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Graphical abstract text : Contrary to previous study, we evaluated pressure effects in a controlled
experiment, focusing on individual particles and microbial taxa. This revealed pressure effects
occur at a much shallower depth and very heterogenously, differently than previously considered
based on bulk analyzes. While some taxa don't make it to the mesopelagic, the effect on others
ranges from positive through neutral to negative. We use our findings to discuss the potential
implication for carbon sequestration in the ocean.

Abstract

The ocean’s biological carbon pump (BCP) regulates atmospheric CO2 by exporting organic

carbon from the surface to the deep. This process mainly depends on microbial communities



45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61
62

63

64
65
66
67
68
69
70
71
72
73

associated with sinking particles transforming organic matter. While many factors impact the BCP,
we focus on the relationships between microbial communities, heterogenous particles and
increasing hydrostatic pressure. We accessed metagenomic and transcriptomic data at the level of
individual particles exposed to pressure mimicking gravitational sinking. We underscore the high
variability among particles in terms of community composition and metabolic activity. Individual-
particle analyses revealed significant heterogeneity, even within similar origin pointing to
stochastic colonization. These challenge traditional assumptions of similar responses by different
microorganisms, revealing intricate and variable processes that govern organic matter cycling.
Under increased hydrostatic pressure, microbial diversity declined, with species-specific responses
dominating on individual particles. We recognized piezosensitive microbes experiencing broad
transcriptional declines, and piezotolerant showing resilience and/or enhanced overall
transcriptional activity. Metabolic pathways essential for carbon cycling were altered and viral
dynamics shifted notably with lytic viral forms becoming dominant, potentially increasing
microbial mortality and altering nutrient cycling. Overall, our findings imply that accounting for
particle heterogeneity and hydrostatic pressure allow to refine carbon flux models and predictions

under changing ocean.

Keywords: Biological carbon pump, hydrostatic pressure, metabolic activities, respiration,

biodegradation, attached prokaryotes and virus, marine snow

1. Introduction

Oceanic photosynthesis converts 50-60 Gt C yr'! (one-quarter of anthropogenic CO2 emissions)
into biomass (Parekh et al. 2006; Passow and Weber 2025). Carbon trapped in organic particles
(e.g. fecal pellets, zooplankton carcasses, phytoplankton cells, or other detritus) can rapidly sink
through the water column exporting large quantities of atmospheric carbon through a process
known as the biological carbon pump (BCP). Once exported below 1000 m depth, the carbon is
thought to be sequestered for millennia (Siegel et al. 2023). Thus, atmospheric CO> concentration
is closely linked to the BCP and its efficiency (Kwon et al. 2009). This has been the case for
millions of years, and it is essential to predict how the BCP will respond to accelerated climate
and anthropogenic impacts and their related biochemical changes (Garcia-Martin et al. 2014;

Martin et al. 2020). Below the photic zone (~200 m), heterotrophic organisms rely on sinking
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particles as a primary carbon and nitrogen source, making the BCP critical for deep-sea ecosystems
(including commercial fishing stocks) (Martin et al. 2020). Yet, measured biological carbon
demand in the mesopelagic zone (~200—1000 m) frequently exceeds particle-derived supply, even
when considering only prokaryotes (Burd et al. 2010; Baumas et al. 2023a). This mismatch

underscores the complexity of the BCP despite its ecological and societal relevance.

Marine prokaryotes can be distinguished into free-living and particle-attached which points to their
differences in lifestyle and ecology (Grossart 2010; Villalba et al. 2022). Whereas free-living
prokaryotes depend on ambient dissolved organic carbon (DOC), those attached to particles
solubilize particulate organic carbon (POC) via intense extracellular enzymatic activities to access
C and nutrients from the particles they are colonizing on (Smith et al. 1992). Prokaryotes attached
to sinking particles experience rapid environmental changes during particle descent (e.g.
increasing hydrostatic pressure, decreasing in temperature and in POC quality). For instance,
particles sinking at 150-500 m per day experience an increase in pressure of 1.5-5.0 MPa per
day. We thus hypothesize that particle-attached communities leaving the euphotic zone are largely
composed of piezotolerant or piezosensitive prokaryotes, which must withstand short-term
fluctuations in pressure during descent, rather than the constant pressure conditions that

characterize free-living prokaryotes.

