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Abstract

Suspended marine particles constitute most of the particulate organic matter pool in the
oceans thereby providing substantial substrates for heterotrophs, especially in the
mesopelagic. Conversely, sinking particles are major contributors to carbon fluxes defining
the strength of the biological carbon pump (BCP). This study is the first to investigate the
differential influence of eukaryotic communities to suspended and sinking particles, using
18S rRNA gene sequencing on particles collected with a marine snow catcher in the mixed
layer and upper-mesopelagic of the Scotia Sea, Southern Ocean. In the upper-mesopelagic,
most eukaryotic phytoplankton sequences belonged to chain-forming diatoms in sinking
particles and to prymnesiophytes in suspended particles. This suggests that diatom-enriched
particles are more efficient in carbon transfer to the upper-mesopelagic than those enriched in
prymnesiophytes in the Scotia Sea, the latter more easily disintegrating into suspended
particles. In the upper-mesopelagic, copepods appeared most influential on sinking particles
whereas soft-tissue metazoan sequences contributed more to suspended particles.
Heterotrophic protists and fungi communities were distinct between mixed layer and upper
mesopelagic, implying that few protists ride along on sinking particles. Furthermore,
differences between predatory flagellates and radiolarians between suspended and sinking
particles implied different ecological conditions between the two particles pools, and roles in
the BCP. Molecular analyses of sinking and suspended particles constitute powerful
diagnostic tools to study the eukaryotic influence on the BCP in a more holistic manner

compared to classic carbon export studies focusing on sinking particles.
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Introduction

The oceanic biological carbon pump (BCP) corresponds to the processes by which organic
matter produced by phytoplankton’s photosynthesis in the sunlit epipelagic ocean (upper
~100 m) is exported to depth, thereby sequestrating atmospheric carbon in the mesopelagic (~
100 to 1000 m) and deeper ocean (Turner 2015). This downward export of organic matter
removes each year more than 10 billion tons of carbon from the epipelagic (Buesseler and
Boyd 2009), representing 5 to 25 % of the euphotic photosynthetic primary production
reaching the mesopelagic (De La Rocha and Passow 2007). Most of this autochthonous
carbon flux occurs in the form of particulate organic matter (POM). POM consists of a
combination of different materials such as faecal pellets, living and non-living microbial cells
and fragments of cells, empty larvacean houses — all of which, if occurring on their own, can
be incorporated into large aggregated entities known as marine snow. In coastal systems
some allochthonous POM, such as from river run-offs, can also constitute sinking particles.
The nature of these sinking particles depends largely on the structure of phytoplankton
community (Korb et al. 2012) and heterotrophic community members, including
mesozooplankton (> 200 um) (Steinberg and Landry 2017) and heterotrophic microbes

(prokaryotes and unicellular eukaryotes or protists) (Worden et al. 2015).

Heterotrophic communities alter the BCP efficiency, either (i) negatively by reducing carbon
export owing to remineralisation processes that release carbon dioxide (COz) and inorganic
nutrients (Cho and Azam 1988; Smith et al. 1992; Kierboe and Jackson 2001; Steinberg et al.
2008; Collins et al. 2015); or (7i) positively by enhancing carbon export to depth.
Mesozooplankton can indeed lead to an increase of particle export by grazing on
phytoplankton cells and other small particles, and subsequently repackaging them into larger

faecal pellets (> 50 um depending on the species) (Stamieszkin et al. 2017) which can sink
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then faster to depth (Atkinson et al. 2001; Giesecke et al. 2010; Ebersbach et al. 2011),
although not all faecal pellets sink (Lampitt et al. 1990). Additionally, vertical migration of
mesozooplankton may lead to the active transfer of organic matter from one depth to another,
as they feed on POM in the epipelagic and release faecal pellets and dissolved organic matter
(DOM) at greater depths (Steinberg et al. 2000). Examples include decapods (Pakhomov et
al., 2018), copepods (Cavan et al., 2015; Yebra et al., 2018) and gelatinous zooplankton
(Alldredge, 1976; Wilson et al., 2008). Conversely, they can release DOM and break sinking
particles into smaller pieces that remain in suspension in the water column (suspended
particles) (De La Rocha and Passow 2007) via sloppy feeding (Strom et al. 1997). The
proportion of suspended particles originating from the disaggregation of sinking particles is
currently unknown (Lam and Marchal 2015), as it is governed by complex abiotic and biotic
processes such as those mentioned above, as well as feeding behaviours of micro- and
nanozooplankton (protists 20-200 um and 2-20 pum, respectively) (Ploug and Grossart 2000;

Poulsen and Iversen 2008).

Heterotrophic protists, such as flagellates and ciliates, are enriched in large sinking particles
relative to surrounding waters (Simon et al. 2002), even in the bathypelagic ocean (~1000-
4000 m) (Bochdansky et al. 2017). Micro- and nanozooplankton consume ~60 % of the daily
phytoplankton primary production (Calbet and Landry 2004; Schmoker et al. 2013). By
doing so, they can contribute to carbon export by producing “minipellets” (3—50 um faecal
pellets) when dense enough (Gowing and Silver 1985). However, they also allow organic
matter to enter the microbial loop, thereby lengthening the “food chain” while reducing
carbon export (Pomeroy and Wiebe 1988; Legendre and Le Fevre 1995; Legendre and
Rassoulzadegan 1996). Although studies have focused on differences between various sizes
of freely suspended and particle-associated protists — e.g., cut-off sizes at 30 um (Duret et al.

2015; Bochdansky et al. 2017) and 1.6 um (Parris et al. 2014), these communities remain
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largely understudied (Edgcomb 2016; Caron 2017). Similarly, fungal communities in open-
ocean and polar systems remain poorly known (Grossart et al. 2019), although studies have

shown their importance in the degradation of marine snow (Bochdansky et al. 2017).

While heterotrophs lead to a decrease of sinking particles concentration of with depth (Martin
et al. 1987; Francois et al. 2002), the quantity of suspended particles remains constant with
depth, with their organic carbon content generally at two or more orders of magnitude higher
than that of sinking particles (Bishop et al. 1977; Bacon et al. 1985; Verdugo et al. 2004;
Riley et al. 2012; Giering et al. 2014; Baker et al. 2017; Cavan et al. 2017). Especially in the
mesopelagic, suspended particles constitute major organic carbon substrates for heterotrophs,
including microbes (Baltar et al. 2009, 2010; Herndl and Reinthaler 2013) and micronekton
(e.g., fish, cephalopods and crustaceans) (Gloeckler et al. 2017). Like sinking particles, they
are hotspots for microbial activity (Bochdansky et al. 2010) and diversity (Duret et al. 2018).
However, most studies on particle-associated microbial communities so far have focused on
sinking particles, and primarily on prokaryotes (e.g., Delong et al. 1993; Lopez-Pérez et al.

2012; Crespo et al. 2013; Mestre et al. 2017).

The main reason behind this knowledge gap is owed to the fact that conventional sampling
methodologies used for marine microbial communities are unable to distinguish between
suspended and sinking particles. They either collect a mixture of both particle pools in
unknown proportions (e.g, size-fractionated filtration of seawater), or mainly large sinking
particles (e.g., sediment traps) (McDonnell et al. 2015). The marine snow catcher (MSC)
(Lampitt et al. 1993) is a large water-sampler that uses sinking velocity to differentiate
suspended from sinking particles originating from the same water sample. This is the first
study to investigate the differential contribution of eukaryotic communities in sinking and

suspended particles collected with an MSC using 18S rRNA gene amplicon sequencing —
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either as direct residents within particles or as fragments of dead organisms (including

phytoplankton, metazoans and heterotrophic protists).

18S rRNA gene amplicon sequencing has been used to investigate eukaryotic plankton
taxonomic communities distribution and their inferred preferential ecological niches at large
scales (e.g., Pernice et al. 2013, 2015; de Vargas et al. 2015), as well as in specific oceanic
environments (e.g., Sauvadet et al. 2010; Orsi et al. 2012). Comparing the taxonomic
composition of eukaryotic communities associated with sinking particles from the mixed
layer with sinking particles from the upper-mesopelagic would help assessing the continuity
of particle composition with depth, and thus identifying key contributors to carbon export.
Furthermore, comparing the taxonomic composition of sinking particles from the mixed layer
with suspended particles in the upper-mesopelagic would inform us on particle dynamics and
the influence of sinking particle disaggregation on suspended particle composition (Lam and
Marchal 2015). More specifically, our objectives were to assess (i) which eukaryotic
phytoplankton taxa are the most efficient in particulate carbon export to the mesopelagic in
the Scotia Sea, (ii) what metazoan and eukaryotic phytoplankton taxa contribute to sinking
and suspended particles in the upper-mesopelagic, and (iii) if the heterotrophic protist
compositions in the two particle pools differ in the mesopelagic, such that they have different

roles in particle attenuation and the BCP.

Materials

Study site

Sampling took place during the austral summer 2014 (15 November — 12 December) on-
board the RRS James Clark Ross (cruise JR304). In the Scotia Sea, four stations of
contrasting nutrient regimes and surface productivity were sampled, including two low-

productivity stations — ICE (59.9624°S, 46.1597°W) and P2 (55.2484°S, 41.2640°W) — and
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two additional higher productive stations — P3 (52.8121°S, 39.9724°W) and UP (52.06018°S,
39.1994°W). Surface particulate organic carbon data is presented on a map constructed with

the Ocean Data View software (https://odv.awi.de) using the mean values for December 2014

deduced from ocean colour by the MODIS satellite (http://oceancolor.gsfc.nasa.gov/cgi/13)

(Fig. 1).

Temperature, oxygen concentration and chlorophyll a concentration based on fluorescence
measurements were measured with a conductivity-temperature-depth device (CTD Seabird
9Plus with SBE32 carousel) (Fig. S1). Particulate organic carbon (POC) concentrations were
measured by and are presented in Belcher et al. (2016) from samples collected with an

marine snow catcher (MSC) on the same cruise.

