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Abstract

Marine sediments are one of the largest carbon reservoir on Earth, yet the microbial communities, especially the eukaryotes,
that drive these ecosystems are poorly characterised. Here, we report implementation of a sampling system that enables
injection of reagents into sediments at depth, allowing for preservation of RNA in situ. Using the RNA templates recovered,
we investigate the ‘ribosomally active’ eukaryotic diversity present in sediments close to the water/sediment interface. We
demonstrate that in situ preservation leads to recovery of a significantly altered community profile. Using SSU rRNA
amplicon sequencing, we investigated the community structure in these environments, demonstrating a wide diversity and
high relative abundance of stramenopiles and alveolates, specifically: Bacillariophyta (diatoms), labyrinthulomycetes and
ciliates. The identification of abundant diatom rRNA molecules is consistent with microscopy-based studies, but
demonstrates that these algae can also be exported to the sediment as active cells as opposed to dead forms. We also observe
many groups that include, or branch close to, osmotrophic—saprotrophic protists (e.g. labyrinthulomycetes and Pseudofungi),
microbes likely to be important for detrital decomposition. The sequence data also included a diversity of abundant
amplicon-types that branch close to the Fonticula slime moulds. Taken together, our data identifies additional roles for
eukaryotic microbes in the marine carbon cycle; where putative osmotrophic—saprotrophic protists represent a significant
active microbial-constituent of the upper sediment layer.

Introduction

Marine sediments are microbially driven ecosystems and
encompass one of the largest reservoirs of organic carbon
Supplementary information The online version of this article (https:// on Earth [1-3]. These ecosystems are difficult to access
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eukaryotic microbial diversity [6—10] of unknown function.
Osmotrophy [11] and other lifestyles that involve degra-
dation of organic matter are considered important in marine
sediments [12]. These processes are responsible for the
breakdown of complex compounds that reach the sea floor
[3]. Among the eukaryotes, fungi perform key osmotrophic/
lysotrophic/saprotrophic (OLS) biogeochemical functions
in terrestrial environments, however, the equivalent role
remains underexplored in marine sediments [13]. A number
of studies have shown the presence of fungal DNA and
RNA in marine sediments [9, 14—16] but the diversity of
wider OLS protist groups remain untested, even though
such groups encode lifestyle strategies often critical for
biogeochemical process [12, 13].

An issue for molecular diversity studies is that cell-free
DNA and DNA of dead cells can persist over long periods
of time, misleading DNA-based analysis. The cold tem-
peratures found at depth (e.g. 4 °C) can also play a role in
DNA preservation. For example, the DNA profiles of ter-
restrial soils can be ‘contaminated’ with sequences from
dormant-, dead- or lysed cells [17]. Sequencing of RNA-
derived template can circumvent this issue because RNA is
an unstable macromolecule and so is thought to represent
the active community sampled. The susceptibility of RNA
to degradation and the rapid response times of some
microbial taxa to changes in environmental conditions make
preservation of RNA an important methodological con-
sideration [18]. However, it is currently not possible to
minimise time to preservation when sampling at depth,
where recovery can add several hours, during which time
samples can undergo huge changes in pressure and poten-
tially temperature. These factors must presumably alter both
community composition and RNA longevity.

To date, remotely operated vehicle (ROVs push core and
scoop approaches) have precluded preservation at depth,
despite there being several chemical possibilities for pre-
serving RNA. LifeGuard™ is an RNA preservation buffer
which, according to US patent (6,458,546), contains no
compounds that induce the precipitation of proteins and
organic compounds, which can lead to the drastic loss of
nucleic acid molecules or biases in community structure
[19]. LifeGuard™ has been successfully employed for
environmental RNA sampling, for example from: rainforest
surface soils [20] and spring sediments [21, 22]. For marine
sediment studies, limitations in the collection devices have
prevented RNA preservation at the point of sampling, with
samples resuspended in buffer or frozen upon retrieval at
the surface [9, 10, 23, 24].

To tackle this problem, we have developed a tool for the
injection of preservation buffer into sedimentary samples at
the point of sampling (Supplementary Film S1 and Fig. 1a).
Using this approach, we collected in situ injected and
surface-preserved samples from three sets of marine
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sediments. To compare these sampling approaches, we
sequenced the V4 region of the eukaryotic SSU rRNA gene
from cDNA reverse transcribed from total RNA. We
demonstrate a significant difference in community sampling
trends between the two approaches. Using these data, we
investigate the putative phototrophic and OLS eukaryotic
groups present in the sediment samples. These results
suggest a hitherto underexplored OLS protistan community
in marine sediments and implicate a diverse range of ribo-
somally active eukaryotic microbes in multiple aspects of
the marine carbon cycle in the surface sediments.

Materials and methods
Study site and sampling approach

Pilot experiments were conducted using a standard push
core (23 cm core tube, 7 cm inner diameter) modified as a
reagent injector (Fig. la) with 5 cm needles (with side-on
apertures). The ‘initial cruise’ was conducted on the R/V
Pt. Lobos using ROV Ventana (8th September 2011, Dive
number V3640, location 36° 73" N, —121° 93" W, depth
97 m). This ‘pilot cruise’ site was 12 km from the 200 m site
and 22 km to the 881/957 m sites (see below). All these sites
had similar sedimentary characteristics. The injector was
deployed by an ROV preloaded with PBS-containing
fluorescein (Sigma-Aldrich, 0.3 mM, final concentration)
and 0.75um YG fluorescent-polystyrene beads (Poly-
sciences Inc.). The buffer was pumped into the sediment
cores using the ROV manipulator claw (taking 1-2 min) to
test buffer penetrance. Follow-up microscopy demonstrated
the injected buffer saturated the top 1-2cm layer of the
sediment core. All further sampling was limited to the top 1
cm of the core.

