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Chapter 1: Introduction

Bacteria are abundant marine environments'heyhave been known tolay
vital roles in nutrient cycling and form diverse symbioses with eukargates the 19
century However,manyecological interactions between marine bacterial taxa and their
environments remain to be pbounderstood. Observing bacterial behaviors in their
natural environment is not scalable with current technological approaches like
fluorescencean situ hybridization(Eilers et al., 2000)Marine microbiological research
often involves the culturing of bacteria, which is not trivial: most of these taxa are
difficult to isolate and glture (Giovannoni and Stingl, 2007; Kopke et al., 2008)is
has created a strong research bias toward theatbaration of generalist bacterial taxa
that can grow on common laboratory medihis problem has long been understood,
with pioneering microbial ecologist Sergei Winogradsky declaring that the natural
environment harbors @ a oganamspavarigty thabdefes of mi
i magi nat i eemoving tkesedrganisnastfrom their natural environments limits
the extrapolations of findings from cultubased studie@Bertrand, 2015)Ecological
interactions between bacteria and the environment, and the diversifying forces that drive
those interactiondie primarily in bacterial metabolisms and genetic mat¢8ammers,
2002) Thus, the most useful tools availablectmtemporary researchexsshing to
deduce relationships between bacteria and their environmemtsbreular and
biochemical in nature. Until recently, with the development of new DNA sequencing
technologiesthese methods were difficult to scalRecently, tools have been developed
to feasiblyconduct censuses freeliving bacteria in their naturanvironments, an

essentiahextstep in understanding the ecology of these elusive microbes.



Next generation sequencing and its applications in microbial ecology

The advent of Next Generation Sequencing (NGS) technology with the introduction of
high-throudhput pyrosequencing gave researchers a feasible, scalable method to detect
unculturable bacteria in their natural environméMargulies et al., 2005)There are

currently two primary approaches to applying NGS to microbial ecology, each with its
own costs and benefits. The direct shotgun approach, used to generated metagenomes or
transcriptomes, involves sequencing all the DNA or RNA in a given samgleotyun
metagenome or transcriptome can provide functional information about a microbial
community because it explicitly observes genes in the environf@katpton, 2014)

However, the generation and analysis of shotgun metagenomes is currently costly and
computationally difficult, so contemporary shotgun metagenome studies are often carried
out on a small scale. An alternative approach is to amgutilysequence only the 16S
ribosomal RNA gene. Bacteria, archaea, and eukaryotes all encode this gene, with some
regions conserved across the tree of life. Universal PCR primers can be designed to
anneal to these portions of the gene and amplify the (pegsy)meutrallyevolving

bases in betweghane et al., 1985While the idea of sequencing environmental 16S

rRNA sequences is not new, next generation sequencing made it possible on a scale
orders of magnitudes grea{€@aporaso et al., 2012A limitation of 16S rRNAgene

amplicon sequencing is that it provides little information about the function of a

microbial community, making it less preferable to shotgun metagenome sequencing on a
persample basidzurthemore, 16S rRNAenecopy numbers vary across taxa,

confounding efforts to estimate precise abundances of bafttetiaa et al., 2018)

However,16S rRNA gene amplicasequencings substantially less expensitiean



shotgun approachgwhich allows for far more sgnes to be sequenced in a given study.
For the purposes of this dissertation, which investigates broad patterns in the community
ecology of bacteria, 16S rRNgeneamplicon sequencing was chosen as the method of

choice.

Bridging the gap between bioinformaics and ecology

The goal of most 16S rRNA amplicon sequencing studies is to translate DNA sequence
data into ecological information. Therefore, the analysis of this data type requires
interdisciplinary approaches, and draws from bioinformatics and comyregatogy.

Because defining a bacterial species based on 16S rRNA amplicon sequence is not
possible, most microbial ecologists instead use Operational Taxonomic Units (OTUS),
which are clusters of 16S rRNA sequences that are similar beyond an arbitahotty
usually 97% similarity{Stackebrandt and Goebel, 1994 )wvas recently discovered,
however, that most variation in individual 16S rRNA sequences is due to chimeras
introduced during PCR and sequencing errors, and when exact amplicon sequences are
resolved, the use of OTUs is not neces¢@aflahan et al., 2I6). Algorithms likes

DADAZ2, published during the course of this dissertation, can resolve these exact
amplicon sequences by learning sequencing error patterns and correcting them; the output
of these algorithms are referred to as amplicon sequene@mtg(ASVs)Callahan et al.,
2016) ASVs are more effective as units of study than OTUs, because while they are still
somewhagrbitrary, they can be more directly compared across multiple studies.
However, because OTUs have been used since the advegir-ohroughput 16S rRNA
sequencing, the field is experiencing a slow transition. While ASVs may be preferred to

OTUs in future publications, and one chapter of this dissertation uses this approach, both



approaches will eventually be replaced by highesughput metagenome and

transcriptome sequencing approaches

Microbial ecology as a nascent field

There is much deserved excitement in biology about the importance of
microbiomes. Bacterial communities have profound impacts on human health and have
caused paradigm shift in treatments of some conditionsQlastridium difficile
(Bakken et al., 2011However, given the attention and hype that microbiomes have
received, the field risks overselling the importancendividual studiegSze and Schloss,
2016) The compleity and highthroughput nature of NGS data has demanded the
development of new statistical approachWbile many conclusions drawn by
contemporaryesearchers are valid, it is likely that some of most important patterns in
taxonomic composition and commity structure are still overlooked duelimitations of
currentstatistical approach€dcMurdie and Holmes, 2014; Weiss et al., 2017)
16S rRNA amplicon sequencing can be used to link bacterial tapsetafic
environmental conditionat scales previously not possibéd when synthesized across
many studies, this approach has the potentiehtalogue the imaginatieshefying
diversity of microorganisms described by Winograd§Kyompson et al., 2017)
There remain questions about how well bacteganmunities can be represented using
approaches developbg macreorganismal ecologis@ndvice versgBarberan, 2014)
Some ecological phenomena first delsed in macreorganismal communities also apply
to bacteria. For example, succession is well established in bacterial communities, and
resembles patterns seen in magrganismal communitig€Gulmann et al., 2015; Lax et

al., 2017; Li et al., 2014However, bacteria evolve in fundamentally different modes



from their eukayotic counterparts, sharing their genes with distantly related taxa via
horizontal gene transfer. Better understanding the scales at which bacterial taxa vary and
disperse can offer insights into differences and commonalities between bacterial and

macraorganismal communities.

Challenges and approaches to describing withisample (i.e. alpha) diversity
OTUs are often treated as bacterial species within a study, and they are the units most
commonly used to measure witkBample diversity. As witmacreorganismal
communities, OTU abundance distributions vary with respect to environmental variables.
An OTU abundance distribution may be imagined as operational taxonomic units (OTUSs)
ordered by rank abundance on thaxts with the 16 SRNA geneamplicon abundances
of those OTUs on the-gixis. The shape of this distribution varies considerably among
bacterial communities, and few mechanisms have been offered to explain the differences
(Shade, 2017)Furthermore, different parts of thenpliconabundance digbutions may
respond to different types of environmental pressures, depending on whether these
pressures affect dominant or rare taxa. Many current researchers use one or two
mathematically unrelated metrics, possibly overlooking differences betweenddacte
communitiegShade, 2017)

This dissertation primarily uses Hill diversity profiles, which are not commonly
used to analyze bacterial diversity, to examine OTU abundance distributions and describe
how they change with various factdkgill, 1973). Hill diversity profiles differentially
weightabundancesof ndi vi dual taxa, corresponding wi
A Hill diversity of order 0, for example, does not weight OTU abundances and is

equivalent to species richreeA Hill diversity of order infinity weights abundances so



heavily that only the most abundant OTU is considered. Between these two extremes,
Hill diversities of orders 1 and 2 are easily related to alpha diversity metrics commonly
used by other researalea Hill diversity of order 1 is equivalent to the exponential
Shannon index and a Hill diversity of order 2 is equivalent to the inverse Simpson metric.
A key finding of this dissertation is that different environmental factors affect the OTU
abundancelistribution in distinct ways. Some factors affect diversities of all orders, some
affect only richness, some affect only diversities of order infinity, and so on. The results
of this dissertatiomay help classifyhese environmental factors based onvthg that

they affect OTU abundance distributions in marine syst&ssnore researchers

investigate how environmental factors affect OTU abundance distributions, shifts in these
distributionsmay be explicitly linked to the specific ways environmentaldecshape
bacterial networks. For example, a loss in order O diversity when all other orders are
unaffected might often correspond with an environmental factor selecting against a
highly diverse taxon consisting of many lakundance OTUs. A decrease ifinite

order diversity when all other orders are unaffected may correspond with an
environmental factor that selects against an abundant OTU that weakly interacts with
other species. Finally, a decrease in all orders of diversity might suggest seleaiish ag

an abundant keystone Ahubo species or an

Challenges and approaches to describing betweaample differences (i.e. beta
diversity)
As with measuring differences in the OTU abundance distribution of bacterial

communites, abundance weighting affects conclusions about the differences in

composition between bacterial communities. This dissertation uses both presence



absence metrics (e.g. Sgrensen or unweighted UniFrac), and abungsgitied metrics
(e.g. BrayCurtis orweighted UniFrac) to explore differences in composition between
samples. As with the alpha diversity metrics, patterns sometimes differ between the
abundanceaveighted and presen@dsence metrics, highlighting the importance of using
both approaches. Thiw/o-pronged approach can give a more balanced picture of what
forces shape ecological communit{@ésderson et al., 2011)