Particle sampling

Particles were collected with an MSC deployed at the base of the mixed layer and in the
upper-mesopelagic (~110 m below the deep chlorophyll maximum). Both deployments
occurred within ~30 minutes of each other. The former depth was chosen because it usually
corresponds to a peak in particle abundance in this region (Belcher et al., 2016). The latter
depth was chosen as it is usually the region where the sharpest decline in particle
concentration with depth is observed, and where transfer efficiency of the BCP is usually
determined (Buesseler and Boyd 2009). These depths were defined using fluorescence
profiles taken during CTD cast deployed maximum 4 hours prior to MSC deployments (Fig.

S1).

After its retrieval from the desired depth, the MSC is left undisturbed on the ship’s deck for
two hours. This period allows sinking particles to settle at the bottom of the sampler (MSCB)
while suspended particles remain in suspension in the upper part (MSCU), as described and

illustrated in Riley et al. (2012) and Duret et al. (2018). Water samples are collected from the
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MSCU followed by the MSCB. Sinking particles are defined here as the particles that have
sunk to the MSCB after 2 hours (average sinking velocity > 12 m d*!') and include both slow-
and fast-sinking particles (Riley et al. 2012). Particles remaining in suspension in the MSCU
are considered suspended. Both sinking and suspended particles consisted of a mixture of
single free-living cells and cells associated with particles or aggregates. Each MSCU sample

was subsequently size-fractionated to further separate collected particles into size-classes.

Suspended particles were sampled by sequentially filtering ~10 L of seawater collected from
the MSCU through; (i) a 100 pm pore-size nylon filter (47 mm diameter, Millipore), (ii) a 10
um pore-size polycarbonate membrane filter (47 mm diameter, Millipore), and (7ii) a 0.22
um pore-size Sterivex cartridge filter (Millipore) driven by a peristaltic pump. Sinking
particles were collected by gravity-filtering ~1.5 L of seawater collected from the MSCB
onto a 10 pm pore-size polycarbonate membrane filter. Both filtering steps were performed
in under 1 hour, and filters were subsequently incubated with RNAlater (Ambion™, Thermo
Fisher Scientific) for 12 hours at 4°C, prior to being stored at -80°C until further processing
onshore. In total, four particle-fractions were collected at each station and at each depth: (i)
suspended particles 0.22—10 pm (referred to as SS0.22), (ii) 10-100 um (SS10), (i) > 100
um (SS100), and (iv) sinking particles > 10 pm (SK10).

DNA extraction and sequencing

Nucleic acids were recovered from the filters using a TOTALLY RNA kit (Ambion™,
Thermo Fisher Scientific) followed by a DNA extraction step as described in Lam et al.
(2011) — though only DNA extracts were considered in this study. Extracted DNA was
further purified with a Wizard DNA clean-up system (Promega) following manufacturer’s

recommendations.



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

Amplicon sequencing of eukaryotic 18S rDNA V4 region was performed according to
Hadziavdic et al. (2014) and following the Illumina “16S metagenomic sequencing library
preparation” protocol. The primer set F-574 (5°-GCGGTAATTCCAGCTCCAA-3’) and R-
952 (5’-TTGGCAAATGCTTTCGC-3’; 378 bp), including overhang adapters (respectively
5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3’ and 5’-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3"), was used for the first PCR,
with each reaction comprising 2.5 pL of purified DNA extract, 5 uL of each forward and
reverse primers, 12.5 uL of 2X proofreading polymerase Kapa Hifi Hotstart ready mix (Kapa
Biosystems). The PCR conditions followed were: 95°C for 3 min, 25 cycles of 95°C for 30
sec, 55°C for 30 sec and 72°C for 30 sec, and finally 72°C for 5 min. These amplicons were
subsequently used as templates for an indexing PCR for the overhangs to be linked to
[llumina sequencing adapters and indices (Nextera XT Index Primer 1, i7, and Primer 2, i5)
for downstream sequencing. Each PCR reaction included 5 pL of amplicon from the first
PCR, 5 pL of each Nextera primers and 10 pL of PCR-grade water, 25 pL 2X Kapa Hifi
Hotstart ready mix, and followed PCR conditions of 95°C for 3 min, 10 cycles of 95°C for 30
sec, 55°C for 30 sec and 72°C for 30 sec, and a final extension at 72°C for 5 min. For the
samples showing a total amount of extracted DNA less than 12.5 ng (ICE SS10 mixed layer,
UP and P3 SS100 upper-mesopelagic), a nested PCR approach was applied including an
additional amplification with the universal 18S rDNA primers set prior to the two-step PCR
described above. This procedure caused little variation in the OTU composition and structure
of microbial communities, as evidenced in Duret et al. (2018). After each PCR round,
amplicons were purified with the Agencourt AMPure XP PCR clean-up kit (Beckman
Coulter) following manufacturer’s recommendations. The quality of purified amplicons was
assessed with a DNA7500 Kit read on a 2100 Bioanalyser (Agilent Technologies) and the

quantity measured with a Qubit dSDNA High-Sensitivity assay kit (Invitrogen™, Thermo
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Fisher Scientific). Purified amplicons were pooled at equimolar concentrations (4 nM each)
for the library preparation using a Nextera XT DNA kit (Illumina) following manufacturer’s
recommendations and included 5 % PhiX. Finally, the amplicons were sequenced with an
[llumina MiSeq sequencing system (M02946, Illumina) using a MiSeq Reagent 600-cycle Kit

v3 (Illumina).

Bioinformatics

Raw sequences were demultiplexed and their adapters trimmed using the MiSeq Control
software (v2.5.0.5, [lumina) directly after sequencing. The quality of demultiplexed raw read
pairs was checked with FastQC (v 0.11.4; Babraham Bioinformatics). Forward and reverse
reads were merged with the PANDAseq assembler software (v 2.8) (Masella et al. 2012)
using the default parameters (simple Bayesian algorithm for assembly), and a maximum read
length of 500 bp and Phred33 quality score of 0.8. OTU clustering was subsequently
performed under QIIME (MacQIIME v 1.9.1 20150604) (Caporaso et al. 2010) after all
libraries were compiled into a single FASTA file using the multiple split libraries fastq.py
function. Clustering was performed using the open reference function

pick _open_reference_otus.py using default parameters (UCLUST algorithm for OTU
picking) using a minimum sequence identity of 97% against the SSU Silva database (v 128)
(Quast et al. 2013), and against the PR? database (v 4.11.1) (Guillou et al. 2012) for

heterotrophic protists and fungi. Singleton OTUs were discarded.

Based on taxonomic affiliation and/or physiological information, OTUs were divided into
several categories for individual analyses and further discussions: phytoplankton, metazoans,
dinoflagellates, choanoflagellates, Syndiniales, ciliates, rhizarians and fungi. This
classification would have inadvertently included some ambiguities, such as the classification

of certain mixotrophs/heterotrophs in the phytoplankton category (e.g., heterotrophic

10
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Stramenopiles). Because high-throughput amplicon sequencing of the 18S rRNA gene is
subject to PCR biases, it is important to note that relative abundances do not represent
absolute quantities. Organisms with high gene copy numbers and DNA contents per cell
would disproportionally be favoured (Zhu et al. 2005), leading to overrepresentation of these
taxa (Medinger et al. 2010). Nonetheless, it is informative to compare relative abundances of
specific taxa presenting similar copy numbers of the 18S rRNA gene (Gong et al. 2013),

which was the primary purpose of the analyses presented in this study.

Statistical analyses

The canonical correspondence analysis (CCA) and permutational multivariate analyses of
variance (PERMANOVA) were performed on the rarefied dataset and were used to
investigate the significance of environmental and inherent sampling factors responsible for
composition variability. The similarity percent analysis (SIMPER) was based on the Bray-
Curtis dissimilarity distance of OTU composition and were used to investigate the differences

between communities associated with different particle-fractions.

Taxa enrichments in the upper mesopelagic relative to sinking particles (SK10) in the mixed

layer were calculated according to the following equation (1):

i RA
Enrichment = log, (R;LW) "
SK10 ML

where RA skiowmr is the relative abundance of the taxa in SK10 mixed layer and RA sample um
is the relative abundance of the same taxa in the compared sample in the upper-mesopelagic.
Therefore, negative values indicate an enrichment within mixed layer SK10 while positive

values indicate an enrichment within the compared sample.

Analyses were performed with the R statistics software (http://www.r-project.org), using

features of the vegan package. Statistical analyses were performed on the dataset rarefied to

11
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the smallest library size, either at a considered station and depth or overall (as would be
indicated). For the calculation of SIMPER and the proportions of shared/unique OTUs, the
dataset was rarefied to the smallest library size in a considered station (n = 16,127 sequences
for ICE; 29,119 for P2; 6,055 for P3 and 28,937 for UP). Multivariate analyses comparing
samples from all stations (CCA and PERMANOVA) were performed on the dataset rarefied

to the smallest library size (n = 3,976 sequences/library).

Results and Discussion

Sequencing statistics

A total 0f 2,517,165 V4 18S rDNA paired-ends reads were recovered from all four particle-
fractions (suspended particles 0.22— 0 pm [SS0.22], 10-100 um [SS10], and >100 pm
[SS100], as well as sinking particles >10 um [SK10]). After sequence trimming, pairing and
merging, and separation from metazoan sequences, a total of 1,533,266 protist sequences
remained with an average length of 450 bp (29,852 + 22,428 sequences/library) (Fig. S2). At
both depths (mixed layer and upper-mesopelagic), there was a higher proportion of Metazoa
affiliated sequences in SK10 and SS100, except at ICE, while a higher proportion of
eukaryotic phytoplankton sequences was observed in SS0.22 and SS10 in the mixed layer

(Table S1).