Prior to, and after each use, the injector was set up/
decommissioned in a laminar flow hood, with the system
repeatedly washed through with 70% ethanol, with all liquid
expelled before being loaded with sampling buffer. The
system was then fully discharged, the flow-through sample
buffer discarded and then reloaded with new sampling
buffer. The reserve bladder and injector pump were filled
using sterile syringes with a mix of 5mg of fluorescein
dissolved in 100 ml of LifeGuard™ (MoBio). The system
was then primed prior to deployment so that ~5ml of
buffer was released from the needles recovered and stored at
—80°C for SSU rRNA gene analysis as a control for
contamination.

Samples for diversity analyses were collected in Sep-
tember 2011 using the ROV Doc Ricketts from the North
Pacific Ocean (Monterey Bay) at 200 m (36° 47’ N, 122° 3’
W), 650 m (36° 45’ N, 122° 3" W), 881 m (36° 43’ N, 122°
11" W) and 957 m (36° 42’ N, 122° 10" W) depth (Fig. 1b).
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The samples were not methane super-saturated. Push core
and injector set-up was conducted using sterile gloves and
apparatus. Two approaches were used: (i) LG-in situ;

Time (Minutes) Time (Minutes)

injection of LifeGuard™ in situ using the injector system
(Fig. 1a and Film S1) followed by suspension in additional
LifeGuard™ at the surface after sample recovery (following
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<« Fig. 1 Sampling approach. a Photograph of the custom-built multi-

needle injector system: I-buffer reserve bladder, 2-unidirectional
valve, 3-tubing allowing for ‘compression pumping’, 4-injector nee-
dles with sideways apertures (see Film S1 for operation). b Map
showing the Monterey Canyon and indicating the bottom depth (BD)
of sampling sites (GPS co-ordinates mapped using google earth (http://
earth.google.com) provided in the ‘Materials and methods’ section)
where sediment push cores (PC) were taken. ¢ Sample collection and
processing diagram illustrating how the replicate samples were pro-
cessed for RNA extraction. These samples were coded in the following
manner, (i) biological replicates were distinguished: A, B, and C. (ii)
Independent reverse transcription PCR replicates equivalent to tech-
nical replicates were distinguished: a, b and g. Numbers 2-4-5-6-11-
13-14 indicate the core the samples came from. Asterisk indicates
samples with reads only from our extended sequencing effort, i.e. run
2. d Abiotic profile change during ROV recovery recorded for four
separate core sample sets: pressure (decibars), temperature (C°) and
primary O, (ml/l).

the manufacturer’s instructions), and (ii) LG-ship; samples
without in situ injection were recovered and resuspended on
board the ship in LifeGuard™ (following the manu-
facturer’s instructions). The paired cores with the different
treatments were each deployed within 1 m of each other.

During preparation and ROV recovery, samples were
taken to control for potential contamination introduced
during set-up and/or ROV operation. Specifically, 5 ml of
buffer was recovered from the wash through as the system
was primed (described above) and another 5ml of un-
injected buffer sample was recovered from the buffer
reserve bladder after deployment. These control samples
were immediately frozen at —80 °C. Across the three needle-
injected samples 10 (650 m sample), 30 (881 m) and 20 ml
(957 m) were left in the bladder/system after deployment
indicating that between 65 and 85 ml were injected into 1-2
cm top layer of the sediments. On ship, ~12 g of surface
sediment taken from around the needle insertion points from
each sampling core was transferred immediately to a 50 ml
centrifuge tube, using a sterilised spatula in a laminar flow
hood. Additional LifeGuard™ solution was added (3 ml of
additional buffer per 1 g of sediment), shaken vigorously
and stored at —80 °C and then shipped on dry ice to the UK.
We note this process may fail to sample some eukaryotes
lysed by the process of sampling and for which the RNA
molecules of lysed cells were released into the water col-
umn space of the core or the resuspension buffer during
preservation.