Calculations of beta diversity generate pairwise distances between bacterial communities;
however, these values offer little interpretative value on their own, due to the high
dimensionality of community matrices. In order isualize these beta diversity matrices,
it is common to use an ordination technique to reduce the dimensionality of the distance
matrix and visualize the dissimilarities in two dimensighg€ommon technique used
among microbial ecologists is Principal Gdimates Analysis (PCoAJhis ordination
technique generates a set of orthogonal axes that explain the variability in the
dissimilarity matrix. An extension of this technique is Constrained Analysis of Principal
Coordinates (CAP) ordination, whereby a nedancy analysis is performed on the output
of PCoA(Legendre and Anderson, 199%his leads to an ordination whose axes
correspond with the variation explained by the constraining variable. When clustering
patterns differ between preseralesence and abundaneeighted metrics, inferences

can be made albibbeta diversity patterns that would not be possible when using only
one. Tight clustering when using a preseabsence metric but not an abundance
weighted metric suggests that only low abundance taxa differ between communities.
Tight clustering when uisg an abundane@eighted metric, but not when using a

presenceabsence metric, suggests that high abundance taxa differ between communities,



but low abundance taxa are shared. These allow for a nuanced understanding of bacterial

beta diversity.

Bacteria associated with cnidarian holobionts

Bacteriahave long been understood to play important ecological roles in marine and
seawater environments. The term holobiont, which refers to an assemblage of species that
forms an ecological unit, has been a partidylaseful model to understand the
relationship between corals and their symbiotic algae, bacteria, and \{Blasiset al.,
2016;VegaThurber et al., 2009PDescribing the core microbiome of a cnidarian
holobiont @n provide insights into its health. A stable core microbiome may indicate a
high degree of host selection, corresponding with a healthy a(@nattoli et al., 2018)

A few bacterial taxa are often observed in coral microbiomes, and some have been
associted with coral disease. The gentibrio, for example, is common in diseased
corals(Munn, 2015) Bacteria in the genu8oseobadr are often found in healthy coral
holobionts, leading some to hypothesize that these bacteria have a protective effect
(Peixdo et al., 2017)Alpha diversity of holobiont bacterial communities has previously
been hypothesized as a potential indicator of health; in sasesthe richness of the
coral microbiome increases under stress, and this is thought to be dosd@ahost
controlover microbiome compositiofMcDevitt-Irwin et al., 2017)

Thefirst chapter of this dissertation describes the microbiome associated with
Anthopleura elegantissima,temperate intertidal sea anemone that $ssgmbioses with
both the brown algéymbiodiniunand the green alg&lliptochloris marina This
symbiotic anemon& distributed from Baja California, Mexico, to Alaska, United States.

Across most of its rangd,. elegantissimaostsSymbiodiniumbut in cold, lowlight
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conditions, it occasionally hosEs marina.Therelationship between cnidarian

microbiomes and their symbioses walmbiodiniunhave long been known to be

important and shifts in microbial community structure have been linked to thkhhef

the coral holobiont. In most cases, the stability of holobionts in response to heat stress is
poo just a few degrees can lead to dysbiosis and the expulsion of algal symbionts
(Brown, 1997) The symbiosis betweeh elegantissimandSynbiodiniumis

comparatively stable; it endures douligit swings in temperature daily between tides
(Bingham et al., 2011Chapter 2 of this dissertation examines the bacterial component

of this notablydurable holobiont.

Diversity of bacterial communities in marine built environments

The chemical composition of seawater surrounding cnidarian holobionts influences their
microbiomegqZiegler et al., 2016)Therefore, the effects of different wateratments on
the composition of seawater bacterial communities are crucial to consider when
designing experiments involving marine holobionts. However, few studies have
described the microbiomes of marine built environments like aquaria and aquaculture
facilities. The Shedd Aquarium recently began a collaboration with Argonne National
Laboratories to document the microbiome of their artificial seawater facilities, and the
Georgia Aquarium has conducted a study on tBegan Voyagartificial seawater

exhbit, but these are the only aquarium microbiome projects to(Blaten et al., 2018;
Van Bonn et al., 2015 Chapter 3 of this dissertation examines the microbiome of the
Hatfield Marine Science Center (HMSC) agum, and it is the first study to describe the
microbiome associated with an aquarium operating on atfoaugh system where

natural seawater is pumped, minimally treated, and used only once. Better understanding
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how seawater treatment systems shapéebal communities is essential to provide
considerations for researchers wishing to use these facilities in experiments. Chapter 4 of
this dissertation seeks to explain why some water treatment approaches are more
effective at suppressing blooms of oppaistic pathogens than othensaquaculture

systemslt uses bioreactors as models of recirculating aquaculture systems (RAS) and
flow-through systems (FTSyhese two chapters address a substantial gap in the

literature, providing information useful foesearchers to design experiments and

engineers to design aguaria and aquaculture facilities.

Conclusion

Taken as a whole, this dissertation elucidates relationships betweede\aghacterial

taxa and their marine environment$ie guiding research questions have the potential for
nearfuture applications concerning health diagnoses of holobiontdesign of
aquaculture and aguarium water treatment systéhs dissertation is characterized by
close attention to trends in alphad beta diversity of bacterial communities by the use of
both abundance/eighted and presen@abdsence metrics. It explores both spatial and
temporal scales to refine our understanding of what factors influence distributions of

bacterial taxa.
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Chapter 2: Microbiome variation in an intertidal sea anemone across latitudes and
symbiotic states

Abstract

Many cnidarians form symbiotic relationships with brown dinoflagellate algae in the
genusSymbiodiniumBacteria are important to this symbiosis, with diverse functions

such as providing nutrients to the symbiont and pathogen protection to the cnidarian.
Disrupted bacterial communities are associated with thermally stressed cnidarians, which
have a higher likelihood of expelling their symbionts, an event called bleaching. To better
understand the association between thermal tolerance and bacterial constnucitye,

we studied communities associated with an exceptionally thermal tolerant cnidarian,
Anthopleura elegantissimd&his intertidal symbiotic sea anemone is distributed from the
subtropical waters of Baja California to subarctic Alaska, and expeseataily

temperature fluctuations of up to 20°C. It is also flexible in its symbioses, predominantly
hostingSymbiodiniumbut occasionally hosting the green algdigtochloris marinaor

existing without symbionts in an aposymbiotic state. We usedRBE3 gene amplicon
sequencing to characterize the natural variation of microbial communities associated with
Anthopleura elegantissima these three symbiotic states and across a latitudinal

gradient. In this study, we identified a core microbiome, madaegiominantly of low
abundance taxa. We found that the communities associated vatbgantissimavere

weakly linked to latitudeAlpha dversity analyses revealed significantly higher richness
values forbacterialcommunities associated with anemonestimgE. marina Lastly the
microbiomes associated witanemones idifferent symbiotic states were

compositionally distinct. Taken together, our results suggest that the strudhaetarial
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communities associated with these temperate cnidarian$itly tigked to symbiotic

state and weakly linked to other biogeographic phenomena.