Hydrographic settings and community structure overview

The two less productive stations were located on the Antarctic continental ice-edge (ICE) and
in a high-nutrients-low-chlorophyll (HNLC) zone (P2), whereas the two more productive
stations were located in a naturally iron-fertilised zone along South Georgia continental
margin (P3) and in an upwelling zone at the frontal system of polar front zone and the
Antarctic zone (UP) (Fig. 1). P3 and UP were in close proximity with each other and showed
higher chlorophyll a concentrations (mean 1.90 and 1.23 pg L in the mixed layer,

12
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respectively), while ICE and P2 were further apart and had lower surface chlorophyll a
concentrations (0.37 and 0.40 pg L' respectively). There was a sharp temperature decrease
between the mixed layer depth and the upper-mesopelagic at all stations except ICE, at which
the surface temperature was low (< -1°C) due to freshly melted ice (Fig. S1). At all stations,
particulate organic carbon (POC) concentrations were higher in suspended particles (Table
S2), and within the mixed layer depth compared to the upper-mesopelagic (Belcher et al.

2016b).

The CCA analysis based on protist OTU composition (Fig. 2) revealed a clear separation
between stations, as well as between mixed layer and upper-mesopelagic samples when
considering each station individually. A PERMANOVA analysis calculated for phototrophic
and heterotrophic protist communities (Table S3) revealed that every environmental
parameter tested (i.e., oxygen, fluorescence and POC concentrations, and temperature) as
well as the particle-fraction (SK10, SS100, SS10 and SS0.22) were significant predictors of
OTU composition (p < 0.05), the latter explaining ~ 18 % of observed variability. Similar to
prokaryotic communities collected in identical particle-fractions (Duret et al. 2018), protist
communities collected at ICE were the most dissimilar compared to those collected at other
stations (P2, P3 and UP) (average Bray Curtis distance of 70.3 versus 56.3 % respectively)
(Fig. 3). This is likely due to unique conditions present at ICE, located on the Antarctic
continental ice edge (Fig. 1 and S1), compared to the other stations that were not influenced
by melting-ice runoff (Atkinson et al. 2001). These conditions include negative temperatures
(Chen and Laws 2017) and high concentrations of macro- (Garrison et al. 2005) and
micronutrients release, such as iron and vitamin B> (Sedwick and Ditullio 1997; Taylor and
Sullivan 2008). Such different conditions would have influenced eukaryotic phytoplankton

and subsequently eukaryotic heterotrophic communities.
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Eukaryotic phytoplankton components of the particle flux

Surface eukaryotic phytoplankton communities

Overall, diatoms (31.9 £ 25.1 %) and prymnesiophytes (28.0 £ 21.1 %), and chlorophytes at

ICE (19.3 £ 13.2 %), dominated the phytoplankton communities in all particle-fractions (i.e.,
SK10, SS100, SS10 and SS0.22) in the mixed layer at every station (Fig. 4-A). Assuming
that phytoplankton sequences detected in the mesopelagic primarily originated from sinking
particles in the mixed layer, the focus for eukaryotic phytoplankton communities was placed
on sinking particles (SK10) in the mixed layer for subsequent comparison with sinking and
suspended particles in the upper-mesopelagic — in order to explore how phytoplankton
components evolve with particle dynamics upon sinking. Expectedly, eukaryotic
phytoplankton communities (> 10 pm) collected in the mixed layer differed largely between
stations (Fig 4 A and Fig. S3), likely reflecting the different productivity regimes (Fig. 1).
The less productive, iron-depleted HNLC station P2 was largely dominated by the
prymnesiophyte Phaeocystis, representing 83.3 % of eukaryotic phytoplankton sequences of
SK10 in the mixed layer, which is consistent with literature. Phaeocystis antarctica is one of
the most prevalent phytoplankton genera in the Southern Ocean, which has been reported
within sea-ice (Brown and Bowman 2001) and to form large blooms in deeply mixed waters

of the Ross Sea during the Austral summer (Arrigo 1999; Zoccarato et al. 2016).

Diatom sequences represented only 15.6 % of SK10 eukaryotic phytoplankton sequences in
the mixed layer at P2, but they averaged at 69.6 £ 9.7 % in ICE, and the more productive
stations P3 and UP. The polar centric diatom families Coscinodiscophyceae and
Mediophyceae represented most of these sequences, the former being more abundant at ICE
(34.0 versus 12.0 % at the other stations) and the latter at P2, P3 and UP (11.9 versus 42.5 %

respectively). Actinocyclus and Corethron were the dominant sinking diatoms at ICE (34.0
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%). Conversely, Chaeotoceros (13.8 %) along with unidentified members of the
Mediophyceae family (27.5 %) were the dominant sinking species at P3 and UP.
Coscinodiscophyceae and Mediophyceae diatoms have consistently been reported in polar
waters (Poulton et al. 2010; Rodriguez-Marconi et al. 2015; Zoccarato et al. 2016). In
particular, Actinocyclus (Coscinodiscophyceae) and Chaetoceros (Mediophyceae) have
frequently been detected in polar waters naturally enriched in iron (Georges et al. 2014;
Rembauville et al. 2016). This agrees with the environmental conditions present at each
respective station. ICE, P3 and UP benefit from various iron inputs, unlike P2 that is located
in a HNLC region (Fig. 1). While eukaryotic phytoplankton communities at ICE can use high
concentrations of iron originating from melted sea-ice (Sedwick and Ditullio 1997; Taylor
and Sullivan 2008), P3 and UP additionally benefit from nutrient-rich upwelled waters at the

South Georgia continental margin (Atkinson et al. 2001).

Comparison with sinking eukaryotic phytoplankton in the mesopelagic

Eukaryotic phytoplankton sequences in SK10 communities at the two depths exhibited
differences in terms of their structure and diversity (Fig 4-A, 5 and Fig. S3). Mediophyceae
diatoms, mostly represented by Chaetoceros, accounted for 41.5 £ 13.0 % of eukaryotic
phytoplankton sequences collected in the SK10 fraction in the upper-mesopelagic at every
station, while Coscinodiscophyceae were mostly absent, except at P2 where they represented
13.0 % of eukaryotic phytoplankton sequences. As Actinocyclus (Coscinodiscophyceae) was
present in higher relative abundance in SK10 samples in the mixed layer than in the upper-
mesopelagic at ICE, P3 and UP, and similar relative abundance at P2, our data implies that
few Actinocyclus sank out from the mixed layer. Using a similar logic, our data implies that it
was mostly Chaetoceros that were exported to the upper-mesopelagic. This apparent
differential export is in agreement with literature on carbon export owing to different diatom

groups (Leblanc et al. 2018): The fast-growing Chaetoceros has been correlated with high
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carbon export to depth, while the opposite is true for Actinocyclus that has been reported to
be negatively correlated with POC export (Tréguer et al. 2018). Although Actinocyclus has a
large biovolume, unlike Chaetoceros, it does not form chains (e.g., Poulton et al., 2010),
which thereby leads to a reduction of its sinking velocity (Bannon and Campbell 2017).
Additionally, higher grazing pressures on single Actinocyclus cells compared to chains of
Chaetoceros (Hoffmann et al. 2008) could also lead to the difference observed in their carbon
export potential. Larger cells are indeed more easily grazed (Smetacek et al. 2002) and chain-
forming represents an effective way of protection against grazers (Pahlow et al. 1997). By
increasing death rates of Actinocyclus, micrograzers and copepods would increase their
retention and remineralisation in the mixed layer and thus limit their export to the upper-
mesopelagic. This potentially explains why Actinocyclus did not contribute as much as
Chaetoceros to carbon export to the upper-mesopelagic. Furthermore, the presence of
Chaetoceros sequences in SK10 fractions agrees well with the observations of chain-forming
centric diatoms via light microscopy in sinking particles collected in the upper-mesopelagic

during the same cruise (Belcher et al. 2016).

Aggregates and faecal pellets that are ballasted by biogenic minerals, such as opals produced
by diatoms, sink significantly faster than those that are not (Klaas and Archer 2002; Ploug et
al. 2008). As they sink faster, particles are less susceptible to the increased remineralisation
processes in the upper-mesopelagic (Martin et al. 1987) and can therefore sink deeper,
leading to more efficient long-term carbon sequestration (Kwon et al. 2009). This is one of
the reasons why diatoms are assumed to be more efficient carbon transporter to the deep
ocean (Armstrong et al. 2002; Jin. et al. 2006) as opposed to non-ballasted phytoplankton

taxa such as Phaeocystis.

16



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

At P2, where prymnesiophytes were most dominant in the mixed layer, fewer sequences
belonging to Phaeocystis were retrieved in SK10 in the upper-mesopelagic compared to the
mixed layer (45.5 %). This implies that despite its abundance in the mixed layer, this taxon
was not as efficient as diatoms for carbon export to the deep ocean. Instead, Phaeocystis was
observed primarily in the upper-mesopelagic small-suspended fraction (SS0.22), suggesting
that although they contributed to the POM flux out of the euphotic zone to some extent,
Phaeocystis-enriched particles were subject to higher remineralisation and thus unlikely to
sink to depths below the upper-mesopelagic. Phaeocystis has previously been reported as a
key component of POC export in polar waters (DiTullio et al. 2000), as they have the ability
to form aggregates that sink rapidly out of the mixed layer (Arrigo 1999). However, during
our study this eukaryotic phytoplankton appeared to contribute little to carbon transfer
efficiency, especially compared to its diatom counterparts, as observed elsewhere in Antarctic
waters (Lin et al. 2017). The rapid export of Phaeocystis out of the euphotic zone is generally
related to their enhanced production of transparent exopolymer polysaccharides (TEP)
(Passow et al. 2001). TEP production in Phaeocystis tends to increase when colonies start to
die (Hong et al. 1997). However, TEP-enriched particles have a reduced density that, if they
are not ballasted enough (Mari et al. 2017), they show a reduced sinking velocity or can even

be buoyant (Eberlein et al. 1985).