RNA extraction, cDNA synthesis and SSU V4 PCR

Samples were defrosted on ice and centrifuged at 2500 x g
for Smin at 4 °C to remove supernatant. Each push core
sample (Fig. 1c) was divided into three sub-samples of ~4 g
sediment (A, B and C) and processed individually using the
MoBio PowerSoil total RNA kit with the following varia-
tions: (i) 50 ul of SR7 solution was used to resuspend the
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RNA, (ii) the SR4 solution incubation was conducted at
—20°C, (iii) to improve lysis of ‘robust’ microorganisms a
freeze-thaw cycle followed by physical disruption using
silica carbide beads was added to the C1 buffer step of the
protocol. The DNase treatment was performed following
the manufacturer’s protocol. RNA quality and quantity was
checked using a 2100 Bioanalyzer (Agilent technologies).
Each RNA sample was then tested for DNA contamination
by PCR amplification using 18S (V9 region: 1380F 5'-
CCCTGCCHTTTGTACACAC-3" and 1510R 5'-CCTTC
YGCAGGTTCACCTAC-3’) and 16S (V6 region: 967FPP
5'-CNACGCGAAGAACCTTANC-3’ and 1046RPP 5'-
CGACAACCATGCANCACCT-3’) primers. PCR reactions
were performed in 25l reactions, using Phusion poly-
merase with 1x GC buffer, 0.35 uM each primer, 200 pM of
each ANTP and 3% DMSO. The 1380F/1510R, PCR
reactions consisted of an initial denaturation step (98 °C for
30 s), followed by 30 cycles of 98 °C for 30's, 57 °C for 60 s
and 72 °C for 90 s, before a 10-min extension at 72 °C. The
967F-PP/1046R-PP PCR reactions consisted of an initial
denaturation step at 98 °C for 30 s, followed by 30 cycles of
98 °C for 30s, 60 °C for 45s and 72 °C for 60 s, before a
10-min extension at 72 °C (no discernible PCR band com-
pared with positive controls were identified on a 1% agarose
gel). Each RNA sample was reverse transcribed into cDNA
using SuperScript III reverse transcriptase (Invitrogen, UK),
adding 0.3—1 pg of RNA template along with random pri-
mers from the kit (manufacturer’s instructions). The
resulting cDNA was quantified with a Qubit fluorimeter
using an ssDNA kit (Invitrogen) and diluted to a final
concentration of 10 ng/pl.

Unspent reagent samples were collected before and after
deployment as control samples, as described above. RNA
and DNA extractions were conducted from these samples
using the PowerWater RNA and DNA Isolation Kits
(MoBio) and analysed using a Bioanalyzer, which demon-
strated the absence of clear RNA or DNA signal. These
control samples were then subject to PCR amplification
using 18S-V9 and 16S-V6 primers and PCR protocols as
outlined above. These were both negative (i.e. no dis-
cernible 18S or 16S band present compared with positive
controls). The RNA samples were then reverse transcribed
and PCR amplified using 18S rDNA primers (as above) and
again the PCR reactions were negative.

For each cDNA sample three PCR amplifications were
conducted using the eukaryotic V4 SSU primers: TAR-
euk454FWD1 (5'-CCAGCASCYGCGGTAATTCC-3") and
TAReukREV3 (5-ACTTTCGTTCTTGATYRA-3") [25].
PCR reactions were performed in 25 pl reactions, and con-
tained 10ng of cDNA template, 1x Phusion GC buffer,
0.35 uM of each primer, 200 uM of each dNTP, 3% DMSO
and 0.5 units of Phusion” High-Fidelity DNA Polymerase
(BioLabs). PCR reactions consisted of a denaturation step at
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98 °C for 30, followed by 10 cycles of 10s at 98 °C, 30 s at
53°C and 30s at 72 °C, and then 15 cycles of 10s at 98 °C,
30s at 48°C and 30s at 72°C, and an elongation step at
72 °C for 10 min. Amplicons were checked on 1% agarose
gels for amplification and purified using a GeneJET PCR
Purification Kit (ThermoFisher), eluted in 25 ul of elution
buffer and quantified with a Qubit dsDNA HS kit (Invitrogen).

Library preparation and sequencing

Ilumina sequencing libraries were generated for each
amplicon library using NEXTflex DNA sequencing Kkits
with NEXTflex DNA barcode with eight-base indices (Bioo
Scientific). Each library was subject to a 300 bp paired-end
sequencing run on an Illumina MiSeq 2500 platform (run 1)
at the University of Exeter Sequencing Service. All samples
were pooled on the same ‘lane’, so that any trend identified
between sample sets was not the product of between-lane
sequencing efficiency/dynamics. All the cores with Life-
Guard™ added at the surface (LG-ship) (4, 6, 13 and 14)
were sequenced for a second time using one lane of Illu-
mina MiSeq (run 2) (Fig. 1c). Sequences are available at the
NCBI SRA, accession numbers: SAMNI11051173-204
(Bioproject PRINA521526).

Quality filtering, selection of operational taxonomic
units (OTUs) and taxonomic assignment

Raw data from the Illumina libraries were assigned to indi-
vidual samples by their barcodes. Merged (overlapped)
paired-end reads were created using PEAR [26] and any un-
merged reads were excluded. Cutadapt was then used to
remove primer sequences and for quality control [27] using
default parameters, de-replication was performed using
VSEARCH [28]. Processed amplicons were clustered into
OTUs using SWARM v2 [29]. Taxonomic assignment was
accomplished by taking the most numerous sequence from
each OTU as a search seed for STAMPA (https://github.com/
frederic-mahe/stampa) against PR2 V4 SSU rRNA database
(version gb 203) [30]. Chimeric sequences were identified and
removed using UCHIME [31] implemented in VSEARCH.
Code information is available at https:/github.com/frederic-
mahe/swarm/wiki/Fred’s-metabarcoding-pipeline. Only OTUs
assigned as eukaryotic were kept for further analysis; single-
tons and OTUs present in a single sample were excluded.

