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ABSTRACT

The aim of the current work was to investigate the impact of marine aquaculture on seafloor
biogeochemistry and diversity from pristine environments in the northern part of Norway. Our
analytical approach included analyses of 182 samples from 16 aquaculture sites using 16S and
18S rRNA, shotgun analyses, visual examination of macro-organisms, in addition to chemical
measurements. We observed a clear bimodal distribution of the prokaryote composition and
richness, determined by analyses of 16S rRNA gene operational taxonomic units (OTUs). The
high OTU richness cluster was associated with non-perturbed environments and farness from the
aquaculture sites, while the low OTU richness cluster was associated with perturbed
environments and proximity to the aquaculture sites. Similar patterns were also observed for
eukaryotes using 18S rRNA gene analyses and visual examination, but without a bimodal
distribution of OTU richness. Shotgun sequencing showed the archaeum Nitrosopumilus as
dominant for the high OTU richness cluster, and the epsilon protobacterium Sulfurovum as
dominant for the low OTU richness cluster. Metabolic reconstruction of Nitrosopumilus indicates
nitrification as the main metabolic pathway. Sulfurovum, on the other hand, was associated with
sulfur oxidation and denitrification. Changes in nitrogen and sulfur metabolism is proposed as a
potential explanation for the difference between the high and low OTU richness clusters. In
conclusion, these findings suggest that pollution from elevated loads of organic waste drives the
microbiota towards a complete alteration of respiratory routes and species composition, in

addition to a collapse in prokaryote OTU richness.
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INTRODUCTION

Ecosystem functions are crucial for life on Earth, providing the oxygen in the atmosphere and
essential carbon fixation services. Despite the fact that the sea covers about 70% of the earth’s
surface and contains approximately half of the planet’s microbial biomass, the ecosystem
services provided by the seafloor microbiota and the impact of anthropogenic activities on these
services remain poorly understood (1-3). There are, however, alarming changes in seafloor
ecosystem functioning with a 4-fold increase in dead zones since the 1950s, with deoxygenation

representing one of the most important changes affecting marine ecosystems on a global scale
(4).

A critical knowledge gap relates to the switch between oxic and anoxic respiration in marine
sediments (5-7). Anoxic respiration can lead to the buildup of toxic gasses such as hydrogen
sulfide and carbon dioxide. Denitrification represents the main anoxic respiration process in
today’s oceans (8). Although dinitrogen gas, the end product of denitrification, is non-toxic,
there are several potentially toxic intermediates that could negatively affect marine food webs
(9). Therefore, anthropogenic activities that promote benthic denitrification are potential threats

to the stability of marine ecosystems.

Aquaculture is an important industry providing seafood to a growing worldwide market.
However, the production is not emission free and often negatively impacts local faunal diversity,
and contributes to the pollution of the oceans (10). In Norway, the aquaculture industry pollutes
about twice that of the human population, representing a significant pollution source of the
Norwegian fjords (11). Accumulation of organic waste such as fish food and excrement creates
anoxic conditions and the production of hydrogen sulfide gas, affecting benthic functioning and

life supporting capacity immediately beneath the net pens (12). This state is usually associated
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with loss of benthic macro- and meiofauna biodiversity and profound changes in the sediment
biogeochemical processes, in particular deoxygenation and hydrogen sulfide production due to
the elevated load of organic material (13-15). Although the effects of organic enrichment have
been well studied in the context of benthic geochemistry, there remain several knowledge gaps

surrounding other potential drivers and thresholds for diversity loss (16).

The aim of the current work was to investigate how localized organic pollution at marine fish
farm installations can be used to mirror the impact of anthropogenic activities on seafloor

diversity and biochemical processes (11).

We used 16S rRNA gene and shotgun analyses, in addition to analyses of macrofauna and
chemical composition, to obtain knowledge about biological processes in the sediments. For
functional assignments we used a combination of taxonomic prediction and metabolic
reconstruction. The rationale is that, in many cases, taxonomic associations will be superior to

metabolic reconstruction in unveiling biochemical properties of microorganisms (17).

