.52%) with the exception of site 2 (average 0.97%). The second most abundant phylum at
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site 2 was Crenarchaeota which was on average 8.62% of the community. Bacteroidota (site 1 and
5) and Planctomycetota (site 2, 3 and 4) were the third most abundant phyla detected. The majority
of phyla were <1% of the relative community on average with only 17 phyla surpassing 1% at

each site (Figure 3.4).

100
751
Phylum
. [A] Crenarchaeota |:| Gemmatimonadota
I:' [A] Nanoarchaeota . Latescibacterota
§ . Acidobacteriota |:| Myxococcota
& . Actinobacteriota . NB1-j
_g . . Bacteria UA . Nitrospirota
% . Bacteroidota . Other
cé |:| Bdellovibrionota . Planctomycetota
é . Calditrichota . Proteobacteria
|:| Chloroflexi [] Spirochaetota
. Cyanobacteria . Verrucomicrobiota
|:| Desulfobacterota
254
0.
' 2 3 4 5
Site

Figure 3.4: Mean relative percent of phyla detected across five sites around Nacula Island, Fiji.
Taxonomy assigned with SILVA v138. Archaea are denoted as [A].
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ASVs were assigned to 1,239 genera in total (1,190 Bacteria, 49 Archaea). Of the genera
assigned, 98% accounted for <1% of the relative community on average across sites. The most
abundant genus detected across all five sites was Woeseia (Protobacteria), which averaged 6.66 +
0.44% of the community per site. Some of the other genera that represented >1% of the relative
community included an unidentified Gammaproteobacterium (3.51 + 0.55%), an uncultured
Kiloniellaceae (3.32 £ 0.90%), an unidentified BD7-8 Gammaproteobacterium (2.92 £+ 0.37%) a
Sva0081 sediment group (Desulfobacterota) genus (2.73 £ 0.70%) and an unidentified genus
associated with the NB1-j clade (2.42 £ 0.57%). ANCOM performed at the genus level identified
24 genera that significantly differed based on sites and included 11 Proteobacteria, 3 Nitrospirota,
3 Desulfobacterota, 1 Cyanobacteria, 1 Bacteroidota and 5 Crenarchaeota (Figure 3.5). While
many of the significant taxa could not be identified to the genus level, the genera that were
identified included Thiohalobacter, Thiohalophilus, Congregibacter, Thermodesulfovibrio,
Nitrospira, Desulfoconvexum, Muriicola, Cenarchaeum, Candidatus Nitrosopumilus and

Candidatus Nitrosopelagicus (Figure 3.5).
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Figure 3.5: Mean relative percent of genera identified as significant with ANCOM analysis.

Taxonomy assigned with SILVA v138. Archaea are denoted as [A].

3.4.2 Sediment Metabolomics

Extraction of resin bags in methanol resulted in approximately 23-30 mg of crude MeOH

soluble extract per 200 g of resin. After processing LC-MS/MS spectra and filtering to remove any

peaks detected in the control sample or the column wash, 4,593 MS1 peaks remained (20%). The

number of metabolites detected averaged 2,054 + 11 per site. Site 1 had significantly fewer

compounds, with an average of 1972 + 15 (Figure 3.6). Substantial overlap in MS1 feature profiles
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was observed (Figure 3.7), although site was found to be significantly different (Adonis
PERMANOVA F=1.03, p=0.004) with a pairwise adonis post-hoc tests indicating that site 1 was
driving the significant result. Site 1 was different from sites 2, 3 and 4. Site 4 was also found to be
significantly different than site 5 (Figure 3.7). Results comparing MS1 features across all sites
performed with MetaboAnalyst v5.0 detected two features based on a one-way ANOVA on site

(Figure 3.8).
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Figure 3.6: Richness of sediment metabolites (MS1 features) observed across five sites around
Nacula Island, Fiji. Letters denote significant differences (alpha=0.05) determine through Tukey’s
HSD post-hoc test following a one-way ANOVA with site as factor.
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Figure 3.8: Peak Intensity of significant features identified with MetaboAnalyst by site. Letters
denote significant differences (alpha=0.05) determine through Dunn’s post-hoc test following a
Kruskal-Wallis test with site as factor.

Classical molecular networking identified 942 different parent masses (denoted as
“nodes”) in the initial dataset. After filtering to remove nodes associated with method controls,
526 different parent masses were detected with 313 (59.5%) being detected only once, i.c.,
unrelated to any other nodes based on a 0.7 cosine score (Figure 3.9). Only 19 nodes (3.6%) could
be putatively identified through the GNPS platform. These included natural products such as the

cyanobacterial compound Bastimolide C and the lichen associated Methoxyhaemoventosine.
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Anthropogenically-associated compounds such as cilostazol and dioctyl sulfosuccinate were also
putatively identified (Appendix B). As with the MS1 data, MS2 diversity plotted in multivariate

space showed overlap across sites (Figure 3.10).
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Figure 3.9: Molecular network generated with GNPS based on MS2 fragmentation patterns of
crude resin extracts. Nodes represent parent masses while edges denote cosine values >0.7. Nodes
are colored to depict the sites where they were detected. The two enlarged doublets include putative
hits to Bastimolide C (761.87) and Methoxyhaemoventosine (691.849).
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Figure 3.10: PCoA of sediment metabolomes from crude resin extracts generated with GNPS.
Points are based on MS2 fragmentation patterns and colored to denote site of origin.

3.4.3 Sediment Characteristics

Sediment organic content averaged 4.2% across samples (Figure 3.11a) and was not
significantly different by site (ANOVA F4,15=1.655; p=0.213). Percent calcium carbonate was also
fairly consistent across sites (Figure 3.11b), averaging 27.2% (ANOVA F4,14=0.108; p=0.978).

Nutrients, however, significantly differed depending on site. Ammonium concentrations ranged
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from 0.29 to 1.19 ppm (Figure 3.11c) with the highest concentrations observed at site 3 and site 4
(ANOVA F4,15=10.15; p<0.001). Site 2 in contrast, was found to have significantly higher nitrate
levels compared to all other sites (Kruskal Wallis H=14.75; p=0.005), averaging 0.93 ppm while
average nitrate concentrations at sites 1, 3, 4 and 5 ranged from 0.34 to 0.55 ppm (Figure 3.11d).
Iron was also found in significantly different concentrations based on site (Kruskal Wallis
H=17.39; p=0.002) with the highest concentrations observed at site 3 (average 2,577.33 ppm) and
site 5 (average 1,375.96 ppm) compared to sites 1, 2 and 4 which averaged 332.04 to 495.92 ppm
(Figure 3.11e). Sites were also significantly different from each other based upon the sediment
size composition (Figure 3.12; PERMANOVA pseudo-F=4.95, p=0.016). Sites 1, 2 and 4
exhibited greater proportion of very fine gravel and coarse sand compared to sites 3 and 5 which
was dominated by fine and very fine sand (Figure 3.12). Sites 3 and 4 also had greater relative

proportions of medium sand compared to the other sites (Figure 3.12).
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Figure 3.11: Boxplots of sediment traits measured by site. All replicates are plotted as individual
points to visualize variance. Traits observed included a) Percent ash-free dry mass b) percent
calcium carbonate ¢) Ammonium concentrations d) Nitrate concentrations and e) Iron
concentrations. Letters denote significance (alpha=0.05).
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3.4.4 Connecting microbes, metabolites and sediment characteristics

To first assess overall correlations between the microbial communities and the

corresponding sediment metabolites and characteristics, multivariate mantel tests were performed.

Filtered microbial communities (9,995 ASVs) accounting for proportion (weighted UniFrac) were

tested against the filtered metabolomic dataset (filtered to remove any metabolites associated with

control samples) and no correlation was detected (p=0.406, rho=0.088). When microbial
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communities were tested for correlations with sediment characteristics, nitrate, iron and sediment
size composition were found to be significantly correlated while organic content, calcium
carbonate content and ammonium showed no correlation with microbial communities (Table 3.2).
Table 3.2: Correlations between sediment microbial communities and sediment characteristics.
Results were generated from multivariate Mantel’s tests with Spearman’s rank correlation

coefficient performed on the 16S rRNA community (weighted UniFrac) versus sediment
characteristics.

Trait Spearman’s Rho P-value
Organic content -0.017 0.840
CaCO3 -0.012 0.904
Ammonium 0.075 0.406
Nitrate 0.475 0.001
Iron 0.311 0.009
Grain Size Composition 0.676 0.001

Next, to extract significant correlations between datasets, the supervised DIABLO method
from mixOmics was employed. The sparse partial least squares discriminant analysis (SPLS-DA)
of the paired genera-metabolite dataset was generated with each dataset (genera, metabolites, traits,
sediment size composition) as a component and site as the known factor. DIABLO plots were
generated to visualize how well the sSPLS-DA model maximized correlations between datasets
(Appendix C). Network analysis was then performed with the SPLS-DA on pairwise datasets for
better visualization. First, microbe-metabolite interactions were analyzed, and five metabolites
were found to have significant correlations with 13 genera

(cutoff = 0.7) (Figure 3.13a). While all the metabolites require future work for identification and
isolation, the genera include members of Proteobacteria, Desulfobacterota, Planctomycetota,
Myxococcota, Acidobacteriota, Spirochaetota and Latescibacterota (Figure 3.13a). Notably, one

of the metabolites (964.8176 m/z) identified in network analysis was also identified previously
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with MetaboAnalyst as a significant driver of site differences. This metabolite was negatively
correlated with an unculture Gammaproteobacterium, an uncultured member of the
Sandaracinaceae family and Nitrosomonadaceae [S-44. The Sandaracinaceae family of
myxobacteria, described for their starch-degrading ability in soils (Mohr et al., 2012), has also
been identified as a “core” sediment microbe (Zeng et al., 2017; Probandt et al., 2018) and is of
interest for natural product discovery (Garcia et al., 2018) while Nitrosomonadaceae are ammonia-
oxidizing bacteria associated with both nitrogen and iron cycling (Prosser ef al., 2014).

DIABLO was also used to identify connections between microbial genera and sediment
characteristics (Figure 3.12b & c). Nitrate was correlated with 13 genera (10 negative correlations,
3 positive correlations), while iron was positively correlated with four genera in network analysis
(Figure 3.13b). Genera linked with nitrate included multiple taxa associated with nitrogen cycling
such as the proteobacterial family Nitrosomonadaceae, Nitrospira (phylum Nitrospirota) and the
cyanobacterial genus Xenococcus. Three of the genera associated with iron were also associated
with nitrate and included Latescibacteraceae, Desulfurivibrio and Thiohalophilus (Figure 3.13b).
Latescibacteraceae (phylum Latescibacterota aka Latescibacteria, formerly WS3) is thought to
play an important role in carbon turnover through its degradation of algal cell walls (Youssef et
al., 2015) and has also been linked with iron reduction in the rhizosphere of rice (Zhang et al.,
2019). Both Desulfurivibrio and Thiohalophilus are involved in sulfur cycling and Thiohalophilus
is also able capable of growth via denitrification (Sorokin et al., 2015; Melton et al., 2016).

Since grain size composition was highly correlated with the microbial community, I
increased the network analysis cutoff to 0.9 to reduce connections (Figure 3.13c). Twenty-five
genera had significant interactions with size composition (Figure 3.13c). Very fine sand formed

its own network cluster and had the greatest number of correlations, with 14 genera across six
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phyla, including Crenarchaeota linked to this grain size (Figure 3.13c). All genera associated with
very fine sand were negatively correlated, suggesting a loss of them with increasing proportion of
very fine sand. Medium sand was also in its own cluster with two genera, both of which were
positively correlated. This pattern is also reflected in community data which show Rhodopirellula
and the Proteobacteria group Ga077536 in the highest relative abundances at sites 3 and 4 which
were also the sites with the greatest proportion of medium sand. The third and final network cluster
included very fine gravel, coarse sand and fine sand linked to nine genera. Of the nine genera in
this cluster, three of them were significantly correlated to two grain sizes (Figure 3.13c).
Interestingly, the four genera associated with fine sand were positively correlated while all taxa
associated with coarse sand and very fine gravel were negatively correlated. Multiple genera
identified in networks were linked to multiple traits, potentially indicative of covariation between

sediment grain size and nutrients.
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Figure 3.14: DIABLO networks representing significant correlations between microbial genera
and a) metabolites denoted by their mass, b) sediment nutrients and c) grain size. “UC” =
uncultured while “UA” = unannotated genus. Edges are colored based on correlation value.

83



c Nitrosopumilaceae UA Nitrosopumilaceae

Cenarchaeum

Rhodopirellula

Desulfobulbales UA Medi and

Ga 36
Coal

Spirochaeta 2

ae UC

cutoff=0.9

Figure 3.13: DIABLO networks, Continued.

