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Sinking particles formed in the photic zone and moving vedally through the water
column are a main mechanism for nutrient transport to the deg ocean, and a key
component of the biological carbon pump. The particles appar to be processed by
a microbial community substantially different from the swounding waters. Single cell
genomics and metagenomics were employed to describe the sucession of dominant
bacterial groups during particle processing. Sinking paitles were extracted from
sediment traps at Station Aloha in the North Pacic Subtropgial Gyre (NPSG) during
two different trap deployments conducted in July and August2012. The microbial
communities in poisoned vs. live sediment traps differed ghi cantly from one another,

consistent with prior observations byFontanez et al. (2015) Partial genomes from
these communities were sequenced from cells belonging to th genus Arcobacter

(commensalists potentially associated with protists suchas Radiolaria), andVibrio
campbellii (a group previously reported to be associated with crustaca). These bacteria
were found in the particle-associated communities at spect depths in both trap

deployments, presumably due to their speci ¢ host-associdions. Partial genomes were
also sequenced from cells belonging tddiomarinaand Kangiellathat were enriched in
live traps over a broad depth range, that represented a mo#lcopiotroph and a putatively
non-motile algicidal saprophyte, respectively. Planktdn bacterial cells most likely caught
in the wake of the particles belonging teActinomarinaand the SAR11 clade were also
sequenced. Our results suggest that similar groups of eukgote-associated bacteria are
consistently found on sinking particles at different timgsand that particle remineralization
involves speci ¢, reproducible bacterial succession evets in oligotrophic ocean waters.

Keywords: marine bacteria, oligotrophic gyre, metagenomics,
single cell genomics

marine particles, sediment trap, biological pump,

INTRODUCTION

Sinking particles produced in the photic zone that transportrerits to the deep ocean are an
important sink for carbon dioxide from the atmosphere. The pags in the upper layers of
the ocean are formed from a complex interplay between abiotitofa, eukaryotic cells, and
phototrophic and heterotrophic bacteria. As the particles sihky are processed by a distinct
community of microbes, and the nutrients released are maaglable to other trophic levels of
the ecosystem through the microbial carbon purd@m( et al., 20)0Sinking particles in the ocean
can be viewed as discrete loci that share some propertiesattdisiabitats, as isolated, discrete
environments with di erent environmental conditions thamefound in the surrounding water.
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As such, they are hot spots for microbial activity and are In this study, we combined the metagenomes obtained from
important hubs in the food web, with anaerobic and aerobica previous report fontanez et al., 20)5with corresponding
metabolic micro-nichesHonjo et al., 2008 metagenomes collected on a di erent set of deployments and
Particles exist in the ocean in a range of forms, sizes, argingle cell genomes that represented six dominant bacterial
compositions §imon et al., 2002 Many remain in the photic genera found in the traps, to improve our understanding of the
zone until they are disaggregated, but some particles sialglgn  major microbial players associated with the initial and presed
macroaggregates composed of algae, diatoms, dino aggllatsinking particles in the oligotrophic North Paci ¢ Subtropica
fecal material, and minerals derived from eukaryotic shellGyre (NPSG). Single cell genomes combine taxonomic marker
and similar remains. Microbial communities on particles havegenes with functional genes, allowing for speci c predicton
sometimes been shown to be signi cantly di erent from that of of ecological function. Based on earlier studies, we posdlat
the surrounding waterelLong et al., 1993; Allen et al., 20,13 that dominant bacterial genera found in the initial sinking
but they are diverse and heterogeneous and are still not fullpommunity on particles (poisoned traps), would encode genes
understood. For example, the identity and relative abun@ancindicative of their association with eukaryotes. Similanve
of eukaryotes that produce particulate materials is stilyédy postulated that bacterial genera enriched in the “processed”
unknown, as is the speci city of their bacterial associasi@md community (live traps), would be enriched in genes coding
depth distributions, and how species interactions may a ecfor particle degradation, motility, chemotaxis, and DOM
particle degradation. How initial microbial communitiesuiod  degradation. To test these hypotheses, we combined resurits f
on sinking particles might change during transformation ofseveral di erent trap deployments, using both metagenomics,
particulate organic material (POM) to dissolved organic miale and single cell sequencing, to more completely describe the
(DOM) also remains to be fully determined. characteristics of microbes on sinking materials and in pssed
Methods typically used to separate dierent size fractiond?OM, and how they varied at di erent times and as a function of
from one other can present challenges in identifying autient depth. Using the same data, we also tested the hypothesis that
particle-associated communitie§ossart, 2010 Additionally,  particle-associated bacteria are typically recruited oim&isg
microbial composition and degradation processes on sinkingarticles mainly in the photic zone, and are subsequently ptese
particles may di er in their degradation dynamics as comparedn the particles throughout the water column at greater depths
to marine debris that are stationary in the water column

(Honjo et al, 200B Yet another consideration are the \JATERIALS AND METHODS
methods used to characterize microbial components on the

sinking particles. PCR-based approaches that use functional gletagenomes collected from poisoned and live traps from the

taxonomic indicator genes can provide an extensive ngerprinJu|y HDS5 cruise at station ALOHA in the NPSG (ZB.5N,

of the community composition, but are also vulnerable to1583.02 W) in 2012 were analyzed byntanez et al. (2015n

well known biases. Shotgun metagenome sequencing h@fe current study, these metagenome data were combined with

the potential to provide a more even description of thea dierent set of metagenomes collected in August of the same

community, but requires larger sequencing e ort, and mayyear in a separate set of trap deployments on cruise HD9, in

miss rare members of the community. Single cell genomicgddition to determination of single cell genomes collecteuirf

can provide partial genomes and more precise identi cationthe sediment traps (this study).

of gene origins, albeit with lower overall throughput. In

this study, we sought to combine several approacheSampling

(single cell genomics and metagenomics) to overcome th@inking particles were collected during the 2012 HD5 and HD9

individual shortcomings of either of these techniques usedruises. Two sets of free drifting sediment traps were plated a

alone. depths of 110, 150, 200, 300, and 500 m, both sets containing
A recent study demonstrated that the initial microbial 1.8 L of sterile Iltered seawater (Q12n), adjusted to a density

community on sinking particles in the oligotrophic North Paxi  of 1.05 g/cc with NaClRigure 1). The poisoned traps contained

was dominated by bacterial groups associated with eukasyotehe xative RNAlater (Ambion, Carlsbad, CA, USA), designed to

while copiotrophic bacterial species dominated in sedimenprevent biological degradation of material that enters traps:.