RESULTS

In total, 182 subsamples from 61 stations, sampled from 16 aquaculture locations were analyzed
(Suppl Table 1). All samples were analyzed for the quantity and composition of both prokaryotes
and eukaryotes through 16S and 18S rRNA genes, while shotgun sequencing was undertaken for
12 selected samples based on high and low OTU richness. A subset of 38 locations from 8

aquaculture sites were also analyzed for macrofauna and chemical composition (Suppl Table 4).

Microbiota quantity and diversity
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Quantitative PCR revealed that the level of rRNA gene copies was 8.7+0.8 and 6.5+0.6
[meanzstd] log10 copies/g for prokaryotes and eukaryotes, respectively. For the sequencing, we
detected a total of 23,765 prokaryote and 7,887 eukaryote OTUs from all samples, with the OTU

richness per sample ranging from 82 to 2,762 for prokaryotes and 15 to 347 for eukaryotes.
Bimodal distribution of prokaryote OTU richness

Prokaryotes showed a bimodal distribution with two peaks in OTU richness (p=0.008, Hartigan
dip test). The low richness showed a peak at 601+314 [meanzxstd] and high OTU peak at
2,010+347 [meanzstd] (Fig. 1A). A cutoff of 1250 OTUs was defined from the mean value of
the histogram bar separating the high- and low OTU richness clusters (Fig 1A) The eukaryote
OTU distribution, on the other hand, showed a unimodal distribution (p=0.55, Hartigan dip test),
with a single peak at 237+113 [meanzstd] species (Fig. 1B). Both the prokaryote and eukaryote
beta-diversity revealed a separation based on the prokaryote high and low OTU richness cluster
(Fig. 1C and D, respectively). In addition, there was also a relatively strong direct correlation
between eukaryote — and prokaryote OTU richness (Spearman rho = 0.74, p = 5.9"). The
eukaryote 18S rRNA gene copy number was higher for the high prokaryote OTU richness cluster
compared to the low OTU richness cluster (6.6+0.8 vs 6.4+0.5 gene copies/g [meanzstd for high
and low prokaryote OTU richness cluster, respectively], p = 0.007, Kruskal Wallis test). Similar
trends (although not statistically significant) were also detected with the 16S rRNA gene copy
number (8.6£0.8 vs 8.7+0.9 gene copies/g [meanzstd] for high and low prokaryote OTU richness

cluster, respectively], p = 0.09, Kruskal Wallis test).

The prokaryote OTU richness clusters showed a statistically significant difference in distribution
across the aquaculture sites (p = 0.009, Chi-square test). A clear positive correlation was

observed with respect to distance from the aquaculture site. Low diversity clusters were
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associated with the sites in close proximity to the cages and high OTU richness clusters being
overrepresented for the distant sites, while the intermediate distances were associated with
intermediate levels of OTU richness (Fig. 2). No clear differentiation in OTU richness was
observed according to geographical region, as visualized by geo-mapping of the samples with

geocoordinates (Fig. 1E).

Taxonomic composition and predicted function of the microbiota

The prokaryote OTUs belonged to 1,405 genera, of which 135 genera had a mean abundance
above 1 %o, Whereas the eukaryotic OTUs belonged to 555 genera, 40 of which had an
abundance above 1 %o. Sulfurovum was the prokaryotic genus with the highest abundance (mean
abundance = 8.0 %, Fig. 3A), while for eukaryotes the dominant genus Scipsiella had a mean
abundance of 19.0 % (Fig. 3B). A volcano plot analyses (Fig. 3C) revealed that the prokaryote
genera Sulfurovum and Christenella were associated with the low OTU richness cluster, while
there were 14 genera associated with the high OTU richness cluster, including the archaeum
Nitrosopumilus. For the eukaryotes, the genera Cryothecomonas, Ebria and Pterosperma were
associated with low prokaryote OTU richness, while Amastiggomonas, Gyrodinium and
Katablepharis were associated with high OTU richness (Fig. 3D). Detailed taxonomic ranks are

given for prokaryotes in Suppl. Table 2, and for eukaryotes in Suppl. Table 3

There was a clear positive association between ammonium predicted as an electron donor
(nitrification) and high OTU richness (Fig. 4A), while carbon predicted as electron donor and
nitrogen as electron acceptor (heterotrophic denitrification) both shared a negative relationship
with OTU richness (Fig. 4B and C). The same trends were observed both for prokaryotes and for
eukaryotes (Fig. 4D to E), while the trends were stronger for prokaryotes. The other predicted

electron donors/acceptors (hydrogen, oxygen and sulfur) did not show similar strong correlations
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with OTU richness (results not shown). All the predictions were done through the application of

the FAPROTAX database (47).