3.4.5 Site 4 Communities and Traits
While the use of corner samples for site comparison was able to provide insight into

variations in communities around Nacula Island, Fiji, I was also interested in exploring community
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dynamics across a finer spatial resolution. Therefore, all samples associated with the site 4 quadrat
and transects were analyzed for their microbial communities and for a subset of the sediment
characteristics. By assessing samples within the 1 m? quadrat, I was able to determine how variable
a community was on a relatively small scale. The transects, which involved sampling every meter
for ten meters provided coarser spatial representation at one site. For comparative purposes, [ opted
to keep the transects separate for much of the analysis. This facilitated visualizing both differences
between the quadrat and transects as well as differences among the transects. In total, 21,068 ASVs
were detected at site 4 with an average of 1,213 ASVs per sample. Since ~25,000 ASVs were
identified across the five sites in Fiji, the high richness at site 4 highlights the impact of sampling
size on richness estimates. One well sampled site, in this case site 4, rivals the overall richness
associated with a few samples from across five different sites. Within site 4, richness determined
by observed ASVs in the quadrat samples was significantly lower (1,119 £ 77 ASVs on average +
standard error) compared to the transects (1,249 + 25 ASVs) (Figure 3.14a; Kruskal-Wallis
H=8.368, p=0.004). Phylogenetically informed richness was also significantly different, with the
quadrats less rich than the transect samples (Figure 3.14b; Kruskal-Wallis H=5.654, p=0.0174).
Transects were also significantly more even in the community composition (Figure 3.14c¢; Kruskal-

Wallis H=12.453, p<0.001).
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Figure 3.15: Alpha diversity measures of a) observed amplicon sequence variants (ASVs), b)
phylogenetically informed richness and b) evenness of sediment microbial communities from site
4. Asterisks denote significance (alpha=0.05) in a Kruskal-Wallis test.

When taxonomy was assigned, 70 phyla (59 Bacteria, 11 Archaea) were detected across
the site 4 quadrat and transect samples. The most abundant phyla were Proteobacteria (34%),
Planctomycetota (15%) and Cyanobacteria (8%) for the quadrat samples and Proteobacteria
(26%), Planctomycetota (19%) and Bacteroidota (9%) for the transect samples (Figure 3.15). Six
of the phyla detected were unique to only one transect while all phyla detected within the quadrat

had representatives within the transect samples. Thus, sampling across a coarser gradient is better
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for capturing microbial diversity present at one site when compared to taking multiple samples
from a much smaller patch of sediment. The unique phyla included the archaeon Hadarchaeota
(Transect 2: 0.0006%), and the bacteria Methylomirabilota (Transect 2: 0.0012%), BHI80-139
(Transect 3: 0.0015%), WOR-1 (Transect 1: 0.0004%), NKB15 (Transect 1: 0.00099%) and

Cloacimonadota (Transect 1: 0.0014%).
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Figure 3.16: Mean relative percent of phyla detected across sample types. Archaea are denoted
with [A]. Phyla that averaged >1% are denoted with their own color while all phyla that averaged
<1% of the relative community were collapsed into the “other” category.

At the genus level, 941 genera (36 Archaea; 905 Bacteria) were observed at site 4 with
Woeseia having the highest relative abundance across all samples (quadrat: 4.45%, transects:
3.43%). Interestingly, Woeseiaceae has previously been identified as a major core community

member in sand grains from the North Sea (Probandt er al., 2018). While an uncultured

Kiloniellaceae genus (4.28%) and a genus from the clade BD7-8 (3.25%) had the next highest
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relative abundances for the quadrat samples, the second and third most relatively abundant genera
for transect samples were an uncultured Actinomarinales (3.24%) and Blastopirellula (3.10%).
Only ~26 genera represented an average relative percent >1% of the communities, indicating 97%
of genera represented <1% of their relative communities. Both the quadrat as well as the transects
had genera unique to them with 72 genera (3 Archaea, 69 Bacteria) detected only within the
quadrat samples, 48 genera (1 Archaea, 47 Bacteria) within transect 1 only, 50 genera (2 Archaea,
48 Bacteria) within transect 2 only and 46 genera (2 Archaea, 44 Bacteria) unique to transect 3
samples. This variation in unique genera highlights the heterogeneity in sediment communities.
The transects together had a greater number of unique taxa when compared to the quadrat samples,
however, the transects were not equivalent. Thus, sampling location impacts community
composition results which in turn can affect the interpretation of how the community might be
functioning.

The beta diversity of microbial communities within site 4 showed a significant delineation
between quadrat and transect samples, both when comparing presence/absence of taxa (Figure
3.16a; unweighted UniFrac PERMANOVA pseudo-F=3.88, p=0.001) and when accounting for
relative composition (Figure 3.16b; weighted UniFrac PERMANOVA pseudo-F=21.00, p=0.001).
Transect 1 was also found to be significantly different from transect 2 and 3 in unweighted analysis
while only different from the quadrat and transect 2 in weighted analyses. This suggests that while
the transect communities are distinct from each other in terms of the diversity present, there is
much overlap in the dominant community members present within the transect samples.
Interestingly, since transect 1 and 2 were significantly different in weighted analysis as well, the
dominant community members were also likely different. This is supported by the taxonomic

analysis, which identified multiple differences in genera comprising >1% of the communities.
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Transect 1 included an uncultured Anaerolineaceae genus (phylum: Chloroflexi), subgroup-17 of
Vicinamibacteria (phylum: Acidobacteriota), and subgroup-10 of Thermoanaerobaculaceae
(phylum: Acidobacteriota) while transect 2 included a genus from the SAR324 clade (Marine
group B), an unannotated Alphaproteobacterial genus, and a genus from the NB1-j clade in >1%
relative abundance. While a difference in six genera may not seem like much, only 27 genera are
found in >1% abundance in transects 1 and 2, thus changes to a few genera can have a considerable

impact on the community composition.
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Figure 3.17: Beta diversity across quadrat and transect samples from site 4 in Fiji. a) unweighted
UniFrac accounts for presence/absence of taxa while b) weighted UniFrac incorporates proportion

of each taxa.
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In an effort to identify which genera significantly drive beta diversity differences seen
among samples, ANCOM analysis was run at the genus level. ANCOM identified 13 genera that
were significantly different based on sample type (Figure 3.17). Since the majority of variation in
communities was largely delineated based on sample type (quadrat versus transect) (Figure 3.16),
it was not surprising that the significant taxa identified through ANCOM seemed to be based on
differences between the quadrat and transects rather than among the three transects. While all
significant genera could be considered relatively rare (<1% of the community), the majority
(11/13) of significant genera were seen in higher relative abundance in quadrat samples when
compared to the three transects (Figure 3.17). Thus, while the transect samples encompassed
greater diversity (Figure 3.14), the average abundance of many taxa detected in transects was less
than the quadrat. This result can also be reflective of the inherent patchiness of marine sediments.
By heavily sampling one small area (1 m? quadrat), I may have been repeatedly sampling the same
“patch” of a community. In contrast, sampling across many meters of transects would facilitate
capturing a variety of microbes in difference patches- giving smaller average relative proportions
of each taxa but an overall better representation of diversity. More than half of the taxa identified
as significantly higher in quadrat samples were cyanobacteria and included Xenococcaceae,
Cyanobacteriia, Acrophormium, Symploca, a Cyanobacteriaceaec and Nodosilineaceae
MBIC10086 (Figure 3.17). Thus, it is possible that the quadrat may have been set on top of a
microbial mat. The only two genera identified from ANCOM that were significantly higher in

transect samples were the Proteobacteria Ahrensia and Photobacterium (Figure 3.17).
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Figure 3.18: Mean relative percent of genera identified in ANCOM analysis as being significantly
different based on sample type.

While the spatial resolution for sedimentary characteristics were limited to site
comparisons in many cases, [ was able to determine organic content and grain size composition
for all site 4 samples. Interestingly, while organic content was not significantly different in site
comparisons, it was significantly different within site 4. The site 4 quadrat averaged 4.40 £ 0.13%
ash-free dry mass which was significantly higher than the transect samples, which averaged 4.04
+ 0.05% ash-free dry mass (Figure 3.18; Kruskal-Wallis H=8.375, p=0.004). A Mantel’s test also
found a significant correlation between the microbial community at site 4 and the organic content
(Mantel’s spearman rho=0.276, p=0.001). Therefore, it is possible that the limited samples from
across sites were not representative of fine-scale differences in organic content of sediments. This
could have important implications for understanding communities since organic content is an

important driver of microbial community dynamics in marine sediments (Hoshino et al., 2020).

92



6.
*
»
171
©
=
>51 .
% . Sample Type
[0) Quadrat
— [
|-'|— Transect_1
B G & e Transect_2
f 9 Transect_3
c Q °
8 4 .- B
S
& Tl YT
A ¢
© [ ]
[ )
[ ]
34 , .
Quadrat Transect

Figure 3.19: Organic content determined by percent ash-free dry mass in samples within site 4.
An asterisk denotes significance (alpha=0.05).

Sediment grain size composition was also found to be significantly different between
quadrat and transects from site 4 (Figure 3.19a; Adonis PERMANOVA pseudo-F=4.005,
p=0.001). A subsequent pairwise adonis confirmed that the quadrat sample was different from
each transect while transect 1 was also distinct from the other transects. Transect 1 had relatively
more medium sand than the other samples while transects 2 and 3 had the most coarse sand and
very fine gravel (Figure 3.19). The quadrat in contrast, had fairly even proportions of medium sand

and very fine gravel (Figure 3.19b).
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Figure 3.21: Sediment grain size composition from site 4 in Fiji, Continued.

Paired DIABLO analysis run on site 4 genera by sediment traits (organic content and
sediment size composition together) with sample type as the factor, had a fairly weak overall
correlation (Appendix C) but was able to detect connections between individual genera with
medium and/or fine sand (Figure 3.20). Fine sand was negatively correlated with four genera
including the proteobacteria Ahrensia and Filomicrobium, the plantomycete Bythopirellula and a
member of the SAR324 clade. Medium sand was correlated with 19 genera across 10 phyla and
included the four genera linked with fine sand (Figure 3.20). Three of the 19 genera associated
with medium sand showed positive correlations, including the acidobacterium
Acanthopleuribacter, an uncultured Ardenticatenales and the MBIC10086 Nodosilineaceae

cyanobacterium. Since DIABLO analysis did not link organic content to taxa, the differences in
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organic content may not have been significant enough to result in specific taxonomic correlations.
Alternatively, there could be an impact at a different taxonomic level (e.g. certain ASVs are
significantly correlated but the relationship is lost at genus level resolution), however further work
would be needed to explore microbe-trait relationships across every taxonomic level. Grain size
can be indicative of niche space, but also a variety of other abiotic traits (oxygen, nitrate, iron,
etc.). Further research is needed to determine why medium and fine sand are significantly
correlated with so many diverse genera and untangle which traits are responsible for the grain size
connections.
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Figure 3.22: DIABLO network representing significant correlations between microbial genera
and grain size from site 4 samples. “UC” = uncultured while “UA” = unannotated genus. Edges
are colored based on correlation value.
Finally, I used the results from site 4 to generate a comparison of diversity by spatial scale.

Shannon diversity (which incorporates both richness and evenness) was assessed between the

quadrat samples at site 4 (n=11), the transect samples from site 4 (n=29) and across the 5 sites
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using corner samples (n=20). Spatial scale had a significant effect on microbial diversity, with
diversity significantly higher when assessing across sites compared to within site 4 (Figure 3.21;

Kruskal-Wallis H=34.473, p<0.001).
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Figure 3.23: Boxplot of diversity across spatial scales sampled in this study. Across sites represent
samples taken from five sites in a 12 km? area, site 4 transects include three 10 m transects with
samples taken every meter and site 4 quadrat represents only samples from 1 m?. Letters denote
significance (alpha=0.5).

3.5 Discussion

Recent work has highlighted the vast diversity of microbes in marine sediments, from
thousands of unique OTUs on a single grain of sand (Probandt ez al., 2018) to nearly 35,000 ASVs
identified in a global survey of marine sediments (Hoshino et al., 2020). My study further
highlights the high microbial diversity present in sediments and how richness increases with spatial

scale. When a single 1 m? quadrat was well sampled, 7,599 ASVs were detected. While that
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number is not much higher than what Probandt ez al. (2018) detected on single grains of sand, the
addition of three transects that sampled an additional 30 m in the same area, resulted in a total of
~22,600 ASVs observed. When expanding the study further out and sampling four corner samples
across five sites in Fiji (~12 km?), almost 25,000 ASVs were observed, about 10,000 less than
what was documented by Hoshino et al. (2020). It would be interesting in future work to compare
the microbial diversity detected across global studies and assess whether there is a “core” sediment
microbiome, similar to what was done with global samples of marine sponges (Thomas et al.,
2016), and to further compare how sediments from different habitats (e.g. latitudes, depths, etc.)
differ from each other. It would also be useful to perform a meta-analysis on microbial community
studies to better compare datasets since bioinformatic pipelines have changed considerably in the
last few years.

Despite the limited distance between sites, microbial communities in this study were
distinct from each other- both when accounting for the relative proportion of taxa and taxa
presence/absence. This highlights that while there may be some overlap in the dominant members
of the community (e.g. Proteobacteria represent almost half the relative community at each site),
there are also significant differences within the communities. With the exception of site 5, which
was a shallow sand bed nearshore and adjacent to a small seagrass bed, the other sites were fairly
similar in terms of the depth and all appeared to host healthy coral reef communities. While we
did not study the macroecology of the sites, the fact that we see such disparate communities speaks
to how little is known about the connections between marine sediments and the surrounding
ecosystems. ANCOM analysis identified 24 genera that showed significant patterns in their
relative proportions across sites. Site 2, which was a bit deeper and further offshore, had

significantly more Crenarchaeota compared to the other four sites. Many of the Crenarchaeota
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identified are associated with nitrogen cycling, while bacteria associated with nitrogen cycling,
such as Thermodesulfovibrio, was seen in greater relative abundance at the other sites. It would be
interesting in future work to either extrapolate potential function through programs such as
PAPRICA (Bowman and Ducklow, 2015) or gather metagenomic and/or transcriptomic data for
these systems and assess whether the sites are distinct functionally or if some functional trade-off
is occurring within communities.

