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The biocomplexity of sediment communities along a 120 m tragect near an arsenic-rich,
shallow marine hydrothermal vent at Tutum Bay, Papua New Guéa was thoroughly
examined. A count of macro- and meiofaunal organisms was cotined with bacterial
and eukaryotic SSU rRNA gene surveys to assess biodiversitfach site along the
transect had distinct microbial communities. Near-vent $es were more similar to each
other than sites further from the vent. Some species, such agynavibacterium, Caldilinea,
and Capitellawere only found near-vent. Biodiversity generally increasl with distance
from the vent. The community composition responded to the pesence of hydrothermal
uids with a clear correlation between temperature and themophilic organisms. Primary
production appeared to be a mix of chemo- and phototrophy. Asociation analyses
suggest many potential interactions between organisms oagr at certain sites, and
that species distributions and interactions occur in the cotext of complex spatial
relationships related to the geochemistry of the hydrothenal vent uids. While Tutum
Bay is heavily inuenced by arsenic, no specic correlationbetween bacteria that
metabolize arsenic and the concentration of different oxation states of arsenic ions
was observed, perhaps because very little of the arsenic psent was bioavailable.
The observed homogeneous distribution of arsenic reducerslong the transect could
be due to background arsenic metabolism. This study represets a holistic study of
biocomplexity on a broad phylogenetic range across a 120 m &insect associated with a

marine shallow-water hydrothermal vent.
Subject Category: Microbial ecology and functional diversity of natural hatzits.

Keywords: microbial community structure and function, benthic
arsenic

communities, invertebrates, hydrothermal vents,

INTRODUCTION

Deep-sea hydrothermal systems are light restricted andarlghemosynthesis for energy input,
using both inorganic forms of carbon and organic detritustlas carbon source in the synthesis
of biomolecules. Oxidation reactions of reduced chemicatigse(HS, H, CHy, etc.) provide

electron donors necessary for chemotrophic growth. In s¢éemverhere sulfur species are readily
available, the oxidation of reduced sulfur can provide epety synthesize organic carbon,
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highlighting the importance of the sulfur cycle in sustaigithese  As an arsenic-rich system, the potentially toxic qualitiesrs&nic
communities {'sutsumi et al., 2001 represent a hurdle for sustaining communities at Tutum Bay's
In contrast, shallow-sea hydrothermal systems are not asydrothermal systems3(chler and Dix, 1996; Price and Pichler,
light limited and are not characterized by an abundance2005; Pichler et al., 2006Not only is arsenate a structural
of vent-specic taxa. Here, chemosynthesis runs parallel tanalog of phosphate that can inhibit oxidative phosphorylation,
photosynthesis as a means of primary production. Many shallowbut arsenite binds to sulfhydryl groups and vicinal thiols of
sea hydrothermal vent systems are characterized by balctermany proteins, disrupting the function of numerous proteins.
mats, similar to deep-sea vents, and chemosynthesis ocears nArsenic has 4 oxidation states: Asl(l), As (0), As (lll), and As
the vent itself and in the super cial layer of water above thatg  (V)—the latter two being most prevalent in natur®iemland
(Tarasov et al., 2005Diatoms, cyanobacterial mats, and otherand Stolz, 2003 Arsenate readily adsorbs onto aluminum and
algae aid in this primary production. iron hydroxides, forming inorganic compounds that reduce
The shallow-sea hydrothermal system of Tutum Bay, Ambitleheir bioavailability. Arsenite does this less readilgviag it
Island, Papua New Guinea serves as a natural laboratory toobile, with more potential for toxicity in hydrological syshs.
study the biocomplexity of prokaryotic and eukaryotic speciegurther complicating arsenic mobility, Fe (Ill) reducing hheda
in an arsenic-rich environment. The metabolic repertoiredan are able to reduce ferric oxyhydroxides, and subsequently
subsequent biodiversity of species found at the site di eosnfr release arsenate back into the hydrological systeomljauser,
other commonly studied shallow hydrothermal-sea ventayst. ~ 2007).
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FIGURE 1 | Maps showing Ambitle Island and Tutum Bay with transect and saple sites. From the vent, the transect extended southwestd avoid reef outcroppings
before extending 300 m west.
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Both prokaryotes and eukaryotes have developed methods this vent Akerman et al., 2001 and the distribution and
to deal with the toxic nature of arsenic. The discoveryspeciation of arsenic has been well-characterized with peatic
that microorganisms synthesized and excreted trimettsyterr  attention to the element's bioavailabiliti?(ice and Pichler, 2005
suggested that other methylated forms of arsenic existlén  Our study focuses on the biocomplexity along a speci c transect
and Reimer, 1989; Michalke et al., 2n(urther studies showed at hydrothermal Vent 4, V4-B,Higure 1) with attention to the
that some animals have the enzymedsn(et al., 200p to  phylogenetic biodiversity and functional repertoire presemt i
convert inorganic forms of arsenic into both methyl arsenicpore samples at particular sites along the transect. Bacté&l 1
and dimethyl arsenic oak and Freedman, 19Y@vhich are rRNA genes and eukaryote 18S rRNA gene were sequenced
excreted in the urine Thomas et al., 2007 In addition to  from clone libraries and distributed into functional guildgsd
methylation, prokaryotes have evolved enzymes that allav botrophic groups. This data was combined with morphological
the oxidation and reduction of arsenic. Dissimilatory arage- data scored from the same sites. These ecological patches wer
respiring prokaryotes reduce arsenic (V) to arsenic (Ill) whe linked to the physical parameters previously described and
other more favorable terminal electron acceptors are notgmes particular attention was given to the evidence of arsenicieoml
and couple the reaction to the oxidation of organic compoundsmetabolizing organisms throughout the transect. It wasuitot
Heterotrophic arsenite oxidizers convert As (Ill) found ohet  that in areas of the transect with high concentrations okais,
cell membrane to less toxic As (V). This process is seen #se overall biodiversity would be lower while the richness and
a defense mechanism against the more toxic arsenite, whictiversity of organisms capable of metabolizing arsenic woeld b
easily enters the cell. Lastly, chemoautotrophic arsemittizers  higher.
reduce oxygen or nitrate during the oxidation of arsenitel aise
the energy to x CQ (Oremland and Stolz, 2003 MATERIALS AND METHODS