Metagenome assembled genomes (MAGS) from high and low prokaryote OTU richness

samples

Shotgun sequencing identified Nitrosopumilus as the dominant taxon for the high OTU richness
cluster, while Sulfurovum was dominant for the low OTU richness cluster (Fig. 5A). Shotgun
sequencing also revealed differences in both the functional and the process annotations between
the high and low OTU richness clusters (Fig 5B). Notably, hydrolysis and proteolytic activity
were associated with the high diversity cluster, while the low diversity cluster showed an

association with transferases and redox electron transfer chains (Fig. 5 C and D).

We collectively identified 259 bins using maxbin and metabat (Suppl. Table 5). dRep quality
filtering and clustering in 13 bins of superb quality that clustered into 5 unique MAGs. Two of
these MAGs belong to the genus Sulfurovum, while none belonged to Nitrosopumilus despite its
prevalence in all the high OTU richness samples, as determined by kaiju. Therefore, in order to
investigate Nitrosopumilus we collected all the bins classified as Nitrosopumilus by GTDBTk
(18), regardless of dRep filtering (19). All high richness samples contained one such bin, but
sample 34 contained two. These were merged into one pangenome, and the same was done for
the Sulfuroum MAGs, resulting in another pangenome. These pangenomes were selected for
further functional annotation due to their overall dominance in the high and low OTU richness

cluster, respectively.

The Nitrosopumilus pangenome revealed 15,627 predicted genes, while the Sulfurovum

pangenome contained 29,513 genes. The main differences between the pangenomes were related
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to vitamin B2 synthesis, carbon fixation, nitrogen- and sulfur metabolism. Nitrosopumilus
showed the potential for several important functions: vitamin Bi. production through the
presence of cbi and cob genes, nitrification with the presence of the B12 containing mcm gene,
sulfur reduction driven by the sat gene, and nitric oxide- and hydrogen sulfide production
through the sir gene (Fig. 6A). Sulfurovum, on the other hand, lacked the genes for vitamin B12
production and contained the genes soxY and soxC connected to sulfur oxidation, and the genes
cysH and sat connected to sulfur reduction. Sulfurovum also contained the denitrification gene
norB, with nitrous oxide as the main end-product. Sulfurovum could also potentially fix CO>
through a reductive TCA cycle through the possession of 2-ketoglutarate:ferredoxin

oxidoreductase (KGOR) for fixing CO2 and the leuA gene for generating acetyl-CoA (Fig. 6B).

OTU richness associations with chemical composition

The organic carbon levels in the sediments ranged from 1.4. to 6.0%, while the levels of nitrogen
were between 0.03 and 0.6% (Suppl. Table 4). A statistically significant correlation existed
between organic carbon levels and prokaryote OTU richness (Fig. 7A). The high and low OTU
richness clusters showing the strongest associations were separated at an organic carbon level of
2.1%, indicating a possible environmental threshold for OTU richness (Fig. 7B). For organic
carbon levels below 2.1% the high OTU cluster showed a 2.5-fold higher prevalence than
expected by chance, while the prevalence was half of the prevalence expected by chance for
levels above 2.1%. By partial least squares modelling in latent variables (PLS) we also observed
a direct association between the microbiota composition and TOC (Fig 7C). The genera
Sulforovum and Christensenella (identified as statistically significant associated with the low
OTU richness cluster), in addition to the anaerobic fermenting Petrocella (20) and the

sulfidogenic Desulforhopalus (21) were associated with high organic carbon. Nitropumilus
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(indicative of high OTU richness cluster) was associated with low organic carbon, in addition to
Ferruginivarius and the autotrophic sulfate oxidizer Thiogranum (22). For total nitrogen we did
not identify statistically significant associations with prokaryote OTU richness for any level of
nitrogen (p > 0.05, Chi-square test). The direct association between total nitrogen and the OTU
composition was also very low, with R?=0.24 and 0.006 for calibrated and cross validated PLS,

respectively.