Given the clear delineation in communities, I expected to see clear site delineation in the
sediment metabolomes, but that was not the case. A significant pattern was not observed in
metabolite richness by site and metabolomic profiles largely overlapped with each other. The one
exception was site 1, which showed a significantly different pattern in the sediment metabolome
based on MS1 data. Surprisingly, MetaboAnalyst only identified two metabolites as significantly
different based on site. One was nearly absent at site 1 but present at the other sites, while the other
was highest at sites 1 and 2. Further work is needed to identify these compounds and their potential
role within the sediment communities. MS2 patterns were also consistent with overlap in the
sediment metabolomes from each site. Only 3.6% of the metabolites present were assigned
putative hits with the GNPS platform. While additional work needs to be done to validate these
putative hits, this result highlights both the potential chemical novelty in marine sediments and the
need for additional natural product representation in metabolomic databases.

This study was the second in the Jensen lab to employ resin bags for untargeted sediment
metabolomics. Tuttle et al. (2019) was able to successfully identify compounds of interest from
Belize sediments, however there are a few notable differences between the studies. Tuttle et al.
(2019) combined their replicate extracts and fractionated them prior to running them on a more

sensitive instrument than the one used in this study. Given the complexity of marine environments,
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it would be beneficial for deconvolution and compound identification to fractionate my samples
moving forward and run them on an instrument with higher precision. Additionally, Tuttle et al.
(2019) removed the resin from the bags prior to extraction while I opted to extract the entire bag
in an effort to increase extraction efficiency. While I did not expect a dramatic difference between
extracting the resin in or out of the miracloth bags, more than half of the metabolites detected were
associated with the control samples. Additionally, the chromatograms showed a large cluster of
high intensity peaks associated with the resin control, so while I attempted to remove control-
associated peaks in the data processing steps, I suspect that the contaminates may have swamped
out much of the real signal present within the crude extracts. This is another reason why
fractionation of samples would be beneficial moving forward.

Some other potential modifications that could aid in the improvement of the in situ resin
metabolomics method include leaving the resin bags in the environment longer and doing more
bags at smaller scales to get better spatial resolution. Indeed, most of the methods developed to
find correlations between omics datasets require explicitly paired samples. When the resin bags
were buried and retrieved in this study, I did not denote where exactly within the quadrat they were
located, making it difficult for downstream correlative analyses. While sediment extractions, such
as those done in Soliman et al. (2017), may produce greater quantities of extracts while avoiding
the pitfalls of the resin capture method, I think continued efforts at improving resin metabolomics
would be valuable for multiple reasons. Firstly, it would be beneficial to have a non-destructive
means of sampling for sediment metabolites and secondly, direct sediment extractions include
compounds from eukaryotes like nematodes, that are living within the sediment. Thus, effective
resin extractions are valuable in cases where the interest is in capturing diffusible molecules being

actively secreted, which was my goal in this study.
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Despite the overlap in sediment metabolomes across sites, I was able to optimize the
correlation between genera and metabolites through DIABLO and extract five metabolites that
were significantly correlated with 13 different genera. All of the metabolites had multiple
connections, but the number of connections varied. It is possible that the number of connections is
indicative of the overall importance to the systems. For instance, if a metabolite only has one
connection it could indicate the presence or absence of the correlated genus. However, if a
metabolite has many connections it may be indicative of having a larger overall impact on the
community since it is associated with multiple community members (accounting for both positive
and negative correlations). For instance, metabolite 399.8657 m/z was negatively correlated with
eight genera, suggesting that the presence of this molecule corresponds with a decrease in those
taxa. It is possible that other members of the microbial community produce this compound and it
in turn suppresses growth of the genera identified in network analysis. The lack of positive
correlations with the metabolite can be indicative that a variety of bacteria produce this compound,
that there is not a linear relationship between the producer and the compound or that the compound
itself is not linked to a microbe in my dataset. All of these possibilities would need further work
to explore. If a compound could be identified, it would be really interesting to perform a
transcriptomics study to assess expression of the gene cluster responsible for compound production
since it may be a compound that is up or downregulated depending on what other community
interactions are occurring.

One of the compounds identified in network analysis was also identified in MetaboAnalyst.
This metabolite (964.8176 m/z) was linked with an uncultured gammaproteobacterium,
Nitrosomonadaceae [S-44 and an uncultured Sandaracinaceae. Sandaracinaceae are a group of

myxobacteria of particular interest for natural product discovery (Garcia et al., 2018), however the
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negative correlation suggests that the presence of this compound is associated with a decrease in
abundance of this myxobacteria. Thus, it is unlikely that the Sandaracinaceae is producing this
compound. However, it would be interesting if this compound is produced by other community
members in response to the presence of this natural product producer. If this compound could be
identified and linked to its producer (whether a microbe or a eukaryotic producer), it would provide
insight into the Sandaracinaceae which could in turn aid in culturing efforts. The development of
software tools for metabolomics, such as GNPS (Wang et al., 2016), and for explicitly studying
connections between omics datasets, such as MixOmics (Rohart et al., 2017), have undoubtedly
been valuable for the field. As these tools are updated, new tools are made, and databases are
expanded, more information will be gleaned from experiments such as mine. Additionally, paired
and multi-omic statistical techniques are more accurate with higher sample sizes, so it would be
valuable to increase the number of samples collected or possibly combine studies with similar
systems to aid in linking microbes to metabolites.

Of the sediment characteristics evaluated in this study, significant correlations were found
with nitrate, iron and sediment grain size. These correlations coincide with the significant
differences in nitrate and iron concentrations by site, as well as the significant delineation in sites
based on grain size composition. Nitrate networked with thirteen different genera, including an
unannotated genus of Nitrosomonadacea, an unannotated genus of Thiotrichaceae,
Desulfurivibrio, Nitrospira, Xenococcus and Thiohalophilus which are all know to be involved in
microbial nitrogen cycling. For instance, all cultured representatives of the Nitrosomonadacea
family are lithoautotrophic ammonia oxidizers that convert ammonia to nitrite (Prosser ef al.,
2014). While the unidentified Nitrosomonadacea is not using or producing nitrate directly, its

correlation is indicative of nitrogen metabolism occurring in these sediments. This taxon was also

102



seen in the highest relative abundance at site 5 which coincides with the lowest concentration of
nitrate, suggesting that there are organisms present that readily uptake nitrate. Thiohalophilus,
which accounts for >1% of the community at site 5, performs nitrite reduction to nitrate (Sorokin
et al., 2015) and taxa such as Desulfurivibrio can grow via nitrate reduction (Thorup et al., 2017).
Thiotrichaceae, which was observed in >4% of the site 5 community, also include members known
for their ability to accumulate nitrate intracellularly (Prokopenko et al., 2013). Thus, the networks
identified a consortium of taxa that together can perform all the steps for denitrification.

Iron was positively correlated with four different genera, the Protobacteria clade SS1-B-
09-64, Latescibacteraceae, Thiohalophilus and Desulfurivibrio. Unfortunately, SS1-B-09-64 has
not been characterized, but its connection to iron suggests that there is some association with iron
concentrations. Latescibacteraceae belong to phylum Latescibacterota (aka Latescibacteria aka
WS3) and this phylum includes iron-reducing members (Zhang et al., 2019). Interestingly,
Latesibacteria were also recently identified in a metagenomic study focused on the evolution of
magnetotactic bacteria, suggesting that members of this phylum may produce magnetosomes (Lin
et al., 2018; Amor et al., 2020). Desulfurvibrio and Thiohalophilus, which were linked to both
nitrate and iron are more well known for their role in sulfur cycling (Marietou et al., 2005; Sorokin
et al., 2015), a process that is frequently coupled with nitrate reduction. Marine biogeochemical
cycles including nitrogen, iron and sulfur are interconnected in many ways, adding to the difficulty
in untangling microbial interactions within sediments (Rios-Del Toro et al., 2018). Considering
that multiple sulfur oxidizing bacteria were identified, it would be interesting in future work to
also measure sulfur levels within the sediments. Recently, a study on tropical estuarine sediments
identified iron as one of the most important geochemical properties impacting the structure of

nitrogen fixing bacterial communities (Thajudeen et al., 2017). Thus, continued research is needed
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to further characterize the marine microbial lineages involved in important nutrient cycles. While
this study identified taxa significantly correlated with nitrate and iron, it is also possible that some
of the taxa identified are not directly linked with nutrients but rather co-occur with nitrogen and/or
iron cycling taxa for some unknown reason. Microbial networks aimed at identifying correlation
among taxa within communities could potentially aid in delineating which microbes co-occur.
Another potential future direction would be to spike sediment communities in laboratory
mesocosms with different forms of iron and/or nitrogen and assess changes in abundance of
community members.

There was noticeable overlap in the genera that networked with iron and nitrate when
comparing to the genera that networked based on sediment composition. For instance, all four taxa
positively correlated with iron were negatively correlated with very fine gravel. When sediment
traits were compared, nitrate and iron were both found to also be correlated with grain size. Thus,
it is possible that some of the network links are the result of covariance in the traits measured,
rather than a direct connection with the genera identified. Covariance in abiotic factors makes it
difficult to untangle what traits actually drive the patterns seen here, especially in cases with
multiple links. More work is needed to explore the connections identified in the grain size network,
but some taxa unique to this network include Ignavibacterium which was positively correlated
with fine sand and a variety of taxa, including Entotheonellaceae, Crenarchaeum, Stanieria and
NB1-j, negatively correlated with very fine sand. Ignavibacterium belongs to phylum Bacteroidota
(aka Bacteroidetes) and was seen in the highest relative abundance at site 5, a site dominated by
fine sediment. Given site 5 was the closest to shore and quite shallow relative to the other sites, it
would also likely be more exposed to physical disruptions such as wave action. Bacteroidota in

turn, have many adaptations to facilitate attachment to particles (Fernandez-Gémez et al., 2013),
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which could aid in maintaining their niche in very fine nearshore sediments. It is difficult to
extrapolate the potential associations with very fine sand. Entotheonellaceae for instance, is
typically associated with sponges but has also been identified as an indicator for mangrove
sediments (Barreto ef al., 2018). Since site 5 had the greatest proportion of very fine sand and site
5 was also one of the more distinct sites in terms of macroecology (shallow nearshore site by a
seagrass bed), it is likely that the negative correlation with very fine sand is indicative of a trait
that was not captured in this study. Transects were performed at site 5 as well, so it would also be
interesting to further assess the communities at this site and see how variable they are relative to
the patterns exhibited in site 4.

Of the sediment traits evaluated in this study, grain size was the most highly correlated
with microbial community composition. Multiple studies in different systems have documented
the effects of grain size on soil and sediment communities, with sometimes conflicting results. For
instance, richness was found to increase with coarser grain size in streams (Santmire and Leff,
2007) while richness decreased with coarser grain size in soils (Sessitsch et al., 2001). Multiple
studies have also documented community differences driven by grain size, with some reporting
specific taxonomic preferences based on size (Sessitsch et al., 2001; Jackson and Weeks, 2008;
Zheng et al., 2014; Hemkemeyer et al., 2018). There are a variety of reasons why grain size
composition is important for community structure. Grain size, sphericity and the presence of
crevasses on individual grains impacts microbial colonization and available niche space (Probandt
et al., 2018; Ahmerkamp et al., 2020). Additionally, cell abundances are also influenced by their
exposure to porewater and oxygen, which in turn is influenced by the sediment composition
(Ahmerkamp et al., 2020). Median grain size in addition to dissolved oxygen concentrations were

determined to be the driving factors in community differences across intertidal sediments in China
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(Zheng et al., 2014) and particulate organic matter contributed to bacterial preferences in soils
(Hemkemeyer et al., 2018). Additionally, the role of biotic factors, such as susceptibility to
predators, has not been assessed but likely plays a role as well.

Unfortunately, I was not able to assess nutrients within the site 4 samples, but grain size
was correlated with the microbial communities present. Network analysis identified a variety of
genera that were linked to grain size, and in particular medium and fine sand were identified as
important size classes within site 4. It would be interesting to further assess patchiness or
variability in traits within one site in future work. For instance, site 4 transects had greater richness,
but the majority of genera that drove differences between the transect and quadrat samples were
in higher relative abundance in the quadrat samples. This result suggests that the quadrat
communities may have been enriched in some taxa relative to what coarser sampling would
capture, for instance the quadrat may have been set over a patch of cyanobacteria (cyanobacteria
was about twice as abundant in the quadrat versus the transect samples). It would therefore be
interesting to do more targeted sequencing studies that assess how diverse specific taxa are across
space and determine if clonal complexes are observed.

One of the primary objectives of this study was to determine how microbial community
diversity changes across spatial scales. By assessing diversity within a 1 m? quadrat, along three
30 m transects and across five sites spanning a 12 km? area, I was able to demonstrate that
increasing spatial scale results in increased diversity. While this is not a surprising result, I think
this work highlights the impressive diversity present in marine sediments and the value of sampling
multiple sites within a location. Additionally, I believe this study also demonstrates the inherent
patchiness of sediments and how sampling strategies can result in dramatically different results.

For instance, if someone sampled a few spots within a one-meter squared area, their interpretation
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of that sediment community would be very different than if those replicates were taken a few
meters apart from each other. Furthermore, it is valuable to sequence samples to saturation,
meaning that sediment samples should be routinely sequenced to depths of at least 50,000 reads
per sample as opposed to the common practice of 10,000 or less. While there are trade-offs in
terms of sample size and sequencing depth, inadequate sequencing results in underestimations of
diversity since most ASVs are rare. Given the inherent biases in 16S rRNA amplicon sequencing
(Gonzalez et al., 2012; Eloe-Fadrosh et al., 2016; Straub et al., 2019), sequencing to saturation
will still be biased, but it would give us a better picture overall of how these communities compare
across habitats.