Extensive chemical analysis has been performed aloné; ) . )
transects at Tutum Bay, speci cally at hydrothermal Ven®4i¢e ampling Site and Collection
and Pichler, 2005; Akerman et al., 2).1Mechanisms have been The Tutum Bay site has a number of focused vents surrounded
proposed for the biogeochemical cycling of arsenic and othedy areas of di use venting. Transect 4B extends 30 m southwest
inorganic metabolites based on Gibbs free energy calonkati from Vent 4 along soft-bottom and then directly westward
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FIGURE 2 | Abiotic factors across the transect at Tutum Bay. Samplingites are labeled in meters away from vent. Values between sapfe sites were interpolated
within the Surfer program. Contour maps from left to right: @p, Temperature (pH); Arsenic (V) img L 1 Percent organic carbon; Middle: pH, Arsenic (Ill) imy L 1,
Oxidation Reduction Potential (mV); Bottom: Ammonia (ag) img L 1 Fe (I inmg L 1, Sulfate in mg L 1
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FIGURE 3 | Cluster analysis of abiotic and biotic data. Biotic samplesvere standardized by total, transformed by square root and &d resemblance calculated using
Bray-Curtis similarity. Abiotic factors were normalizedral clustered based on Euclidean distance(A) Macrofauna and Meiofauna dendogram showing similarity
among transect sites.(B) Dendogram of abiotic factors showing similarity along trasect sites. (C) Eukaryotic sequence dendogram, showing similarity among
transect sites. (D) Bacterial sequence dendogram, showing similarity among @nsect sites.
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FIGURE 5 | Bacterial phylogenetic network showing richness, abundare and distribution of phyla at each site. Transect nodes (aspre) designate sample sites
(right). Edges connect transect nodes to phyla nodes (cirek). Phyla nodes are connected to individual species nodegr{angles). This connection is colored in
Proteobacteria to designate class&-red, b—gray, d-yellow, +pink,g-blue, —teal). Phyla and species node sizes are proportional to egive abundance. Species nodes
are connected by dotted edges if they are found at more than oe site. These distribution edges are orange (near vent), lduaway from vent), green (near and away
from vent), or yellow (all sites) to show any homogeneity auss the transect. Phyla nodes are color coded to facilitate ifferentiation.
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to 120m @ichler and Dix, 1996; Price and Pichler, 2005gene PCR were 27F ¥8BGAGTTTGATCCTGGCTCAG-§
Pichler et al., 2006; Akerman et al., 2D1The transect and and 1492R (BGGTTACCTTCTTACGACTT-§ (Delong,
location for this study is shown ifrigure 1 Sediment samples 1992). The 18s PCR consisted of an initial 2 min @5
for macrofaunal and meiofaunal analyses were collected idenaturation, 45 cycles of 15s at @5 1 min at 50C, 1
replicates of 5 as described Kyirlen et al. (2010)Samples were min at 72 C, followed by a 72C extension for 7 min. The
sieved through a 500m mesh screen to collect macrofaunaprotocol for 16s PCR diered in that 40 cycles with a 45
and then onto a 5@m screen to collect meiofauna. Core annealing temperature and a 2 min extension step was
samples for bacterial DNA were collected from 5 to 10 crnrused.
as described byieyer-Dombard et al. (2012)Five samples Cloning was done with a PCR4-TOPO-TA Cloning Kit
for eukaryotic DNA analyses were collected at each sitegalor{invitrogen, Carlsbad, CA, USA). Clones were isolated into
the transect with a 60 ml syringe corer to a depth of 596-well-culture plates, cultured and DNA extracted using the
cm and the replicates pooled. Sediment was passed throu@ppendorf Perfectprep Plasmid 96 Vac miniprep kit (Eppendorf,
a 4 mm sieve to eliminate large macrofauna. Samples faflamburg, Germany). The resulting plasmid DNAs were
sequencing eukaryote DNA were collected at sites 0, 30, &equenced by Polymorphic DNA Technologies, Inc. (Alameda,
90, 120m from the vent and frozen until used. Sample€A, USA). Sequences were Itered for qualityvy( et al.,
for sequencing bacterial DNA were collected at sites 7.5, 12009 and submitted to Genbank (bacterial accession numbers
20, 30, 60, 90, and 120 m, from the vent and frozen untiDN837712—-JN839729, eukaryotic accession numbers JQ241793—
used. JQ244768).