OTU richness associations with macrofauna indexes

All the macrofauna indices were highly correlated with OTU richness (> 0.75, Spearman rho),
with H” showing the largest span (> 20-fold difference from the lowest to the highest measure,
Suppl. Table |4). The macrofauna indexes based on fauna ecological classification groupings
were especially strongly correlated, exhibiting consistent positive correlations with high
prokaryote OTU richness, with ES100 (estimated number of macroscopic species in a random
subset of 100 individuals) showing the strongest association (Fig. 8). Unfortunately, we did not
have access to the underlying raw count-data that was used to derive the macrofauna diversity

indices.
DISCUSSION

We found a clear bimodal distribution in prokaryote OTU richness. To our knowledge, our study
is the first to unveil such pattern. The low and high OTU richness cluster showed a strong
association with proximity to aquaculture sites, but no systematic association with geographic
distribution. The changes with respect to proximity to the farms were most likely driven by

elevated levels of organic bio-deposits (fish and feed waste), with the associated benthic organic
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enrichment and oxygen depletion (13, 23). There was evidence that this occurs at an organic
carbon threshold of 2.1%, which corresponds to a relatively low level / early stages of
enrichment, as highly enriched sediment directly beneath farms can exceed 15 % organic carbon
(24). Therefore, the low OTU richness cluster probably reflects several different environmental
states correlating with the gradient of organic carbon (25, 26). The high OTU cluster, on the

other hand, showed a surprising homogenous distribution across a wide range of locations.

By taxonomic prediction, the low diversity cluster was predicted to be correlated to organic
carbon as an electron donor and nitrogen as electron acceptor (anoxic denitrifying respiration),
while the high diversity cluster was predicted to be correlated to nitrification involving CO>
fixation and nitrogen oxidation. Nitrification and denitrification reduction have opposing effects
on organic carbon flux, with nitrification leading to assimilation, while denitrification/sulfate
reduction leads to mineralization of carbon. Since completely different microbial assemblages
are associated with nitrification and denitrification (27), both the difference in composition and
function of the microbiota for the high and low OTU richness cluster could be related to electron

transport chains.

As well as identifying potential electron donors and acceptors in the low diversity cluster,
shotgun analyses indicated the importance of hydrolysis and proteolysis within the high diversity
cluster, while transferases were overrepresented in the low diversity cluster. Both properties can
be provided by the genera Pseudomonas and Streptomyces, which are highly abundant in both
the high and low OTU richness cluster. In particular, Streptomyces is important for aerobic
recycling of organic material (28, 29). This may indicate that ecological differences related to
degradation of organic material are not reflected at the genus level, but need species level

resolution be revealed (30). Previously, a biphasic distribution of proteolytic activity connected
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to organic carbon load has also been observed for benthic marine sediments, suggesting the
importance of polymer degradation in benthic communities (31). The functionality of the
dominant species for the high and the low diversity clusters further supports major differences in
biogeochemical processes, with the dominant archaeum Nitrosopumilus, as revealed by shotgun
sequencing, being both a nitrifying and CO- fixing microorganism (32). We found the enzymatic
machinery for vitamin B1. production as a cofactor for methylmalonyl-CoA mutase (mcm),
being essential for carbon fixation through the hydroxypropionate (HP) cycle (33). Vitamin B>
producing archaeum have been proposed as crucial for global production in marine environments
(34). Interestingly, dominant genus Sulforovum in the low diversity cluster prefers enrichments
with a high hydrogen sulfide to oxygen ratio (35). Furthermore, Sulurovum seems to lack genes
to reduce nitrous oxide to dinitrogen. Nitrous oxide is a potent inactivator of B12 (36, 37).
Therefore, a potential consequence could be that Sulforovum inhibits the essential carbon
fixation by Nitrosopumilus through nitrous oxide emission. This observation would be consistent

with the high levels of ammonium that can be emitted from heavily polluted sediments (13, 23).

