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Abstract

The [ree-living (FL.) and particle-attached (PA) marine microbial communilies have
repealedly been proved (o diller in their diversily and composition in the pholic ocean and
also recently in the bathypelagic ocean at a global scale. However, although high tasonomig
ranks cxhibit preferences for a PA or TTL mode of hife, it remains poorly understood whether
two clear lifestyles do exist and how these are distributed across the prokarvotic phylogeny,
We studied the FL (<tL8 wm) and PA (08 — 20 pm) prokaryoles al 30 stations disiribuled
worldwide within the bathypelagic occanic realm (2,150 — 4,000 m depth) vsing high
thromghput sequencing of the small subunit ribosomal RNA gene (165 rRNA) A high
proportion of the bathvpelagic prokaryotes were mostly found either attached to particles or
[reely in the surrounding waler bul rarely in both Lypes ol environments. [nparticular, this

trait was deeply conserved through their phylogeny suggesting that the deep-ocean particles
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and the surmounding waler constilule two highly distinel niches and thal ransilions [Tom one
(o the other have been rare at an evolutionary tme-scale, As a consequence, PPA and 1L
communities had clear alpha- and beta-diversity differences that exceeded the global-scale
geographical variation. Our study organizes the bathypelagic prokaryotic diversity into a
reasomable number of ecologically coherent taxa regarding their association (o particles, a
first step for understanding which are the microbes responsible for the processing of the
dissolved and particulate pools of organic matter that have a very different biogeochemical

role in the deep ocean,

Introduction

The deep oceon conlains 70% ol the ocean’s microbial cells and represents 605 of ils
heterotrophic activity {Aristegud ef ol 2009), This activity is supported by a flux of particles
produced in the upper ocean, which is considered to be the dominant input of organic carbon
o the deep-sea (Ducklow ar al. 20001 ; Aristegul ef al. 2002 as dissolved organic carbon is
largely consumed within the mesopelagic Liyer (Anistegu ef al, 2002), Henee, the deep-sea
pelagic eeosystem is nol an homogenous habilal where microbes grow in suspension, bul
comtains a varicty of particles that represent important sources of organic matter fucling the
dark ocean fond web (TTernd] & Reinthaler 20013). These include fast-sinking particles,
sinking through the deep-ocean over a lew weeks, as well as buoyanl or slow-sinking organic
particles, which remain suspended in the deep occan over annual Gmes scales {Hernd] &
Ecinthaler 2013}, Thus, the identification of the microorganisms inhabiting decp ocean’s
organic particles and the ones living freely in the water is a crucial first step for deciphering

the ecological functioning of the deep ocean.
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IiTerences belween [tee-living (FL) and particle-allached (PA) mictobial
communitics have been observed in relation to their local abundance and biomass, substrates
incorporation or adaptation to different ecological features such as the degradation of organic
matter compounds (Caron ef al. 1982, Pedros-Alid & Drocl 1983, Ferndnder-Cidmer 2f al
2013). However, comparalive analyses of FL and PA microbial communilies have been
restricted mostly to the photic ocean, where particles remain in suspension less than one
maonth (Tande & Wood 1987} and/or to specific locations in the aphotic ocean and have used
a diversily ol approaches thal made robust comparisons dilficull among studies (Acinas ef al.
1999 Ghiglione ef af, 2007; Eloe ef al. 2011; Smith ef af. 2013; Crespoe ef al, 2013). Hence,
there is a need for geographically extensive and coherent sampling efforts to examine the
comsistency of the differences between PA and T'L communitics across distant locations in the

decp occan.

The diversity and biogeography of hathypelagic prokaryotic communitics has only
heen recently described at a global scale showing that PA and FI. communities differ greatly
in composition and appear to be structured by different ceological drivers (Salazar ef wl
2001 5). Additionally, high taxonomic ranks (such as Orders or Phyla) have been shown 1o
exhibil contrasting abundance patlerns beltween FL and PA comimunilies (Eloe ef af, 2011,
Smith ef al. 2003 Crespo ef al. 200 3) suggesting that some degree of ceological coherence
exists for high taxonomic ranks in relation to the degree of particle-association, Despite that,
only the recenl emergence ol high-throughpul sequencing lechnigues allows the exploration
ol the diversity of the L and PA commmunities rom o phylogenetic point of view and thus
understanding whether and how these two lifestyles arc linked to the prokaryotic

cvolutionary history,
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Here we examine Lthe phylogenelic pallerns of [tee-living and parlicle-associaled
prokarvole communitics in the global deep ocean, We do so on the basis of a global survey of
samples collected between 2,000 - 4000 m depth along the track of the Malaspina 2000
Circumnavigation lixpedition {Duarte 20115). Samples were divided into two size [ractions:
(.2-0.8 (FL Y and O.8-20 pm (PA)Y in order o operationally separate [ree-living cells [rom
those attached to small particles, and analyzed by high-throughput sequencing of thel 65
rRNA prokaryotic genes, We combined ecological and phylogenetic analyses in order to: 1)
test whether two clear lifestvles (FL and PA) exisl in the bathypelagic ocean and whelher
(hese are consistent al o global scale, 1) quantily the proporion of prokaryotc i associzaed
with cach lifestyle, iii) test the phylogenetic conservation of these two lifestyles and iv)
identify the abundant and cosmopolitan members of the L and PA communities in the dark