Sequences were clustered into Operational Taxonomic Units
Porewater and Sediment Analysis (OTUs) using SEQUENCHER (Gene Codes, Ann Arbor, MI,
Porewater samples were collected 5 cm beneath the sedimay$A). Eukaryote OTUs were established according to a 99%
surface using a 60 ml plastic syringe connected to a plastieprobsimilarity (Wu et al., 200 Prokaryotic OTUs were established
Temperature was measur@usitu using a digital thermometer. using 97% similarity. OTUs and singletons were identi ed to
Oxidation-reduction potential and pH were measured usingthe nearest identi able match using NCBI's database and BLAS
a Myron-L pH meter on site. &, NHC, and SQ? were
measured on site using a spectrophotometer (HACH, Colorado

Arsenic species were measured using analytical instrurtienta
and methods o site described in detail rice et al. (2007and
again byAkerman et al. (2011)The geochemical data used in
the analyses here is from Table 1Adferman et al. (2011)The
organic carbon content of the sediment was determined oesit
by loss on ignition from 2 g of sample at 5%Dfor 4 h (Heiri et al.,
200).

Macrofaunal and Meiofaunal Identi cation
Macrofaunal samples were rinsed onto a 5®0 mesh sieve and
identi ed to the lowest practical taxonomic levekdrlen et al.,
2010. Each specimen was archived and voucher specimens we
photographed.

Meiofaunal samples were decanted from sieved sediment on
a 50mm mesh plankton net placed in a funnel. The remaining
sediment was resuspended, and meiofauna again decanted o

the plankton net. This process was repeated 5 times and the

meiofaunal specimens sorted to the lowest practical taxonom
level. The specimens were archived and photographed.

Eukaryote and Bacterial Sequencing and

Identi cation

Sediment DNA was extracted from 0.5 g sediment using a MoBi
UltraClean Soil DNA extraction kit (Mo Bio Laboratories,
Carlsbad, CA, USA). PCR was performed using ID Lab
IDProof™ Polymerase Enzyme (ID Labs, London, ON,
Canada) optimized for 56L reactions. Primers used for
the 18s rRNA gene PCR were 18SAQEGGAATTCAAG
CTTGCTTGCTTGTCTCAAAGATTAAGCC-S and 18S5
(5>CCGGAATTCAAGCTTACCATACTCCCCCCGGAAC
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algorithm (uncultured organism matches were not consid¢re and rarefaction analysis was accomplished using Estimate-S

This identi cation was used to provisionally identify themes of
each OTU (Supplemental Materials 1, 2) in further analy§és (
etal., 2011

Classi cation of Prokaryotic Functional
Guilds

Potential metabolic capabilities of each provisional baater according
literature (Supplementakre performed on species found at more than one site

genus were assessed from the

(Colwell and Elsensohn, 2001Lluster analysis was performed
in Primer-E for abiotic factors, macro- and meiofauna, and
at the phylum level, genus level, and sequence level for
bacteria and eukaryotes across all sites. The abundanee dat
were square root transformed and clustered by Bray-Curtis
similarity. Abiotic data were normalized and clustered
to Euclidean distance. Association analyses

Material 3). In some cases, a genus would fall into more tha o together and dendograms were made using the Primer-E

functional guild (e.g., sulfur reducing, iron reducing,charsenic

oxidizing), and was scored more than once. Facultativelzso

software.
Phylogenetic networks were created using the clustered

or anaerobes were similarly considered in both categorie©TUs and singletons for both prokaryotes and eukaryotes
Further categorization of arsenic metabolism was performewith the Cytoscape software packag&hénnon et al.,
by searching genomes of genera found for arsenic reducing @003. A functional guild network of prokaryotes and a

oxidizing genes within the Joint Genome Institute's Integch
Microbial Genome database (Supplemental Material 4).