Hydrostatic pressure is known to affect growth (e.g. Zobell and Johnson 1949; Zobell and
Oppenheimer 1950), DNA synthesis (e.g., Bartlett et al. 2007), cell division ( e.g., Bartlett 2002),
membrane fluidity (e.g., DeLong and Yayanos 1985), storage lipids (Grossi et al. 2010), motility
(e.g., Mullane et al. 2023), protein synthesis (Grossart and Gust 2009), enzymatic activity (e.g.
Allen et al. 1999; Kish et al. 2012), and community composition (e.g. Grossart and Gust 2009).
However, most of these studies were conducted on pure cultures and, thus, we cannot relate these
settings to in-situ microbial activities and consequently BCP efficiency. Tracking the microbial
degradation processes occurring during gravitational particle sinking in-situ, accounting for
hydrostatic pressure changes, is difficult. Only a few systems exist to mimic the natural pressure
variations during particle descent (e.g. de Jesus Mendes et al. 2007; Grossart and Gust 2009;
Tamburini et al. 2009; Mendes and Thomsen 2012; Dong et al. 2018; Stief et al. 2021; Liu et al.
2022). Results from these systems show that hydrostatic pressure affects activities and also

diversity of surface-originating prokaryotes. For instance, the increase in pressure can lead to a
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significant inhibition of respiration (Stief et al. 2021; Tamburini et al. 2021) and protein production
(Grossart and Gust 2009), changes in enzymatic activities (Tamburini et al. 2006), organic matter
degradation (Tamburini et al. 2009), and inorganic matter dissolution (Tamburini et al. 2006, 2021;
Riou et al. 2018), all of which result in drastic changes in diversity (Riou et al. 2018; Tamburini
et al. 2021; Stief et al. 2023). Though each study has focused on different microbial mechanisms,
they have all treated particles as bulk samples (except Stief et al. 2023). However it has been shown
that individual particles — even of the same source - are highly heterogenous and that averaging
multiple particles generates an incorrect picture of composition and dynamics of the particle-
attached microbiome (Bizic-Ionescu et al. 2018; Zéncker et al. 2019; Baumas et al. 2023b; Stief et
al. 2023; Baumas and Bizic 2024).

So far it is not technically possible to study the effect of pressure on in situ particles directly. The
only option to study pressure effects in situ was to compare the bulk of particles collected at
different depths. We therefore conducted pressure experiments using the particle sinking simulator
system (PASS, Tamburini et al., 2009), which allows mimicking, as closely as possible,
environmental variations, e.g. pressure and temperature changes, during gravitational sinking of
particles in the ocean, controlling particles' history. In addition, this set up allowed us to analyse
the samples at the individual particle level to understand the variability in microbial diversity and
metabolic activity at the individual particle’s resolution. To analyze community composition and
potential functional changes during particle sinking, we developed a new protocol enabling to
assess both metagenomic and metatranscriptomics data on the same individual particle for
prokaryotes whose genome we could assemble. Those data were then coupled to biogeochemical
data (specifically POC and PON concentrations). We re-estimate microbial activities in terms of
carbon utilization accounting for the heterogeneity among single particles and the increase of