traps in which particle degradation occurreéiqntanez et al., A 335mm nylon screen (Nitex) was placed on top of the tubes

2019. Metagenomes from particles caught in sediment trapso prevent larger zooplankton from entering the trap. The traps

contained DNA from microbial communities distinct from the from the HD5 cruise were deployed in July 14 and recovered in

surrounding seawater. Poisoned traps containing a xativatt July 26 2012 and the traps from the HD9 cruise were deployed

preserves the microbes and their nucleic acids as they eémer tin August 27 and recovered in September 12 2012 {se¢anez

trap, were rich in sequences associated with eukaryotesesr et al., 201%or methodological detail).

and bacteria (including the functions pathogenicity, arudec

metabolism, and chitin degradation). Live traps, that alihe ~Sample Processing

particle degrading community to enricin situ, were rich in  About 500 mL of seawater from the top of each tube was removed

bacterial taxonomic and functional genes known to be inedlv to limit contaminating traces of the surrounding sea waterthe

in degradation of the DOM released during POM processing, asiD5 samples, patrticles in the 0.2—38 fraction were collected

well as bacteria associated with eukaryotes. on a Sterivex lters (EMD Millipore, Billerica, MA, USA). In the
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FIGURE 1 | Samples for metagenomic sequencing were collected from psbned and live sediment traps placed at ve different depths dring two cruises in July and
August 2012, representing the initial and enriched partielprocessing community, respectively. The bar charts disply relative proportion of SSU sequences identi ed
in the metagenome and annotated as Archaea, Bacteria, and Haryotes at each depth in each trap. Single cell genomes wereollected from the following traps: (1)
Poisoned, 110m: 2 Vibrio. (2) Live, 110m: 2 Idiomarina, 2 Kangiella. (3) Poisoned, 500m: 2 Arcobacter, 1 SAR11 clade. (4) 1 Actinomarina.

HD9 samples, particles were collected by serial Itration imtw 2100 (Agilent Technologies, Santa Clara, CA, USA). All
di erent size fractions, rstin the 5.0-33%m size fraction, and metagenomic data are available at NCBI under bioproject
next in the 0.2-5.6m size fraction. After Itration, Iters were number PRINA270248.

stored in 1.5mL RNAlater and frozen at80 C (seefFontanez

et al., 2015or details). Samples for single cell analyses werSingle Cell Genomic Sequencing

collected from the bottom of live and poisoned sediment traps aSingle cells were isolated through FACS ow cytometry at the
110 and 500 m. A total of 1.6 mL of the un ltered sediment trapBigelow Single Cell Genomics Center (as described/iryke
solution was added to 40@L of 50% glycerol in 1X phosphate et al., 2009 DNA was ampli ed with by multiple displacement
bu ered saline, ash frozen, and stored at80 C until single ampli cation (MDA) and single ampli ed genomes (SAGs) were
cell genome ampli cation at the Bigelow Single Cell Genomicscreened with PCR using primers targeting bacterial andasrah

Center. 16S genes (27F:AGRGTTYGATYMTGGCTCAG/907R:CCGT
_ _ _ CAATTCMTTTRAGTTT; Arc_344F:ACGGGGYGCAGCAG
Metagenomic Sequencing and Processing GCGCGA/Arc_915R:GTGCTCCCCCGCCAATTCCT).  PCR

DNA from the traps were puri ed and sequenced (as describegroducts were Sanger sequenced using the BigDye 3.1 kit at the
in detail in the Supplemental information dfontanez et al., ABI 3730 DNA analyzer, and the sequences quality controlled
2019. In short, DNA was puried from lters with the with the software Sequencher (Sequencherersion 4.10.1
Mobio Powerwater DNA Isolation kit (Mobio, Carlsbad, CA). sequence analysis software, Gene Codes Corporation, Ann
Libraries were prepared using the Nextera XT DNA sampléirbor, MI, USA http://www.genecodes.com) and aligned to the
preparation protocol (lllumina, San Diego, CA, USA) andSILVA 115 database using LASAh@ng et al., 20QWith a cuto
sequenced on an lllumina MiSeq instrument, with 10 dualof lastscore 5G-value 0.01.

indexed samples pooled for each sequencing run. Library qualit Ten SAGs were selected for whole genome sequencing. The
and fragment size range were evaluated with a Bioanalyzeelected SAGs were chosen to represent di erent trap conmitio
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and time points in particle progression. From the poisoned trapswere compared with traps of all depths and both treatments as
two SAGs each were chosen belonging to the genera Arcobact#ological replicates (Table S5). Signi cantly enriched OWdse
and Vibrio. Both were found to be signicantly enriched in extracted at @ value of 0.01 (s€eontanez et al., 2016r details.).
poisoned traps compared to the surrounding sea water, and both
harbored genes that were highly enriched in the poisoned trapSingle Cell Data Processing
(Fontanez et al., 20).5Both genera are also known to include Single cell datasets were analyzed on the Galaxy platform.
strains closely associated with eukaryotic cells of thel kirmt The Illlumina reads were ltered using trimmomatic (Seed
are suggested to be important for the early stages of partickismatches: 2; Palindrome clip threshold: 40; Sliding wimdo
processing. From the live traps, two SAGs each belonging ®ize: 4 Average quality required: 15; Minimum quality
the genera Idiomarina and Kangiella were chosen. Both geneleading/trailing bases: 5 Minimum length read: 4Bphse
are enriched in live traps compared to poisoned traps and thet al., 201p Paired reads were assembled using SPADES 3.0
surrounding sea waterFpntanez et al., 20).5ldiomarina is with BWA-mediated MismatchCorrector (K-mers: 21,33,55;
commonly enriched in mesocosms and Kangiella is related tBankevich et al., 20)2Assembly quality was assessed using
the hydrocarbon degrader Oceanospirillales, which suggest QUAST (Gurevich et al., 20)3and completeness predicted
important function in the latter stages of particle processingusing a set of 139 marker genegirtke et al., 2013 Sca olds
In addition, two SAGs were selected that did not represenivere annotated using PROKKA (transl_table: 11, Similarity
dominant strains in the particle communities—one belonginge-value cut-o: 1e-06;Cuccuru et al., 2014; Seemann, 2014
to the SAR11 clade and one to the newly described genamd LAST (0.1.0; Score penalty: 500; Initial match multipficit
Actinomarina. These SAGs were selected to shed light om thef-m): 10;Zhang et al., 20QCagainst the databases Refseq64 and
presence in the particles and to expand on the known genomiKEGG (September 2013), and the carbohydrate-active enzymes
diversity of these groups. database (CAZymes, October 200@mbard et al., 2004