Biodiversity Calculations, Association
Analyses, and Networks

trophic food web were also created using the Cytoscape
software.

The Surfer software package (Golden Software Inc., Golden,
CO, USA) was used to interpolate a gradient of abiotic
factors using an x,y coordinate system corresponding to the

Primer-E (Clarke and Gorley, 2006was used to calculate transect V4-B according to chemical analyses done at each
Shannon diversity at each site. Chao 1 indexes was caldulatgite.
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FIGURE 7 | Eukaryote phylogenetic network showing richness, abundare and distribution of phyla at each site. Transect nodes (stpre) designate sample sites
(left). Edges connect transect nodes to phyla nodes (circ#. Phyla nodes are connected to individual species nodes.&cies nodes are either triangles or octagons
to describe the method of identi cation as either sequencingor scoring, respectively. Phyla and species node sizes arerpportional to relative abundance. Species
nodes are connected by dotted distribution edges if they ardound at more than one site. These distribution edges are biiif found far from vent (30-120 m), green if
found both near-vent (0 m) and any other site or black (all &) to show any homogeneity across the transect.
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RESULTS AND DISCUSSION

Om 30m 60m 90m 120m
Abiotic Factors Capitella
Abiotic factors across the transeé&tigure 2) show a distribution Linuche
that re ects the hydrothermal venting found at the site. €Sit Schlerochilus
from O to 12m are heavily in uenced by hydrothermal uids, Diascorhynchus

while sites further out are more closely related to that ofmal Cladophora
sea water. Although di use venting is present and may be seen
in the pH and oxidation-reduction potential di erences found
from site to site and a small temperature rise at 60 m, the abiot
factors generally formed a gradient along the transect tdlzat

of normal seawater away from the vent. Arsenic concentratio

Neochromadora
Oblongichytrium

Thoracostomopsidae

HHUUUHUHI

Cylindrotheca

remained higher than normal seawater at all sites. cladosporum [N | I |
The temperature ranged from 9@ at the vent to 29C Amphidinium[____] 1
300m from the vent. Arsenic (V) and Iron (Il) Kigure 2) viscosia L 1
show an inverse correlation at near-vent sites, with ArsgN) strombidium[____] 1
concentrations peaking at 7.5m and Iron (Il) concentrations Pauliella[______ [NNNNN |
below detection levels. Arsenic (1) has the highest cotration Penicillium| |
at the vent (944ng L 1) which gradually diminishes away from Stauroneis| ]
the vent. Lastly, the concentration of sulfate increaseth wi Schizorhynchoides[ ] 1
increased distance from the vent. Ascomycota 1 1
Similarity clustering of biotic and abiotic factor&igure 3) Chromadorita

shows the general trend visualized fiigure 2 Near-vent sites Gymnodinium
cluster together more closely than sites distant from thetve

While not all data was available for each factor at every, sit
90 and 120 m exclusively cluster together, showing the same
dendogram topology for all biotic data. With the exception of
eukaryotic sequence data, contiguous sites appear moreasimi

'”ﬂ

Haliphthoros

1%

||
Jilj 1il

Lemnicola

Protaspis

Pseudochiniscus

in biota than noncontiguous sites. The abiotic data showes th Saresladium

incongruity of the 7.5 m site with the rest of the near-venesj Stauresle L

which can also be seen kigure 2 primarily due to Arsenic (V) Vampyreta L

and Iron (I1) concentrations. However, because there amibi Amphora [ ] l

similarities among them, the 0, 7.5, and 12 m sites will berede Psammodictyon | ] |

to as near-vent while sites 20 m and greater from the vent ill b Navicula —1 [ .

considered far-vent. Mortierella | ] [ ]
Mucoromycotina | | | |

Biodiversity Dickieia 1

A total of 1,692 bacterial sequences (720 nucleotides each) Apodachlya —1 1

were obtained averaging 240 sequences per site while 1,48: Tubastraea [ |

eukaryotic sequences (576 nucleotides each) were obtwiitied Maunachytrium —1 —1

an average of 296 sequences per site along the transect. Th Halocrusticida /1

BLAST results for Eukaryotic and Bacterial sequences with Haplocelis —

match percentages and accession numbers are provided |as paralielostrombidium (|

Supplemental Materials 1, 2. Given the limited number o Aetarte 1

sequences from each site, rarefaction curves were cartied ¢ — l:l

for the combined near-vent and combined far-vent commuesti ST |

using the Chaol indexHgure 4). A lower number of OTUs Argestigans ]

was estimated at near-vent communities with upper-bound
estimates reachin_g just above 200 for e_UkaryOteS and arou “riIGURESlDistribution of the most abundant eukaryote genera across &ch
1,000 for bacteria. At the far vent sites the number Of sjte. The shading is determined by relative abundance whertghter colors