Although some cyanobacteria sequences were also present in the same samples according to
parallel 16S rRNA gene amplicon sequencing dataset, we surmise that their contribution to
the phytoplankton component of the BCP would be relatively small. Cyanobacteria were only
detected in low numbers in 19 out of 32 samples (Table S4 and Fig. S4-A), and appeared
more enriched in mesopelagic particle-fractions (Table S4-B). Their apparent low abundance
is consistent with previous report of their scarcity in the Scotia Sea (Jacques and Panouse

1991) and generally in polar waters in favour to diatoms and prymnesiophytes (Ishikawa et
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al. 2002; Doolittle et al. 2008; Yang et al. 2012). Therefore, eukaryotic phytoplankton

appeared to be the dominant phytoplankton driver of the BCP in the Scotia Sea.

At stations P2, P3 and UP, 87.1 + 3.4 % of eukaryotic phytoplankton sequences collected in

SK10 in the upper-mesopelagic were affiliated with OTUs shared with SK10 in the mixed
layer (representing 23.1 % £ 2.0 % of OTUs in the upper-mesopelagic), while at ICE only
32.0 % of sequences belonged to OTUs common between SK10 at both depths (12.8 % of

OTUs) (Table 1). This suggests that, at least in P2, P3 and UP, phytoplankton diversity

observed in sinking particles in the upper-mesopelagic likely originated from the mixed layer.

Furthermore, in the upper-mesopelagic of every station, a similar proportion of SK10
sequences were shared with all suspended particle size-fractions (91.9 £+ 5.2 % representing
11.8 £ 0.8 % of OTUs). This suggests strong interchanges between sinking and suspended
particles in the upper-mesopelagic, which likely originated from particles sinking in the
mixed layer. Contributors to the remaining unique OTUs may come from: (i) the export of
small sinking particles from the surface (< 10 pm) (Dall’Olmo and Mork 2014) that would
have not been sampled here, (7i) the presence of low-light adapted phytoplankton in the
upper-mesopelagic (Jacques 1983) and/or (iii) the lateral export of sinking particles from

adjacent mesopelagic water masses.

Influences on suspended particles in the upper-mesopelagic

In the upper-mesopelagic, suspended particles 10100 pm (SS10) and > 100 pm (SS100)
were largely dominated by prymnesiophytes (32.4 + 18.9 %), mostly represented by
Phaeocystis, and by diatoms (55.6 £ 24.7 %) mainly belonging to Proboscia
(Coscinodiscophyceae) at P3, Thalassionema (Fragilariophyceae) at UP, and unidentified
members of Mediophyceae at ICE and P2 (Fig 4-A and S3). Regardless of the station,

Phaeocystis dominated suspended particles 0.22—10 um (SS0.22) (44.5 £ 15.4 %).
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Furthermore, every suspended particle size-fraction in the upper-mesopelagic at ICE
contained high proportions of chlorophyte sequences (36.8 + 14.0 %). Prymnesiophytes and
unidentified chlorophytes were particularly enriched in each suspended particle size-fractions
in the upper-mesopelagic compared to SK10 in the mixed layer (Fig. 5 and Fig. S3). Notably,
the chlorophyte Prasinophyceae clade VIII (Viprey et al. 2008) was only present in SS0.22

samples at ICE.

Most sequences retrieved from all suspended particles in the upper-mesopelagic were
common with those in sinking particles SK10 in the mixed layer at all stations (81.1 + 8.6 %,
representing 22.0 £ 6.9 % of OTUs), thus again reaffirming the fact that particles sinking
from mixed layer are more likely the source for suspended particles in the upper-
mesopelagic. Suspended particles in the mesopelagic can originate from (i) the
disaggregation of sinking particles, through the action of biotic and abiotic processes (Lam
and Marchal 2015), (ii) from in situ chemolithoautotrophic primary production in the
mesopelagic (Aristegui et al. 2009), and also (7ii) from vertical mixing or lateral transport,
which lead to the introduction of suspended material from adjacent water masses (Baltar et al.
2009). As only photosynthetic primary producers are considered in this section and owing to
the high proportion of shared sequences between suspended particles in the upper-
mesopelagic and sinking particles at both depths, the diversity observed in suspended
particles in the upper-mesopelagic would therefore originate from the surface mixed layer,

i.e., likely from sinking particles disaggregation and/or vertical and lateral mixing.

Furthermore, the enrichment of prymnesiophytes, and particularly of Phaeocystis, in every
suspended particle size-fractions, coupled with the enrichment of diatoms in sinking particles
in the upper-mesopelagic, supports the differential particle dynamics observed existing

between prymnesiophyte-enriched and diatom-enriched particles (Figures 4-A and 5). On the
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one hand, prymnesiophyte-enriched particles sinking from the mixed layer were more likely
to break down into suspended particles in the upper-mesopelagic. On the other hand, diatom-
enriched particles were more likely to sink faster and deeper into the ocean, owing to their
larger cell-sizes and mineral ballasting. This is in agreement with the observed influence of
phytoplankton community structure on carbon export (Giering et al. 2017). At ICE, the
higher proportion of OTUs shared between suspended particles in the mixed layer and those
in the upper-mesopelagic compared to other stations suggests a bigger influence of vertical
mixing that led to the intrusion of surface suspended particles deeper in the water column.
This is consistent with the chlorophyll a profile observed at the ICE station (Fig. S1).
However, this is not in agreement with the water column stabilisation effect (Petrou et al.
2016) generally expected from Antarctic continental ice edge melted runoffs (Atkinson et al.
2001) and the mixing observed at ICE was possibly caused by regional hydrographic effects

that remained to be determined.

Metazoan components of the particle flux

For metazoans, our focus was placed on SK10 and SS100 where most of the larger fragments
of organisms and whole organisms (> 100 um) would have been recovered, and thus be most
informative regarding their influences on sinking versus suspended particles. Metazoan
sequences were most abundant in these fractions compared to SS10 (except at ICE) and
SS0.22 (Table S1). Metazoan sequences recovered in SS10 and SS0.22 likely corresponded

to small fragments of organisms and/or faecal pellets.

The diversity of sequences collected in SK10 in the mixed layer was similar to that of the
upper-mesopelagic, as 87.5 £ 9.6 % of metazoan sequences and 19.6 £ 9.6 % of OTUs were
shared between the two particle pools (Table 1). Nonetheless, the compositions of metazoan

sequences in SK10 at the two depths were different (Fig. 4-B and S5). Except in the mixed
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layer at ICE, SK10 samples were dominated by copepod sequences (90.4 £ 5.1 %), which
were mostly affiliated with Calanoida (67.6 £ 6.7 %) and Cyclopoida (20.9 £ 6.0 %). This
agrees with results from Belcher et al. (2016) that attributed more than half of sinking POC
flux at this station to calanoid faecal pellets. Due to their relatively fast sinking, POC export
dominated by mesozooplankton faecal pellets generally leads to limited connectivity between
sinking and suspended particle pools in the mesopelagic. Faecal pellets are indeed more
resistant to remineralisation compared to phytoplankton-dominated particles and conferred
low microbial respiration rates (Belcher et al., 2016), as they have higher densities and are
surrounded by a protective membrane (Abramson et al. 2010). Beside their role in
repackaging surface primary production into faecal pellets (Turner 2015), mesozooplankton
are also responsible for the breakage of sinking particles (e.g., sloppy feeding [Steinberg and
Landry, 2017], microbial gardening [Mayor et al. 2014]) and contribute to the creation of
smaller suspended particles, thereby connecting the two particle-pools together (Lam and

Marchal 2015).

In the upper-mesopelagic, sequences retrieved from SS100 and SK10 at ICE and P3 showed
slightly enhanced differences compared to those from P2 and UP (Table 1). While SK10 at
ICE and P3 were dominated by copepod sequences (> 80.0 %), SS100 was dominated by
sequences that belonged to the more soft-bodied organisms, including the tunicate family
Oikopleuridae at ICE, while at P3 Oikopleuridae, the ctenophore class Typhlocoela and
cnidarian class Trachylinae. Such distinction suggests different roles played by
mesozooplankton taxa in sinking and suspended particle-pools within the upper-mesopelagic

ocean.

The main limitations of these results are that (i) living copepods could have swum towards

the bottom of the MSC to feed on sinking particles within the time frame of particle settling
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(2 hours), which would subsequently have reduced their detection in suspended particles (i.e.,
in the upper part of the MSC); and that (ii) the exact source of detected DNA is difficult to
determine. That is, the DNA collected could indicate the presence of the organisms (e.g.,
copepods) themselves while alive, or merely fragments of shredded or dead body parts (e.g.,
antennas, broken shells), residual genetic materials present in faecal pellets, or allochthonous
materials advected into the sampled site and depth. Nonetheless, these results indicated that
while copepods were more influential on sinking particles, either with their faecal pellets or
by their feeding behaviours, the soft-bodied Oikopleuridae, Typhlocoela and Trachylinae
were more important for suspended particles, especially in the more productive stations.
Suspended particles could represent an organic substrate for these animals, as it was
suggested in the central North Pacific (Gloeckler et al. 2017). Alternatively, their soft-tissue
structures and/or secretions could actually be a major component of suspended particles
themselves acting as a binder for smaller particles and dissolved organic matter, similar to
empty larvacean houses, without ever reaching densities high enough to sink as is sometimes

observed (Alldredge 1976; Simon et al. 2002; Wilson et al. 2008).