AT

Material and Meihods

Sample collection

A total of 60 samples of deep, bathypelagic waler were oblained during the Malaspina
2010 expediion corresponding Lo 30 dillerent sampling stalions globally distribuled across
the world’s oceans (Lig, 81, Table S1). We Tocused our efforts in sampling at a depth of
4,000 m, although a few samples were taken at shallower depths within the bathypelagic zone
where arographic constraints prevented deeper sampling. Two dilterent sive {ractions were
analyzed in each sample (o characterize each of the Iree-living (FL, 0.2-0.8 pm) and particle-
attached (A, 0.8-20 pm) prokaryotes, or cach sample 120 L of scawater were sequentially
filtered through a 200 pm and a 20 pm mesh o remove large plankton, Further filtering was

done by liltering waler serially through 142 mm polycarbonale membrane filters ol (L8 pm
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(Merk Millipore, [sopore polycarbonale) and 0.2 pm (Merk Millipore, Express Plus) pore
sire with a peristaltic pump (Masterflex, EW-77410-10) obtaining a final sct of 60 samples,
The filters were then flash-frozen in liquid Nz and stored at -B0PC until DNA extraction, Tor
that purpose, the lilters were cul in small pieces with sterile razor hlades and hall’ of each
[ller was used Lor DNA exiractions, which were perlonmed vsing the standard phenol-
chloroform protocol with slight modifications (Logares ef al. 2013). Details regarding the

methodological approach have been presented before (Salazar ef of. 200 5).

Sample sequencing and processing

Prokaryotic diversity was assessed using amplicon sequencing of the V4 region of the
65 rRNA gene with the lumina MiSeq plattorm using paired-end reads (2 X 250 hp} and
primers largeling prokaryoles (1.e. both Bacleria and Archaea). All library construclion and
sequencing was carried oul at the JGL (Gaww jei.doegov) Tollowing a standard protocol
(Caporaso ef al. 2001), Bricfly, the variable region V4 of the 165 rRNA gene was amplificd
using primers F315/R&06. Primer 806K has been recently shown to underestimate the
abundance of SAR1 and Thaumarchaeota (Apprill ef al. 201 5: Parada er al. 2015). This
datasel, however, was shown (o be in good agreement with data derived [tom melagenomes,
and thus not dependent on primers. Although SARIL abundances were underestiomsated,
Thaumarchacota abundances derived from 165 rRNA sequencing and metagenomes were
highly consistent {Salazar ef af. 2(015). Sequence processing included the removal of
contaminants, disrupted pair-end reads and PhiX spilce-in shotgun library reads included as
mlernal standards, iimming and assembling of remaining pair-end reads, removal ol primer
sequences, quality control using sliding window and clustering at 97% identity For the

construction of Operational Taxonomic Units (OTTs). Singletons (i.e, OTUs occurring once
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n just one sample) and chimencal (YUs were removed. The remaming CY1T1s were
taxomomically annotated wsing both the online RDI* Naive Bayesan Classificr (Wang e/ al,
2007y and the BLAST-based classifier within the QITME pipeline (Caporaso e al. 2011)
using the 51V A database (release 113) as reference. The best match to SILV A (minimum
similarily of TO%) was used 0 annotate cach OFUT) by this approach, A mimimum conlidence
value of 90 was used as the eriterion for the RDP-based annotation. An OTU abundance table
was constructed containing the number of reads helonging to every OTL in each sample,

Details on the sequence processing have also been described before (Salazar ef wl 20135).

Phylogenetic reconstruction

Short sequences, such as the reads obtained through Tllumina sequencing, may be
problemalic lor phylogenelic reconstruction, especially lor the salislaclorily resolving the
evolutionary relations between broad taxonomic groups (Morel ef al, 20020, However, new
tools have been developed for this parpose that use reference phylogenics, usually
constructed with longer sequences, and add the short reads through the use of new algorithms
developed for this purpose (Matsen er al. 2010; Berger et al. 2011). This approach, which has
been applied belore [or microbial eukarvoles (Dunthom e af. 2004 Momnier er al. 20145,
bacteria (Brazelion ef afl. 2003; Larsson ef af, 2004) and viruses (Mengual-Chuolid er af. 2012)
was used for the present study: A phylogeny was inferred for all the representative OTU
sequences with an average of 250 bp (from 219 to 278 bp) through its phylogenetic
placement into a previously constructed phylogenetic tree with full-length 165 rRNA
sequences. The closest sequence Lo each (¥ in SILVA v 115 dalabase was lound and
cillected using BLAST (Altschul ef af, 19900 and used Tor the construction of an initial

phylogeny (the alignment provided by STLYA v. 115 release was used). The phylogeny was

This ariicle is prolecied by copyright. All rights reserved.