A candidate service could relate to the ability to produce vitamin B12, which is extremely costly
and confined to a limited number of bacteria and archaea (34). Since vitamin Bz is essential for
carbon fixation by archaeum in sediments with low organic carbon load, it is possible that the
carbon fixation process itself is the driver for B12 production; in effect, fortifying the trophic
chain with this essential vitamin. On the contrary, nitrous oxide emission by denitrifying bacteria
could inhibit essential B12-dependent enzymatic activities such as isomerases, methyltransferases
and dehalogenases (38). This could potentially contribute to the prokaryote diversity loss for the
communities driven by denitrification and potential macrofauna diversity loss by lack of trophic

chain fortification.
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The majority of the prokaryote OTUs that were unique to the high OTU richness cluster belongs
to cosmopolitan marine OTUs. Four of the OTUs belong to cosmopolitan uncultured JTB255-
Marine Benthic Group (39, 40). The most discriminant BD7-8 marine group has recently been
shown to have strong correlations with burrowing eukaryotes, potentially utilizing
electrochemical gradients in sediments (41). Desulfobulbus, which also was among the 10 most
discriminatory OTUSs, has the ability to utilize electrochemical gradients through external
electron transfer (42). The cosmopolitan ammonium oxidizing archaeum Nitrosopumilus has the
ability to utilize ammonium down to levels that can barely sustain life (43), in addition to being
highly efficient in carbon fixation (32, 44). The tight clustering of the high OTU rich
communities may indicate that there is a limited number of ways that biological activities can be
sustained under these conditions. This may also indicate low resilience and high vulnerability of

the high OTU richness cluster towards perturbations by anthropogenic activities.

The bacteria associated with the low OTU richness cluster did not show a homogenous
distribution pattern across the samples. Only the genera Sulfurovum and Christensenella were
consistently associated with the low richness cluster, suggesting that disturbances driven by high
organic loading can lead to different community assemblages. The low OTU richness cluster
probably reflects several different environmental states, as the threshold of 2.1% organic carbon
that appeared to distinguish high and low OTU richness communities corresponds to a low to
moderately enriched benthic state. Highly enriched sediments can be associated with total
organic contents in excess of 15% and it has also been established the bacteria form a strong
transitional gradient in response to enrichment (through space of time) (25, 26). This pattern is in
line with our general understanding of microbial ecology, where environmental filtering (45) can

lead to several different states (46). Interestingly, both nitric oxide (47) and hydrogen sulfide
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(48) can cause DNA damage, providing potential explanations for DNA repair enzymes being
associated with the low OTU richness cluster. Unfortunately, we did not include measurements
of redox potential, hydrogen sulfide and oxygen that could have revealed more detailed

associations for the low OTU richness cluster.

For the macrofauna indexes, ES100 had the strongest association with the prokaryote OTU
richness. Since ES100 is a sample size independent proxy of species richness, the positive
correlation indicates a strong positive link between prokaryote and macroscopic eukaryote
species richness. This observation is consistent with Keeley et al. (23), which demonstrated
analogous compositional changes in response to enrichment for eukaryotes via eDNA and via
visual taxonomy and for bacteria. We also identified a statistically significant reduction in
eukaryote 18S rRNA gene copy number for the prokaryote low OTU richness cluster. These
findings further support that the low prokaryote OTU richness cluster is associated with
conditions that are detrimental to macroscopic eukaryotes (49). The strong association of the
bimodal distribution of prokaryote OTU richness with macrofauna, may indicate that prokaryote
OTU richness could represent a new parameter for environmental surveillance. The taxonomic
difference between the high —and low OTU richness clusters may facilitate the identification of
indicator taxa for diagnostic purposes, allowing the development of rapid, targeted diagnostic

approaches (50).