The use of 18S rRNA gene amplicon sequencing to investigate the contribution of metazoans
to suspended and sinking particles represents a useful complement to classic microscopic
analyses, which usually focuses only on large, sinking particles, and is limited by
recognisable morphologies of body parts, often missing the smaller and amorphous
fragments. Our amplicon sequencing approach shares the same metabarcoding principle as
the increasingly applied environment DNA (eDNA) approach (Thomsen et al. 2012;
Andruszkiewicz et al. 2017; Flaviani et al. 2017; Djurhuus et al. 2018). They also share the
same limitations by the degree of quantitative information the data could convey, due PCR
biases and different amounts of DNA or gene copies present in the organisms (part or whole)

concerned.
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Heterotrophic protists and fungi associated with particles

Community connectivity with depth and method limitations

Given their high numerical abundances and various trophic modes (Sherr and Sherr 2002;
Worden et al. 2015; Stoecker et al. 2017), such as in polar environments (Korb et al. 2012;
Caron et al. 2016), heterotrophic protists are key players in the remineralisation and cycling
of organic matter. The abundances of specific groups of heterotrophic protists varied among
sampled stations and depths, which were likely influenced by the inherent environmental
conditions (Fig. 2) and reflected a geographic niche specialisation amongst heterotrophic
protists as has been observed in various oceanic environments (Williams et al. 2018).
Nonetheless, OTU composition was mainly driven by the particle-fraction which explained
18.4 % of OTU variability (p < 0.05) (Table S3). Heterotrophic protist communities in the
mixed layer were on average 43.2 £ 15.1 % dissimilar compared to 58.5 + 14.9 % in the
upper-mesopelagic (Table S5). Every particle-fraction in the upper-mesopelagic was on
average 66.6 £ 13.6 % dissimilar compared to SK10 in the mixed layer. This agrees with the
literature showing that heterotrophic protist assemblages from the surface differ from those
from the mesopelagic and deeper (Lopez-Garcia et al. 2001; Edgcomb et al. 2011; Orsi et al.
2012; Pernice et al. 2014, 2015; Duret et al. 2015; Zoccarato et al. 2016). However,
heterotrophic protist communities in the mesopelagic ocean and below remain largely
unknown (Edgcomb 2016; Caron 2017), especially in the Southern Ocean, despite the fact
that most POC flux attenuation and so remineralisation typically occurs within the
mesopelagic (Martin et al. 1987). In order to get an insight into the roles of heterotrophic
protists in remineralisation processes and particle dynamics processes where they are most
active, the following section focuses on differences between particle-fractions collected in the

upper-mesopelagic.
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In the meso- and bathypelagic, ciliates are scarce (Aristegui et al. 2009; Morgan-Smith et al.
2013; Bochdansky et al. 2017) compared to heterotrophic nanoflagellates (e.g., Tanaka and
Rassoulzadegan 2002; Gowing et al. 2003; Pernice et al. 2014; Dolan et al. 2017). Despite
nanoflagellates biomass sometimes exceeding that of ciliates (Safi et al. 2012), the latter
usually dominate the relative abundance of 18S rRNA gene amplicon sequencing datasets
(e.g., Countway et al. 2005; Duret et al. 2015; Pernice et al. 2015) owing to high numbers of
SSU rRNA gene copies and DNA content (Zhu et al. 2005; Gong et al. 2013). The accurate
quantitative detection of other alveolates, such as dinoflagellates (Godhe et al. 2008), and
rhizarians, i.e., radiolarians (Suzuki and Aita 2011) and collodarians (Biard et al. 2017);

present similar limitations owing to high numbers of gene copies.

Alveolata were the most abundant taxa among all samples in our dataset (Fig. 3), representing
84.7 £ 13.0 % of heterotrophic sequences. While Dinoflagellata sequences were relatively
abundant in all particle-fractions (37.5 + 18.3 %), the parasitic Protalveolata sequences were
most abundant in SS0.22 (34.0 £ 9.9 % versus 5.7 £ 2.6 % in other particle-fractions) and
Ciliophora sequences were most abundant in SS100, SS10 and SK10 (21.5 £ 8.7 % versus
5.0 £ 1.5 % in SS0.22) (Fig. S6-A and S6-B, Table S1). Although ciliates (Caron et al. 1982;
Silver et al. 1998; Gowing et al. 2001) and radiolarians (Lampitt et al. 2009; Biard et al.
2016) have been reported associated with particles in the mesopelagic, our dataset does not
accurately inform on their true abundance compared to smaller heterotrophs that are equally
important in top-down control of phytoplankton and bacterial communities in cold waters
(Garzio et al. 2013). Relative abundances presented below were normalised within each
category (i.e., dinoflagellates, choanoflagellates, Syndiniales, ciliates, rhizarians and fungi)

(Fig. 6) in order to better visualised differences between less represented taxa.
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Flagellates

While certain dinoflagellates taxonomic groups were enriched in specific particle-fractions,
differences between stations were important. Gymnodiniales sequences were overall least
abundant at ICE (2.19 £ 1.58 %) than at P2 (9.98 £+ 3.14 %), and were less represented in
SS100 than other particle-fractions. Different Gyrodinium species (Gymnodiniaceae) were
enriched in specific particle-fractions, with Gyrodinium fusiforme most abundant in SS10 and
SK10 at P2, Gyrodinium rubrum in SK10, and unidentified Gyrodinium spp. in SS0.22.
Gyrodinium cells (10 to 100 um) are able to feed on phytoplankton cells much bigger than
themselves, such as diatoms (Sherr and Sherr 2007). They have thus been negatively
correlated with POC export in the Southern Ocean owing to their grazing activities (Cassar et
al. 2015; Lin et al. 2017). Gymnodinium spp. was most enriched in SS10, and Gymnodinium
aureolum was most enriched in SS0.22. These unarmoured dinoflagellates can either be
autotrophic, such as Gymnodinium aureolum, forming blooms (Garrison et al. 2005; Jeong et
al. 2010), or ectoparasites (Gomez et al. 2009). The recovery of Gymnodinium aureolum in
SS0.22 could correspond to cells living freely in the water column, while those recovered in
SS10 could correspond to parasitic species. A crustacean eggs ectoparasite Chytriodinium
roseum (Gomez et al. 2009) was however most abundant in SS0.22. The copepod parasite
genera Blastodinium spp. (Skovgaard et al. 2012) was well represented in SK10 and SS100,
and likely correspond to dinoflagellates hosted by copepods recovered in these larger size-

fractions (= 100 um).

Peridiniales sequences were most abundant in SK10 and SS100. Two cold water ubiquitous
predatory motile flagellates Islandinium tricingulatum and Protoperidinium pellucidum

(Okolodkov 1999; Head et al. 2001) were most abundant in SK10. Furthermore, the
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ubiquitous predatory Phalachroma spp. (Dinophysiales - Oxyphysiaceae) (Jensen and

Daugbjerg 2009) was most abundant in SK10 at all stations.

Choanoflagellates (Holozoa) sequences were mostly represented by the taxonomic family
Stephanoecidae (Acanthoecida), belonging mostly to Diaphanoeca grandis in SS100 and by
group H in SK10 and SS10. Stephanoecidae choanoflagellates are ubiquitous bacterivorous
predators (Marchant 1985) measuring between 3 and 10 pm (Kirchman 2008) that are
regularly detected in polar waters (Smith et al. 2011; Georges et al. 2014). Their detection in
larger particle size-fractions suggests an active colonisation by these nanoflagellates of
sinking and suspended particles > 100 um. Alternatively, their detection could be indicative
of colony formation (Thomsen et al. 1991). Sequences from the choanoflagellates family
Monosigidae group B (Craspedida) sequences from were only detected at ICE, mostly in

SK10.

Parasitic Syndiniales sequences are commonly detected in 18S rRNA gene sequencing in
high abundances (e.g., Sauvadet et al. 2010; de Vargas et al. 2015; Cleary and Durbin 2016;
Gutierrez-Rodriguez et al. 2019a). They affect a wide variety of hosts, ranging from diatoms
(Berdjeb et al., 2018), tintinnides (Harada et al. 2007), radiolarians (Dolven et al. 2007) to
copepods (Skovgaard et al., 2005). Sequences belonging to the parasitic Syndiniales showed
strong enrichment patterns. SS10 was most enriched in group I clade 8, SS100 in group II
clade 10 + 11 as well as group I clade 8. SS0.22 was most enriched in group II clade 10 + 11
and clade 7. The latter clade has been mostly recovered in aphotic layers and is hypothesised
to be affecting radiolarians in the mesopelagic (Guillou et al. 2008). The detection of
Syndiniales group II has been reported in the small fraction of Antarctic waters previously
(Lopez-Garcia et al. 2001), and could correspond to the detection of dinospores (1-12 pm)

dispersed in the water column (Guillou et al. 2008). Group I has been recovered from anoxic
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and suboxic samples more systematically than group II (Guillou et al. 2008), and their
detection mostly in suspended particles > 10 um could indicate the presence reduced
conditions in this particle-pool. SK10 had a more diverse composition, that could indicate
more transient conditions and/or the presence of a variety of hosts associated with sinking

particles.

Although represented within each particle-fractions, most predatory flagellate sequences
were recovered in sinking particles. These predators likely feed on sinking particle-associated
bacterial populations (Fenchel 1982a; b; c; Sherr and Sherr 2002) and phytoplanktonic cells
within particles (Sherr and Sherr 2007). Their more important detection on sinking particles
could reflect the presence of their preferred bacterial prey (e.g., Anderson et al. 2013) which
would be in agreement with the differential bacterial communities associated with sinking
and suspended particles collected during the same cruise (Duret et al. 2018). Additionally,
their detection in sinking particles rather than in other large suspended particles might have
been artificially created in the marine snow catcher by the creation of a chemical gradient as
particle sank to the bottom of the sampler, which would have cause them to preferentially
colonise these particles by chemotaxis (Fenchel 2001). It is nonetheless important to keep in
mind that most dinoflagellates sequences could not be annotated at a high taxonomic
resolution under PR? or Silva (representing 91.8 £ 5.1 % of dinoflagellates sequences) and

could correspond to predatory species.