For all sets of duplicate SAGs from the same genus, the pair Related genes to the SAG SSU RNA genes predicted from
of SAGs with the highest SSU nucleotide identity was chosen PROKKA were identied in the SILVA 123 database. The
allow for comparisons of closely related genomes. The selectsequences were Itered to 1,000 bp, clustered to 95% similarity
SAGs were sequenced using lllumina NextEra and MiSeq. Theith usearch Edgar, 201)) aligned using linsi (with the
libraries were quality controlled using Bioanalyzer 2100il@gnt  parameters set to auto) in the MAFFT packadéaioh and

Technologies, Santa Clara, CA, USA). Standley, 2093 cropped with BMGE (DNAPAM1:2Criscuolo
) ] and Gribaldo, 201)) and a phylogenetic tree was produced with
Metagenomic Analysis IQ-tree (fast bootstrapping, 1,000 replicates, model seldaye

Reads from the two dierent size fractions (0.2—0.5 and 0.5the TEST algorithm and reported for each tree in Figure S4;
335mm) from the HD9 cruise were pooled together and treated\guyen et al., 20)5 The trees were re ned in the software

in aggregate, for comparison to the 0.2—-338 samples from FigTree (http://tree.bio.ed.ac.uk/software/ gtree/).

the HD5 cruise. The reads were trimmed and processed as Average nucleotide identity and tetranucleotide frequenc
described byrontanez et al. (201and queried against the SILVA were used to determine relationship between the SAGs and
123, Refseq64, and KEGG (September 2013) databases uséfgrence genomes using the script pyani (https://github.com/
LAST (0.1.0; Score penalty: 500; Initial match multiplicity ( widdowquinn/pyani). Shared genes between related genomes
m): 10;Zhang et al., 2000Selective enrichment of Operational were determined using reciprocal best blast hit (60% siityiar
Taxonomic Units (OTUs) in metagenomes were analyzed usingvalue 1le-10). Shared genes between multiple genomes were
the R packages phyloselgi{Murdie and Holmes, 20)3vegan de ned from shared homologous orthoMCL group<Clien
(Oksanenetal., 20)&and DESeq2.(ove et al., 200)4In DESeq2, et al., 2008 Metagenomic reads were recruited to the SAGs
the regularized log transformation was used to normalizevith blastn (cuto : 200 bp, 90% sequence similarity) and used
the samples (blindD FALSE), taking into account dierent to estimate SAG abundance between depths, treatments, and
sample sizes. The complete dataset (sequences belongingctoises. Relative read recruitment as aspects of treatmepthd

all domains of life) was used for normalization, comparableand cruise were compared to each other with an ANOVA
to what was described ifrontanez et al. (2015Abundance test, with the other samples as biological replicates in the
plots of 2 (transformed value) was created in the phylosegsame experimental design as described for the metagenome.
R package, where principal coordinate analysis was used Reads annotated to the same genus as the SAGs in the
ordinate the normalized sequences. The Vegan R package wastagenomes of the same traps as where the SAGs were isolated
used to detect signi cantly divergent clustep<q 0.05) with the were selected and gene orthology (on KO level) annotated.
Adonis function. The DESeq2 package was used to statigticallhese annotations were compared to the annotations from
infer divergent groups based on taxonomic inference (usirgg t the SAGs as well as corresponding annotations from the
Wald function) from the Silva and Refseq databases, as wellosest fully sequenced genome (to compensate for missing
as functional genes based on the KEGG database. Traps weggions from the SAGs) to determine to which extent the
compared in an experimental design where poisoned and livBAGs represent their genera in the traps. Reference genomes:
traps were compared over both cruises with traps at all depth&rcobacter nitro gilisSINC_014166)Vibrio campbellii BAA1116
used as biological replicates. Deep (300, 500m) and ShallgiWC_009783; NC_009784; NC_00977Idipmarina loihiensis
traps (110, 150, and 200 m) were compared with traps froniNC_021286)Kangiella koreensidNC_013166)Actinomarina

both cruises and both treatments as biological replicatesis€s minuta (KC811150)Alpha proteobacteria HIMBENC_018643).
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All single cell data are available at NCBI under bioprojeciMetagenomes
number PRINA270248 with the following nomenclature:

Uncultured  Actinomarina

Actinomarina
Uncultured
Arcobacterl
Uncultured
Arcobacter2
Uncultured
Idiomarinal
Uncultured
Idiomarina2

Arcobacter

Arcobacter

Idiomarina

Idiomarina

HD9-500

HD9-500

HD9-500

HD9-110

HD9-110

m-PIT-SAG01—

m-PIT-SAG02—

m-PIT-SAG03—

m-PIT-SAG04—

m-PIT-SAGO5—

Uncultured Kangiella HD9-110 m-PIT-SAG06—Kangiellal
Uncultured Kangiella HD9-110 m-PIT-SAG07—Kangiella2

Uncultured
SAR11 clade

SAR11clade

HD9-500

m-PIT-SAG08—

Uncultured Vibrio HD9-110 m-PIT-SAG09—Vibriol
Uncultured Vibrio HD9-110 m-PIT-SAG10—Vibrio2

RESULTS

Previously reported observations for samples collected durin
the HD5 cruise fFontanez et al., 20)5were compared to
processed and analyzed samples from the HD9 cruise 1 month
later. Speci cally, the metagenomes in the poisoned and live
traps displayed distinct dierences in microbial assemblage
compositions. This was evident in KEGG, Refseq, and Silva
database annotation&igures 1, 2, Table 2 Table S1, Figure S1).
There were only slight di erences between traps of the same
treatment from di erent depths (i.e., shallow poisoned traps
compared to deep poisoned traps and shallow live traps
compared to deep live traps).

The possibility exists that di erences between the HD5
an HD9 ltration methods (HD5, whole sample lItration,
extraction, and sequencing, vs. HD9 serial ltration, exiion,
and sequencing of two di erent size fractions separateljo¥etd
by in silico pooling of the two fractions) could introduce
methodological di erences in abundance estimates betwhen t
two di erent cruises. However, since very few di erences were
detected between the HD5 and HD9 results when the same
sample treatments (poisoned or dead at the same depths) were
compared, the di erent methods used did not appear to have

Single cell genomes from the HD9 cruise and metagenomes frooompromised the overall results, at the level of resolutiodisd

the HD5 and HD9 cruises were sequenced and analyzed to enalftee below).

comparisons of the microbial assemblages on sinking pasticle Only a small number of OTUs were signi cantly di erent
caught in poisoned and live sediment traps deployed in the NPSBetween the cruises (Table S1). Eukaryotes and viruses were
(22 48.5N 1583.02 W).