OTUs are estimated with upper bounds of approximately represent a lower abundance in respect to the given site. Noioxed regions
1,000 eukaryote and 4,000 bacterial OTUs. In comparison,epresentan absence of the genus at that site.

studies of other shallow hydrothermal vent systems using

conventional sequencings(ovannelli et al., 20)3show much

lower Chaol estimates of bacterial diversity while next gen Bacterial species found along the transect are represented
sequencing methods show comparable estimatésnQ et al., in Figure 5 The patch assemblages found at 7.5m and 12m
2015. are easily distinguishable from the sites found further yawa
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from the vent. The phylumChlorobiis found only at the genus Ignavibacterium and Chloro exi are more abundant
two near-vent sites andProteobacteriadiversity is greatly than anywhere else along the transect. The diversity and
reduced compared to the 20-120 m sitéstinobacteriawas relative abundance ofProteobacteriadominates the 20—
the most abundant phylum found at 7.5m from the vent120m sites, withGammaproteobacteridaving the highest
(68 individuals representing 37 species) wiEoteobacteria abundance (348 individuals) followed Hyeltaproteobacteria
following with 64 individuals representing 49 species. Af287 individuals). Distribution lines show species simthari
12m from the vent,Chlorobj predominantly found as the between sites, showing the greatest sharing of specieseat sit

120m
90m
——— ¢ @ 60m
P 30m
— @ 20m
~ I 12m
. : m 4 ] S .': }
@ 9 0 0 7.5m
E E n (2} 2] 7] E E
2 @ 2 b 2 2 2 @
Is) =] o o = = © Is)
Qo o o o <3 = Q Q
@© @© < © ) = © ©
—“— - v -
(O] () c [} = [ ) ()
= = < = o = =
wn (o) )
zZ = i <
FIGURE 9 | Bacterial functional guild network showing richness, abutiance and distribution at each site. Red edges represent ogizers within metabolic guilds.
Transect nodes (square) designate sample sites (right). Bds connect transect nodes to guild nodes (circles). Guildedes are connected to individual species nodes
(triangles). Species nodes are connected by dotted edges they are found at more than one site. These distribution edgeare orange (near vent), blue (away from
vent), green (near and away from vent) or yellow (all siteg)show any homogeneity across the transect.
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away from the vent (20-120m). Only one OTU was foun
at all sites (black distribution line) and matched most €ellys
to Acidomicrobium ferrooxidang87% similarity). Figure 6
shows the distribution of the most common genera along the
transect.Ilgnavibacteriumand Caldilineaare exclusively found
at the near-vent sites, whil&teroidobacterThiohalomonas
Pelagibius and Thiohalospira are exclusive to the 20—

120m sites. Many genera are represented throughout the

whole transect but tend to be in low abundance at the 12m
site.

Bacterial diversity (Shannon's diversity index4.76) at 7.5m
is dominated by thermophiliédctinobacteriaand Proteobacteria
(Figure 6). Members ofAcidimicrobiacedincluding the genus
Aciditerrimona$ within Actinobacterichave the highest relative
abundance within the community at 7.5 m. These bacteria
are commonly found in areas of extreme acidity and high
sulfur concentration. They are either mesophilic or modehat
thermophilic and capable of iron oxidationltoh et al.,
201). The 7.5m site is slightly acidid=igure 2) with sul de
concentrations roughly 3 ppm. The 12m site has the lowest
bacterial diversity of all sites (Shannon's diversity i@e4.07),
where members dictinobacterialecrease signi cantlyChlorobi
and Chloro exi, particularly the genuggnavibacteriumbecome
dominant. Members oflgnavibacterium while belonging to
the genusChlorobj are obligate chemoheterotrophs, grow
anaerobically, and are moderate thermophilesd et al., 2010
At both near-vent sites, members of the genGsldilinea
are relatively abundant, similar to sediments of the nearby
transect 4-A {leyer-Dombard et al., 20)2Type species for
Caldilinea were isolated from a deep-hot aquifer in France
and from a hot-spring in Japan. Whil€aldilineabelongs to
Chloro exi (green non-sulfur bacteria), neither type species
can grow under phototrophic conditionsSgkiguchi et al.,
2003; Gregoire et al., 201L1The biodiversity of bacteria 20—
120m from the vent is greater than near-vent (Shannon's
diversity indexD 4.78-5.23).Proteobacteriadominate while
members of Chlorobi are absent. TheActinobacteriafamily
Acidimicrobiaceaand ProteobacterigieneraDesulfacinumand
Thioalkalivibrio are found in greatest relative abundance. A
type species of the genuBesulfacinumwas isolated from
a shallow-water hydrothermal vent in Greec8igvert and
Kuever, 200 It is thermophilic, anaerobic, mixotrophic, and
can reduce sulfateRees et al., 1995Thioalkalivibrio species
are tolerant to hypersaline and alkaline environments. Thei
metabolic capabilities include sulfur oxidation and redant
denitri cation, and thiocyanate metabolismMuyzer et al.,
201). They tend to be mesophilic, explaining why they|
are found in greatest relative abundance away from the
vent.