Ciliates

Ciliate sequences did not present evident enrichment patterns in sinking or suspended
particles > 10 um, suggesting that their detection reflected their cell sizes (generally > 40
um) and/or their attachment to both particle-fractions > 100 um. These predators likely act in

the top-down controls of bacterial prey populations associated with suspended and sinking
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particles (Caron et al. 2012). Nonetheless, sequences affiliated with Tintinnida and
Litostomatea at P2 were slightly more abundant in SK10 than other particle-fractions, both of
which have previously been detected in various mesopelagic sites (e.g., Grattepanche et al.
2016; Zoccarato et al. 2016; Dolan et al. 2017). Furthermore, sequences belonging to
OLIGOS (Oligohymenophorea) and Discotrichidae (Nassophorea) were slightly more

abundant in SS0.22 at most stations.

Most ciliate sequences were affiliated with Choreotrichida and Strombidiida (Spirotrichea)
in every samples. These sequences were mainly represented by Leegaardiella sp. and
Strombidium sp. respectively, the latter being mainly present at P2. Both genus include
heterotrophic and mixotrophic species that have been reported to be important components of
the ciliate communities in Arctic waters (Jiang et al. 2015). While Leegaardiella sp. are
mainly reported to be heterotrophic, Strombidium sp. are mostly mixotrophs (Dziallas et al.
2012) that have the ability to sequester chloroplasts from their phytoplankton prey (i.e.,
kleptoplastidy) and can therefore participate in primary production when light conditions

allow (Stoecker et al. 2017).

Rhizarian

Unsurprisingly, most Rhizaria sequences belonged to radiolarians. Radiolarians are globally
abundant in the mesopelagic ocean, where they represent a large proportion of the planktonic
biomass (Biard et al. 2016; Boltovskoy and Correa 2016). These mostly mixotrophic
organisms (Caron et al. 2012; Decelle et al. 2012; Flynn et al. 2013; Stoecker et al. 2017) are
key components to the transfer of organic matter to the deep-ocean, owing to their large cell
sizes (40 to 400 um) (Suzuki and Aita 2011) and their mineral exoskeleton acting as ballast,
and are regularly detected in sediment traps (e.g., Boyd and Trull 2007; Lampitt et al. 2009;

Biard et al. 2018; Gutierrez-Rodriguez et al. 2019). Radiolarian sequences exhibited strong
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enrichment patterns in specific particle-fractions. On the one hand, silica bearing radiolarians
sequences (Suzuki and Not 2015) were most enriched in suspended particles, with RAD C
most enriched in suspended particles > 10 um and RAD B in SS0.22. On the other hand,
strontium sulphate bearing acantharians (Decelle et al. 2013) were most abundant in SK10,
represented by Symphyacanthida at P3 and ICE, Chaunacanthida at P2, P3, and group VI at
P2. These sequences could correspond to acantharian cysts, generally measuring up to 1 mm,
which have been reported to participate to organic carbon export to depth (Decelle et al.
2013). Furthermore, sequences belonging to the heterotrophic Phaeodaria group were mostly
enriched in SK10 and represented by Protocystis sp. This which is also consistent with
studies conducted in other oceanic regions, where they play an important role in organic

carbon export (Biard et al. 2018; Stukel et al. 2018).

The differential enrichment of radiolarians in suspended and sinking particles could reflect
various efficiencies in carbon export from the mixed-layer to the upper mesopelagic between
groups, with acantharians being more efficient than RAD B and C. Additionally, these
differences could correspond to differential life-stages (e.g., cyst, vegetative cell, free-living

cell) or physiological state (heterotrophy or autotrophy).

Fungi

Rather than presenting enrichment patterns among particle-fractions, fungi sequences
presented most differences between stations. The sporous Microbotryomycetes
(Basidiomycota - Pucciniomycotina) and filamentous Dothideomycetes (Ascomycota -
Pezizomycotina) were most enriched at ICE, while the sporous Chytridiomycetes
(Chytridiomycota - Chytridiomycotina) and Exobasidiomycetes (Basidiomycota -
Ustilaginomycotina) were most enriched at P3 and UP. Basidiomycota, Ascomycota and

Chytridiomycota have been reported previously in frozen Antarctic lakes (Gongalves et al.
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2012; Rojas-Jimenez et al. 2017). Marine fungi have been reported to play important roles in
organic matter degradation in upwellings (off the coast of Chile; Gutiérrez et al. 2010, 2011)
and in particles in coastal regions (Taylor and Cunliffe 2016) and in the bathypelagic
(Bochdansky et al. 2017). It is however difficult to conclude regarding their role within
particles collected at the different stations, as they could either be heterotrophic or parasitic

(Grossart et al. 2019).

Conclusion

This study provides the first insights into eukaryotic contribution to suspended and sinking
particle-pools in the mixed layer and the upper-mesopelagic of the Scotia Sea. Amplicon
sequencing of the 18S rRNA gene served as a powerful diagnostic tool to identify the major
eukaryotic phytoplankton present in sinking particles that most likely drives the biological
carbon pump strength, and gave insights into the influence of metazoans, heterotrophic
protists and fungi on sinking and suspended particles in the upper-mesopelagic. Notably, the
chain-forming genus Chaetoceros dominated the eukaryotic phytoplankton component of
sinking particles thereby suggesting that they facilitated carbon flux out of the mixed layer to
the upper-mesopelagic. Prymnesiophyte-enriched particles appeared to be more easily broken
down into suspended particles in the upper-mesopelagic, conferring lower transfer efficiency
to the biological carbon pump. Copepods, either by their feeding behaviour and/or the
production of dense faecal pellets, were more influential on sinking particles than on
suspended particles; while at some stations soft-tissue organisms were found to primarily
affect suspended particles. Heterotrophic protists and fungi communities in the upper-
mesopelagic resembled little to their mixed-layer counterparts. The distinct community
structures observed in various particle-fractions suggests different ecological conditions

existing within suspended and sinking particles, such as chemical composition of organic
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matter and prey population availability. Nonetheless, investigations into predator-prey
specificities, organic matter requirements, as well as quantification of these heterotrophic
groups are required to further understand their effects on suspended and sinking particles, as
well as to decipher their respective roles in the biological carbon pump. Results from this
study further highlight the need to consider, the interactions of eukaryotic communities with
both sinking and suspended particles, along with the respective prokaryotic communities,

when evaluating the strengths and controls of the biological carbon pump.
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Figures and table legends

Figure 1. Location of sampling sites on a map of surface particulate organic carbon. The
map was constructed on Ocean Data View using data from NASA Ocean Color 9 km
resolution level 3 browser. The surface particulate organic carbon data was corrected by D.
Stramski 2007 method (version 443/555) and correspond to a 32-day composition

(17/11/2014-18/12/2014).

Figure 2. Canonical correspondence analysis of OTU composition. The CCA was
calculated on the total rarefied dataset. The significance of environmental parameters
(oxygen, fluorescence, POC concentrations and temperature) was tested with a
PERMANOVA (p < 0.05) (Table S3). Significant environmental parameters are displayed
and their respective arrow length is proportional to the variability in community structure
explain. ML = mixed layer, UM = upper-mesopelagic; SS0.22 = suspended particles 0.22 —

10 pm; SS10 = suspended particles 10 — 100 um; SS100 = suspended particles > 100 pm;

(SS100), SK10 = sinking particles > 10 um.

Figure 3. Total eukaryotic community composition. Pie charts were constructed with the
relative abundance of selected taxa in the total rarefied dataset. Sequences were
subcategorised into metazoan (copepod, soft-tissue animal and other), phytoplankton
(diatom, prymnesiophyte and other), other protists and fungi (dinoflagellates, Syndinales,
ciliates, Rhizaria and other) and unassigned sequences. SS0.22 = suspended particles 0.22 —
10 pm; SS10 = suspended particles 10 — 100 um; SS100 = suspended particles > 100 pm;

(SS100), SK10 = sinking particles > 10 um.

Figure 4. Taxonomic composition of phytoplankton and metazoan. Panel A displays the

relative abundance of the 9 most abundant phytoplankton orders, and panel the relative
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abundance of the 9 most abundant metazoan subclasses. Presented data was normalised to the
considered taxonomic group (i.e., phytoplankton and metazoan). SS0.22 = suspended
particles 0.22 — 10 um; SS10 = suspended particles 10 — 100 um; SS100 = suspended
particles > 100 um; (SS100), SK10 = sinking particles > 10 um; ML = mixed layer, UM =

upper-mesopelagic; Haptoph. = Haptophyte.

Figure 5. Enrichment of phytoplankton taxonomic families in sinking and suspended
particles. Enrichments were calculated using Equation 1 on the phytoplankton normalised
dataset. Negative values (in green) indicate an enrichment within sinking particles in the
mixed layer and positive values (in red) indicate an enrichment within the compared sample

in the upper-mesopelagic.

Figure 6. Heterotrophic protists and fungi communities in sinking and suspended
particles in the upper-mesopelagic. Presented data was normalised to the considered
taxonomic group (i.e., dinoflagellates, choanoflagellates, Syndiniales, ciliates, rhizarians and
fungi), and transformed on using the formula logz (x) + 1 when x >0 and where x is the
relative abundance normalised within each taxonomic group considered. SS0.22 = suspended
particles 0.22 — 10 um; SS10 = suspended particles 10 — 100 um; SS100 = suspended
particles > 100 pm; (SS100), SK10 = sinking particles > 10 um; OTU = % OTUs shared; seq

= % affiliated sequences; Choano. = Choanoflagellata.

Table 1. Percentages of OTUs and affiliated sequences shared between particle-
fractions. The proportions of phytoplankton and metazoan shared OTUs were calculated on
the rarefied dataset. ML = mixed layer, UM = upper-mesopelagic; SS0.22 = suspended
particles 0.22 — 10 um; SS10 = suspended particles 10 — 100 um; SS100 = suspended
particles > 100 pm; (SS100), SK10 = sinking particles > 10 um; OTU = % OTUs shared; seq

=% affiliated sequences.
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Fig. S1 — Environmental parameters profiles. Temperature, oxygen concentration and chlorophyll a concentration based on fluorescence measurements were obtained with a
conductivity-temperature-depth device (CTD Seabird 9Plus with SBE32 carousel).
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suspended particles > 100 ym; (SS100), SK10 = sinking particles > 10 pm.
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Table S1 — Sequence counts tables. Numbers presented in this table are based on PR? annotations. The first column displays the number of sequences and the column

"%" displays the percentage to the total. Unaffiliated sequences were not reported in this table. ML = mixed layer, UM = upper-mesopelagic; SS0.22 = suspended particles

0.22 — 10 ym; SS10 = suspended particles 10 — 100 pym; SS100 = suspended particles 2 100 ym; (SS100), SK10 = sinking particles = 10 ym.