Samples

more commonly observed and had higher relative abundance in
poisoned traps compared to live trapsSigure 1). Bacteria were
common in both sets of traps and relatively few sequences in

Metagenome samples were collected from traps placed at 159 trap belonged to archaea. At a functional level, thereewe
200, 300, and 500 m depth during two cruises (HD5 and HD9@roups of genes involved in energy metabolism that appeared
in July and August 2012, as well as at 110 m for the second crui§i§ni cantly enriched in deep, poisoned traps, including genes
(Figure 1, Table 1, Table S5). Two types of traps were deployedf:or carbon metabolism (K00177, K01846), a sul te reductase
(1) poisoned traps which contained Itered seawater adjusted00392), and genes involved in cofactor biosynthesis (B821

to a density of 1.05 g/cc with brine solution, combined with aK02190, K03404, K02293) (Figure S2). This might suggest
xative to preserve nucleic acids of the initial communitytbe ~ SPeci ¢ life styles speci cally enriched for growth among pee
sequestered particles; and (2) live traps, containing orgyotine ~ dwelling eukaryotes and their associated bacteria.

solution that allowed living microbial communities to fumer

process particles collected in the traps (see section Mateniml  Single Cell Genomes

Methods and-ontanez et al., 20).5Single cells were isolated and Ninety single cells were isolated by ow cytometry at the &ng
their genomes were sequenced from both live and poisoned tra@ell Genomics Center at the Bigelow Laboratory for Ocean
from 110 to 500 m depth during the HD9 cruise. Sciences. Their genomes were Multiple Displacement Ampli ed

TABLE 1 | Signi cantly enriched operational taxonomic units (OTUshithe metagenomes f value< 0.01).

Database Domain Poiss_vs_Live Live_vs_Poiss Deep_vs_Shal low Shallow_vs_Deep HD5_vs_HD9 HD9_vs_HD5
Refseq Archaea 1 3 0 0 0 0
Bacteria 31 (4) 213 (47) 8(2) 4 0 5(2)
Eukaryotes 313 (205) 2 0 0 17
Virus 32 (10) 1 0 0 0 0
Silva Archaea 0 2(2) 0 0 0
Bacteria 3(3) 28 (15) 1 0 0 2(2)
Eukaryotes 2(1) 40 (36) 1 0 0 0
Kegg 3054 (2940) 347 (200) 19 (14) 2(1) 0 2(2)

Numbers in parenthesis indicate enriched OTUs with log2-fold change 2.

Frontiers in Microbiology | www.frontiersin.org 5 November 2017 | Volume 8 | Article 2269


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Pelve et al.

Bacteria Associated with Sinking Particle

llumatobacter Acidimicrobiales I

Sulfurimonas Campylobacterales -

Sulfurospirillum

Cyanothece Oscillatoriales

Nitrosopumilus Nitrosopumilales

Oceanospirillales SUP05 Oceanospirillales
Pirellula

Planctomyces Planctomycetales

Abundance (%)
Rhodopirellula
15

Alteromonas 10

5

Idiomarina Alteromonadales
Pseudoalteromonas

Alcanivorax

Oceanospirillales

Kangiella
Leisingera
Phaeobacter
Rhodobacterales
Roseobacter
Ruegeria
Methylophaga Thiotrichales
Live Poisoned
-5.0 25 0.0 25

Fold change between Poisoned and Live traps (log2)

FIGURE 2 | Difference in abundance (expressed as fold change between
normalized taxonomic counts of read matches to the RefSeq dabase) in the
initial and processed community for the 10 most abundant sigi cantly
enriched archaeal and bacterial genera in poisoned and livieaps, respectively.
The color represent average abundance in all traps (expresd as percentage
of mean normalized counts in all traps).

expedition, as being important for carbon expof\(idi et al.,
2015. The genomes were analyzed for genetic featrigsi(e 3
Table 2), taxonomic signals (Figures S4-S6) and gene content
(Figure 4; Table S2), as well as relative read recruitment from the
metagenomedHigure 5 Figure S7).

Initial Microbial Assemblages in the

Poisoned Traps

The poisoned trap metagenomes represented cells on sinking
particles that were immediately xed by the preservative as
they entered the trap. We refer material in the posoined
traps, consisting of eukaryotes that make up the bulk of the
particles and their associated bacteria as the “initial cemity.”
Eukaryotes and associated viruses were more common in the
initial community, than in the live trapsKigure 1). Many of

the signi cantly more abundant bacteria in poisoned traps ever
either associated with eukaryotes (Arcobacter, llumattéraand
Planctomycetes) or potentially with the micro-niches sped¢oc
particles (Chroococcales, Sulfurimonas, and Oceanostgsila
Figure 2). The phototroph Cyanothece was also identi ed, which

is known to form aggregates and thus might have contributed t
the particle formation. Ammonia oxidizing archaea and baiete
were signi cantly enriched in this fraction, despite low oak
abundance in the traps.

Bacterial genes signi cantly enriched in the poisoned traps
included components for sulfate reduction, cyanobacterial
photosynthesis, and carbon metabolism, possibly carbon xatio
by the reductive TCA cycle (Table Slc). There were genes
for cell signaling, secretion and environmental inforneeti
processing, and genes for uptake of zinc, manganese, biatin, a
oligopeptides. Genes encoded by the Arcobacter and VibriosSSAG
were enriched primarily in the poisoned trapsigure 4), where
Arcobacter—but not Vibrio—were signi cantly enriched ihe
metagenomes on a genus marker gene Ivigufe 2).

Arcobacter

Two closely related Arcobacter SAGs were isolated from the
500 m poisoned trap during the second cruise (HD9). Although
Arcobacter is best known as an animal pathogen, the genus
contains both animal associated and free-living pathogenic
and non-pathogenic strains. It is known to form mutualistic
relationships with the amoebo agellate Breviatea (Colomban

(MDA), followed by 16S ribosomal RNA gene ampli cation andde Vargas et al.,, 2015; Hamann et al., J01Arcobacter
sequencing (Figure S3). Ten cells of the most abundant generepresentatives have also been found as part of the biolm

were selected for partial genome sequencifigble 2. From

community on sunken wood where they have been suggested to

the 110 m live trap, two cells for Idiomarina and two cells formineralize sulfur and x nitrogeni{alenitchenko et al., 20).6
Kangiella were sequenced, and from the 500 m live trap orle cel These SAGs cluster together with the marine stésicobacter

was chosen for Actinomarina. From the 110 m poisoned trageojedonensi§Choe et al., 20)5 with a 94% 16S rRNA
two cells were chosen for Vibrio, and for the 500 m poisoneducleotide identity to the closest related genome sequenced
trap two cells were chosen for Arcobacter and one cell for thetrain (Figures S4, S5). The highest number of genes were
SAR11 clade. All four pairs of SAGs from the same genus weshared with the free-living straii\. nitro gilis, but the level
closely related, with identical 16S rRNA gene sequencesighd h of genome synteny was low, with shared genes dispersed over
average nucleotide identity>@5%; Figure S5). Interestingly, all the genome (Figure S6). The coding densities of the single
four of these genera were highlighted in analyses of microbe®ll genomes were not as high as those of related strains,
associated with export in the upper water column from the Taravhich might suggest adaptation to higher nutrient availipil
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TABLE 2 | Assembly statistics of single cell genomes.