consirucled using maximum likelihood inference with RAxML v, 8.0.19 (Stamalalas 2014)
and the GTR evolutionary model with optimization of substtution rates and of site-specific
evolutionary rates (GTRCATT), The best tree was selected from a total of 100 trees
constructed for the topology and LN} extra trees were generaled for computing the bootstrap
values, This initial phylogeny was used [or the insertion ol the representative (1L sequences
using the evolutionary placement algorithm (Berger ef al. 200 1) as implemented in RAXML
v, B.(L19 {Stamatakis 20014}, For that purpose we used the previosuly constructed tree and an
alienmenl conlaining both sel of sequences (Lthe representative (YT sequences and the
sequences used Tor the first tree), This aligmment was constructed with MOTHUR (Schloss et
al. 20097 by aligning the first set of sequences while using the sccond as a reference, The
alignment was trimmed tw the common 165 rRNA gene fragment covercd by both sets, The
same evolutionary model (GTROCATT) was used for the inclusion of the representative (T
sequences within the iniial phylogeny. The linal phvlogeny was visually inspeciled and 8
OTUs were removed because they comesponded 1o very large brunches and were closely
related to mithocondria sequences (confirmed using BLAST against NCET), An additional
reduced phyvlogeny was constructed containing only the OTUs with more than 10 reads (sce

motivation in Results),

Statistical analyses

All data reatment and statistical analvses were conducted with the R Statistical
Software (R Core Team 2015} using version 3.1.0 and vegasn (Oksanen et al. 201 5), ape
(Paradis ef al. 2004), picante (Kembel af al. 20010), geiger (Harmon ef al. 2Z008), MANY
(Wenables & Ripley 2002) and indicspecies (De Caceres & Legendre 2009) packages. All the

analvses were performed using an 0T abundance table that was previcously sampled down
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(o the minimum number ol reads {10,617 reads/sample) in order W avold arlilacts due o an

uneven sequencing effort among samples,

Alpha and beta-diversity

We caleulated prokaryotic richness/diversity metrics using two approaches: an OTU-
bascd approach (ie. considering the OTUs as unrelated hiological entities) and a
phylogenetic approach (i.e. considering the evolutionary relationships among OTTs using the
complele compuled phylogeny). The number ol (¥ITIs, the Chao extrapolative richness
estimator (Colwell & Coddinglon 1994) and the Shannon entropy index (Shannon 1948)
wore computed as OTU-based metrics and the Faiths phylogenetic diversity (D) (Taith
[942), the PT2 divided by the number of OTUs (PI/OTUs, hereafter) and the mean nearest
taxon distance (MNT1Y) (Webb er al. 2002) were used as phylogenelic measures of diversily.
DilTerences between FL and PA Tor richness/diversity measures were lested using Mann-

Whitney test, as data normality was not assured.

The study of how prokaryotic assemblages vary along sites (i.e. heta-diversity), was
also approached by using both (YI'U-based and phylogenelic bela-diversily distances. The
Bray-Curtis dissimilarity index of communily composition was used as the OFUU-based bela-
diversity distance, and hetaMNTD (Wehb et al. 2008) as the phylogenctic beta-diversity
distance. Non-metric multidimensional scaling {NMDS) (Minchin 1987} analysis using
random starts was used for visualization of heta-diversity and Permutational MANCY A
(McArdle & Anderson 2Z001: Anderson 2001} using 1000 permulalions was used 1o lest lor
signilicant dilferences and 0 partition the beta-diversity matnx vamanes between UL and PA

aroup of samples,
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Parlicle-associalion niche index analyses

To numerically characterize cach O'TU in relation (o its occurrence and relative
abundance in the PA and FT. sets of samples we defined a “particle-association niche index™
(FAN index) I'or each (YT1] as a measure of the position of an (Y11 in a continuous niche
space manging [rom a complelely [ree-living 1o a completely particle-attached Lilestyle, We
computed the PAN index by using an abundance-weighted mean: for a given OTU we
recorded its abundance in every sample and recorded the size-fraction that every sample
belonged 1o, FL samples were given a value of (Vand PA a value ol 1. We then lound the
abundanee-weighted mean of these values, Thus, an O occurring only in PA samples
would have a PAN-index value of 1 and an OTU strictly occurring in 'L samples would haye
a value of 0, An OTU equally distributed across 'L and PA samples would have a PAN-
index value of (1.5, This index allows positioning every OTT in a continuum describing its
lilestyle prelerence. This approach has been previously used o deline microbial niches in 501l
microbial ecology in relation w varables such as subsurface depth or soil mud (Siegen ef af,

2012, 2013; Wang et al. 2013),

PAN-index values were compared to null model communities constructed with
randomization methods in order Lo lest whether bathypelagic prolkaryoles exhibil an
association W pariicles dilferent from whal 1s expected 15 populations hid unlimited dispersal
across samples (and thus, across PA and TT. fractions) and were free of scelection pressures,
We constructed null communities by randomly permuting the counts across our abundance
C(YLT] table, mantmmng row and column sums, (1., the lolal number ol counts per sample
and the global absolule abundance ol each (YT, and thus controlling [or sampling design
and global taxon abundance, We permuted the matmx 1,000 imes and computed the PAN

index for cach OTT for these null matrices, These OO0 null PAN-index values were
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compared 1o the real PAN-Index values [or each (Y1), Randomirations were perlonned
using the grasiswap algorithm (Miklds & Podani 2004) in permatswap Tunction within the
vegan R package,