Introduction

Many midaria in clas®\nthozoaincluding corals and sea anemones, form
mutualistic relationships witendosymbiotidorown dinoflagellate algae in the genus
SymbiodiniumBacterial symbionts facilitate this relationship, providing metabolic and
protective functions such as supplying nitrogen to the brown dinoflagellatesaigae
inhibiting growth of pathogens on cnidans(Lema et al., 201,2Rypien et al., 2010)
The community of a cnidarian, its algal endosymbionts, and all associated microbiota is
often modeled as an ecological unit called a holo(ileohwer et al., 2002)
Destabilization or stress on one holobiont component can propagate through the
community and cause the system tbaggse. Thermal stress, for example, can diminish
the protective functions of commensal and symbiotic bacteria of scleractinian corals,
allowing opportunistic pathogenic bacteria sucWémsio shiloito bloom(Frydenborg et
al., 2014) However, destabilized bacterial communities do not always pretealehing,
and bleaching is not always caused by pathogens; in some cases, thermal stress can
directly lead to bleaching, with destabilized bacterial communities following the
bleaching evenfAinsworth and HoegiGuldberg, 2009)Somecnidarians, such as the
intertidal sea anemomnthopleura elegantissimaxperience extreme thermal variation
in their natural habitat with no adverse effects to their symbiosis with the brown algal
Symbiodiniun{Bingham et al., 2011A. elegantissimalso occasioally hostsagreen
algal symbiontElliptochloris marira, but this symbiosis is highly susceptible to

bleaching(Dimond et al., 2013)Observing the microbiota associated with
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elegantissiman these different symbiotic statesynprovide clues into the relationship
between stability of bacterial communities and stability of cnidaaigal symbioses.

A. elegantissima& a symbiotic intertidal sea anemone distributed from
subtropical Baja California to subarctic Alaskaexhibits broad thermal tolerance,
experiencing fluctuations of up to 20°C within minutes without obvious signs of stress
(Bingham et al., 2011}t is uniquely flexible in its symbioses compared to other
cnidarians, and can host the brown al§gmbiodiniumthe greenlgaeE. maring or no
symbionts at all in an aposymbiotic state. Irradiance conditions and temperature are the
main predictors of symbiotic state: generafly elegantissima found in either the
brown symbiotic state (hostirfgymbiodiniupwhen in theight or in the aposymbiotic
state in the dariBates et al., 2010Anemones in the green symbiotic state (hosting
E.marina), on the other hand, are found in the more restrictive ecological range-of low
temperature and lolut-nonzero irradiance conditions, making up <1% of anemones as
far north as Vancouver, British Columi{Bates et al., 20)0A. elegantissimaan also
be found hosting both symbionts, particularly in the Salish Sea, wherfaeiast slopes
allow for a gradient of irradiancéBimond et al., 2011)The paucity of anemones in the
green symbiotic state is concordant with experimental evidence thgriethe algae are
less beneficial té\. elegantissimabrown algal symbionts are estimated to contribute
about five times as much carbon to their hosts compared to green algal syrf\somés
and McCloskey, 1996FurthermoreA. elegantissimawhich are facultative sexual
reproducing animals, exhibit higher rates of sgxeproduction in the green symbiotic
state and higher rates of asexual reproduction in the brown symbioti¢(Bitatham et

al., 2014) This is in agreement with the common observation that in facultative sexual
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organisms, sexual reproduction is usually associated with poor condiRansand
Hadany, 2016)

The robustness &. elegantissim@a symbiosis withthe brown algal
Symbiodiniumas well as its flexibility to st in different symbiotic states, makean
ideal model tanvestigatehigh-level patterns of hostymbiontmicrobiomeassociatioa
In this studywe used 16S amplicon sequencing to characterizenigr@bial
communities associated with elegantissimacross a latitudinal gradient and in
different symbiotic state®©ur goals were to a) evaludtew hostassociated nerobial
communities vary across a largeale temperature and irradiance gradient (i.e. latitude)
and b) comparghe microbiane of A. ele@ntissimain three ofits symbiotic states
(brown, green, and aposymbiotio)assess the degree to which microbial communities

associate with symbiotic states.

Materials and Methods

Sample collections anateparation

We collected119anemone$rom eightsitesrangingfrom CapeMendocino,California,
to Pointof Arches,WashingtonJUSA during AugustandSeptembe2014(Figurel). We
begancollectionsapproximatelyonehourbeforelow tide. To accountfor possibleeffects
of factorsassociatedvith tide (e.g.temperatureexposurdime, substrate)we collected
equalnumbersof sampledrom eachbiologicalintertidalzone(low, middle, high). The
low zonewasdefinedby presencef featherboakelp, the middlezoneby mussebeds,
andthe high zoneby barnaclegPaine, 1974).For questiononcerningsymbioticstate,
we collectedfifteen anemonefom the middletidal zoneat Boiler Bay, OR, USA, in fall

2014:five brown, five greenandfive aposymbiotic Symbionttyping wasperformedoy
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carefulvisualinspectionin the laboratory.We collectedanemonesisingforcepsand
sterilenitrile gloves.A freshpair of gloveswasusedfor eachsample andforcepswere
cleanedusing70% ethanolbetweersamplesFor storagewe placedsamplesn Whirl-

pak®samplingbags(Nasco),andfrozethesamplesondry ice in thefield.

DNA Isolation, 16S PCRynd Sequencing

Samplesverestoredat-80 C prior to DNA extradionsfor 16SPCR.Wholeanemones
werehomogenizedisingmortarandpestle DNA wasisolatedfrom the homogenate
usingPowerSoilDNA Extractionkits (MOBIO, CarlsbadCA, USA). We sequenced
threekit blanksandtwo PCRnegativeblanksto assessontaminaton introducedduring
this step.TheV4 regionof the 16 SrRNA genewasamplifiedusing515~806Rprimers
modifiedfor lllumina indexing(Kozich etal., 2013)andAccuStartll PCRToughMix
(GaithersburgMD, USA). PCRwasperformedin triplicate with the following program:
1 x 2 minutesat95 C, 30x (20 secondsat 95 C, 15 secondsat50 C, 5 minutesat72 C),
1 x 10 minutesat72 C. We includedtwo PCRnegativego assessontamination
introducedduringthis step.Samplesverepooled, quantifiedusinggPCR,and
normalizedbeforesequencinghe MiSeqplatform(lllumina, SanDiego,CA, USA) using

thesingleend150bp chemistry.

16S Amplicon Pré’rocessing

After demultiplexingandinitial qualityfiltering (Q>20)usingthe Quantitativelnsightsin
Microbial Ecology(QIIME) (versionl1.9) pipelinesplit_libraries_fastq.pyCaporaset
al., 2010) sequencewereclusterednto de novooperationataxonomicunits (OTUS)

usingSwarm(Mahéetal., 2014) SingletonOTUswerediscardedo minimizefalse
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OTUs(Aueretal.,2017) Chimericsequenceeemovedusinguchime(Edgar2011,
v4.2.40)againsthe Silva gold chimerareferencgQuastetal., 2012) Taxonomywas
assignedisingBLAST (Altschuletal., 1990)with ane-valuecutoff of 0.001againsthe
Greengene$3.8referencethe defaultdatabasdor QIIME. OTUsidentifiedas
chloroplastsaandmitochondriawereremovedfrom the OTU table.Additionally, OTUs
wereidentified ascontaminant&ndremovedf their relativeabundancewereabovel%
in thekit blanksor PCRnegativesWe chosethesethresholdgo avoidremovingOTUs
thatmightappeaiin thekit blanksor PCRnegativedueto Illumina samplebleedingor

crosscontaminatiorfrom samples.

Core microbiome of A. elegantissima

Commonlyusedtaxonomicclassifiersanddatabasesftendiffer at lower taxonomic
ranks(Bokulichetal. 2018) sothe Orderlevelwaschoserastheunit for coretaxa
analysessoour resultscouldbe comparedo studiesusingdifferent classifiersand
databaseBecausehetermfi ¢ o is motwell defined(ShadeandHandelsman2012)
threeseparateoretaxasetswereidentifiedusing95%, 75%,and50% prevalence
cutoffs. Quantilesof therelativeabundancesf theseorderswerealsoincludedto relate

theabundancesf thesetaxato their prevalencéAppendixtable?2).

Alphadiversitymetrics

To accountfor randombiasesassociatedvith rarefactionOTU tableswererarefied10
timesandtheChaolmetric,F a i PHylégenetiDiversity,andShannorindexwere
calculatedor eachrarefiedtable.Meanvalueswereusedfor statisticaltestsandplots.

The1ll4sampleOTU tablefor latitudeanalysesvasrarefiedto adepthof 5,000.The 15
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sampleOTU tablefor symbiosisanalysesvasrarefiedto aminimumdepthof 2,632s0
thatall sampescouldbeincludedin theanalysis We conductedruskatWallis teststo
assesslifferencesn alphadiversityamonggroupsandMannWhitneyU teststo assess

differenceshetweergroups.