Eukaryotic organisms, both sequenced from environmental
DNA and scored by morphological identi cation, show an
abundance of nematodes and arthropods throughout the tretnse
(Figure 7). The vent site has the highest abundance of annelid
primarily due to the abundance of one speciesCHpitella
Playthelminthesfungi, and heterokonts are found throughout,
with fungi and heterokonts showing extreme heterogeneitynf
site to site.
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FIGURE 10 | Geochemical measurements and functional guild relative
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The dominant eukaryotic genera from sequence dataites furtherfrom the vent. Thisis also indicated by abidittors
shows many vent specic (0 m) gener&apitella Linuche  suggesting thatthere are more microhabitats within thernesnt
Schlerochiliys Cladophora Neochromadora Oblongichytrium  community at Vent 4-B than revealed within this study.
and ThoracostomopsidaéFigure 8). Other genera such as
Pauliella Penicillium,and Stauroneisre found at all sites along Functional Analyses
the transect. The functions of bacteria along the transect show seveealds

Eukaryotic diversity along the transect varies greatlyFigure 9). Thermophilic bacteria are found at near-vent sites
(Shannon's diversity indeR 2.7—4.47) with the highest diversity in high abundance and decrease at 20m and outward. The
furthest from the vent (120 m site)F{gure 7). At the O0m site abundance and diversity of mesophiles peaks at 20 and 30 m and
(Shannon's diversity indesD 3.47), members of the genera generally are higher away from the vent. Nitrogen, sulfud an
Capitella and Viscosiahave the highest relative abundancearsenic metabolizers are abundant at near-vent sitespuad
(Figure 8. Capitella species are opportunistic polychaetenot as diverse as at sites 20 m outwards. Iron metabolizeig wh
annelids present in unstable habitats. Certain capitellitiabit ~ present throughout the transect, show the lowest abundande a
shallow-hydrothermal areas in Greece and have adapted tiversity atthe 12 m site.
survive sul dic, low organic environmentsG@amenick et al., Analyzing the functional guilds along with the abiotic
1999. Viscosiaan r-strategist nematode, exploits low diversityfactors at each site reveals additional trengg(re 10. The
niches Gemprucci et al., 20)and are often found in disturbed temperature of the pore water remains high until after 12m
environments. The genusCladosporium a cosmopolitan Wwhere it sharply decreases. A small rise in temperature around
fungus, has the third highest relative abundance at the 0rfi0m can be attributed to observed di use venting. The rekativ
site. Members of the genus are typically plant pathogeng&bundance of thermophiles also follows this trend with a minor
but also decompose decaying organic materizdr(sch et al., peak at 60m that matches a local rise in temperature. The
2019. The molecular data showed that 30m from the ventrelative abundance of mesophiles follows an inverse trend,
(Shannon's diversity indexD 4.22), the fungusSarocladium increasing as the temperature decreases. Oxidation-resfuct
had the highest relative abundance followed by the diatonrgotential increases with distance from the vent and corresison
LemnicolaFigure 8). Sarocladiundominates the sequence datato an increase in relative abundance of aerobically-resgiri
at 30, 60, and 120 nBarocladiumis a fungus found in soda organisms. An exception at 7.5m was observed, where the
lakes and closely related to the gerdisremoniumwhich is relative abundance of aerobic organisms was higher thar2at 1
found in marine environments&rum-Grzhimaylo et al., 2033 ~m, perhaps because facultative organisms were scored intio bot
Our most prevalentSarocladiuml8S gene sequence is a 1009guilds. A low relative abundance of nitrogen oxidizers wasth
match to Sarocladium kilienséHQ232198) and a 96% match while nitrogen reducers increased with distance from thetven
to Acremonium brevigHQ232183). Eukaryote diversity was (Figure 10. Nitrite concentrations were low<(1 ppm) at all sites
lowest 60m from the vent (Shannon's diversity indBx2.7). and nitrate concentrations generally increased with diséginom
Sequencing data at 90 m shows that nematodes of the genilie vent following a trend similar to nitrogen-reducing bada.
Chromadoritawere in highest relative abundance, followed byThe relative abundance of sulfur-reducing bacteria vageshtly
the diatomNavicula Data from the hand-sorted meiofauna and
macrofauna did not always agree with the molecular d&ta (
et al., 200p For example, only a few nematode sequences we
found at the 30 m site while the bulk of hand-sorted specimen
from the 30 m site were nematodes. This is most likely due ¢o th
fact that hand-sorting of macrofauna and meiofauna exctude
organisms such as lamentous fungi and heterokonts, abuhda
in the molecular analysis but absent from the hand-sorte(
data set.