PAN-index values were also used to explore the phylogenetic signal of the particle-
association lifestyle (e lo ask whether closely related (¥ have similar associations e PA
or 'L hahitats), To summarize major trends in this relationship, the between-OTU niche
differences {the ditference for each pair of OTUs in its PAN index) were placed in
phylogenelic distance bins and the mean niche dillerence was computed lor each bin (Slegen
et al. 20123, A bin interval of 0.01 unils was vsed (the maximuim phylogenelic distanee was
3.74 arhitrary units). This allowed the identification of the phylogenctic distance threshold
bevond which niche differences no longer inereased with phylogenctic distance, The
phylogenetic signal was also statistically tested using Pagel’s A index (Pagel 19949}, which
yields values close to () when there is phylogenetic independence of a trait and close to 1
when species’ (rails are distribuled as expected under a Brownian model ol trail evolution
(Miinkemiiller er al. 2012). Pagel’s A was estimated by maximum likelihood using the
fitConfinuwons lunclion wilthin the geiger R paclkage. To test whether the esiimale was
significantly different from O (i.c. whether there was a significant phylogenetic signal) it was
compared to a model assuming a A equal to O (i.c. no phylogenetic signal) using a likelihood

ralio st (LR,

Analysis of specific lineages analyses in PA and Fl1. microbial communities

The detection of specilic lineages with a PA or FL lilestyle was performed using two
different strategics; one at broad taxonomic levels (Phylum and finer levels)y and a seeond
approach at the OTTT level, For the first strategy, OTUs belonging to the same Phylum were

arouped using STL.V A-derived taxonomy. The group PAN-index values were tested for
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signilicance wsing he null hypothesis that the mean PAN-index of all the (Y1s belonging Lo
a same Phylom equaled 005 (Le. the expected PAN index Tor an OTU that is cqually
distributed across PA and T1. samples). The significance was tested with one-sample
Wilcoxon signed rank tests, as data normality was not assured. In order to assure a minimum
sample size, only Phyla conlaining more than 0 O s were wested. P-values were adjusted
for multiple comparisons using False Discovery Rate correction (Benjamini & Hochberg
1995}, The same was done for the main lineages clearly annotated within each Phylum,
which were selecled according o the 511V A-based (axonomical annotalion ol (I A
second stralegy consisled on delecting “indicator OTUs" Tor cach of (he two lilestyles, 1.
cosmopolitan OTTs (widely distributed OTUs across sampling stations) but restricted to the
PA or I'L group of samples, This was addressed using the “indicator species™ approach
(Dufrene & legendre 1997; De Céceres & T.egendre 2009), Indicator (OYTUs for the two size-
raclions were identilied using the IndVal index, which is a combined measure ol
“specilicity™ (AL the proportion of the etal reads of an O/UU that appear in 2 given siee-
fraction) and “fidelity™ (B, the proportion of samples of a given size-fraction where an OTU
occurs) (De Caceres & Legendre 2000, The significance of the association was tested using
permutation tests, Those indicator OTTIs with a p-value<().05 and both, a fidelity and
specilicily value =().8, were considered valid. "This assures thal polential indicator (Y115 are

both widely distributed among stations and resticled o any of the two siee-Tractions,

Results

The samples of bathypelagic prokaryotes formed two non-overlapping clusters that
cxacily corresponded o the PA and L samples in an NMDS ordination space built from

OTU-based Hray-Curtis distances (Tig, Ta), accounting for a third of the variance in
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communily composilion across samples (Permulational MANOWA: F=20.295, R*=10.312, P-
value=0.001). The mean Bray-Curtis distance beiween samples belonging to the same size-
fraction was in both cases (i.e. in FL. and PA samples) lower than the mean distance between
the two size-Iractions of the same station (Fig. 32; Mann-Whitney test: FL.: U=11612, P-

value<(.0001; PA: U=20252, P-value<(.0001 ).

Both, phylogenetic bela-diversity (1Le. betaMN T and O/UU-based bela-diversity (1.e.
Bray-Curtis distance) were highly correlated (Mantel test: =077, P-valuc<(0,001) across
samples although, irrespectively of the absolute Bray-Curtis value, hetabMN'TT} values within
the FL group ol samples lended (o be lower than within PA (Fig. 53). All three metrcs ol
O U-based alpha-diversity wsed here differed significantly between FL and PA samples
(Mann-Whitney test; n™ of OTUs: U=745.5, P-value<(L0001; Chao richness estimator;
U=714, P-value<(.((})]: Shannon diversity index: T1=7459, P-value<(.({0} ) with the FI. set
ol samples being richer and more diverse in (F1Us than their PA counterpart (Fig. 1b). The
three measures ol phylogenelc diversily were also signilicantly dilferent (Mann-Whilney
test: PLy: U=630, P-value=0,007, PO O U U=4d, Pavalue=0.0001; MNTLD: =37, 1>
value=0.0001) with a higher phylogenetic diversity in the I'T. group of samples while the

phylogenetic diversity per OTTT and MNTD were higher in the PA fraction {Fig. 1h).

The placement ol each (¥I'T] into a continuous niche space described by the PAN-
mdex, mnging rom a completely ree-living o a complelely particle-atached hlesivle,
showed a bimodal distribution (Tig. 2), with most OTUs accumulating in the extreme values
(close to (0 or 1) in contrast to the unimodal aggregation around (1.5, with two secondary

peaks al the extreme values, expecled lor null, randomization-based communities (Fig. 2a).
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One third of the (XITIs (1,163 oul ol 3,534) had signilicanily more exireme PAN mndex than
their null expectation (i.e. the observed values were beyond the 2.5% percentile of the
simulated ones to either side of the PAN range), These 1,163 OTUs represented 85. 1% of the
total reads. The removal of low-abundance (OT1]s {those having 10 or fewer reads) resulted in
the disappearance of these peaks al extreme values in the null expectation bul nol in the real
PAN-index values (Iig. 2h). Tor this reduced dataset, 60% of the OTUs (1,018 out of 1,712},

representing an 82,14 of reads, had more extreme values than their null expectation.