Marine sediments are estimated to contain more phylogenetically novel uncultured cells
compared to most biomes including soil, seawater and host systems (Lloyd et al., 2018). With
improvements in sequencing technologies, environmental studies will continue to shed light onto
the novel diversity present within these environments, but much work is needed to untangle the
complexities of these systems. To date, we still do not know much about the microbial lineages
that have been identified, even the ones that fall within well-known phyla (Baker et al., 2021).
This study was able to document differences in the microbial communities, environmental
metabolomes and the sediment characteristics at five sites around Nacula Island in Fiji. Significant
correlations were drawn between microbial genera present, specific metabolites in the
environment, and traits such as nitrate and grain size. The major limitation is the lack of knowledge
on these systems and in environmental metabolomes. Future work will seek to better identify the
chemistry present and utilize the constant improvements in sequencing and chemical databases to

re-analyze the dataset, shedding additional light on the relationships identified in this study.
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Finally, the use of metagenomes to determine functional community profiles and mine for

biosynthetic gene clusters will help validate the linkages identified in this study.
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Chapter 4

Comparing sediment microbiomes and metabolomes in the

fringing and back reefs of Mo’orea, French Polynesia

4.1 Abstract

Coral reefs are globally important ecosystems in decline as a result of anthropogenic factors
including overfishing, eutrophication and disease. As coral-dominated habitats become degraded,
they are often overrun by competing macroalgae, changing the dynamics of the entire ecosystem.
The increased nutrient availability associated with these coral-algal phase shifts facilitates growth
of bacteria, including pathogens, leading to the “microbialization” of coral reefs. Despite the
critical role marine sediment microbial communities play in ecosystem function, little is known
about their role in these shifting reef communities. The aim of this project was to establish a
microbial baseline in tropical marine sediments using the fringing and back reefs of Mo’orea as a
proxy for algal and coral-dominated systems. In addition to assessing changes in the microbial
communities present, sediment metabolomics were also used to evaluate how the chemical
landscape of these environments may be changing. Results indicate that the fringing reef is
significantly less rich and diverse when compared to the microbial communities of back reef
sediments. In contrast, fringing reefs exhibited richer sediment metabolomes. Beta diversity
associated with microbial communities and sediment metabolomes was also found to be
significantly different between back and fringing reefs. Analysis of composition of microbes
(ANCOM) identified nine microbial genera associated with community differences while paired-

omics analysis was used to extract significant correlations between microbes, metabolites and
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environmental characteristics. Thus, this study identified key differences in fringing and back reefs
within a relatively small area (~1 km?). Future work evaluating sediments across reefs on a larger
scale and through time would provide meaningful insight into how and why these communities

vary and how changes to the benthic environment impacts ecosystem function.

4.2 Introduction

Coral reefs are critically important ecosystems facing global decline due to climate change,
pollution, overfishing and disease (Odum 1955, Garner, Pandolfi). The shift from once healthy
coral-dominated reefs to degraded algal-dominated habitats has corresponded with an increase in
microbial abundances in reef waters, changes in the microbial community to include more
opportunistic and pathogenic bacteria, and in the predictive metabolism of these systems (Haas et
al., 2016). Research over the last several years has focused on the importance of the coral
microbiome for resilience to environmental stressors (Glasl et al., 2019; van Oppen and Blackall,
2019). For instance, members of the mucosal microbiome were found to inhibit the growth of
pathogenic bacteria (Ritchie, 2006; Krediet et al., 2013; Raina et al., 2016). However, coral
microbiomes are not consistent across environments and can vary in relation to their surrounding
benthic environment, thus impacting coral susceptibility to disease (Kelly et al., 2014). The
majority of research on coral reef microbial communities has focused on the microbiome of corals
and the surrounding seawater. Surprisingly, marine sediments, which are major contributors to the
structural benthos in some parts of coral reefs and exhibit greater bacterial richness than the
seawater (Thompson et al., 2017), have not been studied much in relation to their role in

maintaining coral reef health.

In terrestrial environments, the microbial community in soils has been shown to play an
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integral role in plant health by suppressing pathogens. Suppressive soils are well studied due to
their importance for agriculture (Cha et al., 2016), with both “general” and “specific” suppression
activity observed (Raaijmakers and Mazzola, 2016). General suppression is the result of
competitive interactions among the entire microbial community while specific suppression is
attributed to the enrichment of particular community members who produce antimicrobial
compounds (de Souza et al., 2003; Raaijmakers and Mazzola, 2016). Environmental perturbations
have been shown to not only alter the microbial diversity and community structure of the soil, but
also affect their suppressive nature (Van Bruggen and Semenov, 2000), supporting the idea that
secondary metabolites and community structure are intertwined. However, to my knowledge, no

one has assessed if marine sediments have the natural capacity to suppress pathogens.

Similar to soils, marine sediments host rich and complex microbial communities that can
impact above-ground processes. For instance, sediment microbial communities associated with
Zostera seagrass beds were shown to inhibit growth of the invasive seaweed, Caulerpa (Gribben
et al., 2017). In contrast, sediments associated with Caulerpa, facilitated growth of Caulerpa,
suggesting that below-ground microbial processes can have significant cascading impacts on the
above-ground marine ecosystem (Gribben et al., 2017). While changes in sediment microbial
communities corresponded with sulfur metabolism, the study did not explore the role of direct
interactions among the microbial taxa present in sediment communities. Given the complexity of
sediment communities, it is difficult to study all of the interactions occurring in these
environments, but small molecules are likely playing an important role. Microbes in marine
sediments produce a variety of small molecules, known as secondary metabolites, that aid in
community interactions, such as communication and competition. For example, the production of

siderophores aids in the acquisition of growth-limiting iron (Butler, 2005) while the production of
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antimicrobial compounds, such as bacteriocins, can act as a defense against competing bacteria
(Riley and Gordon, 1999). Many natural products have been isolated from marine sediment
bacteria, however, in most cases the ecological roles of these molecules are not known. One study
that exposed sediment communities to organic extracts from Salinispora showed significant
changes to the community composition, including the reduction of predatory bacteria (Patin et al.,
2017). Thus, secondary metabolites may act to maintain community structure and keep

opportunistic bacteria in check.

Therefore, I hypothesized that microbial communities associated with “healthy” coral-
dominated environments would be significantly different than sediment communities associated
with more “degraded” algal-dominated environments. More specifically, I hypothesized that reefs
with higher algal cover would exhibit less bacterial diversity and metabolomic complexity, thus
impacting the functional roles of secondary metabolites and facilitating the proliferation of
opportunistic bacteria including pathogens. While research on coral disease is extensive (Peters,
2015), the concept that microbial communities associated with coral-dominated reef sediments
play an essential role in the suppression of coral pathogens and other deleterious bacteria has not

been tested.

To test my hypotheses, I designed an experiment to assess sediment communities
associated with reefs in the NSF sponsored Mo’orea Coral Reef Long Term Ecological Research
Network (MCR LTER). This site is routinely monitored and data, including coral cover, is publicly
available. However, sediment microbial communities in Mo’orea are not monitored, so this study
also sought to establish baseline data in this important system. Given increased nutrient input
closer to shore (Donovan et al., 2020), the fringing reefs of Mo’orea are typically more algal-

dominated while the back reefs tend to exhibit higher coral cover. Thus, for the purposes of my
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study, I compared fringing and back reefs as a proxy for algal- and coral-dominated communities,
respectively. 1 then utilized correlative and paired-omic techniques to determine what
environmental factors were associated with changes in the communities and establish linkages

between microbes and metabolites.

4.3 Methods

4.3.1 Community Sampling

To assess coral- and algal-dominated reefs without introducing confounding variables
associated with different geographic locations, sites were selected within the NSF sponsored
Mo’orea Coral Reef Long Term Ecological Research Network (MCR LTER). Due to time and
logistical constraints, all sites in this study were in and around LTER 2, encompassing ~1 km?.
Eight sites were chosen, half associated with the fringing reef and half associated with the back
reef (Figure 4.1a). The fringing reef is closer to shore and typically associated with higher nutrient
levels while the back reef has lower nutrient levels and higher coral coverage (Donovan et al.,
2020).

For community sampling, I opted to use a similar approach to the spatial sampling scheme
described in Chapter 3; all samples were collected via SCUBA. In summary, a 1 m? quadrat was
deployed at each site. The quadrat was subdivided into 16 sections for a finer spatial gradient of
sampling (Figure 4.1b). Four 4 m transects were also deployed at each site and oriented out from
each side of the quadrat. Samples were collected every meter along each transect (Figure 4.1c). To
sample the sediment, sterile whirl-pak bags (Nasco) were used to scoop the top layer of sediment
from each collection point. Sediment samples were then transferred on ice back to the field station
and approximately 7 g of sediment was transferred into a 15 ml falcon tube containing ~7 ml of

RNALater ® using sterile techniques. A small amount (~1 g) of sediment was also transferred into
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cryovial tubes containing seawater and 20% glycerol for future culturing efforts, if needed. All
tubes and the remaining sediment in the whirl-pak bags were then stored at -20 °C until transport
back to Scripps Institution of Oceanography (SIO) on dry ice. Once at SIO, samples were kept

stored at -20 °C.

[

Figure 4.1: Mo’orea sampling locations and spatial scheme. a) eight sites were sampled using a
b) 1 m? quadrat subdivided into 16 sections and ¢) four 4 m transects deployed adjacent to each
quadrat side with sample collection every meter. Back reef sites are denoted with yellow markers
while fringing reefs are denoted with red markers.

4.3.2 Environmental Variables

Metadata associated with each site along with depth and distance from shore were gathered
while in the field. Heatmaps of percent coral cover (Acropora and Pocillopora) and nutrient
estimates based on N:C from prior studies (Burkepile and Adam, 2019; Donovan et al., 2020) were

used to extract estimates for data related to coral and algal cover (Table 4.1).
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Table 4.1: Environmental trait values associated with each sampling site in Mo’orea, French
Polynesia. Sample numbers are denoted in brackets. Percent coral cover (Acropora and
Pocillopora) and the N:C nutrient estimate was derived from Donovan et al. 2020 and Burkepile
and Adams, 2019.

Depth Distance % % Nutrient Reef Tvpe
Site (IE) to shore | Acropora | Pocillopora | estimates Desi na)g)on
(m) cover cover (N:O) g
Site 1
Mos 1-321 | 183 315 0 25 0.025 Back Reef
Site 2 213 | 426 20 70 0.0225 | Back Reef
[MO18 33-64] | ' ck Ree
[MO?ISte 635_9 6 | 183 322 20 50 0.0225 | Back Reef
Site 4
[MO18 97- | 3.05 694 0 30 0.02 Back Reef
128]
Site 5 Fringin
[MOI8 129- | 1.83 116 0 65 0.0225 £mng
160] Reef
Site 6 Fringin
[MO18 161- | 0.61 44.2 0 10 0.03 Emng
Reef
192]
Site 7 Fringin
[MOI8 193- | 1.83 | 55.7 0 25 0.0225 £ng
204] Reef
Site 8 Fringin
[MOI8 225- | 1.83 130 0 25 0.0225 Eng
256] Reef

4.3.3 DNA Extractions and Sequencing

For DNA extraction and sequencing, all quadrat samples (n=128) were processed as well
as the tips of all transects (n=32). Since there was room on the sequencing run for additional
samples, the mid-point transect samples from site 3 (n=4) and all remaining transect samples from
site 6 (n=12) were also processed for sequencing (site 3 was representative of greater coral cover

while site 6 had the highest algal cover). This resulted in a total of 176 samples. For DNA
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extraction, ~2 g of sediment from each sample in RNALater ® was sent to the Knight laboratory
in collaboration with the Center for Microbiome Innovation at UC San Diego. Extractions were
performed using the Qiagen MagAttract PowerSoil DNA KF kit. Samples were then sequenced
using the Illumina MiSeq PE150 platform with the V4 primers recommended by the Earth
Microbiome Project (Thompson et al., 2017) 515F: GTGYCAGCMGCCGCGGTAA (Parada et

al., 2016) and 806Rb GGACTACNVGGGTWTCTAAT (Apprill et al., 2015).

4.3.4 Community Analysis

Community analyses were performed using a similar pipeline to Chapter 3. Sequences were
first imported into QIIME2 (version 2020.2) (Bolyen et al., 2019) and denoised with DADA2
(Callahan et al., 2016). Default DADA?2 parameters were used with p-trunc-len-f 150 and p-trunc-
len-r 150 for all samples. To reduce the computational load, the DADA?2 step was performed with
samples divided into groups based on site. After denoising, the resulting tables and rep-seq files
were merged using the feature-table merge and feature-table merge-seqs commands in QIIME?2.
Merged files were then used when creating phylogenetic trees and performing taxonomic
assignment. Taxonomic assigned was done with the SILVA v138 SSU NR99 515{-806r classifier
(Quast et al., 2013) based on referenced reads and taxonomy generated through RESCRIPt
(Robeson II ef al., 2020). Sequences identified as chloroplasts, mitochondria or eukaryota were
filtered from the dataset and any remaining singletons were also removed.