Diversity analysis and community composition

Alpha- (within sample) and beta- (among samples) diversity
analyses were conducted on both sample types from run 1
(LG-in situ and LG-ship). Any OTUs assigned as Metazoa
(19% of the reads) were excluded. The Shannon, Chaol and
PD calculation methodology include a default rarefaction

approach and so were calculated using the QIIME v1 scripts
(alpha_rarefaction.py) resulting in 18,564 reads per sample.
An analysis of variance (ANOVA) was conducted to test for
group differences using R [32].

Species (OTUs) abundance distribution and species
(OTUs) accumulation curves, based on the number of reads,
were compared between treatment groups using R (ggplot2
library [33]). For this approach we had to rarefy the dataset
using a different approach (QIIME vl scripts-
single_rarefaction.py). For individual sample comparison
the data were rarefied to 19,454 reads, for samples pooled
by core the data were rarefied to 473,271 reads.

For the beta-diversity, Bray Curtis distance matrices
from a relative abundance and a presence/absence (Sor-
enson’s index) OTU table were performed using R (Vegan
library). Unweighted and weighted UniFrac [34] distance
matrices were calculated using QIIME vl scripts. The
phylogenetic tree was calculated using FastTree2 using the
‘make_phylogeny.py’ QIIME v1 script using the sequences
aligned with MAFFT v7 [35]. The diversity profiles were
represented as a non-metric multi-dimensional scaling
(NMDS) ordination using the MASS package [36] in R
[32]. Clusters based on Bray Curtis and UniFrac distances
were generated using hierarchical clustering (UPGMA)
using the hCLUST function in R.

As mentioned above, the LG-ship samples were sub-
jected to additional sequencing (run 2) to further explore the
diversity profiles. Runs ‘1’ and ‘2’, were pooled by sedi-
ment core and normalised (473,589 reads—as the defined
minimal threshold across all replicates with run 1 and 2
combined). Stacked bar charts were generated with the
reshape2 and ggvis libraries in R to identify taxonomic
composition of these samples.

Group specific phylogenetic analysis

SSU phylogenetic trees were calculated for the OTUs iden-
tified from runs ‘1’ and 2’ combined. We limited our phy-
logenetic analysis to OTUs that were composed of >20 reads
and so these results are limited to OTU groups with increased
relative representation. The resulting trees encompass a large
amount of sequence diversity, yet are derived from a short
alignment of the ~400bp V4 region of SSU rRNA gene,
resulting in a highly skewed data matrix with relatively few
informative alignment positions but very many sequences.
This in part explains why many of the nodes recovered in the
phylogenies have low bootstrap values. To construct the
different phylogenies, published reference trees of known
OLS eukaryotic groups (Stramenopiles [37], Labyr-
inthulomycetes [38] and Opisthokonts [39]) were combined
with the 220 sequence OTUs. Sequences were aligned using
MAFFT v7 and manually checked with SeaView (Version
4.5.2). Maximum Likelihood (ML) phylogenetic trees were
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inferred using RAXML HPC2 [40] in the CIPRES gateway
under the GTRGAMMA model with 100 rapid bootstrap
replicates [41].

Results

Variance in the community structure identified
across replicates and treatments

Sediments from a 7-cm-diameter section taken from each
push core, for a total of seven cores from multiple sites (see
‘Materials and methods’), were divided into three equiva-
lent portions. These were considered separate biological
replicates. The SSU PCR was conducted in triplicate for
each cDNA sample (technical replicates). In the best cases,
we generated nine replicates per core. In a subset of cases
some steps failed, limiting sampling to six or more repli-
cates (Fig. 1c). After bioinformatic processing and rar-
efaction analysis, every technical replicate contained a
minimum of 19,454 sequence reads, while each biological
replicate, encompassing multiple technical replicates, ran-
ged from 71,268 reads (run 1) to 1,050,451 (run 1 and 2
combined) (Table S1). The beta-diversity analyses demon-
strated high clustering similarity between replicates
(Fig. 2a-d). UPGMA dendrograms calculated using the
Bray Curtis distance (presence/absence and relative abun-
dance, respectively) resulted in a similarity range of
57.1-61.9% and 73-83.2% for the technical replicates and
54.1-57.8% and 64.9-75.8% for the biological replicates
(Fig. Sla, b), demonstrating similar community profiles
from samples of similar provenance.

Effect of RNA preservation approaches on diversity/
abundance profiles

For three of the sampling depths (650, 881 and 957 m) two
cores were recovered, one LG-in situ and one LG-ship. For
the fourth set of samples at 200 m, the injection system failed
and only LG-ship samples were recovered. For the 200 m,
650 m and 881 m depth samples, it took 17, 40 and 37 min to
recover the samples, respectively. Due to the depth, tide and
rough sea state, the 957m depth sample took 127 min to
recover. Abiotic parameter tracking demonstrated consider-
able changes in pressure during ROV recovery, while tem-
perature changes of around 610 °C occurred largely in the
last ¥4 (5-20 min) of the ROV recovery journey (Fig. 1d).
An aim of this study was to identify if LG-in situ treat-
ment resulted in a different abundance/diversity profile
compared with the paired LG-ship samples. After normal-
ising the sampling effort, alpha diversity analyses (Shannon,
Chaol and phylogenetic diversity) (Fig. 2e), species accu-
mulation curves (technical replicates (Fig. 2f) and pooled by