Pairwise differences in PAN index between ()TTTs were closely and positively
cormelaled with beltween-( ULl phylogenetic distances across shorl phylogenelic distances (up
1oy 0LO-0L8 arbitrary units, representing a 16-20%% of the maximuom phylogenetic distance
across the entire tree), but there was no systematic relationship for QT pairs at greater
phylogenetic distances (Fig. 3a). Most of the OTUs belonging to the same (Tlass or even
Phylum (and lower taxonomic ranks) exhibiled pairwise dilTerences in the PAN mdex equal
or lower than this value (Fig. 3b). The analysis of the phylogenelic consistency ol the PAN
index showed that most O T U s exhibited extreme PAN-index values (i.e. close o Ohor 1) and
that these values were consistently conserved for relatively hroad clades across the phylogeny
(Tig. 4). The phylogenetic signal test for the whole phylogeny resulted in a Pagel™s &
estimation of (L8877, significantly ditferent from the value of () corresponding to the null-

hypothesis (I.RT: likelihood ratio=1340. 132, P-value=0(.0K01 ).

Seven oul of the 15 Phyla and 16 out of the 31 lower-level lineages deviated
significantly from the mean PAN index of 0.5 expected in the absence of preference toward

the FI1. or PA life styles (Fig, 5, Table 82 and 53). These difterences were also evident by the
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positioning of the (XL1s belonging o each ol the Phyla or [iner lineages within the NMIYS
space (Lig. S4 and g, 55). Deflemibacteres, Cholorollexi, Eurvarchacota and
Thaumarchaenta and all the lower-level lincages tested within them {e.g, SAR400, SARZ02,
Marine Giroup [ and I1) had mean PAN indexes signilicantly < (1.5, indicating a clear
prelerence lor the [ree-living lilestyle. Other ineages (Arclic 97B-4, SAR324, SARSBO,
AEGEAN-169, 1DE1-14 and B2-11) also had a significantly lower mean PAN index
compared to the null hypothesis but the Phyla they belong to did not (Verrucomicrohia,
Dellaprolecbacteria, Gammaproleobacteria, Alphaprolecbacteria, and Clemmalimonadeles).
Planclomyceles, Bacteroidetes and Finnicutes had mean PAN index sigmGeantly greater than
0.5 supporting a preference for the particle-attached lifestyle, All the lincages tested within
Planctomycetes {Planctomycetaceae, Phycisphacraccae and OMO had also significantly
high mean PAN index, together with Desulfuromonadales and OM27 {Deltaprotechacteria)
and the STIA- 109 lineage (Cyanobacleria). Despile Bacleroideles, as a Phylum, had a mean
PAN index signilicantly greater than 0.5, none of the linesges ested within it yielded
significant departures from 0.5 after TDR correction (although they had significant or almaost
significant P-values before correction). As OTUs within Firmicutes did not group into finer

lineages that could be clearly annotated by SIT.V A, none were included in the analysis.

We detected 100 OTTIs with value as indicator (YUUs lor the FL and 35 lor the PA
lifestyles (phylogenctically placed in Fig, 4; analysis results in Table S4 and 55), SAR324,
SARAG. SARZ0NZ, Marine Group T and 1T dominated the indicator (YTTUs for the F1. lifestyle.
These same lineages comprised the 3() most abundant (1115 across the whole datasel (Fig.
S56). PA indicator O s were mainly composed of several representalives of Planclomy celes,

Alphaprolesbacteria, Dellaproteobacteria and Gamimaproteobacleria,
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Discussion

Comparison of the free-living and particle attached microbial communities im the

hathypelagic ocean

The results presented here demonstrate niche partitioning in deep-sea prokaryotes as
rellecled in clear dillerences i the compoesition ol [ree-living and particle-associaled
bathvpelagic bactena, This confirms previous evidence from surface walers in various marine
sites (Delong et al. 1993 Acinas ef ol 1999; TTollibaugh & Wong 2000; Kellogg & Deming
2004 as well as indications Tor the limited set of deep-ocean communities examined in the
past {Ghiglione ef af. 2007; Eloe ef al. 2011; Smith et al. 2013; Crespo et al, 2013), Free-
living and particle-attached fractions had consistent beta-diversity differences at the scale of
the global bathypelagic ocean examined here (Fig, 1a), with these differences accounting for
a considerable proportion (-31%) of the variance in community composition (Salazar et al.
201 5). Mareover the communities within any ol the two sive-lractions [rom any location
worldwide were, on average, more similar than the FL and PA communities within the same
location (Iig. 52). That these differences were consistent both with an OTU-based and a
phylogenetic-based approach to characterize beta-diversity (Fig, 53) confirms sufficiently
strong niche partitioning between the two size fractions {i.e. affecting a sufficiently large
number of prokaryolic species) as 1o be detected at the community level. Indeed, community
dillerences belween these two llesivles were stronger han geographical variation within

cach lifestyle at the global scale (Salazar ef al. 2015).