hydrostatic pressure.
2. Material & methods

2.1 Particle origin

Particles in this experiment were made of axenic cultures of Thalassiosira guillardi maintained at
14 °C, 12:12-h light-dark cycle (120 pmol photons m™ s™! irradiance), in F/2 medium enriched
with vitamins (Guillard 1975; Guillard and Hargraves 1993). Cultures were then harvested (300
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mL) at the late exponential phase and transferred to a 2 L cylindric polycarbonate Nalgene® bottle
prefilled with seawater. Seawater for the experiment was collected at 200 m during the PARTY
cruise (May 2021, Mediterranean Sea, 42°47. 525°N 0.5°59. 814 E), pre-filtered through GFF
filters (ref. 513-5244 Whatman®, VWR, US) to remove all living zooplankton and natural
particles and stored in the dark at 4 °C. The full, bubble-free, bottle was placed on a roller table in
complete darkness for 7 days to allow for formation of particles and their colonization by

microorganisms from the surrounding seawater.
2.2 SINKing PArticles Simulation Experiments (SINPAS Experiments)
2.2.1 Particles preparation

Individual particles were transferred twice into Petri dishes containing fresh, sterile seawater to
minimize the transfer of free-living microorganisms. After this washing step, particles were split
equally into 20 aliquots using a McLane® splitter (ref. WSD-10). Two aliquots were used to
evaluate individual particles for 1) fluorescent microscopy (x1000) to study microbial colonization
using DAPI (4',6-diamidino-2-phénylindole); and ii) for measuring sinking velocities of particles
in a glass cylinder. The measured average sinking speed (43 m d') was used for our sinking

experiments.
2.2.2 Pressure experiments

All pressure experiments were conducted in June—July 2021 as depicted in Figure S1. Three pre-
combusted 500 mL glass-bottles and six high-pressure bottles (HPBs, final volume 500 mL) were
filled with sterile seawater (filtered and boiled). The HPBs were intensively washed with MilliQ
water and autoclaved prior to each experiment. Non-metal parts of the HPBs (piston, O-rings) were
bathed in 5% HCL (fin. conc.) and rinsed twice with MilliQ water. Two equal aliquots of particles
from the McLane splitter were transferred into each bottle. Filling the bottles first with water
avoids breakage of particles when carefully transferred to the bottles with a wide-mouth pipette.
The three glass bottles, corresponding to initial (TO) triplicates, were immediately sub-sampled for
various parameters (see below). The six HPBs were immediately fitted onto the particle sinking
simulator (PASS) system (Tamburini et al. 2009). Three HPBs were kept at constant atmospheric
pressure (ATM) and three HPBs were continuously pressurized at a rate of 0.43 MPa d™' (HP)

corresponding to the measured sinking rate (~43 m d™!). Particles were kept in suspension by half-
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revolutions every minute of the 2-paired HPBs in temperature-regulated water baths. Both ATM
and HP incubations were performed at a constant temperature of 13 © C, agreeing with the in-situ
temperature profile recorded during the PARTY cruise. The experiment was stopped when
dissolved O> concentration reached 50 % of the initial concentration to avoid any anaerobic
conditions (dissolved O concentration method is described in supp data). The experiments were
run for 12 days to reach a simulated depth of 516 m (corresponding to an increase of hydrostatic
pressure from 0.1Mpa to 5.2 Mpa). At the end of the incubations, gentle depressurization was
applied on the three HPBs under pressure. All six HPBs were then opened and transferred into pre-
combusted glass bottles prior to sub-sampling. For OMICS analyses, individual particles were
promptly. collected by carefully transferring them one by one with a wide-mouth pipette into
cryotubes pre-filled with handmade RNAfixative solution (40 mL 0.5 M ethylenediamine
tetraacetic acid (EDTA) [ref. EU0084, Euromedex], 25 mL 1 M sodium citrate (ref. S-4641,
Sigma-Aldrich) and 700 g ammonium sulfate (ref. 21333.365 AnalaR NORMAPUR®, VWR) in
935 mL MQ water, pH adjusted to 5.2 using 1 M H2SO4). Samples were then placed at -80°C
until analysis. Samples for POC/PON and DOC were collected and analyzed as detailed below.