SPRINGER NATURE

core (Fig. 2g)) and species abundance distribution curves
(Fig. 2h) were compared. In all three sample-pairs the LG-in
situ samples demonstrated two altered factors: (i) a lower
total number of OTUs with equivalent sequencing efforts
and (ii)) the abundant OTUs contained higher relative
representation (Fig. 2h). This result is mirrored in the
accumulation curves, where the LG-in situ samples show
improved saturation (Fig. 2f, g). Furthermore, the median of
the diversity indexes with LG-ship (Cores 4, 6 and 13) is
higher than the median with LG-in situ, indicating a sig-
nificantly increased diversity profile identified in non-
injected samples in eight of nine ANOVA tests (p <0.05,
Fig. 2e). Taken together these results show an effect of the
LG-in situ protocol and demonstrate that injection sig-
nificantly alters the community profile identified. It is pos-
sible that this altered sampling skew could be the result of
different levels of RNA preservation efficacy in situ across
different taxa. However, this is only testable with large-
scale culture-based experiments and is currently not possi-
ble as none of the protist taxa sampled in these environ-
ments are in culture.

Comparison of community profile composition
across samples

NMDS plots (Fig. 2a, b) of the Bray Curtis distance show
sequence-amplicon profiles from the same depth (LG-in situ
and LG-ship) group together, forming clusters of
50.3-51.6% of similarity from the presence/absence ana-
lysis (Figs. 2a and Sla) and of 52-56.5% of similarity from
the relative abundance analysis (Figs. 2b and S1b). Samples
from the same depth are grouping by core/treatment with a
higher similarity in the Bray Curtis relative abundance
profile (Figs. 2b and S1b, i.e. 64.9-75.8%) in comparison
with the presence—absence profile (Figs. 2a and Sla, i.e.
54.1-57.8%). This is because the presence—absence NMDS
analysis identified a very similar community across the two
different sampling treatments, while the relative abundance
NMDS profile shows distinctly different patterns with
clearer separation for the different sampling treatments. This
result is consistent with the hypothesis that an altered
relative abundance pattern is the primary effect of LG-in
situ treatment. Unweighted (qualitative) and weighted
(quantitative) Unifrac distances were also analysed (Fig. 2c,
d), giving a similar pattern as identified in the Bray Curtis
NMDS analysis (Fig. 2a, b), but showing reduced clustering
of some sample replicates, since depth specific groupings
were not resolved in the weighted Unifrac distance analysis
(Fig. 2d). In terms of specific changes of taxonomic groups
between LG-in situ and LG-ship, only the Bacillariophyta
(diatoms), a highly abundant group, showed a consistent
and strong pattern of change between LG-in situ and LG-
ship sampling strategies (Table S2).
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<« Fig. 2 Descriptive characteristics of the diversity profiles recovered

from amplicon sequencing with and without in situ RNA preserva-
tion. a—d Non-metric multi-dimensional scaling (NMDS) ordination
plots comparing push cores/treatments and sample replicates. NMDS
plot derived from Bray Curtis distance based on; a OTU
Presence—absence data (lines used to label overlapping dots), and b OTU
relative abundance data. NMDS plot derived from Unifrac distance
analysis of OTU composition based on; ¢ Unweighted (qualitative)
comparisons, d Weighted (quantitative) comparisons. OTUs are defined
by swarm analysis (see ‘Materials and methods’). Unifrac encompasses a
distance measure using sequence based phylogenetic information to
compare samples. It is possible that due to the similar provenance of the
sampling cores, the OTU constellation recovered from each core/sample
partially lacked phylogenetic resolution, and so these comparisons did
not generate a significant difference when using Unifrac distance mea-
sures, therefore reducing the resolution and blurring the distinction
between different core/treatment samples. e Comparisons of median
Alpha diversity indices showing significant differences between injected
(LG-in situ; green boxes) and non-injected samples (LG-ship; purple
boxes) in eight of the nine comparisons. (*p <0.05, ***p <0.001). The
boxes show the first and third quartiles. The upper and lower whiskers
extending from the box show the most extreme value that is within 1.5x
of the interquartile range. f Species (OTUs) accumulation loess curves
from samples studied separately (threshold 19,454 reads). Smooth dots
are showing all individual samples. g Species (OTUs) accumulation loess
curves from samples pooled by core (threshold 473,271 reads). Smooth
dots are showing all individual samples. h Species (OTUs) abundance
distribution curves from samples pooled by core (threshold 473,271
reads) based on the number of reads. Key differences here are shown
between the most abundant OTUs sampled via the two different meth-
ods. BD bottom depth, PC push core.

Eukaryotic microbial community composition of
marine sediments sampled

To further investigate the diversity, we performed additional
sequencing of one core from each depth of the LG-ship
samples. We conducted this extended sampling on the LG-
ship samples because these samples showed the wider
diversity profiles. This sequencing effort resulted in a total
of 12,555,051 reads (OTU table available via Figshare,
https://doi.org/10.6084/m9.figshare.8000492). An overview
of the taxonomic composition of the most abundant groups
detected in these sediments is shown in Fig. 3a (relative
abundance >5%, ‘Class’ divisions). Similar to many marine
environments, the alveolate and stramenopile supergroups
dominate the diversity profiles [42—44], with both groups
showing ~40% relative abundance. However, within the
alveolates, the groups that dominate the sediment sample
are very different from those observed in water column
samples. Rather than a dominance of dinoflagellates and
syndinians, including MALVs, the most highly represented
alveolates are ciliates, especially the classes Prostomatea
and Litostomatea, as well as Spirotrichea and Plagiopylea,
consistent with previous analyses [23].