Beta diversity

For betadiversityanalyseswe conductec¢permutatonalmultivariateanalyseof variance
(PERMANOVA) testsusingthe R functionvegan::adonigOksaneretal., 2018)to
identify associationbetweensymbioticstateor latitudeandBray-Curtisdissimilarities.
ConstrainedAnalysisof PrincipalCoordinategCAP) wasperformedusingtheR
functionvegan::capscalm testfor linearrelationshipdbetweerexplanatorywariablesand
betadiversitymetrics. In CAP, adistancematrix is ordinatedusingPrincipalCoordinates
Analysis(PCoA),andtheresultingcoordinatesretestedfor linearassociationsvith
variablesof interest(e.g.latitudeor symbioticstate)usingredundancynalysisan
extensiorof multiple linearregressiorfOksaneretal., 2018) Theresultsof redundancy
analysiscanthenbeusedto constrainthe PCoA ordination,resuling in anordination

with axesconstrainedo only explainvarianceexplainedby the variableof interest.

To testfor correlationsbetweerbetadiversity andlatitude,we conductedVianteltests
usingtheR functionvegan::manteWe conductedhe testfor Bray-Curtis, Jaccard,

WeightedUniFrac,andUnweightedUniFracmetrics.

Taxonomidifferences between symbiotic states

To identify taxa associated with symbiotic states,corducted indicator taxon analyses

on OTU tables rarefied to minimum depth and agglomerated at the phylum, class, and
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order ranks using the indicspecies::multipatt function (DR Caceres and Legendre,

2009) We used the IndVal.g metric, which considers differential abundance as well as
presence/absence information to detect associations between taxa and combinations of
sample groupéDufréne and Legendre, 1993e Céaceres et al., 201®rior to this

analysis, we filtered OTUs with mean relative abundances beldwriDpresent in

fewer than two samples to reduce noise from OTUs neattdtection limit and increase

the power of the analysis. Taxa associated with symbiotic state with an-WBIReg<
0.2were recorded along with the indicator valpajalue, and FDR yalue @ppendix

table3). We plotted the log10 relative abundances as well as prevalences of the orders

identified as indicators of symbiotic statedure4).

Results

Pre-processing

The processkdatacontained?,456,818eads associated wifl8,7090TUs and haé
median sample depth of 11,38%ds We split this table into two stiables for analyses
concerning latitude and symbiotic state. Talele for analyses concerning latitude

contained 114 samples with a median sample depth of 182246 The table for

analyses concerning symbiotic state contained 15 samples with a median sample depth of

6,986reads Metadata, including site, latitudegjmsbiotic state, sequencing depth, and
alpha diversity metrics for each sample, can be foudgppendix tablel. We removed

12 OTUs, visualized id\ppendix Figurel. These OTUs were all taxonomically assigned
to genera previously identified as common kit contamin&@ypkingomonas,
Janthinobacterium, Burkholderia, Variovorax, Herpa#lum, Methylobacterium,

Aeromicrobium, Pseudomonas, PhyllobacteriamdBacillus (Salter et al., 2014)Two
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OTUs we removed were unassigned at the genus level, but belonged to families

ComamonadaceandEnterobacteriaceae.

The core microbiome of A. elegantissima intih@wvnsymbiotic state consists mostly of
orders typically associated with coastal seawater

To identify microbiota that stably associate withelegantissimacross the sampled
geographic range, we identified core orders at 50%, 75%, and 95% prevalence thresholds
(Appendix table?). Flavobacteriales, Rhodobacterales, Rifialesand

Alteromonadalesprders commonly associated with coastal seawater, had the highest
median relative abundances of the core orders with relative abundances of 14%, 9%, 4%,
and 4% respectivelAll of the orders with prevalence > 95% (Table 1)evareviously

found to associate with symbiotic cnidarians and/or sea@tasl et al., 2016;

McDeuvitt-Irwin et al., 2017; Pootakham et al., 2017)

Microbial communities associated with green anemones have higher richness, but not
evenness

We analyzed alpha diversit ynilndeximetigcs Chaol,
(Figure2A-C). Chaol, an estimator of the total number of OTUs, had significantly higher
median values in communities associated with green anemomgsuad to the pool of

brown and aposymbiotic anemones (Mafthitney U, p = 0.003). This result is
concordant with patt er nsWhineylnp =0039F which h 6 s
demonstrates that this increase in richness is not simply due to seaqeef a few
hyperdiverse species or genera. Median Shannon Index values did not differ

significantly among the symbiont types (Krusk@hllis, p = 0.147), but tended to have

P
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higher values in symbiotic anemones compared to aposymbiotic anemones (Mann
Whitney U, p=0.055).

A rarefaction analysis of the samples aggregated by symbiotic state provides further
evidence that communities associated with green anemones have higher richness than
brown and aposymbiotic anemon&ggure2D). At a rarefaction depth of 10,000, the
agglomerated greemssociated communities contained 1,164 observed OTUs, brown
associated communities contained 840 OTUs, and aposymassiiciated gamunities

had 633 OTUs.

Symbiotic state is associated with microbial community structure

We used four beta diversity metriaad Constrained Analysis of Principal Coordinates

on rarefied OTU tables to investigate the differences in community structure attributed to
symbiotic stateRigure3A-D). These metrics, which differ in their weighdi of

abundance and phylogenetic information, were all significantly linked to symbiotic state.
Clustering of BrayCurtis values, which are abundangeighted, suggest that abundant
species differ among the symbiotic states (PERMANOVA, p = 0.025).R96)

Clustering of Weighted UniFrac, which also takes into account phylogenetic information,
further confirms this observation, while also suggesting that differences in eftetsyd
OTUs do not account for the observed differences (PERMANOVA, p = 0.025,
R?=0.262).

We observed differences in Jaccard distances (calculated from presence/absence data),
which suggests that OTU incidences, not just abundances, differ among the symbiotic
states (PERMANOVA, p = 0.019,°R0.172). Differences in Unweighted UniFrealues

(PERMANOVA, p = 0.001, 0.241), a phylogenetically informed metric also calculated
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from presence/absence data, further supports this observation and suggests that these
differences in frequencies are not driven by closelgted OTUs.

In summary, Bnilar observations between abundamesighted and presence/absence
metrics suggest that the differences among these communities cannot be explained
entirely by high or low-abundance OTUs. Furthermore, the similarities in results from
phylogenetically inbrmed and phylogenetically uninformed metrics suggest that these
observations are not skewed by the presence of {uiperse species or genera, which

tend to inflate incidenebased metrics.

Symbiotic states are associated with indicator taxa

Indicator t&on analysis identifiethixa associated with symbiotic stéfg@pendix table

3). We plotted the relative abundances and prevalence of the five orders identified as
indicators to visualize patterns in the distributions of these orBaysré4A-E).

The orderLegionellalesvas identified as an indicator of the brown symbiotic ffaizR
g-value = 0.076). This order was detected in communities associated with all symbiotic
states, but had higher prevalence and relative abundances in the brown symbiotic state.
This order was dominated by an OTU taxonomically assigned tdehalobacte
yamunensis.

OrdersRhodocyclales, Spirochaetes)dFS11723B-02 were identified as indicators of
the ANot greenodo symbiotic state (i.e. asso
(FDR ¢values = 0.193, 0.076, and 0.076 respectiv&ipdocyclalesvaspresent in

every sample included in the analysis, but had lower relative abundances in green
associated communitieSpirochaetale®iad 100% prevalence in browand

aposymbiotie associated communities, but was only present in one -giesatiated
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community. The ordeFS11723B-02, in the clas®ehalococcoidesyas present in 90%

of aposymbiotie or brown associated communities, but not detected in any of the-green
associated communities.

The orderThiohalorhabdalesvas identified as an indicator ofrebiosis (i.e. associated
with brown or greerassociated communities) (FDRvglue = 0.076).
Thiohalorhabdalesiad both lower prevalence and abundances in aposymbiotic

associated communities than in symbiotic communities.

Alpha diversity of A. elegantissa-associated communities is not linked to latitude

We did not detect an association between |
Phylogenetic Diversityaluesusing a KruskalWallis test or Spearman correlation

(Figure5A-C). A rarefaction analysis of the samples aggregated by site similarly did not
reveal any trends between latitude and number of observed @idusg5D). A median

of 3148 OTUs were observed per site.