In conclusion, we found a surprising bimodal species richness distribution connected to
anthropogenic activity. The high diversity cluster seemed to be associated with nitrification,
while the low diversity cluster seemed to be associated with denitrification. Functional

associations also indicate that the high species richness cluster also could contribute with
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community services such as B1» production. The existence of seafloor microbiota tipping points

can have major implications for future management of marine resources.
MATERIALS AND METHODS
Study sites

Sampling for e-DNA was conducted in conjunction with routine environmental investigation of
16 marine farms (called C-investigations in Norway), with parallel samples being obtained from
the same grabs that were taken (Fig. 9). The aim of the C- investigations is to assess the level of
organic enrichment from the fish farm on the surrounding marine environment. Sampling
stations were situated close to, midway and far from the aquaculture sites, representing heavily

impacted-, intermediately impacted-, and non-impacted regions.
Macrofauna analyses

The macrofauna and chemical analyses were conducted according to requirements from the
Norwegian authorities (51). The softbottom macrofauna samples were collected using a 0.1 m?
Van Veen grab. At each station, two replicates (0.4 m?) for macrofaunal analyses were sieved
through a 1 mm round mesh sieve, preserved in a 4% borax-buffered formaldehyde solution
stained with rose bengal, and stored in plastic buckets. Only samples with undisturbed sediment
surface and perfect closure of the grab were accepted. The sampling procedure was carried out in
accordance with ISO 16665:2014. Preserved samples were shipped to the laboratory for sorting,
quantification, and identification to lowest taxonomical level (species) when possible by a
qualified taxonomist. Quantified species lists were used for the statistical analysis, and different
indices were used for highlighting the different aspects of faunal community. The indexes used

were the Shannon-Wiener diversity index (H), Hulbert diversity index (ESi00), Norwegian
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sensitivity index (NSI), indicator species index (1S12012) and the Norwegian quality index

(NQI1) (52).
Chemical analyses

From one Van Veen grab sample per station, sample material was collected from the upper 1 cm
of the undisturbed sediment surface by inserting a spoon through the inspection hatch of the
grab. The sediment samples were frozen at -20 °C for shipment and further processing in the
laboratory. In the laboratory, sediments were analyzed for Total Organic Carbon (TOC), in
addition to total nitrogen (51). TOC was calculated after drying sediment samples at 40 °C.
Calculations were based on weight loss after combustion at 495 °C, according to

DIN19539:2016 (53).

Sediment sampling for microbiota analyses

From one Van Veen grab sample approximately 1 gram of surface sediment was collected from
three different locations on each grab using a sterile spoon (Sarstedt, Germany) and placed in
tubes containing 3 ml S.T.A.R buffer (Roche, Germany) to stabilize the samples for room
temperature shipment. The samples were sent by mail at room temperature to the laboratory at
the collection day or the day after collection, with the shipment taking 2 to 3 days. If the samples
could not be sent within this timespan, they were stored in a refrigerator. Upon arrival at the

laboratory the samples were stored at -20 °C and processed within 1 month.

DNA Extraction

First, the sediment samples were thawed and homogenized by vortexing, and then DNA from a
250 pl sample was extracted with the MagAttract PowerSoil DNA KF Kit. The extraction was

performed according to the manufacturer’s instructions except on the two following points: (1)
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Mechanical lysis was achieved by four rounds of shaking in a FastPrep96 instrument (MP
Biomedicals, France) for 30 s at 1800 rpm. (2) To avoid particles in the supernatant, the volume
retrieved after the second centrifugation was 750 pl. DNA concentration was determined with
the Qubit dSDNA HS Assay Kit (Thermo Fisher Scientific, USA). The quantification was

preformed according to the manufacturer’s instructions, using 2 pl template.

Quantitative PCR

Quantification of prokaryote and eukaryote DNA was done as previously described, using the
PRK341F/PRK806R and 3NDF /V4EukR2 primer pairs, respectively(54) . The gPCR conditions
involved initial denaturation at 95°C for 15 min, followed by 40 cycles of denaturation at 95°C
for 30 s, annealing at 55/59°C (prokaryote/eukaryote) for 30 s, and elongation at 72°C for 45/30
s (Prokaryote/Eukaryote). Two microliter template and 200 nM of each primer were used for
amplification in a 1 x Hot FirePol EvaGreen gPCR Supermix (Solis BioDyne, Tartu, Estonia).
The gPCR was conducted using the CFX96 Touch™ Real-Time PCR Detection System (Bio-
Rad, USA). Quantitative information was derived using standard curves. The determined
amplification efficiencies were 0.69/0.88 (Prokaryote/Eukaryote), with squared regression

coefficient > 0.99 for both.