Within the stramenopiles, the ochrophyta Bacillariophyta
(diatoms) are the dominant RNA-derived signature. Indeed,
of the phytoplankton groups, only the diatoms show high
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relative OTU abundance (21.52% S.E.M. x3.36) confirm-
ing that ribosomally active and likely intact diatom cells are
exported to the sediments [9, 14, 45] (Fig. 3a—c and
Table S2). Additional heterotrophic stramenopiles were also
evident in the sediments; Labyrinthulomycetes (Fig. 3a),
with a predominance of the labyrinthulales and thraus-
tochytriales (Fig. 3a, b). OTUs assigned to the polyphyletic
group known as MArine STramenopiles (MAST) [44] were
the third most abundant stramenopiles (i.e. MAST groups
-1, -3, -6, and -12 (Fig. 3b)), also consistent with previous
studies [37].

The Rhizaria also demonstrated a high relative abun-
dance of transcribed SSU rRNA sequences, with relative
abundance of 10-20% across the samples (Fig. 3a). Within
the Rhizaria the most abundant classes are the cercozoans:
Filosa-Thecofilosea, Filosa-Imbriatea and the uncultured
radiolaria group RAD-B [46]. Finally, Opisthokonta and
Amoebozoa were also recovered with a relative abundance
of ~5% (Fig. 3a). Within the sequence amplicons classified
as opisthokonts, a significant portion of the OTUs
were tentatively assigned as ‘undefined Fungi’, although
resolution of SSU rRNA OTUs within this area of the
eukaryotic SSU phylogeny can be misleading (discussed
below).

Phylogenetic diversity of osmotrophic-lysotrophic-
saprotrophic eukaryotes

Next, we aimed to investigate the diversity of OTUs puta-
tively branching with OLS taxa. These classifications were
based on STAMPA analysis against a PR2 rRNA database
[30], followed up with phylogenetic analysis. The eukar-
yotic groups of interest include: fungi, non-metazoan
holozoa such as Corallochytrium [47] and the osmo-
trophic stramenopiles, e.g. pseudofungi [48], thraustochy-
triales and labyrinthulales [49, 50]. In addition, we also
investigated the MAST groups, including MAST-6, which
have been shown to be present in marine sediments [37, 51]
but for which the trophic function cannot currently be
inferred based on phylogenetic position.

Ribosomally active stramenopile lineages

OTUs with 220 reads classified as MAST or as pseudo-
fungal were incorporated into a stramenopile phylogeny
[37] (Fig. 4a). This analysis significantly expanded the
known diversity of many of these groups. Specifically,
MAST-6 (Figs. 4a and S2) was previously only represented
by 7 GenBank SSU sequences and 17 ‘OTUgy; pyrotags’
[37], yet the OTUs detected here encompassed 46 OTUs
with three (OTU-478, -450 and -856) showing high relative
abundance (>1000 reads). We also detected significant
additions, in terms of V4 tags, for a number of MAST
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<« Fig. 3 Stacked bar chart showing relative abundance composition

from a combination of sequencing run 1 and 2. a Representation of
the most abundant microbial eukaryotic groups classified by ‘Class’
division using PR2 V4 SSU rRNA database assignation (including all
groups with relative abundance >5%) and b representation of the
MAST and labyrinthulomycetes groups detected. Reads from Runs ‘1’
and ‘2” were pooled by sediment core and normalised. All groups that
appear in the colour coded key were detected in the study but some of
them had a low relative quantity (<0.06%) so are not visible in the bar
chart and so their colour code circle is removed. Asterisk symbol
indicates OTUs affiliating with the wider taxonomic group but of
uncertain Class designation. Taxon groups appended with _X (etc.)
represent uncharacterised phylogenetic groups that branch with the
assigned taxon in the PR2 database classification. ¢ Schematic sum-
mary figure showing % active rRNA SSU amplicon contribution from
putative phototrophic and osmotrophic-lysotrophic—saprotrophic
eukaryotes. Holomycota is describes as one unit given that the initial
classification of many of these amplicons was initially as fungi but
later phylogenetic analysis indicates that they likely branch as
fonticulida.

clades, including: MAST-20 (9-OTUs), MAST-22 (6),
MAST-3 (18), MAST-12 (24) and MAST-1 (9).

For the pseudofungi groups, we identified an additional
33 OTUs within the oomycete clade (Figs. 4a and S2); 31 of
these OTUs grouped with known oomycete sequences [30]
with 290% bootstrap support. This phylogenetic analysis
also identified 81 OTUs that clustered with a clade pre-
viously composed of two variant SSU rRNA sequences and
described as a novel stramenopile lineage branching near
the pseudofungi [23] (Figs. 4a and S2— ‘Takishita line-
age’). Two of the OTUs identified here appear to have a
high relative abundance with >1000 reads. These data
suggest this group encompasses significant phylogenetic
diversity branching close to Developayella [23, 52].