Unfortunately, due to high variability in sequencing depth across samples, rarefaction
depth for comparative analyses was less than ideal. Based on rarefaction curves (Figure 4.2), |
selected to rarefy at a depth of 16,055 reads, which was close to saturation, but resulted in the loss

of six samples across five different sites (Samples 033 & 060 from site 2, 104 from site 4, 138
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from site 5, 171 from site 6 and 207 from site 7). Alpha and beta diversity analyses were performed
using QIIME2 (v2020.2). Alpha diversity was assessed based on observed amplicon sequence
variants (ASVs) and the Shannon Diversity metric, which accounts for richness and evenness of
samples (Shannon and Weaver, 1964). Alpha diversity values were imported into RStudio with R
version 4.0.3 (R Core Team, 2019) and visualized as boxplots using ggplot2 (Wickham, 2016).
The non-parametric Wilcoxon test and Kruskal-Wallis test (Kruskal and Wallis, 1952) were used
in R to statistically compare alpha diversity across reef types and sites, respectively. When
appropriate, a Dunn’s post-hoc test was then performed to determine which groups were
significant. For continuous variables, the diversity alpha-correlation function in QIIME2 was used
with Spearman’s correlation to assess how richness and diversity varied with depth, distance to

shore, percent Acropora cover, percent Pocillopora cover and nutrient (N:C) concentrations.
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Figure 4.2: Alpha-rarefaction plot of observed amplicon sequence variants (ASVs) by sequencing
depth across samples. The vertical line denotes the point of rarefaction for comparative analyses.

Beta diversity analyses were performed using the phylogenetically informed UniFrac

measure, with both unweighted (based on presence/absence of taxa) and weighted (which accounts
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for proportion of taxa) (Lozupone and Knight, 2005) results visualized as PCoA plots using
Emperor (Vazquez-Baeza et al., 2013). For testing statistical differences in beta diversity,
multivariate PERMANOVAs were performed in QIIME2 with categorical variables such as site
and reef type (Anderson, 2001). For continuous variables, such as depth and distance to shore,
variables were converted into Euclidean distance matrices with the metadata distance-matrix
command in QIIME2. Mantel tests with spearman’s correlation were then performed in QIIME2
to determine significance with Spearman’s correlation. In an effort to determine which microbial
genera drove differences in reef type patterns, the analysis of composition of microbes (ANCOM)

(Mandal et al., 2015) was performed using QIIME2.

4.3.5 Metagenomics

Twenty samples from the 16S rRNA extractions were also sequenced via HiSeq for
metagenomic analysis in partnership with UCSD Center for Microbiome Innovation. Two center
quadrat samples were selected for each site and the remaining four samples represent the transect
tips from site 6. Samples were sequenced in triplicate and averaged ~70 M reads/sample after
quality filtering with BBMap. Dr. Alexander Chase analyzed the primary metabolism and
glycoside hydrolase enzymes for the samples. These results were visualized as a heatmap with

scaled abundance for each pathway or enzyme.

4.3.6 Metabolomics
In an effort to capture the sediment metabolome, I utilized an updated version of the small
molecule in situ resin capture (SMIRC) method described in Chapter 3. The miracloth material

used in Chapter 3 seemed to contribute to the large control peaks, so I replaced it with heat-sealed
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nitex following previous targeted studies (Lane et al., 2010). Additionally, while large resin bags
provided increased quantities of extracts, they were cumbersome in the field and difficult to pair
with sediment community samples. Therefore, a metabolomics scheme was designed with small
10 g resin bags so each resin bag could be paired with an individual sediment community sample.
I also included additional controls including seawater controls, which were resin bags attached to
the site marker buoy line, and additional method controls.

All resin bags were prepared at SIO and activated following the same protocol used in
Chapter 3 using HPLC-grade methanol and Milli-Q water. Rinsed resin bags were then stored in
plastic bags for transport. Since there were 256 resin bags set to be deployed with the sediments at
each site, the bags were sealed with a loop at the top that a string would fit through. Prior to
deploying the resin bags in the field, I strung bags in the proper distance increments so that there
would be four strings of bags for within the quadrat and four strings of bags associated with the
four transects at each site. Resin bags were transported in Ziploc ® bags and buried via SCUBA
within the surface sediment after sediment samples were collected. Tent stakes were used to anchor
the ends of each string down into the sediment. Resin bags were left for 24 hours and then were
retrieved and transported on ice back to the Gump Marine Station. The resin bags were then
individually bagged in plastic to maintain the proper sample ID number. Resin bags were stored
at -20 °C until transport on dry ice back to SIO where they were stored at -20 °C until extractions

occurred.

4.3.7 Chemical Extractions and Mass Spectrometry

In order to process the resin bags in a high-throughput manner, I opted to extract them

while they were still in their nitex bags. Prior to extractions, resin bags were left to thaw overnight
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at -4 °C. A vacuum-flash apparatus was set-up with 50 ml plastic syringes screwed to the ports
and syringe plungers removed. Each nitex bag was then inserted into a syringe and flushed with
200 ml of Milli-Q water to remove excess salts. Next, 20 ml of HPLC-grade MeOH was added to
the syringe and allowed to soak for five minutes before ports were opened and vacuum applied.
This process was repeated with 20 ml of HPLC-grade acetone. Test tubes with crude extracts were
then placed in a speedvac and concentrated down. Concentrated extracts were then filtered through
Whatman 41 filter paper while being transferred into 20 ml glass scintillation vials. Extracts were
dried under nitrogen and crude extract mass was determined.

Crude extracts were then redissolved with 200 ul of methanol filtered through 0.2 um spin
columns and added into HPLC vials. HPLC-grade water was then added to bring the solvent
concentration to 50% MeOH. Samples were then delivered to the Dorrestein Laboratory for
analysis in association with the UCSD Center for Microbiome Innovation. Samples were run using
a Bruker Daltonics maXis Impact and C18 RP-UHPLC. LC-MS/MS data was acquired with

positive polarity acquisition.

4.3.8 Metabolomics Analysis

Files in . mzXML format were uploaded into MZMine 2 v3.27 (Pluskal et al., 2010) for
processing following the same pipeline as in Chapter 3. Noise levels were set to 1.0E3 and 1.0E1
for MS1 and MS2 data, respectively. Minimum height was 3.0E3 for chromatogram building and
deconvolution was performed with a baseline cutoff of 1.0E3, minimum height of 3.0E3, m/z
tolerance to 20.0 ppm and 0.01 minimum time for building the chromatograms. For chromatogram
deconvolution the baseline cutoff was set to have a minimum peak height of 1.5E3, 0.01 to 3.0

min duration, and 1.0E3 baseline. Median m/z center calculation with a m/z range of 0.02 and a
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0.1 min retention time was used for MS2 pairing. Isotopes fragmentation patterns were recognized
with a maximum charge of three, 0.1 min time tolerance and 20 ppm m/z tolerance with the isotopic
peak grouper. Peaks were then aligned using join aligner with 75% weight for m/z, 25% weight
for retention time, 0.1 min retention time and 20 ppm m/z tolerance. Finally, peak list rows filter
was used to set 2 peaks minimum for an isotopic pattern and 2 peaks minimum in a row. The
resulting peak lists was then exported into a .csv file for analysis with MetaboAnalyst v5 (Chong
etal.,2019).

Prior to analysis with MetaboAnalyst, MS1 features were filtered to remove any features
also identified in the resin controls or the initial solvent blank. This process reduced the total
features from 5,640 to 2,370. Since there were less than 5,000 features, none were filtered in the
initial upload to MetaboAnalyst. Data were then log transformed and scaled using pareto scaling.
A non-parametric Wilcoxon test was then performed comparing back reef samples with fringing
reef samples (alpha=0.05 and unequal group variance selected). Volcano plot and random forest
analyses were used to extract information on the number of metabolites driving differences in
fringing versus back reef sediments. Normalized MS1 data was also used in Mantel tests to assess
correlations between metabolites, microbial communities and environmental characteristics.
Finally, data was uploaded into the Global Natural Product Social Network (GNPS) platform
(Wang et al., 2016). GNPS utilizes MS/MS fractionation patterns to identify compounds and
connect related molecules together. Classical molecular networking was used with the precursor
ion mass tolerance and fragment ion mass tolerance set to 0.02 Da. The cosine score was reduced
to 0.6 in line with maintaining a false discovery rate below 1%. After the network was generated,

all nodes associated with control samples were removed.
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4.3.9 Paired-Omic Analyses

In an effort to extract significant connections between microbes, metabolites and
environmental characteristics, DIABLO analysis was performed using the MixOmics package
(Rohart et al., 2017) in R. DIABLO uses a supervised multivariate approach with sparse partial
least squares discriminant analysis (SPLS-DA). Microbial data (collapsed based on genus level
annotation) was normalized with center log-ratio (clr) transformation with the microbiome
package (Lahti and Shetty, 2019) in R, environmental data was scaled with the base scale function
in R and normalized MS1 data from MetaboAnalyst was used for correlative analyses. DIABLO
networks were first made with all three datasets at the default correlation cutoff = 0.7 and the
supervising factor set to reef type. Due to a high number of connections between metabolites and
one environmental parameter, the network was rerun with a stricter cutoff (0.8) to better visualize
the important connections for that cluster. To better assess direct connections between microbial
genera and metabolites, DIABLO analysis was rerun with just the genera and metabolite datasets
and at a cutoff = 0.6. This network was run with sample ID, site and reef type as the supervising

factor to compare resulting network connections.

4.4 Results

4.4.1 Sediment Microbial Communities of Mo’orea

Sequencing of 16S rRNA genes from 176 sediment samples collected at eight sites within
~1 km? of the LTER in Mo’orea revealed a total of 29,612 amplicon sequence variants (ASVs).
The average number of ASVs was significantly different based on site (Kruskal Wallis H=30.627,
p<0.001) and ranged from 786 + 34 ASVs (site 6) to 1,092 + 43 ASVs (site 1) (Figure 4.3a).

Diversity was also determined to be significantly different based on site (Figure 4.3b; Shannon
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Diversity Kruskal Wallis H=29.933, p<0.001). Of the eight sites that were surveyed, four were
categorized as fringing reefs (sites 5 - 8) while the other four were categorized as back reefs (sites
1- 4). When alpha diversity was assessed as a function of reef type, ASV richness was significantly
higher in the back reef when compared to the fringing reef (Figure 4.4a; Wilcoxon test W=4782.5,
p<0.001). Diversity was also significantly higher in the back reef when using Shannon Diversity
which accounts for both richness and evenness (Figure 4.4b; Wilcoxon test W=4319, p=0.026).
Both depth and distance from shore were significantly correlated with ASV richness but were not

correlated with diversity (Table 4.2).
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Figure 4.3: Alpha diversity of sediment microbial communities from eight sites around the
Mo’orea LTER 2 region. a) richness of amplicon sequence variants (ASVs) and b) diversity
determined with Shannon Diversity metric. Letters denote significant (alpha=0.05).
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Table 4.2: Correlations between alpha diversity metrics and environmental traits determined with
Spearman’s correlation. (*) = p<0.05, (**) = p<0.005, (***) = p<0.001.

Alpha Diversity Trait Spearman’s P-value
Metric rho
Observed ASVs Depth (m) -0.2133 0.0052 (*)
Distance to 0.2492 0.0010 (**)
shore (m)
% Acropora 0.0705 0.3613
% Pocillopora 0.1179 0.1258
N:C estimates -0.0514 0.5056
Shannon Diversity Depth (m) -0.0596 0.4397
Distance to 0.1235 0.1087
shore (m)
% Acropora -0.0083 0.9141
% Pocillopora -0.0978 0.2045
N:C estimates 0.1086 0.1585

Beta diversity was also found to be significantly different based on site when accounting
for relative proportion (Figure 4.5a; Weighted UniFrac PERMANOVA pseudo-F=7.629, p=0.001)
and when assessing the presence/absence of ASVs (Figure 4.5b; Unweighted UniFrac
PERMANOVA pseudo-F=7.629, p=0.001). Interestingly, with unweighted UniFrac, site
clustering was more readily distinct by eye, with site 6 in particular standing out from the rest of
the sites (Figure 4.5b). Reef type was also considered a significant factor in beta diversity using
weighted (Figure 4.6a; Weighted UniFrac PERMANOVA pseudo-F=6.997, p=0.001) and
unweighted analyses (Figure 4.6b; Unweighted UniFrac PERMANOVA pseudo-F= 5.051,
p=0.001). The weighted PCoA showed the greatest variation along axis 1 (33.08%); however,
when environmental traits were visualized, there was no obvious trait responsible for the variance

along that axis. Similar to the unweighted PCoA by site, the unweighted PCoA by reef type
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revealed a more distinct clustering pattern, suggesting that the overlap in proportionally dominant
taxa may obscure some of the significant patterns (Figure 4.6b). Mantel tests were used to assess
environmental traits in relation to beta diversity. Depth, percent cover of Acropora, percent cover
of Pocillopora and nutrient estimates were all significantly correlated with weighted beta diversity
while depth, distance to shore, percent cover of Pocillopora and nutrient estimates were correlated

when beta diversity remained unweighted (Table 4.3).
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Figure 4. 5: Beta diversity of sediment microbial communities from eight sites around the Mo’orea
LTER 2 region when assessed with a) weighted UniFrac and b) unweighted UniFrac. Site was
significant for both weighted (p=0.001) and unweighted (p=0.001) UniFrac. Sites 1 — 4 were back
reef while sites 5 — 8 were fringing reef.
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Table 4.3: Correlations between beta diversity metrics and environmental traits. Mantel tests with
Spearman’s correlation were used to assess significance. (*) = p<0.05, (**) = p<0.005, (***) =
p<0.001.