The free-living and particle-associated bathypelagic communities exhibited also
signilicant dillerences in alpha-diversily, wilh the FL communilies being, on average, richer

and more diverse at an O1TU-based (Fig. 1b) and phylogenctic-based level than their PA
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counlerparls. Phylogenetic Diversily was delined as the sum of the lengths ol all those
branches in the phylogeny that are members of the targel samnple and, thus, depends on the
numbers of OTUs, which is different for both FT. and PA fractions, Indeed, a higher
phylogenetic diversity, standardized to the number of (YTT]s, was observed within PA
communilies compared o FL. Mosl sludies in surlace walers (Acinas ef af. 1999; Hollibaugh
& Wong 2000: Ghiglione e ol 2007; Kellogg & Deming 2008y also reported higher gross
OTTI richness for free-living bacteria, Our result contrasts with a recent study in the
Northweslern Medilerranean Sea based also on 165 rRNA sequencing in which PA
assemblages were [ound 1o be deber in O/UUs than the L raclion, both in photic and aphotie
samples (Crespo et al. 20013, vet the deep samples in the Mediterrancan Sca maintain a
relatively high temperature year-round (12 "C) and deep mixing to the bottom of the
hathvpelagic is a frequent phenomenon in the area (MUDOC Group 1970}, The samples we
analyzed had average polential lemperatures ol 1.4 "0 and never mixed with surface walers.
In addition, the FL communitics in the present study were less diverse commumitics wlhen
taking into account the phylogenctic relatedness of the OTUs, indicating that, on average, the
I'L. communifies are composed of more closely related taxa than their A counterparts, a

pattern that, to our knowledge, had net been described in the past.

The distinction between PA and FL microbes has iraditionally been made by size
Fractionation using a variety of filter’s pore sizes ranging from 0.5 pn (o 5 wm and no
consensus exists on the optimal filter pore size, And it is not clear whether an optimal size
can be applicable Lo dillerent ecosystems. In this work, the PA prokaryoles were delined as
thase retained inoa 0.8 pom Gller, this cut-olT has been repeatedly used in many other studies
(Cramp ef ol 1999; Ghiglione ef al. 2000; Allen ef al. 2012). The existence of clear alpha-

and beta-diversity differences between PA and UL communitics indicates that the 0.8 pm
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delineation was ellective. The PA [raction includes prokaryoles allached o particles and may
also include endosymbiotic or parasitic prokaryoles within small protists (<20 pinp , as well
as some elongated or aggregated microbes if they are present. Although some authors have
observed large cells, individual cells larger than (1.8 pm do not seem to be abundant in the
bathypelagic ocean. Our measured biovolumes [or bacteria [rom these samne samples (details
not shown ) corresponded to a mean diameter of 0,495 pm assurming spherical shape (min =
0417 wm: max = 0.631 pm), thus lower than the 0.8 pm cutoff, TTowever, the existence of
some organisms presenting very elongated cells can not be discarded, and thus could be

partially retained in the PA fraction.

Attachment to particles or living freely is a phylogenctically conserved trait

Our next goal was o deline an index lor the strength of the association of an (U177 w0
particles, providing statistical evidence ol the signilicance of the association of @ given OFLL
to the attached or free-living lifestyle, Tor that purpose we defined the “particle-association
niche index™ (PAN index) {see Maierial and Methods) by applying an approach used in the
past to delineate “microbial niches™ from co-occurrence with specific sets of environmental
variables (Slegen ef al. 20012, 20013). Consistent with the observed dillerences in alpha and
beta-diversity for the two lifestyles, the distibution of the particle-association niche index
(PAN index) departed from the randomization-based mull mode] expectation (Tig, 2a). This
observation implies that the empirical PAN-index values are ditfferently distributed from the
distribution expected for communities assembled under unlimited dispersal between size
Iractions and under the absence ol seleclive dillerences belween the allached and [ree-living
lifestyles, The PAN-index showed a preference [or associations of O/TUs W cither the [ree-

living or particle-attached fractions higher than expected by chance for a third of the OTUs,
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which represented 85.1% ol (he tolal reads. However, e PAN index 1s unreliable Lor (Y11]s
represented by a few reads, for which the chance of finding them only in one size fraction,
even if they had a random distribution across samples, is not negligible: being ¢ the number
ol reads of an (YT across the whole dataset, the probability (P) of finding the i reads in
samples belonging only 1o one size fraction (that is, hall of the samples) under a random
distribution is [*=0.5'; for =5 rcads, ’=3.13% and for i=10 rcads, *=0.09%. Thus,
statistically-robust tests of association with either lifestyle are not possihle based on the PAN
index Lor rare (XIT)s . As a resull, the (YITTs with 10 or less reads across the whole datasel
wire excluded [tom this analysis (g, 2b) 'The majorily of the deep-ocean prokaryoles
(60%:), thus, showed a preference to either be attached to particles or free-living with only
about 404 of OTUs being randomly distributed among fractions, These results provide
strong evidence for the existence of a dichotomous lifestyle for most hathypelagic
prokarvoles regarding the associalion (o parlicles in the deep-ocean. Indeed, that 1s the case
[or the: majority of the 30 most abundant O LUy of the dataset, that, imespectively ol their
distribution along stations, arc abundant only in one of the two size-fractions (Tig, 56A-12),
However, members of abundant OTUs such as the genera Alieromonas, Aleanfvoraxy o

Psetdoalteromonas were found to be evenly distributed between size-fractions (Fig. S6A-T2).