Initial community Processed community Planktonic

Arcobacterl Arcobacter2 Vibriol  Vibrio2 Idiomarinal Idioma rina2 Kangiellal Kangiella2 Actinomarina SAR11-clade

HD9 trap 500P 500P 110P 110P 110L 110L 110L 110L 500L 500P
Reads 693926 820791 898088 925567 821621 908546 828156 775789 729489 804475
Scaffolds 18 56 68 42 8 11 6 31 9 37
Total length 162008 397249 917768 1265-273 325153 597848 23196 1421-680 257233 361876
Largest scaffold 24156 56862 60299 167359 106931 163684 18367 240315 59530 28337
GC (%) 29.72 30.57 43.49 44.95 46.37 47.35 44.38 43.45 33.09 .06
N50 15811 19010 26108 63133 72189 143629 188967 75140 41063 17212
L50 4 7 12 7 2 2 1 5 3 9
Estimated recovery 3 20 6 33 8 20 13 61 22 30
(%)
Coding density (%) 78 86 79 84 94 94 90 90 96 91
Median intergenic 89 36 114 94 19 16 63 60 2 3
length (bp)
rRNA 3 2 3 3 3 3 3 3 3 2
tRNA 14 14 29 4 8 10 21 13 11
tmRNA 1 1
CDs 148 408 867 1211 334 581 244 1343 288 373
Hypothetical 44 41 68 62 80 29 239 32 251 237
CAZy genes 13 25 50 7 15 5 23 9 12
Novel genes 52 38 1 30 52 3
7.51 Poisoned —
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FIGURE 4 | Relative abundance of SAG encoded genes in poisoned compareto live traps. Log2-fold change cutoff: 0.1. Functional céegories from the
Carbohydrate-Active enZYmes (CAZy) Database.

(Figure 3 Table 2 Giovannoni et al., 20)5The GC contentwas genes also included the glycerol transporter sysghpPQSTV

relatively low ( 30%). as well as the glycerol kinase gegtpK which suggests
Similar to known strains, the Arcobacter single cell genometheir ability to use glycerol as a carbon source. The zinc

encoded genes for motility and chemotaxis (Table S2). Th@ SAtransporter znuABC genes were also present in the SAG.
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TABLE 3 | Glycoside Hydrolases identi ed in the SAGs annotated in the

SAGs

Actinomarina, Idiomarina, Kangiella, bfio
Idiomarina, Kangiella, SAR11clade, Vilori
Kangiella, SAR11clade

Kangiella, SAR11clade, Vibrio

Vibrio

Actinomarina, Idiomarina

Vibrio

Actinomarina, ldiomarina, Kangiella,
SAR11clade, Vibrio

Arcobacter, Idiomarina, Kangiella, Vibrio

Arcobacter, Idiomarina, Kangiella, SAR11clade,
Vibrio
Arcobacter, Idiomarina, Kangiella, Vibrio

Genome density carbohydrate-active enzymes database (CAZymes).
95- @ .
® Glycoside Substrate
Q hydrolase
= ® @ Actinomarina famil
>90 Y Y
.*5 [ ] @ Arcobacter
5 @ |Idiomarina GH130 1,6-mannans
?3,85- ® ® Kangiella GH76 1,6-mannans
__% ([ ® SAR11 GH109 Acetylgalactosamine
8 @ Vibrio GH2 Aminosugars
801 °® GH20 Aminosugars
L : GH5 Cellulose
90 120
Med|an Intergemc Length (bp) GHo Cellulose
GH18 Chitin
FIGURE 3 | Genome density of SAGs, expressed as coding density
(percentage of coding genome sequence out of total SAG sequece) and GH53 Galactans and
median intergenic length of scaffolds of the SAG. arabinogalactans
GH72 Glucans and
. . galactans
The Arcobacter cell encoded several glycoside hydrolaghs w
. . GH16 Glucans and
a putative substrate range that included glucoses, mannoses galactans

xyloses, and peptidoglycagble 3 Table S4). In contrast to gy
the other SAGs, and despite their suggested importance in the
initial community (Fontanez et al., 20),5the Arcobacter SAGS GH1
encoded no glycoside hydrolases speci ¢ for chitin, commonl gHga
found in eukaryotes including fungi, algae, and crustasean
This could be a consequence of incomplete representation 6H99
the genomes, or it might suggest adaptation to di erent hostscH92
Two genes known to be induced in Arcobacter epibionts by the
presence of the metazoedenisia limosavere identied—an GH38
NaC/HC antiporter of the NhaD family and the 2-oxoglutarate GH47
carboxylasec A (Table S2;Hamann et al.,, 2006 None of GH73
the virulence factors previously described for the pathogen
Arcobacter butzleiDouidah et al., 200)2were identi ed in the ~ GH23
SAGs or in assembled contigs of the metagenomes, suggesti |-9
that the identi ed Arcobacter strain is likely a commengsal
rather than a pathogen.