Beta Diversity Metric Trait Spearman’s P-value
rho
Weighted UniFrac Depth (m) 0.2130 0.001 (**)
Distance to shore 0.0509 0.079
(m)

Percent Acropora 0.0991 0.012 (*)

cover
Percent 0.1753 0.001 (**)

Pocillopora

cover
N:C 0.2407 0.001 (**)
Unweighted UniFrac Depth (m) 0.5620 0.001 (**)
Distance to shore 0.2149 0.001 (**)

(m)
Percent Acropora 0.0378 0.310

cover

Percent 0.2724 0.001 (**)
Pocillopora

cover

N:C 0.5647 0.001 (**)

When taxonomy was assigned to ASVs, 73 phyla (14 Archaea, 59 Bacteria) were
identified. Phyla observed in the highest relative amounts included Proteobacteria (40%),
Cyanobacteria (17%), Bacteroidota (11%), Desulfobacterota (10%) and Planctomycetota (4%).
The majority of phyla, ~85%, were found on average to be <1% of the microbial community
present across sites. At the genus level, ASVs were assigned to 1,247 genera (48 Archaea, 1,199
Bacteria). Seventeen genera averaged >1% of the sediment communities, with an unannotated

Rhodobacteraceae (4.16%), Woesia (4.14%), Gammaproteobacteria unannotated (3.71%), an
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uncultured Desulfosarcinaceae (3.70%) and Xenococcus PCC-7305 (2.89%) in the highest relative
amounts. At the genus level, 98.6% of genera averaged <1% of the community and 59.3% of the
community averaged <0.01%. To determine which genera were associated with differences
between the fringing and back reef, ANCOM analysis was employed. ANCOM identified nine
genera including members of the Proteobacteria, Cyanobacteria, Actinobacteriota, and
Desulfobacterota  (Figure 4.7).  Actinomarinales, an  uncultured Chromatiaceae,
Gammaproteobacteria Run-SP15, an uncultured Granulosicoccales and Stanieria PCC-7437 were
significantly more abundant in back reef samples. In contrast, Actibacterium, an uncultured
Desullfobulbaceae and Planktothricoides SR0O01 were in higher abundances in the fringing reef
(Figure 4.7). All nine of these taxa were in <0.4% of the communities on average, suggesting that

rare microbes play an important role in distinguishing sediment microbial communities.
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Figure 4.7: Mean relative percent of significant genera determined through ANCOM analysis.
Error bars denote standard error. “UC” represents genera identified as “uncultured.”
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4.4.2 Functional Profiles of Microbial Communities

While microbial communities separated based on site and reef type, functional profiling of
the communities based on metagenomics revealed few differences in metabolism (Figure 4.8).
Some samples that stood out as slightly different in their metabolism were a site 6 sample
(MO18 _180) which had higher nitrogen assimilation and oxidative phosphorylation. Two site 6
samples (MO18 180 and MO18 170) also appeared to have increased nitrogen mineralization-
assimilation, Krebs cycling, respiration and assimilatory sulfate reduction. In contrast, the site 6
samples had reduced nitrogen fixation and nitrogen and sulfur assimilation (Figure 4.8).
Interestingly, different sequencing runs of the same samples (denoted by the suffix letter) revealed
inconsistencies. For instance, while one site 6 sample (MO18 180B) showed reduction in
methanogenesis and reverse methanogenesis, as well as dissimilatory sulfate-nitrate reduction, the
other two technical replicates from that same sample (MO18 180A & C) were more consistent
with the other sites (Figure 4.8). This suggests to me, that in complex heterogeneous samples such
as sediments, there can be considerable variation in sequencing results if the samples are not
sequenced to saturation. One other metabolic pathway that showed slight variation among samples
was aerobic anoxygenic phototrophy, which appeared in greater abundance in samples from site 3
(MO18_071) and samples from site 6 (MO18 188). In the case of site 6, the samples were from
different transects, thus highlighting the patchiness of function within sediment communities.

There were also a few differences in the relative amount of glycoside hydrolase enzymes
with GH9, GH13 and GH29 seen in higher abundances for some samples. GH9, which are mainly
cellulases, were higher in site 3 (MO18 071A-C) and site 6 (MO18 167A&B, MO18 184C,
MOI18 188A-C, MO18 192A). Site 3 (MO18 071A-C) also had increased amounts of GH13

which act on carbohydrates with alpha-glucoside linkages. Site 6 (MO18 180 B&C) results also
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indicated increased GH29, which are exo-acting alpha-fucosidase enzymes (Figure 4.8). Thus,
while the functional profiles of the sediment communities largely overlapped, there were slight
differences that could aid in explanation of community differences. Site 6 which stood out the
most in terms of functional differences, as well as in beta diversity, was also the most distinct in
terms of the benthos, having noticeably more algae and a more turbid water column, as well as

being near a riverine input.

. ;& Primary Metabolism (including N cycling)

Row Z-Score

-2

MO18_103_A
MO187074_B
MO187135"A
MO187167°B
MO187074_C
MO1871037B
MO187103°C
MO187202°C
MO187074_A
MO187170_A
MO187180_A
MO187170_C
MO1871927A
MO187135°B
MO187188°B
MO187188°C
MO187167°A
MO18°010_B
MO187202°B
MO18-170_B
MO187231_A
MO187231°B
MO187199"A
MO187231°C
MO182007_A
MO187010_C
MO187234_C
MO18719278
MO187199°8
MO187202"A
MO187007_C
MO182007B
MO182199°C
MO18°010"A
MO187042°A
MO187042°B
MO187042°C
MO187106_A
MO187039°B
MO187135°C
MO187192°C
MO187234°B
MO182167_C
MO187234°A
MO18_188_A
MO187106_C
MO187106_B
MO187039"A
MO187039_C
MO187184-C
MO187071_8B
MO187071°C
MO187071°A

"1847B

"184°A

_138°A

-138°C

~180°C

_180_8

Nitrogen assimilation

DMSO reduction

Nitrification

Nitrification—methane oxidation

Methane oxidation

Sulfur mineralization

Fermentation

Dissimilatory sulfate reduction

TCA

Wood-Ljungdahl

Calvin cycle

Denitrification

Dissimilatory nitrate reduction

pentose phosphate pathway
oxidative phosphorylation I

Dissimilatory sulfate—nitrate reduction

Nitrogen mineralization—assimilation

Krebs cycle

Aerobic anoxygenic phototrophy

respiration

Assimilatory sulfate reduction

Nitrogen fixation

Nitrogen and sulfur assimilation

Methanogenesis and reverse methanogenesis

Figure 4.8: Metabolic profiles of sediment communities in Mo’orea, French Polynesia based on
metagenomic sequencing. Each row represents a specific sample, see Table 4.1 for site
information. Suffix letters denote the technical replicate from sequencing.
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Figure 4.9: Metabolic profiles of sediment communities in Mo’orea, French Polynesia, Continued.

4.4.3 Sediment Metabolomes of Mo’orea

In an effort to have a fully paired dataset, I aimed to deploy 256 resin bags within the
sediments of Mo’orea. Unfortunately, between the field and the extraction process, 15 samples
were lost. Of the 241 sediment samples analyzed, 2,370 MSI1 features were detected after
subtracting any features associated with the control samples. The number of observed metabolites
in the sediment, or metabolomic richness, was significantly different by site (Figure 4.9a; Kruskal-
Wallis H=56.048, p<0.001) with the average number of metabolites per site ranging from 128.06

+ 6.67 at site 1 to 297.77 £ 31.9 at site 8. The number of metabolites also significantly differed
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when comparing reef types, with the back reef having significantly less metabolites than the

fringing reef (Figure 4.9b; Wilcoxon test W=56.048, p<0.001).
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Figure 4.10: Metabolomic richness in sediments from a) eight sites in Mo’orea and by b) reef
type. Letters and asterisks denote significance (alpha=0.05).

The metabolomic profile of sediments based on reef type was also found to be significantly
different based on principle components analysis with MS1 data (Figure 4.10; Adonis
PERMANOVA F=12.883, p=0.001). PCA results indicate greater variation within the
metabolomic profiles of sediments from fringing reefs compared to those from back reefs (Figure
4.10). This result aligns with the MetaboAnalyst analysis which identified 442 metabolites
significantly higher in fringing reefs while only 145 metabolites were found in greater abundance
in back reefs. MS1 profiles were also analyzed in relation to the microbial communities detected

and the environmental characteristics. Metabolomic profiles were correlated with distance from

133



shore and the percent Acropora cover, but not correlated with depth, Pocillopora cover, nutrient

estimates or microbial communities (Table 4.4).
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Figure 4.11: Metabolomic beta diversity in sediments from back and fringing reefs in Mo’orea
based on MS1 data. Reef types were significantly different from each other (Adonis F=12.883,
p=0.001).
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Table 4.4: Correlations between metabolomic beta diversity, microbial beta diversity and
environmental traits. Mantel tests with Spearman’s correlation were used to assess significance.
(*) = p<0.05, (**) = p<0.005, (***) =p<0.001.

Beta Diversity Trait Spearman’s rho P-value
Metric

Metabolites Weighted UniFrac -0.045 0.199
Unweighted UniFrac -0.028 0.434
Depth -0.0062 0.854

Distance to shore 0.1635 0.001 (**)

% Acropora 0.0637 0.019 (*)
% Pocillopora 0.0263 0.206
N:C estimates 0.0363 0.289

I also ran the metabolomics dataset through GNPS in an attempt to identify compounds
based on MS2 fragmentation patterns. Classical molecular networking resulted in a network with
1,844 nodes after the removal of compounds associated with the control samples. Of those nodes,
only 12 had putative matches with the GNPS compound library, thus only 0.6% of nodes were
annotated (Appendix B). Unfortunately, the few putative compound hits were mainly fatty acids,
such as pinolenic acid, and potential contaminates, such as hexanedioic acid (precursor to nylon).
Interestingly, when the MS2 profiles were analyzed via PCoA in GNPS, the pattern in variation is
opposite to what was observed with MS1 profiles. While samples generally cluster by reef type,
the back reef appears more variable in the metabolomic profile compared to the fringing reef
(Figure 4.11a). By visualizing the samples based on site, I was able to determine that site 4 is the

back reef that seems to be clustering with the fringing reef samples in MS2 analysis (Figure 4.11b).
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Figure 4.12: Metabolomic beta diversity in sediments from Mo’orea based on MS2 data. Samples
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4.4.4 Correlations between microbes and metabolites

Finally, in an attempt to draw linkages between the datasets, DIABLO analysis was done
using the MixOmics package in R with reef type as the distinguishing factor. Microbial genera
were most correlated with environmental traits (r = 0.74) and metabolites (r = 0.65), while
metabolites and traits were not well correlated (r = 0.38) (Appendix C). This supervised result
follows the pattern seen with the Mantel tests which also saw better correlations between the
microbial communities and environmental characteristics. Network analysis identified eight
genera that were both positively correlated with nutrient concentrations and negatively correlated
with depth (Figure 4.12a). An additional genus, Desulfuromonadia C8S 102, was negatively
correlated with depth but had no correlation with nutrient concentration. Three metabolites were
found to be positively correlated with nutrient concentration while negatively correlated with depth
and another three metabolites were only correlated with depth (Figure 4.12a). To better visualize
the strongest connections between the >100 metabolites that were linked with the percent Acropora
cover, I raised the base cutoff from 0.7 to 0.8, which reduced the connections to 21 metabolites
(Figure 4.12b). All of the metabolites linked with percent Acropora cover showed negative
correlations, indicative of reduction or loss of compounds with the loss of this coral genus.

Surprisingly, no microbe-metabolite correlations were found with >0.7 correlation.
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Figure 4.13: DIABLO correlation network of microbial genera, metabolites and environmental
traits. a) Network connections associated with nutrients (N:C) and depth and b) network associated
with percent Acropora cover. “UC” = uncultured while “UA” = unannotated genus. Edges are
colored based on correlation value.
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In an effort to assess microbe-metabolite linkages, I ran a series of networks with a cutoff
of 0.6 (Figure 4.13). Depending on which factor was used to supervise the analysis, the resulting
networks varied. For instance, when only pairing samples based on their sample identification,
seven genera were identified and linked with over 100 metabolites (Figure 4.13a). Based on site,
the number of genera identified is reduced to four with 67 corresponding metabolites (Figure
4.13b). Finally, looking at reef type patterns, only an uncultured genus of Desulfobulbaceae was
identified and correlated with two metabolites (Figure 4.13c¢). The reduction in significant network
connections as the factor becomes broader (sample—>site>reef type) highlights that despite a large
sample size, the ability to identify connections is limited by the strength of the overall correlation
and how well the supervising factor explains community variance. In other words, the Mantel test
did not find a correlation between microbes and metabolites and when supervised analyses were
employed, the correlation was still fairly weak. As the supervising factor becomes broader, and
thus encompasses more samples, the SPLS-DA is weaker and fewer connections can be detected.
Since the uncultured Desulfobulbaceae genus is consistently identified in the networks, including
in the network based on reef type, it appears to be the strongest connection and is thus worth further
exploring the role that taxon might be playing in the sediments of Mo’orea. The uncultured
Desulfobulbaceae genus was also identified in ANCOM analysis as being in higher abundance in
fringing reefs (Figure 4.7). Interestingly, when assessing this taxon based on site, the uncultured
Desulfobulbaceae genus was identified as a rare member of the site 1 (0.010%) and site 4
communities (0.002%) but was 1.125% of the site 6 community. Therefore, it seems that in this
case it is not the presence or absence of a taxon that is driving the pattern, but its relative abundance

across sites.
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4.5 Discussion

In this study, I sampled fringing and back reefs in Mo’orea as a proxy for algal- and coral-
dominated environments. I hypothesized that microbial communities associated with coral-
dominated environments would exhibit greater bacterial diversity when compared to sediment
communities from algal-dominated sites. My results indicate that the back reef was richer and
more diverse than the fringing reef, supporting my hypothesis. While the differences observed
were significant, they were admittedly not as striking as I thought they would be, and that is likely
due to the minimal differences between the fringing reef and back reef in terms of macroecology.
Due to logistical constraints, the sites sampled were all within 1 km? of the LTER, specifically in
and around LTER 2 (Figure 4.1). Island-wide surveys indicate a much greater range of algal and
coral cover around the island. Thus, it would be beneficial to expand the sampling and compare
sediment microbial community richness and diversity across the other LTER sections as well.