Station Depth Particle type |Total reads [Phytoplankton % [Metazoa % |Dinoflagellates % |Choanoflagellates % |Ciliates % |Rhizaria % |Fungi %
ICE ML SK10 52705 522 1.0 (2614 5.0 |11476 21.8 (111 0.2 |37449 71117 0.0 |172 0.3
P2 ML SK10 64077 1561 24 46309 72.3|13292 20.7 (207 0.3 412 0.6 |1418 22 |4 0.0
P3 ML SK10 40469 593 1.5 [29654 73.3|7755 19.2 |1248 0.6 |1633 4.0 |75 0.2 |82 0.2
UP ML SK10 44045 517 1.2 |34816 79.017136 16.2 |61 0.1 |71 1.6 |177 04 |34 0.1
ICE ML S$S0.22 61368 28766 46.9 (3 0.0 (18612 30.3|144 0.2 |4267 7.0 |60 0.1 |786 1.3
P2 ML S$S0.22 61107 12667 20.7 |3726 6.1 |31226 51.112152 3.5 |6106 10.0 (600 1.0 (41 0.1
P3 ML SS0.22 49647 4588 9.2 |1589 3.2 30832 62.1 11180 24 14678 94 |325 0.7 |799 16
UP ML S$S0.22 34996 2766 7.9 |[11358 32.5|14782 42.2 (826 24 2075 5.9 |100 0.3 |548 1.6
ICE ML SS10 16121 1977 12.3 |4 0.0 (6682 41.4 (491 3.0 |5134 318|4 0.0 |55 0.3
P2 ML SS10 38787 3791 9.8 |7621 19.6 (18888 48.7 |3626 93 (2936 7.6 |344 0.9 |10 0.0
P3 ML SS10 41787 3803 9.1 |6587 15.8 (21996 52.6 11929 4.6 (3301 7.9 |333 0.8 |390 0.9
UP ML SS10 39264 4484 1147731 19.7 118560 47.3 12070 5.3 |2206 56 |157 04 |485 1.2
ICE ML SS100 44855 3213 7.2 |227 0.5 |12371 27.6 (1299 29 26494 59.1|5 0.0 |441 1.0
P2 ML SS100 41798 1647 3.9 |26547 63.5|6680 16.0 (4187 10.0 (2057 4.9 |264 0.6 |11 0.0
P3 ML SS100 25978 543 2.1 118250 70.3 14738 18.2 1621 24 1379 53 |39 0.2 |132 05
UP ML SS100 42061 1266 3.0 |27851 66.2|7235 17.2 (1924 46 [2650 6.3 |138 0.3 |352 0.8
ICE UM  SK10 30666 85 0.3 |26240 85.6|1588 52 |78 0.3 [2200 7.2 |51 0.2 |162 05
P2 UM  SK10 37034 179 0.5 |24573 66.4 6862 18.5(25 0.1 (1018 2.7 |3972 10.7 (11 0.0
P3 UM SK10 44553 241 0.5 29281 65.7 111728 26.3 |53 0.1 12093 4.7 |517 1.2 |118 0.3
UP UM  SK10 40694 150 04 |28874 71.0(8193 20.1 |92 0.2 [2420 59 |134 0.3 |89 0.2
ICE UM  SS0.22 55360 9636 17.4 (3258 59 |17826 32.2 1611 1.1 [2655 4.8 |5317 96 |883 1.6
P2 UM  SS0.22 40436 2117 52 1627 4.0 (20950 51.8 309 0.8 (1363 3.4 |3350 8.3 |70 0.2
P3 UM  SS0.22 45093 587 1.3 (4179 9.3 |14841 32.9 1295 0.7 |1554 3.4 |5231 1161419 09
UP UM  SS0.22 36960 546 1.5 |4213 11.4 {10850 29.4 (308 0.8 [2108 5.7 |4019 109(199 05
ICE UM  SS10 32140 545 1.7 |5407 16.8 ({11588 36.111929 6.0 [8693 27.0|676 21 |398 1.2
P2 UM  SS10 41613 518 1.2 [3319 8.0 |27493 66.1 (1100 2.6 (7201 17.3 (689 1.7 (11 0.0
P3 UM  SS10 31640 225 0.7 |7403 23.4116081 50.8 1923 29 |4387 13.9 (767 24 1288 0.9
UP UM  SS10 28927 256 0.9 |5819 20.1 15475 53.5|1149 4.0 (4153 14.4 (609 21 |136 05
ICE UM  SS100 20787 882 4.2 (380 1.8 |5743 27.6 (2326 11.2 (5582  26.9|3006 145(810 3.9
P2 UM  SS100 29117 142 0.5 |[23278 79.9 3963 13.6 [259 0.9 |748 2.6 |375 1.3 |8 0.0
P3 UM  SS100 6051 8 0.1 |2078 34.3 (1215 20.1 |58 1.0 (1234 20.4|299 49 (56 0.9
UP UM  SS100 312267 1837 0.6 |193112 61.8 58831 18.8 [3872 1.2 [32055 10.3|6538 21 |506 0.2




Table S2 — Station description and particulate organic carbon concentration. Particulate organic carbon concentrations were measured by and
are presented in Belcher et al. (2016). SS = bulk suspended particles; SK = bulk sinking particles.

Latitude ('N) |Longitude (°E) |Station |Station description Depth (m) Particle-type POC (ugL™
SS 75.7
60 SK 25
-59.9624 -46.1597 ICE On the Antarctic continental ice edge. SS w.w >
160 SK 10.3
5 i
-55.2484 -41.264 P2 HNLC zone. .
155 SS 38.6
SK 27
-52.8121 -39.9724 P3 Iron fertilized zone, near South Georgia continental margin. SS w.A 7
170 SK 3.9
SS 92.2
i SK 225
-52.6018 -39.1994 UP Upwelling station in proximity to P3, in frontal system PFZ and AAZ. SS Am.m
e SK 9 A.

Belcher, A., M. lversen, C. Manno, S. A. Henson, G. A. Tarling, and R. Sanders. 2016b. Therole of particle associated microbesin remineralization of fecal pelletsin the upper
mesopelagic of the Scotia Sea, Antarctica. Limnol. Oceanogr. 61: 1049-1064. doi:10.1002/In0.10269




Table S3 — Permutational multivariate analysis of variance of environmental
parameters. Table A displays the PERMANOVA results for phytoplankton
community and table B for heterotrophic protist community. Factors highlighted
with an asterisk (*) were significantly affecting the OTU composition variability.
SS: sums of squares; MS: means of squares; F.Model: F-tests results; R2: effect
size; Pr: p-value.

A - Phytoplankton

Df SumsOfSqs MeanSqgs F.Model R2  Pr(>F)
Temperature* 1 0.815 0.815 4444 17% 0.001
Oxygen 1 0.254 0.254 1383 5% 0.137
Fluorescence* 1 0.471 0471 2570 10% 0.003
POC 1 0.232 0.232 1262 5% 0.228
Type* 3 0.931 0.310 1692 19% 0.014
Residuals 12 2.202 0.183 NA 45% NA
Total 19 4.906 NA NA 1 NA

B - Heterotrophic protist and fungi

Df SumsOfSqs MeanSqgs F.Model R2 Pr(>F)
Temperature* 1 0431 0.431 2759 11% 0.001
Oxygen* 1 0.379 0.379 2428 9% 0.002
Fluorescence* 1 0.270 0.270 1.729 7% 0.023
POC* 1 0.349 0.349 2234 9% 0.004
Type* 3 0.752 0.251 1.604 19% 0.010
Residuals 12 1.875 0.156 NA 46% NA
Total 19 4.057 NA NA 1 NA




Table S4 - T of cy ial

Table S4-A
OTU_ID T y
AB494937.1.1515 k__Bacteria; p__Cyanobacteria;c__4C0d-2;0__YS2;f_;g_ ;s__
AB934802.1.1340 k__Bacteria; p__Cyanobacteria; c__4C0d-2;0__YS2;f__;g_ ;s__
KP765487.1.1505 k__Bacteria; p__Cyanobacteria;c__4C0d-2;0__YS2;f_;g_ ;s__
New.CleanUp.ReferenceOTU108]k__Bacteria; p__Cyanobacteria;c__4C0d-2;0__YS2;f ;g ;s__

New.CleanUp.ReferenceOTU649
JQ855618.1.1256
BA000022.2452187.2453675
GU935367.1.1704
CP003597.5559716.5561195
JF199033.1.1311
CP000393.3137164.3138645
KM982579.1.1437
HQ189027.1.1331
New.CleanUp.ReferenceOTU718:
EF032663.1.1445
FJ937850.1.1317
FR667282.1.1373
GU305749.1.1449
GU941055.1.1253
HQ671782.1.1436
JQ062791.1.1291

k__Bacteria; p__Cyanobacteria;c__4C0d-2;0__YS2;f ;g_ ;s__
k__Bacteria; p__Cyanobacteria; c__Nostocophycideae; o__Nostocales; f__Nostocaceae
k__Bacteria; p__Cyanobacteria; c__Oscillatoriophycideae; o__Chroococcales; f__Gomphosphaeriaceae; g__;s,

k__Bacteria; p__Cyanobacteria; c__Oscillatoriophycideae; o__Chroococcales; f__Gomphosphaeriaceae; g__;s

Table A displays the taxonomic affiliation of cyanobacterial sequebces. Table B displays the number of sequences and table C their relative abundance normalised to the entire 16S rRNA gene amplicon sequencing dataset.