Labyrinthulomycete (Labyrinthulea) OTUs with >20
reads, were integrated into a labyrinthulomycete phylogeny
[38, 53] (Figs. 4b and S3), demonstrating that the majority
of the OTUs identified grouped within the LAB-1 clade,
initially named uLal [53], and previously described as
consisting of five SSU rRNA phylotypes from two sediment
samples [53]. The 111 OTUs identified group with LAB-1
with a bootstrap support value of 99%, with 25 OTUs
demonstrating high relative abundance (>1000 reads, e.g.
OTU6, with 63,933 reads, Fig. S3). Similarly, our results
identified significant phylogenetic diversity that is puta-
tively assigned to LAB-6, LAB-8, LAB-2, LAB-4, LAB-11
and Oblongichytrium. Both LAB-8 and LAB-4 groups
included OTUs with a high relative abundance (>1000
reads, e.g. LAB-8; OTU-204, -64, -374 and LAB-4; OTU-
254). Amplicon sequencing also demonstrates that the
labyrinthulomycete Amphifilidae group is very diverse in
the sampled environments, with 71 newly identified OTUs
branching within the clade with 84% bootstrap support.
Two Amphifilidae OTUs (OTU-318 and OTU-319)
encompassed >1000 reads (Fig. S3).
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Ribosomally active opisthokont lineages

OTUs with >20 reads assigned as opisthokonts (excluding
Metazoa, which constituted 75% of the Opisthokonta clas-
sified reads) were incorporated into a published tree [39]
(Figs. 4c and S4). Initial OTU taxonomic assignment ana-
lysis suggested a large number of the OTUs were classified
as fungi, or subgroups within the fungi, e.g. Chy-
tridiomycotina or Mucoromycotina (Fig. 3a). However, in
the phylogenetic analysis, 263 of these OTUs initially
classified as fungi grouped with the fonticulida. Marine
fonticulids have previously been described as a highly
diverse sister group to Fonticula alba [54] and have been
consistently recovered from oxic sediments [39]. This
grouping was recovered with 56% bootstrap support, and
80% bootstrap support for a clade encompassing 99 of the
OTUs detected here together with sequences from other
studies [39]. In general, OTUs for this group were abundant
across the cores sampled (Fig. S4) suggesting a significant
diversity of ribosomally active fonticulids in these marine
sediments. Furthermore, 29 OTUs branch within the Ich-
thyophonida (a separate opisthokont lineage previously
described as free-living saprotrophs or parasites of fish
[55]), suggesting these sediments harbour a diversity of
these enigmatic protists (Figs. 4c and S4).

The phylogenetic analysis demonstrated only 30 OTUs
were placed within the Fungi clade and none of these
OTUs showed a high relative abundance (Figs. 4c and S4).
Interestingly, this diversity included multiple OTUs
putatively annotated as ‘chytrid’ fungi (those forming fla-
gellated zoospores) consistent with other reports of chytrids
present in marine sediments [15, 56]. However, we
note that the phylogenetic placement of these OTUs was
poorly supported and many of these OTUs formed long
branches.

Discussion

Implications of in situ RNA preservation on the
community profile detected

Here we show that a protocol modified to allow for in situ
RNA preservation leads to a significant and consistent dif-
ference in the rRNA community profiles recovered. Speci-
fically, LG-in situ samples contained an increased
representation (read-count) of the abundant OTUs. Linked
to this skew in sampling, we also identified a reduction in
the breadth of the diversity profile recovered in LG-in situ
samples. This effect is significant (Fig. 2e) and is reflected
in the shape of the rank abundance and accumulation curves
(see Fig. 2f-h). Furthermore, the NMDS analysis based on
the Bray Curtis distance matrices showed the LG-in situ
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<« Fig. 4 Maximum likelihood phylogenetic trees from a combination

of sequencing run 1 and 2. a Stramenopile tree. This phylogeny was
constructed from the reference tree [37] and is calculated from the V4
region of the SSU rRNA gene and includes 244 OTUs assigned as
MAST, Oomycota and Hyphochytriomycota (shown in red).
b Labyrinthulomycete (Labyrinthulea) tree. This phylogeny was con-
structed from the reference tree [38] and is calculated from the V4
region of the SSU rRNA gene and includes 365 OTUs (shown in red)
assigned as Labyrinthulomycetes. ¢ Opisthokonta tree, excluding
metazoan sequences. This phylogeny was constructed from the refer-
ence tree [39] and is calculated from the V4 region of the SSU rRNA
gene and includes 414 OTUs (shown in red) assigned as Opisthokonta
(excluding Metazoa, which constituted 75% of the opisthokont reads).
Numbers between brackets are the number of newly sampled OTUs
included in the group; an additional number is shown when some
OTUs branch close to this group but do not branch within the estab-
lished clade. Only OTUs with >20 sequencers were included here.

samples demonstrated an increased variation in the relative
abundance profile compared with the presence-abundance
NMDS, which in turn was different to that seen in the
LG-ship samples. These results indicate that the primary
effect of fixing RNA-activity is reflected in the community
relative abundance profile.

We discuss two possible explanations for this observed
shift in community sampling. First, during sample recovery,
it is likely that unfixed-RNA is degraded stochastically, and
therefore the most abundant OTUs with the largest repre-
sentation of RNA molecules would see the largest number
of losses during partial RNA degradation. Reduction in the
RNA representation of the abundant OTUs would therefore
free-up sequencing capacity, resulting in an increased
diversity profile. This explanation assumes that loss is
random and occurs at the same rate across groups.