Beta diversity of the microbial communities was also significantly different by site and reef
type. Interestingly, of the parameters tested, none seemed to explain the variance observed in the
first axis of the weighted UniFrac. It would be interesting to gather more metadata associated with
these communities (e.g., oxygen levels, organic content, etc.) to see what might help explain the
observed variation in these communities. While weighted analyses indicated significant
differences in reef type and based on site, the clustering pattern observed in the PCoAs contained
overlap. This is indicative of overlap in dominant taxa such as Proteobacteria and Cyanobacteria.
In contrast, the clustering pattern observed in unweighted UniFrac was more distinct between the
back and fringing reefs. When visualizing the unweighted PCoA by site, the primary difference
seemed to be driven by site 6. Of all the sites sampled, it was the most distinct in terms of the

observed macroecology. Site 6 was next to a riverine input, it was dominated by macroalgae, the
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sediment consistency was less calcareous than the other sites and the water column was noticeably
turbid. Thus, it was not surprising that site 6 seemed to have such a distinct microbial community.
Since the separation of site 6 from the other sites is more distinct in the unweighted PCoA, this
suggests there are likely more unique community members present at this site and/or some of the
taxa consistent across the other sites may be absent at site 6.

While I hoped to incorporate more metadata from the Mo’orea LTER to understand
community variation, it was difficult to obtain at the small spatial resolution of our samples. The
environmental data I was able to assess did correlate with the microbial communities in many
cases. Interestingly, the percent Acropora cover seemed to impact the weighted microbial
community but not the unweighted composition while Pocillopora coral cover was correlated with
both beta diversity metrics. Pocillopora corals tend to be more resilient to disturbance and thus
have increased in their abundance relative to Acropora in Mo’orea over the years and were present
at every site [ sampled (Pratchett e al., 2011). Despite the overall correlation pattern between beta
diversity and Pocillipora cover, network analysis did not link any genera with Pocillipora. It
would therefore be interesting to do network analyses at different taxonomic levels, down to ASVs,
and see if specific correlations between microbes and Pocillopora are detected. In contrast to
Pocillopora, Acropora cover was only associated with sites 2 and 3, and site 2 had the highest
coral cover of all sites sampled. Additionally, of the six genera identified via ANCOM in higher
abundance in the back reef, three of them were in the greatest relative proportion at site 2. This
included an wuncultured Granulosicoccales genus, Gammaproteobacteria Run-SP154 and
Porticoccaceae C1-B045. The type strain of Granulosicoccales was isolated from Antarctic
seawater (Lee ef al., 2007) and additional representatives were recently identified in association

with Amphisorus forams in Australia, but more work is needed to understand the role of this taxon
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in marine environments (Macher et al., 2021). The Porticoccaceae family is also associated with
the marine environment, with cultures from the Yellow Sea (Oh et al., 2010) and Loch Creran
(Gutierrez et al., 2012) and culture-independent detection in Norwegian seas (Ribicic et al., 2018)
and mangrove sediments (Araujo et al., 2020). Porticoccaceae are best known for their ability to
degrade hydrocarbons, so their presence may suggest some type of hydrocarbon contamination in
the environment or, given how variable microbial families can be, their presence in Mo’orea
sediments could be indicative of a related clade with unknown function.

An Actinomarinales genus, Stanieria and an uncultured Chromatiaceae were also
identified in association with the back reef. Actinomarinales are a subclass of marine
Actinobacteria that exhibit streamlined genomes and are aerobic photoheterotrophs typically
associated with surface waters (Lopez-Pérez et al., 2020). They also possess heliorhodopsins,
which may play a role in nitrate or nitrate reduction, but that has not been confirmed (Kovalev et
al., 2020; Lopez-Pérez et al., 2020). Stanieria are cyanobacteria that typically grow in shallow
waters attached to calcareous rocks, shells or on the surfaces of algae (Wu et al., 2016), while the
Chromatiaceae family are phototrophic purple sulfur bacteria involved in carbon, sulfur and
nitrogen cycling (Imhoff, 2014). In contrast, Actibacterium, Planktothricoides (SR001) and an
uncultured Desulfobulbaceae were seen in association with the fringing reefs. Members of
Rhodobacteraceae, including Actibacterium, are commonly associated with marine sediments and
frequently correlated with redox condition (Pohlner et al., 2019), so it would be interesting in
future work to compare the redox state of sites surveyed. The filamentous cyanobacterium
Planktothricoides was seen in the highest abundance at site 6. This genus has previously been
associated with blooms in fresh and brackish waters (Te et al., 2017) and site 6 was subject to fresh

riverine inputs. Genome analysis indicates that Planktothricoides (SR001) can grow under a
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variety of nitrogen sources and has the ability to produce a putative cyanobactin compound (Te et
al., 2017). Thus, Planktothricoides may be able to opportunistically grow in the fringing reefs
where there are additional nutrient and freshwater inputs. While the ecological role of the
putatively identified cyanobactin from Planktothricoides SR001 has not been identified (Te et al.,
2017), related compounds possess anti-microbial properties which could indicate an additional
competitive edge for this cyanobacterium under the right conditions. Cyanobactin was not
identified in the GNPS analysis, but only one cyanobactin compound is present in the GNPS
library. Therefore, it would be good to do a more targeted search for cyanobactin-like compounds
in future work with these samples.

In relation to this study, the uncultured Desulfobulbaceae genus identified from ANCOM
is one of the most interesting taxa distinguishing fringing and back reefs because it was also the
one consistent genus linked in the network analyses. While it was identified with ANCOM in
association with fringing reefs, of the fringing reefs surveyed it was actually only present at site 6.
However, this one uncultured genus was found in >1% of the community at site 6, a noticeably
high percent of the community. Network analyses also found a significant correlation between this
genus and nutrient levels and depth; site 6 had the highest nutrient levels and was the shallowest
of all sites surveyed. Desulfobulbaceae, commonly called cable bacteria, are known for their
ability to generate long filaments that are used to couple the reduction of nitrate or oxygen at the
sediment surface with the oxidation of sulfur in deeper anoxic layers of sediment, thus making
them an important contributor to sulfur cycling (Geelhoed et al., 2020). Considering the spatial
scheme employed, it would be interesting to assess how this genus of cable bacteria was distributed

among site 6 and subsequently, whether the population of Desulfobulbaceae at this site is clonal.
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Site 6 also stood out in terms of metabolic profiles, with increased nitrogen mineralization-
assimilation possibly related to the increased nutrient inputs at that site, and assimilatory sulfate
reduction coinciding with sulfur cycling bacteria such as Desulfobulbaceae. Krebs cycling was
also seen in higher abundance at site 6 and has previously been found to be associated with algal-
dominated sites (Haas et al., 2016). Aerobic anoxygenic phototrophy was seen in the highest
abundance at site 3, which corresponds with the increased presence of purple sulfur bacteria in
back reef sites relative to the fringing reef. It would be helpful in future analyses to do paired
networks that incorporate functional traits to determine if specific taxa correspond with the few
functional differences detected across samples. Sediments are patchy in their microbial
communities though, so it is also possible that the two metagenomic samples from within a small
area of the quadrats at each site will have less observed differences than if we had performed
metagenomics with more disparate samples. Thus, more work is needed to assess functional
differences in the microbial communities associated with fringing and back reefs.

While microbial richness was greater in the back reef, metabolomic richness showed the
opposite pattern, with greater richness observed in the fringing reef. Approximately four times as
many metabolites were identified as significantly increased in fringing reef samples compared to
the back reef, indicating that there is not only greater diversity of metabolites in the fringing reef,
but the compounds observed are in higher abundances. This result contradicts my original
hypothesis that metabolomic complexity would be reduced in algal-dominated habitats. It is
interesting to note though, that site 6, which was the most algal-dominated of all sites surveyed,
showed less variation and a lower median in the number of observed metabolites when compared
to the other fringing reef sites. Another intriguing pattern was the clustering in metabolomic beta

diversity. While there was a significant split between back and fringing reefs in the PCoA (Figure
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4.11), site 4 (categorized as a back reef) clustered more with the fringing reefs. Site 4 also exhibited
significantly more metabolomic richness than the other back reefs. Site 4 was the deepest of the
sites sampled and was also the closest to Cook’s Bay, so it is possible that the microbial
communities and associated metabolites were divergent based on the reef location relative to the
other sites. While metabolomic analyses identified a number of significant metabolites, both
through the MetaboAnalyst pipeline and in network analysis, the annotation rate for the
compounds detected was <1%. Unfortunately, sediment extracts are difficult to annotate because
most compounds are not in available databases. Considering that the mass spectrometry dataset in
this study was higher quality than that of Chapter 3, it was disappointing to see so few putative
compounds. However, since the instrumentation in this study was more accurate, I used stricter
thresholds in my GNPS analysis. Therefore, it is likely that the <1% annotation rate observed in
this study is more reflective of annotation rates than the previous chapter. Much of the poor
annotation rates comes down to the databases used, in this case the GNPS library. GNPS is a
relatively new tool, so it will be interesting to reevaluate these samples as more library spectra are
added to the database and as more associated tools are developed. Until then, additional chemical
analysis is needed to interrogate the metabolomic spectra, but the high data quality can support the
putative identification of natural products from these resin bags. For instance, one node from the
back reef had a mass (316.2846) and MS2 fragmentation pattern that corresponded with
Halisphingosine A (Bogdanov et al. unpublished), a sphingosine previously identified from
sponges (Molinski ef al., 2013). While the use of a library standard and NMR would be needed to
confirm this match, this result indicates that resin metabolomics can successfully capture natural

products present in marine sediments.
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Another important consideration when thinking about the sediment metabolome is whether
mass spectrometry results would actually be indicative of the chemical dynamics at play in these
environments. For instance, the compounds detected are going to change based on the method used
and how well those compounds ionize. Interestingly, I ran MetaboAnalyst with my full list of MS1
spectra (presented in the results section), but I also ran it with the MS1 data that had corresponding
MS?2 fragmentation spectra. While approximately half of the compounds had MS2 data, the results
from a random forest analysis indicate that one of the top compounds explaining variance between
the back reef and fringing reefs did not generate MS2 spectra. Therefore, it is important to consider
the caveats and limitations of methods employed in studies such as this one. Additionally, the
abundance of a compound is not necessarily indicative of its role in the community. Bacteria can
produce potent antimicrobial compounds; in which case they do not necessarily need to be in high
abundance to be effective in their ecological role. Of course, more research is needed to explore
the role of chemistry in complex microbial communities, but I think focusing on compounds linked
to microbes through community data or metagenomics is a good place to start.

Marine sediments host rich and diverse microbial communities that are woefully
understudied relative to other systems (Lloyd et al., 2018; Baker et al., 2021). Just recently, a
global survey assessed marine sediments, providing important baseline information on microbial
richness and abundance estimates for bacteria and archaea (Hoshino et al., 2020). Results from
Hoshino et al. (2020) highlight the role of oxygen in sediment communities and how communities
change with sediment depth. However, no study to date has focused on establishing baseline
information on sediment microbial communities associated with coral reef ecosystems. The use of
microbial indicators for coral reef health and environmental perturbations has been documented

and, in some cases, has incorporated sediment sampling. For instance, sediments were sampled in
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conjunction with corals, seaweeds, sponges and seawater in a study assessing the diagnostic value
of microbes in inferring the environmental state of coral reefs in Australia (Glasl et al., 2019).
Seawater was ultimately deemed a better predictor of environmental fluctuations while sediment
communities were more influenced by their habitat characteristics (Glasl et al., 2019). Therefore,
depending on the goal of indicator taxa, if one wants to catch an acute environmental change like
a temperature fluctuation, versus a more chronic stressor, it may be beneficial to sample different
microbial communities. Interestingly, one of the indicator taxa identified in seawater associated
with total suspended solids (or turbidity) was Verrucomicrobia. In my study, one of the genera
positively correlated with nutrient concentrations was Luteolibacter, a genus of Verrucomicrobia.
Indeed, Luteolibacter was in the highest abundance at site 6, where the water column was
noticeably turbid.