k__Bacteria; p__Cyanobacteria; c__Osc
k__Bacteria; p__Cyanobacteria; c__Osci
k__Bacteria; p__Cyanobacteria; c__Osc

latoriophycideae; o__Chroococcales; f__Xenococcaceae;g_ ;s

latoriophycideae; o__Chroococcales; f__Xenococcaceae;g__;s.

latoriophycideae; o__Oscillatoriales; f__Phormidiaceae; g__Hydrocoleum

k__Bacteria; p__Cyanobacteria; c__Oscillatoriophycideae; o__Oscillatoriales; f__Phormidiaceae; g__Hydrocoleum;s__

k__Bacteria; p__Cyanobacteria; c__Oscillatoriophycideae; o__Oscillatoriales; f__Phormidiaceae; g__Phormidium;s__

k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Pseudanabaenales; f__Pseudanabaenaceae; g__Leptolyngbya;s__
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Chamaesiphonaceae;g__;s__

k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Synechococcaceae; g__Synechococcus;s_
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Synechococcaceae; g__Synechococcus;s__
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Synechococcaceae; g__Synechococcus;s__
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Synechococcaceae; g__Synechococcus;s_
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f__Synechococcaceae; g__Synechococcus;s_
k__Bacteria; p__Cyanobacteria; c__Synechococcophycideae; o__Synechococcales; f Synechococcaceae; g Synechococcus;s




Table

S4-B

OTU_ID ICE_SK10_UM ICE_SK10_ML ICE_S550.22_UIICE_S50.22_MIICE_SS10_UM ICE_SS10_ML ICE_SS100_UNICE_SS100_ML P2_SK10_UM P2_SK10_ML P2_S50.22_UMP2_550.22_ML P2_S510 UM P2_SS10_ML P2_S5100_UM P2_SS5100_ML
AB494937.1.1515 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
AB934802.1.1340 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0
KP765487.1.1505 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
New.CleanUp.ReferenceOTU10810 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0
New.CleanUp.ReferenceOTU64910 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
JQ855618.1.1256 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BA000022.2452187.2453675 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
GU935367.1.1704 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
CP003597.5559716.5561195 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
JF199033.1.1311 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
CP000393.3137164.3138645 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0
KM982579.1.1437 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0
HQ189027.1.1331 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
New.CleanUp.ReferenceOTU71810 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
EF032663.1.1445 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FJ937850.1.1317 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
FR667282.1.1373 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
GU305749.1.1449 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0
GU941055.1.1253 5 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
HQ671782.1.1436 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
JQ062791.1.1291 0 0 0 0 0 0 0 12 0 0 0 0 0 0 0 0
Total 8 0 0 1 1 1 1 26 0 0 0 1 1 3 3 0
OTU_ID P3_SK10_UM P3_SK10_ML P3_550.22_UMP3_550.22_ML P3_SS10_ UM _P3_S5510_ML P3_55100_UM P3_S5100_ML UP_SK10_UM UP_SK10_ML UP_S50.22_UN UP_S50.22_ML UP_S510_ UM UP_SS510_ML UP_S5100_UM UP_S5100_ML

AB494937.1.1515
AB934802.1.1340
KP765487.1.1505
New.CleanUp.ReferenceOTU108
New.CleanUp.ReferenceOTU649
JQ855618.1.1256
BA000022.2452187.2453675
GU935367.1.1704
CP003597.5559716.5561195
JF199033.1.1311
CP000393.3137164.3138645
KM982579.1.1437
HQ189027.1.1331
New.CleanUp.ReferenceOTU718:
EF032663.1.1445
FJ937850.1.1317
FR667282.1.1373
GU305749.1.1449
GU941055.1.1253
HQ671782.1.1436
JQ062791.1.1291

0

0

0

©cocoocoocoo0o0o0onOoOONOOOOO

0

0

0

Total

s[ccoccocowowu—_o00o0ocoo0ooooo oo

N
slocoococo-~rocococoocococoocococoo

Noroocooooocoooooco—ro00co0o0o0o0o

slocoococoocoocoroco0cococoocococoo

oclocooococoocoococooococooococooo

dMloocoocoocooocow-rocoocoooocoocooooo

oloccoocoocooococoocooococooococoo0o0o

wloooooorocoocooocoonvmooocoooooo

oloccoocoocooococoocooococoooocooo0o0o

NMoooocooooocooooocoosr~r0c000000

oloccoococoocooococoocooococoocooococooo

oclcooocococoocoococooococooococooo

oloccoocoocooococoocooococoooococoo0o0o

oloroocococooocoro00cor0000000
oloccoococoocooococoocooococoocoococooo




Table S4-C

OTU_ID

ICE_SK10_UM ICE_SK10_ML ICE_SS0.22_UT ICE_SS0.22_MIICE_SS10_UM ICE_SS10_ML ICE_SS100_UNICE_SS100_ML P2_SK10_UM_P2_SK10_ML _P2_S550.22_UM P2_S50.22_ML P2_SS10_UM_P2_SS10_ML__P2_SS100_UM P2_SS100_ML

AB934802.1.1340
AB494937.1.1515
KP765487.1.1505
New.CleanUp.ReferenceOTU649
New.CleanUp.ReferenceOTU108
JQ855618.1.1256
BA000022.2452187.2453675
GU935367.1.1704
CP003597.5559716.5561195
JF199033.1.1311
CP000393.3137164.3138645
KM982579.1.1437
HQ189027.1.1331
New.CleanUp.ReferenceOTU718:
EF032663.1.1445
FR667282.1.1373
GU305749.1.1449
FJ937850.1.1317
HQ671782.1.1436
GU941055.1.1253
JQ062791.1.1291

0

Ccooococoo0o00O0O0O0OOO

0
0.071%
0
0.119%
0

0

0 0

coocoococoocooocoo

0.015%
0
0
0
0
0
0
0
0

0

CO0O0O0O0D0O0O00O0O0O00O0O0O0O0O

0.016%
0

0
0
0
0
0

0
0.030%

coocoocooocoocooooo

0

0

cooococo

0.019%

cooococooococoo

0

0.006%
0.003%
0.003%
0.003%
0.005%

coocoococo

0.002%

coocoocooo

0
0.019%

0

0.009%

0

coocoococoocooocoo
cooocoocoooo

0.038%
0.019%

Ccoococoo0oo00O0OO0OOOCOOO

0.007%
0
0
0
0
0 0 0

cooococooo
cooococooo

0

Total

0.190%

oclocooococoocoococooocococooococooo

oloccoococoocoococoocooococoocooocoooo0

0.015%

0.016%

0.030%

0.019%

0.042%

oloccoocoocooococoooococoooocooo0o0o

olococoococooococooocoococoocooococooooo
oloccoococoocoococoocooococoocoococooo0

0.009%

0.007% 0.058%

cloccoococooocoooocooococooooo

0.036%

OTU_ID

P3_SK10_UM

P3_SK10_ML

P3_SS0.22_UM P3_S50.22_ML P3_SS10_UM

P3_SS10_ML__P3_SS100_UM P3_SS100_ML

UP_SK10_UM

UP_SK10_ML_UP_SS0.22_UN UP_SS0.22_MLUP_SS10_UM_UP_SS10_ML

UP_SS100_UM UP_SS100_ML]

AB934802.1.1340
AB494937.1.1515
KP765487.1.1505
New.CleanUp.ReferenceOTU649
New.CleanUp.ReferenceOTU108
JQ855618.1.1256
BA000022.2452187.2453675
GU935367.1.1704
CP003597.5559716.5561195
JF199033.1.1311
CP000393.3137164.3138645
KM982579.1.1437
HQ189027.1.1331
New.CleanUp.ReferenceOTU718:
EF032663.1.1445
FR667282.1.1373
GU305749.1.1449
FJ937850.1.1317
HQ671782.1.1436
GU941055.1.1253
JQ062791.1.1291

coocococooococoo0o

0.013%
0.065%
0.039%
0
0
0
0.039%
0
0
0

Ccooococoocooococoooo

o

0.012%

coooo

0

0

cooococo

0.003%

coocoocooocoocooo

0.006%

cocooocoocoo

cooococooo

0.003%
0

0 0

cooocoooooo

0.000%
0.001%

cooococooo

0

0
0
0
0
0
0.004%
0
0
0
0.049%
0

cooocoocoooo

0

coocococoo

0
0.016%
0
0

0
0
0
0
0

0
0.007%
0.007%

0

cooococooococoo

0

0

coocococo

0.002%
0
0
0
0.002%
0

0
0
0
0
0
0.010%
0

0

Total

0.157%

0.012%

0.005% 0.006%

oloccoocoocooococoocooococooooooo0o0o

0.001%

0.052%

olococoococooococooocoococoocoocoococooooo

0.024%

olcocoococooococooocoococoocooococooooo

0.014%

oclocooococooococooococooococooo
oloccoocoocooococoocooococoooocooo0o0o
oclococoococooococooocoococoocooococoooo

clococoococooococooococooocooooo

0.014%




Table S5 - Dissimilarity values from similarity percentages analyses of
heterotrophic protist community. Dissimilarity between particle-types in the
upper-mesopelagic were calculated on rarefied dataset based on results from a

SIMPER analyses.

ICE
SK10 SS100 SS10 SS0.22

SK10 95.7% 89.3% 88.9%
SS100 44.0% 53.5%
SS10 54.8%
$S0.22
P3

SK10 SS100 SS10 SS0.22
SK10 62.9% 43.5% 62.6%
SS100 52.7% 64.5%
SS10 57.5%
$S0.22

P2
SK10 SS100 SS10 SS0.22

SK10 52.2% 571% 63.4%
SS100 37.5% 49.9%
SS10 56.2%
S$S0.22
UP

SK10 SS100 SS10 SS0.22
SK10 56.6% 34.9% 63.3%
SS100 41.5% 62.3%
SS10 59.8%

S$S0.22