Previous indications suggesied (hat high bacterial mxonomic ranks have consisient
lifestyles regarding their association to particles (Eloe ef af, 2011: Smith ef al. 20132 Crespo
et al. 2013). Despite this evidence, the phvlogenetic coherence of the particle-association
lilestyle, ie. the hypothesis thal closely relaled prolaryoles have similar associalion Lo
particles, has never been formally tested, Our resulls conlrmed that closely related
prokaryotes exhibit a similar lifestyle in relation to particle attachment, whereas the

coherence between their lifestyle decreased with increasing phylogenctic distance between
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CYLTls. Thas posiive linear relation belween phylogenelic proximily and lilesiyle held up o a
{.6-0.8 phylogenetic distance units (corresponding 1o a 16-200% of the maximum distance), a
threshold that coreesponds to the distance separating most of the OTUs belonging to the same
Class or even Phylum (Fig. 3b). A secondary increase in the relationship bebween pairwise
Orl'U-distanee and PAN index dilferences was observed al phylogenetic distances =2 unils
(Tig. 3a), corresponding to the comparison of pairs of OTUs belonging to different domains
(i.e. Bacteria and Archaea). This evidence of coherence in lifestyles across phylogenetic
levels represent a ploneer ellorl al lesting the phylogenelic signal ol a specilic prokaryolic
niche, consistent with the seatlered observations ol a signilicant phylogenetic conservation of
other niche descriptors, such as abundance profiles through time-series for the Baltic Sca
bacterioplankton (Andersson ef af. 20000, Our result supports the hypothesis that high
prokaryotic taxonomic ranks could be ecologically coherent (Philippot e al. 2010; Koeppel
& Wu 2012), al leasl lor some niche axes, and identilies the [tee-living/particle-allached axis
s one of those showing phylogenctic coherence Lot bathypelagic prokaryoles al the global

seale,

The fact that I'T. and PA prokaryotic communities are consistently composed of
distinct members across a worldwide survey, together with the observation that these
dillerences in composilion are phylogenetcally conserved al a Class/Phylum level suggests
that the deep-oecan’s particles and the water surrounding them are two highly distinet
environments that impose a trade-off for a majority of the bathypelagic prokarvotes, which
seem Lo rarely be able 10 adapt (o both environments. From an evolutionary peintl of view,
ransitions [rom one lilestyle 1o the other, thus, seem W have been rare in the extended
evolutionary history of decp-sea prokaryotes, as has also ocowrred for other ecological

barriers, such as the marne-freshwater transitions (Logares ef al. 2009), Our results arc also
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consislent with the [acl thal complex lrails are more deeply conserved n the phylogeny than
traits that depend on a few genes (Martiny ef al, 2013), as a complex set of functions seems
to he responsible for the general trophic strategy of marine bacteria (T.auro ef al. 20007 and
specilically for attachment to particles (Gonzdler e . 2008; Ivars-Martiner ef al. 2(008:
Fernindez-Gomex et al. 2013). This metabolic complexity associaled 1o the PA lifestyle,
jointly with the fact that marine particles are embedded into the water where the I'L
prokaryotes inhabit, suggests the predominance of selective pressures in the maintenance of
the phylogenelic pattern described here. Thal is, reduced dispersion between the FL. and PA
habitat seems vnlikely o have mainsined (he long-lenn isolation necessary for the
phylogenetic conservation of the two lifestyles. Thus, the most likely mechanism maintaining
such a pattern would be the existence of strong sclection for the IL and PA populations
within their respective habitats, The capacity of PA lifestvle, seems to depend on relatively
complex melabolic machineries, and thus, would not be easily translerred by horizontal gene
ransler, This combination would explain the mainlenance of two pools of phylogenetically

distanl prokarvoles adapled o either a FL or a PA Lilestyle.

Taxonomie affiliation of the PA and FL. members in the bathypelagic ocean

The exastence of 7 out of 15 Phyla with a clear and consistent associaion either (o the
I'T. or PA mode of life supports the conclusion that particle-associated lifestyle is a deeply
conserved trait, as proved before. The archaeal domain was highly restricted to a F1. lifestyle:
hoth Thaumarchaeota and Turvarchaeota at a Phylum level had a significant association with
the FL lilestyle and representative (YI'LUs of Manne CGiroup 1 and 1l dominated the indicator
UL List for the L fracton. A lifestyle associated with particles should provide access 1o

organic substrates supporting the miceobe’s requirements, compared to the dilated pool of
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organic carbon thal hmits growth of [Tee-living prokarvoles (Amela ef al, 2015). The FL
lifestyle of bathypelagic Archaca is consistent with their proven capacily (o grow
autotrophically, presumably linked to the oxidation of ammonia (Kisnneke et al. 2005 Swan
et al. 2014 or through the incorporation ol simple organic compounds such as amino aclds
(Ouverney & Fubrman 20000 or urea (Alonso-Sacz et al. 2012; Swan ef al. 2014 Allhough
the primers wsed in this study are known to underestimate some Thaumarchacota lincages
(Parada et af. 2001 5) we did not observe such underestimation when metagenomic data of
these same samples (and thus, withoul primer biases) was used lor comparison (Salazar ef al,
2015). However all the analyses in the corrent study are based on abundance comparn sons
between L and PA samples and the possible overestimationfunderestimation of some
lincage abundances should oceur in both sets of samples and thus, would not affect our

conclusions,

The bacterial OTUs associated with the L fraction corresponded to those found 1o he
abundant and specific of bathvpelagic waters in the few studies where different sampling
depths have been analyzed (but without size fractionation}, such as representatives of the
SAREBO, SARAZ, SARAG and SARZ202 clades (Agogué ef af. 2001 1: Chiglione &r al. HI12).
This suggests that FL prokaryoles would make up the bulk of the microbial populalions in
bathvpelagic waters while cells attached to particles would constitute a minor fraction of total
abundances, as reported for mesopelagic environments (Kirchman & Mitchell 1982: Turley
& Mackie 1995; Ghiglione et al, 2007). However, PA prokaryoles seem Lo be highly aclive
(Kirchman 1993; Ghiglione ef af. 20073 and thos play o very relevant ecological role, in spile
of their lower abundance, In the present study, Bacteroidetes, Tirmicutes and Planctomyeetes
clearly exhibited a consistent PA lifestyle, The preference of Bacteroidetes for the
degradation of polymers (Cottrell & Kirchman 20000} and for a PA lifestyle had been also