Latitude is weakly linked to beta diversity

We used four beta diversity metrics for CAP ordinations and Mantel tests (Materials and
Methods) to evaluatednds in beta diversity over a latitudinal gradient. As with analyses
concerning symbiotic state, results were robust to metric choice, so onNCBray

results are reported in our CAP analydeg\re6). This ordination was only ceirained

by site, sdooth CAPaxesdescribe variatioexplained bysite. Tidal zone was found to

have a small but significant association with Bayrtis dissimilarities (PERMANOVA,

p = 0.026, R=0.025). We analyzed latitude both as a quantitative and categorical variable

to evaluate linear relationships between latitudeBnag-Curtis dissimilarities as well as
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potential nodinear differences among sites. When treated as a quantitative variable,
latitude wadound to be very weakly linked Bray-Curtis dissimilarities

(PERMANOVA, p = 0.001, R=0.022. As a qualitative fator, latitude explained more
variance in BrayCurtis dissimilarities, suggesting that the relationship between site
location and beta diversity is not linear (PERMANOVA, p =0.00%5 B.126).

Finally, we conducted Mantel tests to test for correlati@taéen geographic distances
and beta diversity distances. We found significant positive correlations for@@ndig
(r=0.10, p=0.01), Jaccard (r=0.10, p=0.01), and Unweighted UniFrac (r=0.16, p=0.001)
distances. Weighted UniFrac distances did not coael@h geographic distances

(r=0.03, p=0.23).

Taxonomiccompositions relatively stable across latitudes

We also examined the relationship between abundant phyla (defined as >1% abundance)
and latitude Figure7). Proteobacterisand Bacteroidetesvere the dominant phyla,

making up 56% and 25% of anemesmsociated microbiomes respectively. We did not
detect any relationship between abundances of these phyla ardklé8pearman, FDR
g-value > 0.2). Of the less abundant phyla, 3 correlated with latifiehesricutes

(Spearman rho = 0.39, FDRwalue =0.002)Acidobacteria(Spearman rho = 0.31, FDR
g-value = 0.005)andFirmicutes(Spearman rho = 0.22, FDRvalue = 0086).

Spearman correlation analyses were then used to test for monotonically increasing or
decreasing abundances of orders present in at least 50% of samples across the sampled
range. We identified eleven orders with a significant monotonic relationship witldéat

(FDR gvalue < 0.2). We plotted the relative abundances and prevalences of the four

orders with the highest relative abundances because correlations from low abundance and



25

sparse features are more likely to be spuriéigufe8). Mycoplasmatale§-DR ¢value

= 2.7 x 104, rho = 0.39) exhibited a positive trend in both prevalence and relative
abundance.egionellaleFDR ¢value = 9.6x16, rho = 0.31)displayed a unimodal
distribution in both prevalence and relative abundances, peaking att4@@parallels.
Abundancs of Alteromonadale$FDR ¢tvalue= 4.9x16, rho =-0.48) did not display a
clear visual trend despite having the strongest relationship with latitude of the orders
included in this analysis. OrdBacillales(FDR ¢value = 1.2 x 10, rho = 0.22had

lower prevalence in lower latitudes, but differences in abundances were not visually

apparent.

Discussion

Indicator taxon analyses reveal relationships between specific taxa and symbiotic state
We identified taxa associated with different symbiotic states.ofdherLegionellales,
dominated by an OTU assigned to the gadabulobacteryas found to be associated

with the brown symbiotic state. Bacteria in the gelNabulobacteare typically

symbionts of ciliate¢Boscaro et al., 2012This OTU also significantly correlated with
latitude, appearing to exhibit a unimodal distribution across latitudes, with abundances
and prevalence peaking between thé abd 47" parallels.

SpirochaetalesRhodocyclalesand an order in clad3ehalococcoide$FS11723b-02)

were negatively associated with the green symbiotic state. Communities associated with
the green symbiotic state displayed higher richness and comparable evenness to the other
states, s@n average, taxa are expected have lower relative abundances due to the
compositional nature of rarefied d4¢fackson, 1997)With this this caveathe complete

absence of the order Pehalococcoides greerassociated communities is striking,
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given that this order is present in abundances of almost 10% in some laravn
aposymbiotie associated communities. The absence of this order in-gsesariated
communities may well be symbierglated, but without an observation in a controlled
setting, this possibility is difficult to evaluate.

The orderThiohalorhabdalesvas found to be an indicator of symbiosis (i.e. associated
with the brown or greenymbiotic state). This order is made up of obligate sulfur
oxidizing bacteria, and has been found in high abundances on temperatéSimgiset
al., 2017) Additionally, sulfur cyclig has been previously identified as a discriminator

between bacterial communities associated with symbiotic and aposymbiotic sea

The microbiome of A. elegantissima is stable across a latitudinal gradient of >1000km

The most abundant orders in the core microbiom&. efegarissima Flavobacterales,
RhodobacteralefRhizobialesand Alteromonadales are commonly found in coastal
surrounding the sea anemones influences the congosittheir microbiomes.

We did not find any strong relationships between latitude and alpha diversity of
communities associated with elegantissimaVhile richness is linked to latitude at a
global scaldLadau et al., 2013no trend was found between richness and latitude in
microbial communities of intertidal sand in Califorfgoehm et al., 20140ur beta

diversity analyses reveal an association between beta diversity and latitude. Haveever
observe that this association is very weak, suggesting thasitdgrtactors, such as wave
action, may play an important role in shaping the microbial communities associated with

these anemones. We did not find a significant relationship betweeh&@iUniFrac
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distances and geographic distances; this suggests a microbiome whose most abundant
members do not vary with latitude. A significant correlation between Unweighted
UniFrac distances and geographic distances suggestsablovdance componentt o

these microbiomes that does vary with latitude. Among the orders with abundances that
significantly correlate with latitude, we did not observe clear monotonic trends, so we
suspect that differences between sites are better explained by local ecalogitabns.
Indeed, habitat and substrate have previously been found to correlate with bacterial
community structure in symbiotic corgRoder et al., 2015)Vhile we found a weak
relationship between latitude and community structure, it may be fruitful to examine
effects of labitat, land use and wave conditions on anerams®ciated communities in
future efforts; latitude, land use classification, wave conditions have previously been
found to influence intertidal sand communities in Califo@aehm et al., 2014)

Finally, developmental stage has recentlgrbéound to be tightly coupled to microbial
community structure in a symbiotic sea anem@htertzfeld et al., 2016)so this factor

should be considered in future studies.

Elliptochloris-associated communities exhibit higher richness values

We found a significant association between symbiotic state and richness measures of
anemoneassociated microbial communities. Communities associated with anemones in

the green symbiotic state had higher richness values than anemones in the brown or
aposymimtic states. We hypothesize that this is corresponding to a stressed state, because
higher richness often associates with stress in-@@sciated communities; this is

thought to be due to a diminishing of microbiome regulation when hosts are stressed

(McDeuvitt-Irwin et al., 2017) This is further supported when previous observations that
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anemones in the green symbiotic state favor sexual reproduction over asexual
reproduction typical of the brown symbiotic stéBengham et al., 2014are considered
alongside the strong correlation between stressexdal reproduction in facultative
sexual organism@am and Hadany, 2016jinally, Anthopleua elegantissimanly

stably associate witklliptochlorisin a narrow range of temperatures and irradiances,
suggesting that the symbiosis wiHiptochlorisis less favorabléBates et al., 2010)

We found a robust assiation between symbiotic state and beta diversity with anemones
in the green, brown, and aposymbiotic states having distinct community compaositions.
We proposehat symbiont presence and type has a minor role in the select#on of
elegantissimaassociged microbial communities or that microbial communities have a
role in selection of algal symbiontdowever, because we collected the samples from
natural populations, we must consider the possibility that unexplored environmental
factors are responsibfer the differences in community composition that we observed.
Furthermore, due to a relatively few number of samples collected in each symbiotic state

(n=5), these results must be interpreted with caution.

Conclusion

We identified a core microbiome #&f elegantissimacross a >100Rilometer range.

Beta diversity analyses reveal differences in the structure of bacterial communities across
this range, but these differences may be better explained by betitedéarctors other

than latitude. We detected asgtions between symbiotic state and the structure of
microbial communities associated wih elegantissimaDespite the significance of these
associations, it is difficult to rule out confounding effects of habitat differences among

the anemones in thesymbiotic states. We suggest that a common garden experiment
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whereby anemones in different symbiotic states acclimate to identical conditions, then are
bleached, would provide more certainty that the observed differences can be attributed to

symbiotic sate, and could be more readily compared to existing literature on cnidarian

bleaching.
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Tablel. Orderscoreto the microbiomeA. elegantissimat over95% prevalence.