2.3 OMICS analyses
2.3.1 Extraction, amplification of individual particles

Individual particles were transferred from cryotubes into 1.5 mL RNAse and DNAse free
SafeLock Eppendorf® tubes. 1 puL of RiboLock RNAse Inhibitor (ref. EO0381, Thermo Fisher
Scientific, US) and phosphate buffered saline (ref. 150343, Qiagen, Germany) were added to a
final volume of 4 pL. Cell lysis was then performed by four cycles of freeze/thaw, each 1 min in
liquid N2 and 1 min at 65 °C. A denaturation step was then performed by adding 3 puL of D2 buffer
from the REPLI-g single cell kit (ref. 150343, Qiagen, Germany) and incubation for 20 min at 65

°C, followed by 3 puL of STOP solution according to the manufacturer’s instruction.

The High-Capacity cDNA Reverse Transcription Kit (Cat. 4368814, Thermo Fisher Scientific)
was used to generate cDNA from the RNA component of the mixed nucleic acids extracted. The
final 20 pl reaction consisted of the 11 pul template extract with 2 pl reaction buffer, 0.75 pl dNTPs
mix, 2 pl random heptamers, 1 pl reverse transcriptase, and 3.25 pl H2O. The reaction was done
according to the manufacturer’s instructions for 10 min at 25 °C, 120 min at 37 °C, and 5 min at

85 °C, after which the reaction was shortly cooled down to 4 °C and immediately used for whole
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genome amplification (WGA). For WGA, 29 ul of REPLI-G single-cell reaction buffer (ref.
A39391), and 2 ul of enzyme equip29 DNA polymerase (ref. A39391, 10 U/ul, Thermo Scientific)

were added to each tube, followed by a 16 h incubation at 30°C, and 10 min inactivation at 65°C.

The amplified DNA was quantified using a Quantus Fluorometer (Cat. E6150, Promega, Germany)
and the QuantiFluor® ONE dsDNA System kit (Cat. E4870, Promega, Germany), after which they

were frozen at -20 °C till they were shipped for sequencing.
Sequencing

Shotgun sequencing was conducted using a NovaSeq 6000 sequencer using the S4 chip (2x150;
[llumina Inc San Diego, CA, USA) after shotgun Library Prep at the Rush University Genomics
and Microbiome Core Facility. Genomic DNA samples were prepared for sequencing by an initial
quantification using a Qubit 4 Fluorometer (Life Technologies, #Q32851, Grand Island, NY,
USA). Library preparation was performed using the Illumina DNA Prep Workflow with UDI
indexing (#20018705, 20027213 Illumina Inc. San Diego, CA, USA) according to the
manufacturer’s instructions with 50 ng template input and 5 cycles of PCR. An equal-volume pool
of all libraries was then made. The pool was quantified using a Qubit DNA High Sensitivity kit
(Life Technologies, #Q32851, Grand Island, NY, USA), and size distribution was assessed using
an Agilent 4200 TapeStation System (Agilent Technologies, G2991AA, Santa Clara, CA, USA)
with a TapeStation D5000 ScreenTape, ladder and assay (Agilent Technologies, # 5067-5588,
5067-5590 and 5067-5589, Santa Clara, CA, USA). The pooled libraries were run on an Illumina
MiniSeq instrument using the MiniSeq Reagent MO Kit, (300 cycles) (Illumina Inc. San Diego,
CA, USA) for quality control and libraries balancing purposes. A new pool was made based on
the MiniSeq run results, quantified as described above and sequenced on an Illumina NovaSeq

6000 instrument (300 cycles) (Illumina Inc. San Diego, CA, USA), with a 1% phiX spike-in.
The sequencing data has been deposited in the SRA under Project number: PRINA1319805
Sequence analysis

Sequence quality control and trimming

The quality of the raw reads was assessed using FastQC v. 0.11 (Babraham Bioinformatics).