Second, the LG-in situ protocol fixes, or partially fixes,
the community at the point of sampling. In contrast, the LG-
ship treatment allows for community change. As such the
variation in the community profile identified could be a
product of community change during sample recovery. This
possibility is consistent with observations of bacterial
community diversity profiles from marine waters [57, 58].
Indeed, comparisons of fixed water column samples with
unfixed samples identified distinct changes in meta-
transcriptome profiles, suggesting that changes in environ-
ment during sampling has an effect on gene expression [59].
Figure 1d shows abiotic parameters during sample recovery
demonstrating, for example, change in pressure is con-
siderable. These results suggest that such abiotic change
may drive variation between fixed and unfixed samples.

In summary, it is likely that: (i) fixation vs RNA loss
dynamics and (i) community change during sampling are
playing a role in driving the observed community changes
and indeed these phenomena are not mutually exclusive.
Depending on the aim of a given study, in situ preservation
could be interpreted as a weakness as it limits the diversity
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profile recovered. Yet, in situ preserved samples are likely
to recover a more realistic RNA community structure as a
product of blocking RNA degradation or community
change during sampling. As such, experimental design,
with-or-without in situ RNA preservation, should be tai-
lored to the specific aim of a study. We also note that
overall the LG-in situ and LG-ship samples showed con-
siderable community similarity, demonstrating that on-ship
RNA fixation is still a valid approach for understanding
eukaryotic microbial community.

The community structure identified in the dark
sediments

Our analysis identified a large relative abundance of rRNA
sequences classified as diatoms. This pattern was consistent
over multiple cores/sites. The extent of this rRNA signature
was unexpected given that diatoms predominantly function
as phototrophic organisms. Export of organic carbon to the
deep sea is known to occur episodically and rapidly, in the
order of days, in eastern North Pacific waters South of our
study region [60], and sinking of diatoms has largely been
attributed to mass aggregation during bloom senescence
[61]. Further, a study from the western South Atlantic
posited that phytoplankton export mechanisms included
both transport as aggregates (or in faecal pellets) and
sinking of individual living diatom cells [45]. Physical
processes such as eddy-related filament development have
also been shown to bring particulate organic carbon,
including cells, to depth rapidly and in a living state
(without mass aggregation) [62]. Diatoms are also known to
form a resting state and may survive for decades in the dark
until they are remixed to the surface [63] and prior mole-
cular diversity studies have reported rRNA gene sequences
from eukaryotic phytoplankton in marine sediments [9].
The detection of ribosomally active diatoms in the marine
sediments indicates that these cells are not dead and there-
fore potentially constituent a ‘seedbank’. Future phyto-
plankton export models must therefore account for a process
where viable diatom cells can potentially re-enter sunlit
upper-water column habitats [45, 64].

Osmotrophic-lysotrophic-saprotrophic eukaryotic
communities in marine sediments

Fungi are primarily osmotrophic and often encode potent
lysotrophic functions [11], making ‘a living’ by secreting
enzymes that breakdown complex and recalcitrant macro-
molecules, and taking up the resulting liberated metabolites.
This process is important for detrital/saprotrophic function
and the recycling of biological material in terrestrial
environments. However, in contrast to some studies, we did
not recover a large diversity or relative abundance of
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Dikarya fungi [6, 9, 14, 16, 65]. Our opisthokont phylo-
genetic analysis indicates that there are surprisingly few
fungi present. This is contradictory to terrestrial sapro-
trophic/detrital environments where fungi dominate
[66, 67]. This result could be a product of our cell lysis
methodology, which may have failed to effectively disrupt
fungal cell wall structures. However, our extraction protocol
included a physical cell disruption step and a freeze-thaw
cycle. In contrast to the absence of Fungi, we did find a very
large diversity of the Fonticula-like protist lineages, sug-
gesting this group, which branches with organisms that
form slime-mould cellular structures, constitutes an impor-
tant component of marine sedimentary communities [39].

The analysis of MAST groups demonstrated that a
number of these protist phylogroups, initially identified in
the marine water column [44], are also ribosomally active in
marine sediments. These data (combined with recent results
[37, 51]) suggest that several MAST groups, specifically
MAST-6, play a role in marine sediments—possibly as
colonisers of other species which have fallen out of the
water column, OLS agents or predators. Interestingly, it has
been shown that some MAST groups live on diatoms [68].
It is therefore possible that a subset of the MAST groups
could represent parasites.

Collectively, the pattern of OTU diversity identified
demonstrates a number of candidate phylogenetic groups,
specifically: pseudofungi, labyrinthulomycetes and fonti-
culids, which are ribosomally active, diverse and in some
cases show high SSU rRNA relative abundances in these
environments. It is not possible to confidently predict the
function of these eukaryotic microbes based on SSU rRNA
phylogenetic associations, yet the diversity pattern reported
provides a number of candidate groups that potentially
encode OLS function associated with detrital processing in
marine sediments (Fig. 3c). However, it is important to note
that many of these groups can have dual functions (osmo-
trophy and phagotrophy) e.g. the labyrinthulomycetes [69—
71]. Indeed, multiple trophic functions are likely to be
displayed by slime moulds (e.g. the Fonticula-like groups
identified). The patterns identified here suggest these groups
may be important organic matter degraders. If this is the
case, it is likely that these unicellular eukaryotes are
therefore adding to key biogeochemical functions.
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