Phylum Class Order Median relative
abundance
Bacteroidetes Flavobacteriia Flavobacteriales 0.1409
Proteobacteria | Alphaproteobacteria | Rhodobacterales 0.0862
Proteobacteria Alphaproteobacteria | Rhizobiales 0.0435
Proteobacteria Gammaproteobacteria| Alteromonadales 0.0432
Proteobacteria Gammaproteobacteria| Thiotrichales 0.027
Bacteroidetes [Saprospirae] [Saprospirales] 0.0251
Proteobacteria Betaproteobacteria Burkholderiales 0.0195
Proteobacteria Gammaproteobacteria| Vibrionales 0.0154
Proteobacteria | Alphaproteobacteria | Sphingomonadales 0.0173
Actinobacteria Acidimicrobiia Acidimicrobiales 0.0166
Verrucomicrobia | Verrucomicrobiae Verrucomicrobiales 0.017
Proteobacteria Gammaproteobacteria| Pseudomonadales 0.0084
Actinobacteria Actinobacteria Actinomycetales 0.008
Proteobacteria Betaproteobacteria Rhodocyclales 0.0029
Proteobacteria Gammaproteobacteria| Xanthomonadales 0.0022
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Chapter 3: Snapshot of a coastal aquariun
bacterial diversity within and between tanks and water treatments

Abstract

Bacteria are abundant in aquaria that operate on botktHieumgh and recirculating

systems, and when properly managed, can provide beneficial functions to display
organisms. However, whenismanaged, blooms of opportunistic pathogens can be
harmful and costly. Despite the importance of bacteria to the functioning of seawater
aguaria, little is known about the bacterial composition of these marine built environment
microbiomes. This study asrto describe the composition and structure of seawater and
biofilm bacterial communities inhabiting the water treatment facilities and visitor center
tanks at the Hatfield Marine Science Center (HMSC) in Newport, Oréfyuted States

It follows raw seawter through the treatment process used to supply the visitor center
aquarium: from the Yaquina Bay estuary, after settling out particles in a reservoir, and
after rapid sand filtration. We identify substantial changes in community structete d
settling, but surprisingly find that rapid sand filtration minimally affects the composition

of bacterial communities. We also examine the effects of recirculation and heating on the
seawater and biofilm bacteria composition of a few tanks in the aquarium. d\tadin
recirculation and heating both select for a small subset of bactenee of which were

not detectedh the Yaquina Bay estuary. Finally, we describe the dermal tissue
microbiomes of two sea stars found at the visitor ceBtemmasterias imbricat and

Pisaster ochraceud:.he findings of this study provide a higgvel microbiome map of a

coastal aquarium that predominantly operates on attoaugh system.

Introducti on
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Bacteria are abundant in marine environmentese marine bacteria perform ionfant
functions in global biogeochemical cyclifigolber, 2001) food webgAzam et al.,

1983) and animal healtfMcFall-Ngai et al, 2013;Reshef et al., 2006Bacteria play
similar rdes in saltwater aquaria and can be selected for desirable properties. For
example, aquarists have long harnessed the propertids@aomonasandNitrobacter

to metabolize toxic nitrogenous waste produced by(Bshrell et al., 2001)

Furthermore, some water treatment strategies select fgpatbogenic bacteria,

improving the health of anima{€abello, 2006)Despite the known importance of these
microbial comnanities in aquarium management, little is known about their composition
until recently, when the Shedd Aquarium Microbiome project began an effort to
investigate the composition and function of microbial communities in an artificial
seawater aquariufvan Bonn et al., 201%Kearns et al., 2017 his effort is an

Important start but has limited implications because many coastal aguaria do not use
artificial seawater; for example, the Monterey Bay Aquarium is equipped with a flow
through system that pumps miraity treated seawater through display tanks at a rate of
about 7,500 liters per minu€hristiansen and Davis, 2001)

Here we provide a first glimpse into the composition of seawater, tank biofilm, and
animalassociated bacterial communitiesa coastal aquarium that primarily relies on a
flow-through system. We explore the effects of water treatment and recirculation on the
composition of microbial communities. We also examine differences in microbial
composition between planktonic and biiwficommunities. To conduct a census of the
bacterial communities, we used universal 16S PCR primers combined with high

throughput sequencing. We aimed to conduct a broad, snapshot survey of these systems;
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while this study offers a glimpse into the bactec@mposition inhabiting these systems,
we emphasize that more research is needed to understand the dynamics and functions of

these bacterial communities.

Materials and Methods

Facilities

We conducted our study at the Hatfield Marine Science Center (HE@&Yium in

Newport, Oregon. The HMSC seawater system draws seawater from the surface of
Yaquina Bay estuary at a rate of 7,500 liters per minute. To maintain high salinity, water
is pumped only during the 90 minutes preceding and following high tideseHuweater

is pumped into a-Billion-liter reservoir and rests to settle out organic and inorganic
matter. From here, it passes through arBron sand filtration unit and is delivered to

the rest of the system. We monitored temperatures of the YaquynasBeary and

reservoir as well as salinity of Yaquina Bay for the duration of our collection.

Sample collection, DNA isolation, and 16S library preparation

In our survey, we collected water and biofilm samples from aquarium tanks and treatment
facilities at the Hatfield Marine Science Center (HMSC) aquarium over three consecutive
days in July 2017. Tank descriptions can be found in Table 1. We collected biofilms

using sterile swabs and stored them in sterile phosphate buffered saline solution. For
water sanples, we filtered one liter of seawater through gamma irradiateahiérdn

filters (Pall, USA) using a peristaltic pump. We ran one liter of deionized water through

the peristaltic tubing between water samples. Samples were kept on ice during the
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collecion and stored aBOC at the end of each day. We sequenced a total of six blanks:
three swabs and three filters.

We sent swab tips and filters to the Center for Genome Research and Biocomputing at
Oregon State University for DNA isolation and PCR. Theydteted automated DNA
isolation on the KingFisher Platform using MBghd® Stool DNA 96 ks (Omega

BioTek, USA). They prepared 16S amplicon libraries according to thet@pwPCR
protocol described by Illlumin@d6S Metagenomic Sequencihiprary Preparation,

2013) They used primers targeting the-V& region
(forward5TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
WGCAG3 6 ;

reverse: 35 TCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGT
ATCTAATCC3 &HRlindworth et al., 2013)

Libraries were sequenced usinyyl&seq v2 Nano 2x250 bp kit (lllumina, USA).

Sequence preprocessing

We used the DADA2 pipeline to infer amplicon sequence variants (ASVs) and assign
taxonomy(Callahan et al., 2016 Amplicon sequencing variants are exact tRNA
genesequence variasthat can be used in analyses similar to operational taxonomic
units but benefit from finer resolution and better reproducibility of analfakahan et

al., 2017) Starting with raw sequences, we trimmed 10 nucleotides on the left, and
truncated forward reads to a length of 245 bases and reverse reads to a length of 240
bases. We allowed a maximum estimatedrgmaxEE) per read of two in quality
filtering. We used one million forward and reverse reads to learn lllumina sequencing

error patterns, which were applied to correct errors in the ASV inference step of the
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DADAZ2 pipeline. We removed chimeras using tommand removeBimeraDenovo in
DADA2. We wutilized the Silva Projectods dat
taxonomic assignmei@uast et al., 2012) o build a phylogenetic tree of the ASVs, we

used the R package DECIPHBEWRTright, 2017). We used the R package decontam

(Davis et al., 201 7)o identify and filter probable contaminating sequences; if an ASV

was more prevalent in negative controls than in samples, we considered it to be a
contaninant and removed it from our dataset. We removed samples with fewer than 100

reads from the data prior to analysis.

Alpha diversity analyses

We conducted alpha diversity analyses using the R package ((@ksanen et al., 2018)
To characterize withisample (alpha) diversity, we calculated Hill diversities) (lsing

the equation:

O A

Wherepis the proportional abundanoétheith speciesSis the number of species
present, and is a scaling factor. Hill diversities have favorable properties for
characterizing alpha diversity. Notably, wheer 0, Ha = S(i.e. species richness). &s
increases, abundant speatesitribute more to the valuealdan also be easily related to
popular alpha diversity metrics; whan= 1, the limit of H is equivalent to the
exponential Shannon index. Wher 2, Ha is equivalent to the inverse Simpson index.
Finally, when a = infiniy, Ha is equal to the reciprocal of the abundance of the most

dominant ASV. We calculated Hill diversities on ASV tables randomly subsampled to a
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depth of 200@eads This led to underestimates of species richness (Hill diversities when

a=0), but eliminate biases due to library depth variance.