Amplicon sequencing

A two-step PCR amplification was carried out as previously described using the primer pairs
PRK341F/PRK806R targeting the V3-V4 region of the prokaryotic SSU gene, and 3NDF
/VA4EUKR?2 targeting the V4 region of the eukaryotic SSU gene (54). Sequencing was performed
on a MiSeq platform (Illumina, CA, USA) using a V3 chemistry kit for 300 bp paired-end reads.

Resulting reads were joined and demultiplexed before quality filtering where singletons were
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358  removed; min length was set to 350 and maxEE = 1.0. Clustering was done using the UPARSE
359  algorithm with > 97% similarity, as implemented in USEARCH 8.0. Taxonomy was assigned
360  with the SINTAX classifier, using the RDP 16s rRNA training set 18f or prokaryotes and SILVA
361  v123 eukaryotic 18S subset for eukaryotes (55). Prokaryote and eukaryote datasets were rarefied

362  at 10,000 and 5,000 sequences, respectively.

363  Each of the OTUs was subsequently matched to the Functional Annotation of Prokaryotic Taxa
364 (FAPROTAX) database (56) through sequence homology at the 97% level. For the beta diversity
365 analyses, we used Bray-Curtis distances with PCoA visualization, and statistical significance for

366  cluster associations using Anosim, as implemented in the FANTOM package (57).

367  Shotgun sequencing

368  Shotgun sequencing was used to identify and characterize the dominant species associated with
369  the high and low OTU richness cluster. Twelve samples (6 high and 6 low OTU richness) were
370  selected for in-depth analyses by shotgun sequencing to determine the association of the OTU

371 richness clusters. The high OTU richness group included samples with >1250 OTUs, while low

372 OTU richness group included samples with < 1250 OTUs.

373 The lllumina DNA Prep kit (Illumina, USA) was used in the sample preparation for whole

374  genome sequencing. The DNA (1-10 ng) was fragmented, tagged with adapter sequences and
375  amplified according to the manufacturer’s recommendations. The amplified libraries were

376  purified with a 1.8 x purification bead solution volume to sample volume. Quantification of the
377  libraries was performed using Qubit dSDNA HS Assay Kit (Thermo Fischer Scientific, USA),

378  following the manufacturer’s instructions for 2 pl sample. The libraries were normalized into one
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sequencing pool and then sequenced at the Norwegian Sequencing Centre (NSC, Oslo, Norway)

on one lane of a HiSeq4000 platform (Illumina, USA), yielding 150 bp paired-end reads.

Shotgun data were first quality filtered and trimmed using BBduk (BBmap v38.86) (58). Next,
all reads were mapped against the human genome with bowtie2 v2.4.1 (59) due to Norwegian
legislation, and non-mapping reads were collected with samtools v1.9 (60) as a de-contamination
step. Paired-end reads were merged with BBmerge (BBmap v38.86) (58), and both merged and
non-merged (still as pairs) were used as input to SPAdes (metaspades) v3.14 for assembly (61).
Assembled contigs were binned both by maxbin v2.2.7 (62) and metabat2 v2.15 (63), and all
resulting bins were finally grouped and quality checked by dRep v.2.6.2 (19). All bins,

regardless of dRep, were given a taxonomic classification using GTDBTk v1.3.0 (18).

Gene identification was done using the Find Prokaryotic Gene module, while functional
annotations were conducted using the EggNOG pipeline (64) in the CLC genomic workbench
(Qiagen, Hilden, Germany). Both the gene identification and annotation were performed using
default parameters. In addition to this, raw shotgun reads were also subject to a taxonomic
classification, using the kaiju software (65) with the non-redundant (nr) protein database from
NCBI. The choice was motivated by the presumption that sea sediments contain many less
described organisms, making protein similarities a more sensitive criterion for finding similar

taxa in the database.

Statistical analyses

Statistical analyses were done in the Matlab r2020a programming environment (MathWorks Inc,
Natic, USA), using the PLS toolbox plugin (Eigenvector Inc, Washington, USA) for multivariate

statistical analyses. Hartigan’s dip test was used to evaluate the bimodality of the OTU richness
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distribution (66). Regression analyses were performed using the non-parametric Spearman
correlation, while categorical associations were determined using the chi square test. The

volcano plots were generated using Matlab, using p-values derived from the Kruskal-Wallis test.