reporled belore lor surlace walers (Delong e al. 1993).
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The dillerentiation belween the paricle-associaled and [ree-living lilesivles 15
comsistent with the differences in the biochemical composition between decp particulate and
dissolved organic materials, Marine particles are concentrated sources of polymeric material
(Minor er af. 20003 while the deep oceanic dissolved organic carbon available Lo [tee-living
bacteria consists mainly of small molecular-size, very diluted molecules (Armiela er afl, 2013,
Hansman ef al. 2015). Planctomycetes members are known to be specialized degraders of
marine snow and thus play a key role in globhal carbon turnover (Woebken et ol 2007), In
fact, most ol the indicator (¥1'T]s from this Phylum belonged o the well-known
Rhewdopivellvla genmus, whose genome sequence revealed a large number of genes
involved in the breakdown of sulfated polysaccharides (Gliickner ef af. 2003 ) The
prelerence lor a PA lilesiyle [or these three Phvla had been previously detected in a single
deep sample from the Mediterrancan Sea (Crespo ef af. 20030 and another sample from the
Puertn Rico Trench (Tloe et al. 2001). TTere we report that the association to particles of these
three Phyla, jointly with the hitherlo unknown association ol Dellaproteobacteria clades
OM27 and Desulfuromonadales with particles, seems (o be a globally consistent feature of

the bathypelagic ocean.

Conclusions

In summary, a high proportion of the bathypelagic prokaryoles seem Lo be either
adapled W a particle-attached Lilestyle or o Dee-living lilestyle bul rarely dominate both
niches. Moreover, these two lifestyles are highly conserved in the phylogeny of deep-occan
prokaryotes suggesting that transitions from one to the other have heen rare at an
evolulionary Ume-scale. Consequently, PA and FL. communilies present both bela-diversily

and alpha-diversily diflerences and are dominated by distantly related prokaryvolic Hneages,
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1dentilied in the present worle, These resulls provide a [irst slep lowards the orgamization of
the deep-ocean prokaryotic diversity into an parsimoniows sel of ceologically-coherent
assemblages with distinet biogeochemical roles, processing carbon associated with suspended
particles and the highly diluted pool of dissolved organic carbon in the dark ocean, each
requiring specilic sels of capacities and metabolic polentials thal our resulls suggest evolved

early in (he phylogenelic history of prokaryoles.
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Figure’s captions

Figure 1: Bela-diversily and alpha-diversily ol deep-sea prokaryolic communilies. a) Bela-
diversity visualized using Non-Metric Multidimensional Scaling (NMDS). Samples
belomging 1o paricle-attached {PA) and free-living (1LY are color-coded. The number close (o
each sample corresponds to the sampling station {see Fig, 51 and Tahle 513, b) Alpha-
diversity measures using OTU-based (top panels) and phylogenetic (hottom panels)
approaches,

Figure 2: Histogram ol the distribution ol real particle-associaled niche index (PAN index)
for each OTU compared to the mall community model expectation (see Muaterials and
Meihods Tor details) based on 1,000 randomizations, a) Comparison done using the whole
datasel and b} a reduced version using the (1115 with more than 10} reads. The lines
correspond to kernel density estimates for each distribution: the null distribution (grey hars
and the solid ne) and the real distnbution (hatched bars and dashed line).

Figure 3; Phylogenctic signal of particle-associated niche index (PAN mdex). a) Mean PAN
index differences hetween pairs of OTTs as a function of hetween-OTTIs phylogenetic
distance, Mean values are computed using 0,01 unit hins, The mean PAN index difference for
all the (¥1'Us 15 mdicaled wilh a horizontal lme. by Histograms of phylogenelic dislances
between OTUs belonging to the same Domain, Phylum, Class, Oeder, Tamily and Genus
bascd on RO lix-rank taxonomical aomotation, Only taxonomic annotations with confidence
values =00 were used. The phylogenetic distance scale in both panels is the same, COnly the
OTUs containing more than 10 reads were used or both panels,

Figure 4: Phylogenetic placement of PAN index. Phylogenetic tree representing the
evolutionary history of all the (FUUs with more than 10 reads. Abundance (log of number of
reads) and PAN-index values are represented as bars lor each (L1, Mean PAN index 1s
additionally color-coded by a blue-red gradient for cach of the main lincages (sclected based
v the SILY A-based taxonomical snnotation). Indicator COFUUs Tor both llestiyles arc
indicated using blue (free-living) and red (particle-attached) dots.
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Figure 5; Boxplots of the particle-association miche index (AN index) Tor @) the main Phyla
and b) the main lineages within each Phylum. Only Phyla conlaining more than 40 O70Ts are
presented, Lincages within cach Phylum were sclected based on the STLY A-based
taxonomical annotation. Boxplots with PAN-index values signilicany diflerent [rom (0.5 (P-
value = {105 using Wilcoxon signed rank test and atter FIDR correction, see Materinl and
Methods) are in gray. The vertical broken line corresponds o a 0.5 PAN-index.
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