Beta diversity analyses

To analyze compositional differences between treatments, we first calculated pairwise
Bray-Curtis distances between samples. We then performed a permutational MANOVA
using the R function vegaadonis to evaluate the significance of treatments. We then

used indicator taxon analysis using the R function indicspecies::multipatt on the top 100
most abundant ASVs to identify ASVs associated with our variables of interest, with an
FDR cutoff of 0.1For biofilm-seawater comparisons, where there were only three

samples per treatment, we tested the top 50 ASVs and relaxed the FDR cutoff to 0.2. Due
to small sample sizes, we present the resukxploratoryrather than hypothestesting.

To further explore compositional differences, i#tered our data to only include ASVs

as indicators of treatments or treatment groups and plotted the relative abundances of

these ASVs to visualize the differences in abundances of these ASVs among samples.

Results

Pre-processing

After quality filtering and chimera filtering, our ASV table had a total of 823r&&ds

with a median sample depth of 8,2&&ds DADA?2 identified 25,010 unique ASVs, and
decontam identified 249 of these ASVs that had higher &egjas in the six kit blanks

than in the other samples. After removal of the contaminating ASVs, our ASV table had a
total of 702,70Teadswith a median sample depth of 5,9@&ds Samples had a mean

richnessof 306 observed ASVs, with a standard dewviathf 206.
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Settling in a reservoir alters bacterial community diversity and composition, but
subsequent sand filtration does not

We compared the bacterial community compositions of seawater samples collected from

four locations over the course ofthreggda: a) The seawater systen
(ADockodo), b) seawater af-gaedfitratoet t |l i ng i n th
(APre_sandfiltero), c) seawater after rapi

seawater collected from the pipe delivering wabemost of the Hatfield Marine Science
Center visitor center aquarium (AAquari um_
differences in richness values among these treatmiéigis€ 9A, KruskalWallis p =

0.19). We found Hill diversities of order Eigure9B) and order 2Kigure9C) to be

suggestively different (KruskawWallis p=0.09 and p=0.09), with water samples from the

estuary appearing to have higher diversity than seawater collected downstream. Finally,

we found Hilldiversities of order infinity to be significantly differergigure9D)

(KruskalWallis, p=0.02), with samples from the estuary having higher diversity than

those foud in the aquarium system.

We used Principal Coordinates Analysis to visualize beta diversities measured
using the BrayCurtis metric Figure10). Samples of raw seaveatcollected from the
Yaquina Bay estuary exhibited significantly different composition compared to samples
collected from within the seawater system (PERMANOVA, p = 0.01). Indicator taxon
analyses identified 24 ASVs that significantly predict a singleoanbination of
treatment steps (FDRwplue <0.1). 22 of these 24 ASVs were associated with the raw
seawater, further implicating settling as the most important step in shaping community
composition in this systenfrigure11A). The most abundant of these ASVs were

taxonomically assigned to the gen®lanktomarinaandCellulophaga One ASV in the
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genusSulfitobactemwas identified as an indicator of water within the B8 seawater
system Figurel11B), and one ASV unassigned at the genus level but assigned to family
Flavobacteriaceaevas identified as an indicator of both raw and aigma mainline

seawaterKigure11C).

Biofilms exhibit higher diversities and distinct composition compared to their
surrounding seawater

Because biofilms were collext from different surface types in different tankalgle?2),

we conducted analyses separately for each tank. Regardless of biofilm type (sea star
dermal tissue or tank surface), we observed greater diversity in biofilms compared to
seawater in the s@e tank. This was true for every tank and Hill diversities of all orders
(Figurel2).

Beta diversity analyses revealed that biofilms from different tanks exhibited les
dispersion than water samples in different tanks (betadisper, p = Biga)g13).

Interestingly, the median distance to the centroid of biofilm beta diversiishigher

than the corresponding value for seawater beta diversitmsedix figure2). In other

words, this analysis determined that biofilms were more loose$fered than the water
samples, despite substantial differences between recirculating, heated and flowthrough
seawater communities. It should be noted that this tight clustering of seawater samples is
likely driven by high similarity among flowthrough taKrhe seawater from these tanks
cannot be treated as independent, because they come from the same source, so this result
should be interpreted with caution. Indicator taxon analysis revealed ASVs associated
with biofilms in each tank except the coral hofgitank we plotted the abundances of

these ASVs colored by genUsidure14A-C). Eachbiofilm sample differed from its
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surrounding water in a different way. In thefiims collected from the surface of the
rockfish tank, we identified ASVs in eight genera that differed from the-ftoaugh
seawaterKigurel4A). In particular, AVs inRubritaleg Litorlinea, andNitrospirawere
abundant in tank biofilms, but were absent in seawater samples.

Biofilms collected from the dermal tissue@&rmasterias imbricataea stars also

differed from flowthrough seawateBdellovibrio, Sphingomonas, llumatobac#ard
Rubritaleawere all found to be indicators Bf. imbricatadermal tissueRigure14B). Of

the eight ASVs identified as indicators of dermal tissue, four were alphaproteobacteria
that not taxonomically classified past the level of class. Because these ASVs made up a
substantial abundance of the bacteria associatedDwithbricata dermal tissueKigure
14B), we queried the NCBI nucleotide repository using the ASV sequences of these
unclassified bacteria. The top three hits in the repgsimatching 95% of the four query
sequences, were bacteria associated with the sdagéaella spin New Zealand (NCBI
accession numbersJ393607.1FJ393578.1FJ393577.1L

Finally, samples collected from the dermal tissuPie&ster ochraceudiffered from the
recirculating seawater in their tank; we identified 12 gernfeigufe14C). ASVs assigned

to Stenotrophomonas$phingomongsandSalinispira,as well as an ASV in order
Spirochaetalegbut unclassified at the genus and family level), were the most abundant
indicators ofP. ochraceuslermal tissue compared to recirculating seawater. We queried
the NCBI nucleotide repository using thequence from the poorly classified
Spirochaetale@SV. The top hit of the query was an 88% match to a eassbciated

bacterium (NCBI accession numb&Q413925.1
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We next analyzed ASVs characteristic of seawater. In the rockfish and touch tank flow
through seawater, the most abundant ASVs associated with seawater were assigned to
generaAmylibacter(family Rhodobacteracega@andTenacibaculungfamily
Flavobacteriaceap(Figure15A-B). ASVs associated with cold recirculating seawater
were distinct from those associated with fltwough seawateF{gure15C). The most
abundant othese ASVs were in genePseudofulvibacter, Colwellighestuariibacter,

and one unclassified ASV was in famijteromonadaceael he top hit of this ASV
sequence in the NCBI nucleotide repository was a 100% matlatitecola spisolated

from an estuar (NCBI accession numberQ875494.).

Biofilms collected from different surfaces exhibit variable richness and community
composition

We found significant differences among richness values (Kriedlis p=0.01) in

biofilm samples collected from the suré&of the coral holding tank. ochraceusiermal
tissue (Recirculating), the surface of the rockfish tank,@xndbricata(Touch) dermal
tissue Figurel6A). Differences in Hill diversities of orders 1 and 2 exhibited a similar
trend Figure16B-C) (Kruska-Wallis p-values = 0.06 and 0.06). We did not find any
relationship between biofilm type and diversity of order infinity (Kruskélllis, p=0.63)
(Figurel6D). Indicaor taxon analyses revealed ASVs associated with each biofilm type.
The most abundant ASVs associated Withmbricatatissue were in genudellovibiro

and two ASVs in class alphaproteobacteRm@re17A). An uncultured bacterium found

in a marine sediment sample was the top hit for these ASV sequences, and exhibited 91%
similarity to these sequences (NCBI accession nunkb€t73227.). The most

abundant ASVs assiated withP. ochraceusvere assigned to genes@hingomonaand
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Stenotrophomona$igure17B). The most abundant ASVs associated with the rockfish
tank biofilm wereassigned to geneRubritalea, NitrosospiraandLutibacter(Figure

18A). The most abundant ASVs associated with the coral holding tank were assigned to
genusPortibacterand ordelChromatialegFigure18B). The sequence from the ASVs in
order Chromatialesexhibited 98% similarity to the sequence of an uncultured
gammaproteobacterium collected from a hydrothermal vent (NCBI accesssion number:

AB611486.).