Arcobacter taxonomic marker genes and reads recruited t8H13
the Arcobacter SAGs were almost exclusively found in the 500 #**°
poisoned trap metagenomes, where the SAGs were isolat&H3!
(Figure 5). This may correspond to the preferred habitat depth®H32
of a host eukaryote. A possible candidate for a communallstlc

H33

partner was identi ed in two assembled metagenomic contlgs H10
containing marker genes related to unicellular protistobging H24
to the order Collodaria Biard et al., 2015that, similar to the ~ ™°

GH12

Arcobacter SAGs, primarily recruited metagenomic readsnfro
the deep traps (Table S3). This organism has been suggested thHSQ

associated with carbon expoi® (iidi et al., 201p
GH65

Glucose, arabinose,
xylose

Glucose, galactose
Hyaluronic Acid

Mannoses
Mannoses

Mannoses
Mannoses
Peptidoglycan

Peptidoglycan

Peptidoglycan
Sialic acid
Starch

Starch

Starch

Sucrose and fructose
containing polymers

Unknown

Unknown

Xylan

Xyloglucan

Xylose

a-amylase
a-glucosidic linkages

Actinomarina, Idiomarina, Kangiella, Vibrio

Actinomarina, Arcobacter, Idiomana, Vibrio

Actinomarina, Idiomarina, Kangiella,
SAR11clade, Vibrio

Actinomarina, Idiomarina, Kangiella, Vibrio
Arcobacter, Idiomarina, Kangiella, SAR11atk,
Vibrio

Arcobacter, Vibrio

Kangiella

Actinomarina, Arcobacter, Idiomarina,
SAR11clade, Vibrio

Arcobacter, Idiomarina, Kangiella, SAR clade,
Vibrio

Idiomarina, Kangiella, SAR11clade
Kangiella, SAR11clade, Vibrio

Actinomarina, Idiomarina, Kangiella, Vibrio
Idiomarina

Kangiella, Vibrio

Kangiella, SAR11clade, Vibrio

Kangiella

Vibrio

Arcobacter, Idiomarina

Kangiella, Vibrio

Arcobacter, Idiomarina, Kangiella, Vibrio
Vibrio

Arcobacter, Idiomarina, Vibrio

Vibrio

The two Vibrio SAGs clustered witii. campbelliia liated with

the Vibrio harveyiclade (Figures S4, S5), some strains of whiclow coding density and sizable intergenic regiofsg(re 3

are pathogens of crustacéa(wandeepika et al., 201The level

Table 2. The SAGs encoded peptide transporteocpfABCD

of genome synteny and shared gene content between the SA&@sd sapACD and sugar transportersptABCD proVWX),

and reference genomes was high, with the SAGs aligningavell &s well as transporters of molybdate (modABC), phosphate
large, discrete parts of both thé campbellichromosomes and (pstABCS), and zinc (znuABC). Chitin specic glycoside
the plasmid NC_009777 (Figure S6). The SAGs were re ectigydrolases and chitin-binding proteigbpD were also present
of large genomes typical of copiotrophic organisms, havingn the Vibrio SAGs, consistent with their potential assoiciat
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FIGURE 5 | Relative abundance of SAGs in the HD5 and HD9 traps. Percenge of blastn-recruited metagenomic bacterial reads with 9% identity and 200 bp
cutoff. Percentage of recruited reads from poisoned and I traps were compared with ANOVA using traps of different degh and from different cruises as biological
control. Deep and Shallow traps and traps from the two cruiss, respectively, were compared in the same way. The Arcobaer SAGs were signi cantly divergent
between traps of different treatment and depth and the kangilla traps were signi cantly divergent between traps of diffrent cruises p < 0.05).

Frontiers in Microbiology | www.frontiersin.org 9 November 2017 | Volume 8 | Article 2269