Overall, the geochemistry of the shallow hydrothermalesyst
at Vent 4-B in Tutum Bay appears to strongly in uence the
biodiversity found throughout the transect. BIOENV anafysi
suggests temperature and alkalinity best explain the pattefrns
bacterial communities while arsenic (V) is a strong in uenc
on eukaryotic communities. These factors establish ardisti
near-vent community consisting of sites20m from the vent
(Figures 3 5, 7) and a far-vent community consisting of sites

Iron (1) oxyhydroxide
adsorption
Other mineralization/adsorption
(aluminum oxyhydroxides,
arsenopyrite, etc.)

26.23%

11.64%

DMA/MMA

< As (V)>
\iy ; Q/@o.u%
Orpiment Hllze 23% (and other organic species
'\ including volatile forms)

Q
(s (|||’)>/>

<0.01%

0.14%

20 m. While these communities are unique at every site, sonj
similarity is evident. Network distribution lines linkingpecies
found at more than one site show more similarity among eithe
the near-vent or far-vent community while having little oon
similarly between the two. The bacterial communities ndw t
vent (7.5 and 12 m) reveal increased heterogeneity compared

eFIGURE 11 | Proposed arsenic cycle of Tutum Bay. Abiotic processes are
shown as black arrows. Biotic processes are shown with blue aows. The
sizes of the arrows propose a relative rate at which the proceses occur.
Percentages represent the number of individuals scored outf the total
number of organisms used in the functional classi cation anlysis. Blue
percentages are bacterial while red are eukaryotic.
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while sulfur-oxidizing bacteria increased further frometvent appeared to increase as the concentration of sulfate inaease
(Figure 10. While sulfur-reducing bacteria did not correspond at least for the rst 60m of the transect. Arsenic (Ill) and
to concentrations of either sul de or sulfate, sulfur-okddrs arsenic (V) species, primarily found as arsenite and arsenate

FIGURE 12 | Association Meta Analysis between bacteria and eukaryotesSix nodes (correlation values> 0.5) represent species with similar distribution patterns
Taxa highlighted in yellow are eukaryotic. Only species fod together at more than one site were used in this analysis. dtle 1 represents organisms found together
primarily at sites 30 and 90: nodes 2 primarily 30 and 120 m; nde 3, primarily 30 and 60 m; node 4, 60 and 120 m; node 5, 60 and 90m; node 6, 90 and 120 m.
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respectively, did not follow a clear trend along the transectl contains species found mostly at both the 30 and 90 m sites.
Arsenic (V) was found at higher concentration than arseni) (  Node 2 contains the least number of taxa which are found nyainl
at the 7.5m site while arsenic (lll) was highest at the 12 ma sitat the 30 and 120 m site. Node 3 represents taxa found both
(Figure 10. Arsenic-reducing bacteria were more abundant tharat 30 and 60 m while node 4 represents taxa found both at
arsenic-oxidizing bacteria, which were nearly absent alibegy 60 and 120 m. Node 5 contains taxa primarily found at sites
transect. There did not appear to be a relationship with arseni60 and 90 m. Lastly, node 6 is the largest and contains taxa
(I or arsenic (V) to arsenic-oxidizing, arsenic-redag or found mainly at the 90 and 120 m sites. The association aisalys
arsenic-methylating bacteria, although this could be du¢he  shows that relatively few taxa were found associated tegeth
limitations of our method of inferring function. Previouswglies  discontiguous sites. Most associations are either contigab 30
have measured the amount of bioavailable arsenic alongBhe 4nd 60 m (node 3) or contiguous away from vent at 90 and 120 m
transect Price and Pichler, 2005The amount of bioavailable (node 6). These associations demonstrate that there arly like
arsenic represents only a small amount of the total arsenimany interactions among phylogenetically diverse orgasism
present in the samples and appears to correspond to changesdh these sites, possibly including predator-prey relationships
the relative abundance of arsenic reducers along the ran60 commensalism, parasitism, and symbiotic relationships. For
of the transect Eigure 10. Iron reduction, which introduces example, Capitella sp. are found in a similar distribution
arsenate back into the system through the reduction of idh) ( pattern to many chemolithoautotrophs, such&soalkivibriosp.
oxyhydroxides, was similarly examined. The relative alaunmeg Capatellids have been shown to have a symbiotic associatibn wi
of iron reducers and oxidizers increases and decreaseth&mge chemoautotrophic bacteria, even suggesting the burronatede
along the transect, generally corresponding to the amoutroof by capatellids increase bacterial activity around the busrow
(1) in the system Figure 10. No data was available for Iron (1l1). (Tsutsumi et al., 2001