Recirculation and heating lead to fewer dominant taxa and distinct seawater bacterial
communities

We next compared the Hill diversities between seawater samples collected from the coral
holding (heated recirculating), coldwater recirculating, rockfish flowthrough, and touch
flowthrough tanks. We found no significant differences in richifiéssskatWallis, p =

0.49) Figurel19A), but for diversities of order 1, 2, and infinitifigure19B8-D),

flowthrough tanks exhibited higher diversities (KrusWéllis, p=0.03,0.01, and 0.01
respectively). ASVs associated with diverse genera were associated with flowthrough
seawaterKigure20A). The most abundant of these were in geraerglibacterand
Tenacibaculumwhich were identified in the previous section as indicators of
flowthrough seawater compared to sea star dermal tissue andittadediofilms.In the
coral holding tank water, for which we found no associated taxa compared to biofilms
collected from the tank in the previous section, we found that the most abundant ASVs
were unassigned at the genus le¥d(re20B). The most abundant of these were
assigned to ordeslteromonadales, SAR11, Rhodobacterales, Chromatiahesan

alphaproteobacteria unassigned at the order level. The closest match (100%) to this ASV
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sequence in NCBIO&s nucleotide repository c
sediment (NCBI accession numbKiX177464.). The ASVs associated with coldver

recirculating seawateF{gure20C) followed a similar pattern to the flowthrough water

ASVs: the most abundant ASVs associated with recirculating tank seaveseer

assigned to geneRseudofulvibacter, Colwellisand Aestuariibacter.

Discussion

Settling alters seawater microbiome diversity and composition

We found that settling in a reservoir leads to a shift in bacterial community diversity and
composition. Wdound no differences in richness, but seawater in Yaquina Bay
displayed greater values of diversity of higher orders compared to seawater in the
aqguariumds syst e m-orddsdiveraitieesuggesttHatihe seavwater haisi g h
more dominant taxa #m water in the reservoir. These results highlight the importance of
using diversity profiles to explore alpha diversity rather than attempting to summarize a
taxa distribution with a single metriang et al., 2016)

Indicator taxon analyses identified diverse ASVsibin the seawater in Yaquina Bay

but not in the presandfilter seawater. The ASV with the sharpest drop in relative
abundance was assigned to ge@Geiulophaga members of this genus are commonly
associated with algae or m(@tbhansen l., 1999) We hypothesize th&ellulophaga
bacteria were attached to particles or algae and settled out. TheRj@mktomarinaalso
exhibited a drop in relative abundance during setthlgile its ecology is still poorly
understoodPlanktomarinais a member of thRoseobacteclade affiliated (RCA)

cluster, and imnabundant bacterioplankton in temperate ocean Wa&iebel et al.,

2011)
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We found the genuSulfitobactera sulfite-oxidizing member of the RCA cluster, to be

an indicator of the s eawBlanktomaringSulfitdioactera g u ar i
is ubiquitous in seawater, but it has also been isolated from seagrass and sea stars

(lIvanova, 2004)and it has been demonstrated to form biofi{Biihn et al., 2007)We

hypothesize thabulfitobacterform biofilms in the reservoir andéir presence in the rest

of the system result from the shedding of these biofilms. Finally, an ASV in family
Flavobacteraceagvas identified as an indicator of Yaquina Bay seawater and aquarium
mainline water, but was not detected in-prepostsandfilte water. However, its relative
abundances ranged from 0.1% to O-5#is possible that it was present in pa&d post

sandfilter but below our limit of detection.

Biofilms from different tanks and surface types exhibit distinct compositions

We found thabiofilms had greatealphadiversity than the seawater surrounding them,
regardless of whether the biofilm was collected from a tank surface or se&/etar.
hypothesize that this is duegpecies sorting during the succession of bacterial
communities ogr the course of biofilm formatiofGGulmann et al., 2015wo ASVs
abundant irD. imbricatadermal tissues were notsilar to sequences in the NCBI
nucleotide repository (maximum similarity of 91%), suggesting that these bacteria may
belong to a previously undescribed genus.speculatehat these bacteria are symbionts
of D. imbricata,given their high abundance on ithdermaltissueand lack of presence
elsewhere. Abundant ASVs associated Witlochraceuslermal tissues were assigned to
generaSphingomonaandStenotrophomonagoth of these genera are generalists and

can be opportunistic pathogens of hum@gan and Adley, 201@®rooke, 2012)The
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presence of these potential opportunistic pathogens may be of interest to those
researching sea star wasting disease.

ASVs associated with rockfish tank biofilms were assigned to gé&hdratalea,
LutibacterandNitrosospira. Rubr#lea,in the phylumVerrucomicrobiaare commonly
found associated with marine animéfseitas et al., 2013nd have previously been
found in the guts of health fighi et al., 2016) Lutibacterare typically found in marine
sedimentgChoi et al., 2013)Nitrosospiraare ammoniaxidizing bacteria, a desirable
property in aquariéBurrell et al., 2001)Finally, the most abundant ASVs associated
with the coral holding tank were assigned to geposibacter (family Saprospiraceae
and ordeiChromatiales Saprospiraceaare thought to be involved in the breakdown of
complex carbon sources and are abundant in seawater and activatedMkittigg and
Nielsen, 2014)The closest hit in the NCBI repository to theromatialesASV was to a
bacterium cokcted from a hydrothermal vefitis not clear whether the presence of

coral or the heating of the water selected for these taxa.

Recirculation leads to dominance of a few bacterial taxa that are typically present in low
abundances in seawater

Comparing Hill diversities, we found that richness did not differ substantially between
system type (flowthrough, coldwater recirculating, heated recirculating). However, Hill
diversities of flowthrough seawater were about four times those of both coldwate

heated recirculating tanks. This means that flowthrough water has more ASVs with
meaningful abundances than recirculating tanks. Indeed, the heated recirculating seawater
was dominated by a few uncharacterized ASVs. Interestingly, the most donfitizege

were poorly categorized, but belonged to orddtsromonadales, SAR11,
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RhodobacteralegndChromatiales which are not uncommon in seawatéfe thought it
noteworthy thaBAR11was abundant in the coral holding tank because it is notoriously
difficult to culture(Rappé et al., 2002and its abundances were reduced during settling.
We hypothesize that tivearm water selected f@AR1land the other poorly classified
ASVs. The most dominant ASVs in the coldwater recirculating tank, assigned to genera
Pseudofulvibacter, ColwellindAestuariibacterwere not found in meaningful
abundances in flowthroughria water.Pseudofulvibactehas been isolated from

numerous marine sources, including tidal figgoung Kwon et al., 201650 we believe

it likely exists in low abundances in the source seawater, but an unknown factor related to
coldwater recirculation selected for its prese@awelliais typically associated with

polar and deep seawater, but has also been isolated from s€€ktamst al., 201Q)and

was found on th@. ocraceusn the recirculating tank. Therefore, we hypothesize that the
presence of€olwelliain the water was due to the influence of Ehecraceusiermal

tissue microbiome.

Conclusion

Here we provide a first glimpse into thecrobiome of a coastal aquarium. We find
substantial differences in composition between tanks, and a significant change in
bacterial composition between seawater in the system and Yaquina Bay. We emphasize
that this study is preliminary and does not hsw#icient independence between samples

or sample sizes to deduce generalizable trends. However, given the diversity discovered
In this system, we propose the coastal aquarium as a promising research avenue for

microbial ecology.



Table2: Samplecollectiondetails

54

Location/Tank Wate | Biofil Biofilm type | Details
r m
Dock X NA Collected from Yaquina Bay
estuary
Pre_sandfilter X NA Collected from reservoir line
to sandfilter
Post_sandfilter X NA Collected fromoutlet of
sandfilter
Aquarium_mainlin | X NA Collected from HSMC
e aguarium
Rockfish X X Tank surface
Recirculating X X P. ocraceus
dermal tissue
Touch X X D. imbricata | Collected from HMSC
dermal tissue | aquarium touch tank
Coral holding X X Tanksurface




55

" Aquarium_mainline

" Post_sandfilter -

" Pre_sandfilter

" Dock

OLOOLO
LONONLD

o

Ajisianig

m

1
=
1l
|

s e = e
[ele o]
[ele o]
<TOAN

" Aquarium_mainline

" Post_sandfilter o

" Pre_sandfilter

" Dock

AjisianQ

<

|
1

T T T

nuowno
AN ™

Ajsianig

(@]

(&)

1

R I

" Aquarium_mainline

" Post_sandfilter

" Pre_sandfilter

" Dock

" Aquarium_mainline

" Post_sandfilter

" Pre_sandfilter

" Dock

(olele o]
0O<TN

Ajsianig

a = Inf

reveal differences in bacterial diversity between Yaquina Bay (Dock) and the seawater

Figure9: Hill diversities of A) order 0, B) order 1, C) order 2, and D) order infinity
system at Hatfield Marin8cience Center.
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Figure10: A PCoA ordination of BrayCurtis dissimilarities reveals that seawater
collected from Yaquina Bay (Dock) has a significantly different bacterial community
composition compared to sample collechenn the seawater system (PERMANOVA,
p=0.01).



57






























































































































































































