My original hypothesis for this study was that the more algal-dominated fringing reefs
would have a reduction in microbial and chemical diversity. While microbial diversity was
reduced, chemical diversity was actually higher in fringing reefs. One potential explanation for
this pattern is the Anna Karenina principle, based on the quote: “all happy families are all alike;
each unhappy family is unhappy in its own way.” The Anna Karenina principle was recently
discussed in relation to patterns observed in dysbiotic coral and other animal microbiomes, where
one of the outcomes of a dysbiotic community is increased variability (Zaneveld et al., 2017).
Thus, stressors may not reduce microbial diversity, rather they can increase it through the
destabilization of the community which results in increased dispersion. In the case of these
sediment communities, something similar could be occurring where a healthy complex community
is kept in balance through its chemically mediated interactions. However, when the community

shifts and becomes less stable, a greater variety of chemistry may be produced as it works towards
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its new community equilibrium. Additionally, while I broadly grouped my sites based on whether
they were back or fringing reefs, the site patterns observed highlight that the reefs are not consistent
in their communities, thus sites are “unhappy” in their own ways. Furthermore, while I sought to
limit confounding factors by focusing on one geographic area, the delineation of site 6 in many of
the analyses highlights how important abiotic factors can be to microbial communities. The
riverine input likely played a large role in why site 6 was so distinct; it would be interesting in
future research to further compare reefs based on their proximity to freshwater inputs.

In conclusion, the microbial communities and metabolomes of sediment communities in
the fringing and back reefs of Mo’orea were found to be significantly different from each other.
Further, site differences were observed in communities and metabolomes despite all sites being
within a 1 km? area. This result highlights the complexity of marine sediment communities. While
I was able to extract significant taxa and metabolites driving differences in these communities, my
conclusions are limited based on the available databases and associated information. Many of the
microbial taxa could not be identified to the genus level and the lack of knowledge on even
dominant marine lineages adds to the difficulty in extrapolating the role these microbes may fulfil
in their communities (Baker et al., 2021). Likewise, high-throughput environmental metabolomics
and the use of public MS/MS spectral libraries is in its infancy. My results highlight the large
metabolomic richness present in marine environments and the potential for novel chemistry.
Finally, I was able to make linkages between microbes, metabolites and environmental parameters
associated with the environmental state of the reef. Microbial communities showed significant
correlations with the environmental parameters tested while much of the variance in metabolomics
remains unexplained. The resin bags proved capable of capturing natural products, but more work

is needed to establish a high-throughput method for compound identification. In the future, I would
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like to survey the other LTER sites around Mo’orea while simultaneously collecting data on coral
and algal cover to ensure a clearer gradient in community comparisons. It would also be valuable
to do manipulative experiments to assess how sediment communities in Mo’orea are impacted by
environmental factors and metabolites. Ultimately, this study provides baseline information on
sediment communities in Mo’orea and how they vary. Hopefully future research in Mo’orea will

also consider the role these diverse communities may be playing in this important ecosystem.
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Chapter 5

Final Remarks

The last two centuries have brought about fundamental shifts in our understanding of
microbial communities. From the initial culturing work of the 1800s to culture-independent
methods today, we now know that bacteria are everywhere and encompass an unprecedented
amount of diversity relative to the rest of life on earth (Hug et al., 2016; Thompson et al., 2017).
Marine sediments in particular, host some of the most rich and diverse microbial communities,
with more microbial cells estimated to be contained in sediments than in any other environment or
system (Thompson et al., 2017; Lloyd et al., 2018; Hoshino et al., 2020; Baker et al., 2021).
Sediment microbial communities play a fundamental role in the marine food web, are integral to
global nutrient cycles including carbon, nitrogen and iron and changes to these communities can
have important ramifications for ecosystem functioning (Snelgrove et al., 1997; Madigan et al.,
2003; Gribben et al., 2017; Rios-Del Toro et al., 2018; Baker et al., 2021). However, much remains
unknown about these complex communities. It is thought that sediment microbes engage in
complex interactions, much of which is likely mediated by small molecule production. For
instance, the secretion of iron-scavenging siderophores can provide a growth advantage (Butler,
2005; D’Onofrio et al., 2010; Roberts et al., 2012; Kummerli ef al., 2014) while the production of
antimicrobial compounds can act as chemical warfare (Riley and Gordon, 1999; Griffin et al.,
2004; Burkepile et al., 2006; Ghoul and Mitri, 2016). As a result, marine sediments have been a
rich source for natural product discovery (Fenical and Jensen, 2006; Dalisay et al., 2013; Jensen
et al., 2015; Bech et al., 2020). Culturing of marine microbes has provided important insight into

these communities. Research into the marine obligate actinomycete genus Salinispora for instance,
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has identified evolutionary trade-offs in competitive strategy (Patin et al., 2015). Additionally,
extracts from Salinispora arenicola have been shown to alter sediment communities, indicative of
the important role small molecules play in community dynamics (Patin ef al., 2017). While case-
studies on specific microbes continues to shed light onto these understudied systems, much
remains unknown about many marine sediment lineages and the communities as a whole (Baker
etal.,2021).

The goal of this dissertation was to use next-generation sequencing and newly developed
omic techniques to gain ecological insight into marine sediment communities. I hoped to not only
establish baseline information about the microbial diversity present in sediments, but aimed to
unlock connections between microbes, the metabolites they produce and the surrounding
environmental characteristics. I was in the fortunate position of being in a laboratory that works at
the interface of microbial ecology and natural product chemistry. This facilitated my ability to ask
questions about microbial diversity detected using culture versus culture-independent methods
(Chapter 2) and to develop methods for sediment metabolomics using the small molecule in situ
resin capture (SMIRC) technique. Rather than directly extracting sediments for metabolomics, the
use of adsorbent resins allows for a targeted approach that should capture molecules actively being
secreted in the sediment. Thus, I was able to use SMIRC and incorporate metabolomics as a
variable when investigating microbial communities across varying spatial scales (Chapter 3). This
method was further improved upon for a large-scale experiment that explicitly paired 256
microbial community samples with sediment metabolites in an effort to assess how microbial
communities compare in relation to the state of the surrounding benthic environment (Chapter 4).

The findings of Chapter 2 show that with just two basic media, >1% of the sediment

microbial community can be identified in culture. Culture-dependent methods also detected
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microbial taxa that were absent in culture-independent analysis, including taxa that are divergent
from known cultured strains. The detection of taxa with culturing methods only, highlights two
important factors in studying marine sediments, 1- marine sediment communities are inherently
very patchy, so no two samples are exactly alike and 2- culture-independent methods have
limitations and biases. Another important takeaway from Chapter 2 was the sequencing depth
required to reach saturation and the associated implications of assessing diversity when missing
part of the community. Studies using 16S rRNA in marine sediments frequently do not sequence
to saturation, thus missing rarer taxa (Santelli et al., 2008; Thompson et al., 2017; Hoshino et al.,
2020). While there are tradeoffs between the number of samples and sequencing depth, a lack of
sequencing depth results in underestimates of diversity. This can in turn, have important effects on
our understanding of complex microbial communities. In comparing sites from Belize, unweighted
beta diversity analysis which accounts for absence/presence of taxa rather than proportion, showed
clearer community clustering patterns when compared to weighted analysis. Dominant community
members may overlap between sites, so it is likely the rare microbes drive site differentiation.
Consequently, without fully sequencing the community, the impact of rare microbes can be
missed.

For Chapter 3, I wanted to address how community diversity changes with spatial scale. I
also wanted to incorporate the role that sedimentary characteristics play in distinguishing
communities. Additionally, Chapter 3 utilized SMIRC methods to take a snapshot of the sediment
metabolome present at five different sites around Nacula Island, Fiji, allowing for the incorporation
of metabolomics into this study. While I did not do surveys on the macroecology of sites around
Fiji, the majority of them were representative of healthy coral reefs. It was therefore surprising

that the microbial communities associated with the five sites were so divergent in their beta
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diversity. When comparing microbial diversity across sites to the diversity detected within a 1 m?
and across 30 m of transect samples from one site, microbial diversity significantly increased with
sampling scale. This result once again highlighted the inherent patchiness of marine sediments and
how sampling, even within one site, can be highly variable. Of note, ASV richness across 12 km?
in Fiji rivaled the richness detected in a recent global survey of marine sediments (Hoshino et al.,
2020). This result further emphasizes the impact of sequencing depth on community richness
estimates. Of the sediment traits evaluated, nitrate, iron and sediment grain size were found to be
correlated with microbial communities. Results from sediment metabolomics were promising in
that we could putatively identify some natural products, however the lack of explicitly paired
samples and the noise present in the metabolomics dataset limited the insights gained. Future work
is needed to isolate and identify compounds present from these sites.

The goal of Chapter 4 was to expand on the idea of sediment microbial communities in
thinking about how these communities relate to the surrounding state of the ecosystem. Terrestrial
work has revealed the unique properties of suppressive soils (Van Bruggen and Semenov, 2000;
Schlatter et al., 2017), but that phenomenon has not been tested in marine environments. [ was
curious if changes to the microbial community associated with increased nutrient input from algae
would result in a loss of diversity and associated metabolites, which could then have impacts on
the surrounding ecosystem. To test this, [ compared fringing and back reef sediment communities
and metabolomes. The fringing reef is subjected to greater nutrient input than the back reef and
therefore is frequently representative of a more algal-dominated environment compared to higher
coral cover in the back reef. In an effort to gain better resolution in community and metabolomic
patterns, eight sites were surveyed in the same spatial scheme with a 1 m? quadrat and four 4 m

transects. For every sediment sample that was taken, a corresponding metabolomics sample was
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gathered using an improved SMIRC method with smaller resin bags. This experimental design
provided additional power and spatial resolution needed to assess paired-omic interactions.
Interestingly, while I determined that the fringing reef was less diverse in microbes when compared
to the back reef, the opposite pattern was observed in metabolite richness. I think this result
provides an important perspective to think about moving forward with environmental
metabolomics. While I was initially thinking about explicit correlations between microbes and
metabolites, there are a variety of microbes that can produce the same or similar metabolites. For
instance, staurosporine has been detected in sediments but has multiple potential producers (Tuttle
et al., 2019). Thus, it can be difficult to identify correlative patterns in metabolomics when
different producers can alternatively fluctuate in the community and when we cannot confidently
identify compounds and/or producers. I was able to use supervised multi-omics analyses to extract
direct connections between microbes, metabolites and environmental factors. Considering that the
area we sampled was not as representative of algal versus coral-dominated as I had hoped, the
identification of differences in these communities provides a meaningful place to start. In
particular, the identification of positive correlations between Desulfobacteria and Proteobacteria
with nutrients suggests the important role of these taxa in reefs facing an influx of nutrients from
shore and/or from algae. Over twenty metabolites were negatively correlated with percent
Acropora cover. While this may partially be a function of the few sites with Acropora, 1 think this
result also suggests the loss of metabolic diversity with the loss of corals. In future work, I would
like to explore a greater gradient in algal to coral-dominated systems and to track sediment
communities through time. I think the NSF-funded Long Term Ecological Research Monitoring
Network around Mo’orea provides a unique opportunity to assess sediment communities in

conjunction with a host of abiotic and biotic factors. While I was limited in the region I could
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survey, adding sediment sampling and metabolomics to the monitoring program would provide
important baseline information and allow for the continued tracking of how communities change
through time and in relation to the benthos. It would also be great to do manipulative studies that
involve spiking sediments with nutrients as a proxy for eutrophication and increased algal
abundance, to see the impact on microbial community structure.

While improvements in metabolomics from Chapter 2 to Chapter 3 resulted in higher
quality metabolomics data, the annotation rate for compounds remained low. I think the low
annotation rate speaks to the novel chemical space of marine sediments, but also highlights a
limitation to current metabolomic databases which are heavily skewed toward industrial
compounds. As databases expand, more compounds will be identified, adding increased insight
into the correlations I identified in this study. Additionally, many microbial lineages from marine
sediments remain poorly studied (Baker ef al., 2021). The use of metagenomics to gain insight into
these taxonomic groups will provide additional insight into how community changes affect
function. Our metagenomic analysis did not identify dramatic changes between our sites in
Mo’ orea, but it will be valuable to add metagenomic analyses to more disparate community studies
including my study from Fiji, which revealed clearer site delineation. Metagenomics will also
facilitate connecting microbes to metabolites through the identification of biosynthetic gene
clusters, thus my datasets provide a unique opportunity to ask more questions and re-evaluate the
results as databases and multi-omic methods improve.

In conclusion, marine sediments contain rich and complex microbial communities that are
worth greater exploration. Our oceans are facing a slew of threats including climate change, ocean
acidification, overfishing, eutrophication and disease. Sediments are the foundation of these

ecosystems and host a greater diversity of microbes than the biota above and the surrounding water
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column (Thompson et al., 2017; Lloyd et al., 2018). The microbialization of coral reefs has already
been documented (Haas et al., 2016), but we do not know the role sediment communities are
playing in our changing oceans. This dissertation highlights the diversity of sediment microbial
communities, the rich chemical landscapes in which they reside, and connections between
microbes, metabolites and the environment. These studies provide baseline information that I hope
future research can build off of to better understand how connections identified here relate to

functional changes in the environment.
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Appendix A

Amplicon sequence variants (ASVs) from Chapter 2 controls
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Appendix B

Putative GNPS hits

The following tables contain library matches from GNPS after removal of control-

associated compounds. All hits are putative and need further verification.
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Appendix C

DIABLO Plots

DIABLO plots generated with the MixOmics package in R. Plots visualize results from
sparse partial least squares discriminant analysis (SPLS-DA). Values in the lower triangular panels
denote the Pearson’s correlation coefficient while the upper triangular panel is the corresponding

scatter plot.
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Figure C.1: Chapter 3 DIABLO plot with site as factor.
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Figure C.2: Chapter 3 DIABLO plot based on site 4 samples. Sample type (quadrat, transect 1,

transect 2, transect 3) as factor.
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Figure C.3: Chapter 4 DIABLO plot with reef type as factor.
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Figure C.4: Chapter 4 DIABLO plot with site as factor.
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