Pelve et al. Bacteria Associated with Sinking Particle

with crustaceans. Other glycoside hydrolases with a predict genus Alteromonas representing nearly one fth of recovered
broad range for other substrates associated with eukasyotsequences with similarity to homologs in the RefSeq database
(cellulose, starch, and xyloglucan), bacteria (peptidoglyca (Figure 2), likely re ecting a “bloom” caused by POM and DOM
and of general cellular origins (include glucose, mannese, degradation and their accumulation in the live traps. Baeieri
aminosugarsTable 3 Table S4) were also found. Componentsgenes enriched in live traps included components of pathways
of the luminescence quorum sensing machindoaxQQRSUY as for cellular interaction such as two-component systems fgnai
well genes homologous to thixA toxin were present as well. In processing and antibiotics resistance and secretion (Tdldg S
addition, the gene cysteine synthasgg, with a suggested role There were also genes for the sox sulfur oxidation system
in bio Im formation, was also identi ed (Table SZingh et al., (K17224, K17226, K17227) and degradation of amino-acids,
2015. nucleotides, and aromatic compounds. Some of the identi ed
The Vibrio SAGs recruited metagenomic reads mostly fromron transport genes were enriched in the live traps (K02014,
the poisoned, shallow traps from which the SAGs were isolateld16091, K16088; Table S1c), re ecting specialized stratégie
(Figure 5). Although this trend was not statistically signi cant, it iron uptake. This provides further evidence that iron limitat
suggested a distribution limited by a eukaryotic host presen may be strong selective agent for heterotrophic bacteria, as
most likely one of the arthropods that were found to bewell as oxygenic phototrophs, in the oceaBo(teau et al.,
signi cantly enriched in poisoned traps (Table S1b). Thiseait 2016. Genes encoded by the Idiomarina and Kangiella SAGs
was only seen for reads recruited to the single cell genomagere enriched primarily in the live trapg-igure 4), where they
and not in the metagenomes on a taxonomic marker gen&ere signi cantly enriched also on a genus marker gene level
level, where Vibrio as a genus was not signi cantly enricired (Figure 2).
any of the sediment trapg={gure 2, Table Slab). This suggests
that di erent Vibrio strains were present that were adapted toldiomarina
di erent ecological niches. This observation is obscureceh Idiomarina was rst described as a deep-sea bacterium with
all Vibrio sequence reads are treated cumulatively at tigie particle-associated life style and protein metabolism as an
level, but can be seen at the higher resolution provided by thienportant source of nutrients [fonachie et al.,, 2003; Hou
single cell genomes. In support of this observation, the dityer et al., 200}t and representatives have since been found in
of metagenomic functional gene categories for Vibrios imttap  other environments including shallow water and salterng).(e
where the SAGs were isolated was larger than what was obdserveoddar et al., 2014; Leodn et al.,, 2D1ksolated Idiomarina
in both Vibrio SAGs along with theV. campbelliireference strains are described as obligately aerobic and heteroteophi
genome Figure 6). In total, these observations suggested thawhich is generally consistent with the gene content founchia t
there were multiple Vibrio strains present in the trap, with Idiomarina SAGs. The two Idiomarina SAGs had high similarit
dierent sets of functional genes corresponding to di erent to described strains (99% 16S rRNA nucleotide identity)hwit
lifestyles. slightly larger genomic identity to the copiotrophicloihiensis
(Figures S4, S5). There was a high level of genome synteny,
. . . . with the SAGs corresponding to large, discrete parts of the
Enriched Microbial Assemblages in the I. loihiensisgenome (Figure S6). The genomes were comparably
Live Traps dense, with short intergenic regiongigure 3, Table 2. The
The live traps that contained only seawater (without xajive trap-associated Idiomarina SAGs encoded a broad range of
were enriched in bacteria using nutrients released from thglycoside hydrolases, re ecting the DOM released duringipiar
particles during degradation, that we refer to here as thelegradation, including putative substrates of both euktcyand
“processed community.” Due to this enrichment, these trap®acterial origin Table 3 Table S4). Similar to other Idiomarina,
had lower relative numbers of eukaryotes (and their assedia the genomes contained several genes for cell motility and
viruses) compared to the initial communityFigure 1). The chemotaxis, and also the transporters of phospha#ABC$
bacteria found here were dominated by known copiotrophicand iron(lll) (afuABQ as well as the heme exportecmABCD
genera including Alteromonas and Idiomarina, their incsed  which allows the cell to regulate the internal iron level{lEaS2).
numbers resulting presumably from POM or DOM utilization The SAGs contained the secretion systgegpCDEFGHIJKhSs
(Figure 2). There were also presumptive hydrocarbon degradersell as a Photoactive Yellow Protein (PYP) which has been
Alcanivorax and Methylophaga that likely were enriched due tsuggested to be involved in depth adaptive bio Im formation
reduced carbon compounds associated with the particles. Lifean Der Horst et al., 2009 However, none of the bio Im
traps had fewer uniquely enriched gene suites than poisonddrming genes that were identi ed adjacent to the PYP gene in
traps, corresponding probably to the lower relative abundarice |. loihiensigHou et al., 200¥were found in the SAGs, although
eukaryotes and their associated microbial assemblagdeset some of them were present in six assembled contigs of the
samples Figures 1 2). This was consistent with the greater metagenomes, with highest coverage in the 150 m live trap fro
amount of specically enriched bacteria in processed trapsiD9 cruise where the Idiomarina SAGs were most common
compared to poisoned trapsidble 1, Table Slab). This likely (Table S3). Some Idiomarina genotypes may also be degraders
re ects the smorgasbord of nutrients available for copipinec  of high molecular weight DOMicCarren et al., 20)0 These
bacteria in the live traps as particles were processed. Edrichendings suggest that Idiomarina in the ocean may associate
bacteria were present at high relative abundance, espettially with sinking particles initially via chemotaxis followed biphm
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Kangiella
Kangiella are heterotrophic bacteria rst isolated from ticats
(Yoon etal., 2004 The two Kangiella SAGs form a sister clade to
previously known species (Figures S4, S5), with a 96% 16S rRNA
nucleotide identity toK. koreensiand large, discrete chunks of
syntenic genomic regions (Figure S6). The SAGs were leseden
than those ofldiomarina, with larger intergenic regions with
a divergence between the two SAGs most likely explained by
di erent genomic regions being recovere#igure 3 Table 2.
Similar to Idiomarina, the Kangiella SAGs contain multiple
glycoside hydrolases with a broad substrate rangeblé 3
Table S4). Kangiella are related to the hydrocarbon deggadin
Alcanivorax, but no such activity has been associated with
Kangiella and no genes for hydrocarbon degradation have been
identi ed. Kangiella has been reported to have the ability to
degrade lignocellulosé@rjany et al., 2014as well as algicidal
activity (Shi et al., 2003 and there were genes annotated as
toxins and antitoxins with potential algicidal activity irhé
SAGs, including the hemolycitlyC. The Kangiella SAGs encode
the peptide transporterslppACDF, the phosphate transporter
pstABCSas well as the iron (lll) transport proteimfuB and
the heme exporteccmABCD There were no genes for motility,
either in the SAGs or in the genomes of related strains (T8l
which is consistent with the non-motility of all known isaéd
Kangiella strains and the lack of motility genes in the refiese
genome (an et al., 2000

The Kangiella SAGs recruited metagenomic reads from most
depths except the deepest sampling point, mostly from live but
also from the 150 m poisoned trag-igure 5. The Kangiella
SAGs recruited signi cantly more reads from the HD9 than the
HD5 traps. A similar pattern was seen in the metagenome where
Kangiella taxonomic marker genes were signi cantly enrethe
in HD9 traps and live traps (Figure S2). The genes encoded

FIGURE 6 | Functional diversity in the traps on KEGG KO level as perceage K
by the Kangiella SAGs on an orthology level (KEGG), on the

of total KO diversity for the genus, as predicted by the SAG$(ue), the closest

reference genome (red) and the genus speci c metagenome fronthe same other hand are present in the metagenomes for both cruises
HD?9 trap as the SAGs were isolated from (green). When combidewith the with no signi cantly di erence in relative abundance (FigaS8,
closest reference all SAGs except Vibrio predict the majayi of the diversity in Table SlC). This suggests a succession between di erenespeci

the trap, which indicate that the SAG is representative foihe functional . f . A .
N o . : . with redundant function between cruises, similar to what is
diversity in the trap. The genus Vibrionales display a subattial functional

diversity not predicted by the SAG or closest reference. hypothesized for Idiomarina.

These ndings suggest a model for Kangiella's active role in
particle degradation. The non-motile bacteria may be brdugh
to the particles or hosts by Brownian motion and random
encounter, and associate with them either as commensiatbists,
formation, and subsequently degrade DOM liberated from PONpotentially as pathogens. They might then remain attached to
by other species. sinking particles, accounting for their presence in both larel

Idiomarina marker genes in the metagenome wergoisoned traps. As the particles degrade, the Kangiella mingint t
signi cantly enriched in live traps, and in traps from the proliferate growing on POM or released DOM.