Data availability

The raw sequencing data are available in the NCBI SRA database under the accession #

PRINAT733024.
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Figure 1. OTU richness distributions. (A) Prokaryote - and (B) eukaryote OTU richness density distribution, fitted by a smoothing spline
curve. The scale represents the fraction of samples covered by the histogram bars. (C) Prokaryote and (D) eukaryote beta-diversity associations
by Bray-Curtis distances. Anosim analyses were performed to determine the difference between the high and low OTU richness communities.
(E) Distribution of the high and low OTU richness cluster across aquaculture for which geocoordinates were obtained.
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Figure 2. Association of high and low OTU richness cluster with aquaculture site. The
association with distance to aquaculture sites is based on the ratio between observed and
expected prevalence for the high and low OTU richness cluster. This is indicated by the
color code and the numeric value of the ratio (actual numbers are shown in parentheses).
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Figure 3. Genus composition and distribution. (A) Mean relative abundance of the most abundant (above 1 %o..) prokaryote and (B) eukaryote
genera. (C) Volcano plot for high and low prokaryote OTU richness association and (D) corresponding associations for eukaryotes. The non-
enriched OTUs are shown as non-highlighted points, while the statistically enriched OTUs are highlighted with a red circle. Statistical testing
was done using FDR corrected Kruskal-Wallis. The genera denoted as prokaryote were determined by 16S rRNA gene amplicon sequencing,
while the genera denoted eukaryotes were determined by 18S rRNA gene amplicon sequencing.
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Figure 4. Functional associations of OTU richness for prokaryotes (A to c) and
eukaryotes (D to F), with (A and D) nitrogen as electron donor, (B and E) carbon as electron
donor, and (C and F) nitrogen as electron acceptor. Smoothing splines were used for
regression analyses. Regressions were made with smoothing splines. Smoothness was
empirically optimized. The horizontal dotted lines represent the threshold between the high-
and low OTU richness cluster.
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Figure 5. Taxonomic and functional analyses of high and low OTU richness cluster
based on shotgun data. (A) Taxonomic classification was done using Kaiju with the nr
database. The sample numbers correspond to that of Suppl. Table 1. Biological functions and
processes were analyzed using GO classification. (B) Principal component analysis was used
to visualize biological processes for all the derived MAG’s (N=146). (C) Functions and (D)
processes connected with the high and low OTU richness cluster. Statistical testing was done
using the Kruskal-Wallis test.



Figure 6. Deduced function for (A) Nitrosopumilus and (B) Sulfurovum based
metagenome assembled pangenomes. Functional annotations were done using EggNOG.
Black spheres represent genes, while purple text represents chemical compounds. Arrows
represent transport in and out of the cells.
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Figure 7. Organic carbon level association with OTU richness. (A) Scatter plot between
OTU richness and organic carbon level, with smoothing spline regression and stippled border
between high and low prokaryote OTU richness. (B) Total organic carbon levels in relation to
OTU richness cluster. The graph shows p-values for the association of different thresholds of
sediment organic carbon load, and the high and low OTU richness cluster (Chi-square test).
The lowest p-value is marked, with the inserted panel showing the observed prevalence
divided by the expected prevalence. (C) PLS regression analyses with organic carbon as
response, and OTUs as predictors for 57 OTUs, selected based on a VIP score >2.
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Figure 8. Correlation between macrofauna indexes and prokaryote OTU richness
cluster. Spearman correlation between OTU richness cluster and macrofauna indexes. The
asterisks indicate significant levels; * < 0.1, ** 0.05 and *** < 0.01.
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Figure 9. Distance from aquaculture site (A) and sampling strategy (B). (A) For each
site, samples were collected close to the site (highest environmental impact), in an
intermediate zone of impact (medium), sites with low expected impact (distant). Station C1 is
positioned 30 m from the fish cages (close), which represents the border between the
construction zone and the transitions zone for the aquaculture facility. Stations C2 to C5 are
placed in regions expected to be affected (medium), while the reference stations are placed
outside the regions expected to be affected by the aquaculture site. (8) A Van Veen grab was
used for sampling. Three independent DNA extractions were done for each sampling site.
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