Arsenic Cycling at Tutum Bay

A schematic of arsenic cycling at Tutum Bay may be seen icomparison to Other Studies

Figure 11 It re ects the nding that most arsenic at Tutum Similarities exist between the Tutum Bay communities armsth
Bay is adsorbed onto iron oxyhydroxideBr{ce and Pichler, of vent areas from other studies, but most studies do not sampl
2009. Biological data from this study are depicted as blueas far from the vent as ours. One example of similar ndings
arrows and suggest a mechanism by which biota may interaatvolves theCapitellagenus described above. In additicGiievert
with arsenic compounds at Tutum Bay. The largest arrowet al. (1999)ound a high relative abundance of dissimilatory
(black) points to the abiotic process of As (V) adsorbing ontaron-reducing bacteria in the transition zone of a shallevater
iron (Ill) oxyhydroxides. The reverse process can happen bothydrothermal vent near Milos Island, Greece. At the Tutum
abiotically (smaller black arrows) and biotically (blueaws). Bay transect, an increased relative abundance of dissamjla
This is facilitated by iron-reducing bacteria, which reduc iron-reducing bacteria is also seen in the transition zorafr
ferric oxyhydroxides, remobilizing arsenate. Orpiment {88  near-vent to far-vent Kigure 9. DNA analysis at the transect
formation can occur during the mineralization of sulde in of Milos Island revealed the rst report ofAcidobacterium
the presence of arsenite. This is usually indirectly relgted at a hydrothermal site Sievert et al., 2000At Tutum Bay,
the presence of sulfur-reducing bacteria. Members of the geniDNA analyses foundicidobacteriurmat near-vent sites but also
Desulfotomaculunffound at Tutum Bay) have been shown to throughout the transect. In a shallow-water hydrothermadtem
reduce both As (V) and S (VI) to produce orpimenitiéwman in Japan, sulfur-oxidizingChlorobi appeared to dominate the
et al., 199)Y. The methylation of arsenic species by a range ofiear-vent microbial matsHirayama et al., 2007 While the
organisms is shown as blue arrows. Although we found bio&dgic Chlorobispecies found in Japan are photoautotrophic, our study
support for this model, neither aluminum oxyhydroxides nor nds all but 1 of 106 sequences at Tutum Bay belong to the
orpiment were assayed at Tutum Bay. Microbes known tg@enuslgnavibacteriumwhich grows heterotrophically. A recent
produce DMA and MMA were detected, but these compoundshallow-water pyrosquencing study in the Okinawa Trough
were not found in Tutum Bay porewater samplegrice and found bacterial communities dominated by sulfur-metabivig
Pichler, 200} It is possible that volatile forms of arsenic or otherorganisms. They found members of the gerMautilia and
forms of organic arsenic were produced or that organisms w&hiomicrospiraas the major component of the two hydrothermal

identi ed capable of forming DMA and MMA were inactive. vents sampled4hang et al., 2002 Neither genus was found
o ) in our study. Members oflhiohalomonasand Thioprofundum
Association Analysis were the most abundant representatives of sulfur oxidizérs a

An association analysis was carried out with combined b&dte our Tutum Bay transect. Our study yielded 1930 bacterial 16s
and eukaryotic species found at more than one site togetheRNA gene sequences across the Tutum Bay transect, but only
(Figure 12. This analysis was limited to the 30, 60, 90, and 120 .58 represented sulfur oxidizers with the majority§ 85) found

sites where both bacterial and eukaryotic data were availabat the 90 and 120 m sites, suggesting that sulfur oxidatiowis
There were atotal of 130 OTUs that were found at more than ona major metabolic process in Tutum Bay. The samples in the
site together. These OTUs can be seen clustered into a gigila Taiwan study were taken from the water column of a vent hgavil
dendogram representing their relative distribution aloniget colored with sulfur precipitants, while our samples were from
transect. Six clades formed with correlation valee®5. Node sediment pore water.
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Conclusions relationships. Most biodiversity studies at hydrothermaksi
This study is one of the rst to assess biocomplexity acrostocus on e uent or communities growing in the immediate
a broad phylogenetic range including bacteria, microbiaVicinity of the vents. This study shows that hydrothermahtse
eukaryotes, meiofauna and macrofauna from a shallow-watenay in uence greater distances, with distinct micro commiigs
hydrothermal vent using both molecular and morphologicaiada in this case ranging up to 20 m from the vent with in uences as
Biodiversity generally increased with distance from thatye faras 120m.

with an exception where mid-transect di use venting was found

Hydrothermal in uences were found across the entire 1220mAUTHOR CONTRIBUTIONS

transect, suggesting that hydrothermal vents can in uerce
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