HD9 cruise. A similar trend was seen by metagenomic reads

recruited to the SAGs which were recruited mainly from live . . I " -

traps from most depths (except the deepest sampling point), witFlanktonic Microbial “Bycatch” in the

a higher fraction of reads recruited from the HD9 metagensme Sediment Traps

compared to the HD5 metagenomes (Figure S7), althoughwo of the SAGs (Actinomarina, SAR11 clade) had small
this trend was not statistically signi cantF{gure 5. Genes predicted genome sizes and low abundance in the metagenome,
encoded by the Idiomarina SAGs on the other hand, did nowhich suggest planktonic life styles rather than direct eisdimn
show signi cant dierences in abundance between cruiseswith the particles, and therefore their presence in the traps ar
suggesting a succession between di erent copiotrophic specig®ught to be caused by them being caught in the downdraft
with redundant function (Figure S7). movement of the particles. Both these SAGs have small, compact
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genomes which would be consistent with an oligotrophic rathe Depth Distributions of Microbes Captured

than copiotrophic life styleKigure 3), although they did both by the Sediment Traps

contain multiple glycoside hydrolases which suggest att leag/nhen samples from di erent depths were compared, there were
partial adaption to the DOM released by degrading particlegoyr genera of alpha and gammaproteobacteria signi cantly

(Table 3 Table S4). enriched in shallow compared to deep traps—Acinetobacter,
. . Ferrimonas, Maricaulis, and Pseudoalteromonas. In deapstr
Actinomarina eight epsilonproteobacterial genera (mainly Campylobatteya

The Actinomarina SAG was most closely related to singleuere enriched (Table Slab). There was an overlap between
cell genomes isolated from marine environments with 99%)roups enriched in deep and poisoned traps, contrasted to
16S rRNA nucleotide identity (Figures S4, S5jai et al., shallow and live, as well as an overlap between shallow and
2013, but no related strain has been cultivated nor completgjye traps (Figure S2). Interestingly, no such overlap was
reference genome yet published. The Actinomarina SAGeen between groups enriched in deep and live traps, or
coding density was highHgure 3 Table 2 and included the ghallow, and poisoned. Similarly, the deep, poisoned traps were
amino acid transporterivFGHKM. The SAG also encoded enpriched in Epsilonproteobacteria, mainly Campylobacterale
a proteorhodopsin (PR) belonging to the MAC-cluster of arcobacter, Nitratiruptor, Sulfuricurvum, Sulfurimonasand
previously described Actinomarina PRs, containing signatursyfurospirillum) while the shallow, live traps were enrictiad
residues that suggest adaption to green light (Figure S% B A|phaproteobacteria and Gammaproteobacteria (Acinetolacte
Fuhrman et al., 2008 The Actinomarina SAG recruited few Ferrimonas, Maricaulis, and Pseudoalteromonas), suggest
reads in the metagenome but was slightly more common in deeghift in either particle composition or bacterial recruitmten

traps Figure 5). as the particles move downwards in the water column. Only
a small number of genes were signicantly divergent in
SARL11 Clade abundance between shallow and deep traps, including genes for

The SAR11 clade SAG that was sequenced shared high nucleotilgmatic degradation (K01821) and carbohydrate and nuitleo
identity with previously sequenced isolates (99% 16S rRNfyetabolism (K01846, K02293, K00619, K18284)—all of them

nucleotide identity). The genome coding density was highenriched in deep traps{300 m; Table Sic).
(Figure 3 Table 2 and, similar toActinomaring encoded the

livFGHKM amino acid transporter. The genome also contained~; ;
genes for the sarcosine oxidasexABD(Table S2), which has (blﬁerence between Cruises
been noted to be upregulated under nitrogen limited conditio
in related organismsgmith et al., 2013 The SAG recruited
few reads from the metagenomes, but appeared slightly mo
common in the deep trapsgure 5).

Only ve bacterial genera displayed di erential representatio
on particles collected in the two di erent cruises. Four of the
Brevundimonas, Herbaspirillum, Idiomarina, and Kanggell
able Slab) were signi cantly enriched in the live traps alt we
as during the later cruise (HD9). In contrast, 16 of 18 Eukuicy
genera (Figure S2, Table S1ab), signi cantly enriched énlaler
cruise (HD9), were enriched in poisoned traps. This suggests a
relatively stable bacterial system during the time framehas$
study even as the eukaryotic community itself shifted.

Single Ampli ed Genomes as Models

The SAGs can serve as models of potential successionay&eate

that occur during sinking particle degradation. To estimhtav

representative they might be for trap microorganisms, theege

content of the SAGs was compared to that of the corresponding

metagenomes. Genomic regions not recovered in the sindle c@|SCUSSION

genomes were compensated for by also comparing SAGs to their

closest relative with a fully sequenced reference genoheefull  Particles that sink to the dark ocean appear to be predominantly

genetic diversity of organisms that belong to the same geasr composed of eukaryotic biomasSi(non et al., 2002; Fontanez

the SAGs in the samples were then estimated by isolating geneet al., 2015; Guidi et al., 20)L5This may include the presence

speci ¢ reads from the metagenomes of the trap corresponding tof fecal pellets, diatom aggregates, a variety of protists lagid t

the SAGs. The gene content of KEGG orthologous groups wesssociated micro ora, as well as non-organic components. Most

predicted from these three datasets and compaFégi(e 6). recently, the Tara expedition has highlighted the associatio
Except for the Vibrio SAGs, most of the genes from theboth prokaryotes and viruses, as well as previously overlooked

metagenome were also encoded by the SAGs, which suggeskaryotic groups including Rhizaria, with carbon export and

that there is low diversity of the genus in the trap and thatpotentially sinking particlesHontanez et al., 2015; Guidi et al.,

the SAGs were reasonably representative of members of tRé15.

trap bacterial community. The Vibrio genus on the other hand  Microbes attached to sinking particles in the upper water

displayed a greater diversity in the trap metagenomes thaat whcolumn have been suggested to be primarily recruited in the

was represented by the SAGs. The pathogenic life style seggesphotic zone, so that particles collected at greater depths would

for the Vibrio SAGs might therefore not be the only ecologiicabe predicted to harbor microbes from photic zone, rather than i

adaption for Vibrio in the traps, and further sampling would surrounding deep water. The recruitment of metagenomiaeea

be required to obtain a larger genomic representation of Mibr to the SAGs appeared to be in general agreement at least for

associated with sinking particles. these upper mesopelagic samples, as we observed enrichment of
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speci ¢ microbial communities in shallow live traps and deep The combination of SAG and metagenome data we
poisoned traps, but no enrichment of speci ¢ groups in shallomused proved useful for gaining a deeper perspective on
poisoned traps or deep live traps. microorganisms inhabiting and degrading sinking particl€se

In a simpli ed model the microbial assemblages on sinkingdistributions and gene contents of the Arcobacter, Idiomar
particles may be a ected mainly by recruitment in shallow wate and Kangiella SAGs suggested some of their functional roles
and by microbes associated with depth-specic eukaryotesn particulates. Our ndings corroborate and extend an earli
The initial microbial assemblage of the shallow poisonegdra study, where the importance of eukaryotes for determining th
consisted of eukaryotic cells with their associated pathsge initial microbial community of sinking particles was proposed
predators, commensalists, and saprophytes (represented {yontanez et al., 20).5Speci c ecological strategies for particle
Vibrio and Kangiella), as well as recruited motile copiotreph processing were indicated by single cell genomes of Arcabacte
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