Subsequently, the raw sequence reads were quality trimmed and filtered using Trimmomatic (v.
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0.39) and the command “trimmomatic PE -threads 32 <output file names> LEADING:15
TRAILING:15 SLIDINGWINDOW:4:15 MINLEN:36 HEADCROP:13”. Upon trimming, the
quality of the filtered reads was assessed using FastQC.

Community composition

Prokaryotic community composition was derived using PhyloFlash (V 3.3; (Gruber-Vodicka et al.
2020)) using the SILVA 138.1 DB as a reference. It is important to note that in the case of this
study, the 16S rRNA read abundance represents a combination of relative abundance and activity

as the data contains genomic DNA and cDNA.
2.3.3 MetaG bioinfo
Metagenome-assembled genomes (MAG) assembly

Megahit v. 1.2.9 was used to assemble individual samples as well as a co-assembly of the entire
dataset (28 samples). Binning was conducted using MaxBin2, and Metabat2, v. 2.12.12. Contig
abundance files required for the binning tools were generated by mapping the raw data to the
assembled contigs with MiniMap2, converting the SAM files into BAM files using SamTools, and
merging the resulting BAM files using the jgi_summarize bam_contig_depths script included in
Metabat2. Bins were refined using MetaWrap and further dereplicated using dREP, v. 3.4.2 at 99%

average nucleotide identity.

Viral genomes and contigs were identified using Vibrant v1.2.1 (Kieft et al. 2020) applied to all
assembled contigs above 1000 nucleotides. Information about the lifestyle a phage was in at the
time of sampling (lytic vs. lysogenic) is provided by the Vibrant tool, based on the contig structure
in which the viral genes were found. Genome replication rates were calculated using iRep, v1.10

(Brown et al. 2016).
MAG analysis

The quality of obtained bins was analyzed using Checkm and Checkm2. Taxonomy was assigned
to bins using GTDB-tk, v. 2.3.2 with database r214. The frequency of the different MAGs in the
mixed DNA-RNA data was evaluated using CoverM, v. 0.6.1

(https://github.com/wwood/CoverM). Annotation of the MAGs was done initially using Prokka,

v. 1.14.5. Subsequently, all protein-coding open reading frames from the Prokka pipeline were
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further annotated using the EggNog mapper (emapper v. 2.1.12), and mapped against the KEGG

database using BlastKoala and KofamKoala.
Gene expression quantification

The obtained sequence data contained sequences originating from both genomic DNA and
RNA. The subsequent calculations considered a fixed ratio between gene copy numbers in a given
MAG as the genome of an organisms is stable during the experiment. Therefore, any deviation

from that ratio would come from RNA data.

First, transcripts per kilobase million (TPM) values were calculated for the genes of each strain for
each sample using Salmon, v. 1.10.1. Subsequently, a relative gene expression value was generated
by dividing the TPM values of each protein by that of the 7poB gene (TPMr). The latter is a
housekeeping gene for which minimal variation in expression is expected. The basal ratio between
the expression of each gene and that of rpoB is unknown, therefore, for comparison purposes, the
values for each gene were scaled separately for each MAG between 0 and 1, where 1 was the
sample with the highest value for that particular gene. Zero values were treated as missing data
rather than the lack of expression. As a control, the change in ratio between housekeeping genes

was calculated and compared between the different treatments (Figure S2).
2.4 Biogeochemical analyses
2.4.1 Particulate organic carbon and nitrogen

All glassware was pre-combusted before use and rinsed with 1 N HCI and Milli-Q water after each
sample. All plastic wares were rinsed with 1 N HCI and Milli-Q water and changed for each
sample. Sample aliquots for particulate organic carbon (POC, 50-104 mL) were filtered onto pre-
combusted 0.7 um GF/F filters (25 mm filter diameter) under a low vacuum (<50mm Hg) and
preserved at -20°C or in liquid nitrogen, respectively. Filters for particulate organic carbon and
nitrogen (POC, PON) were analyzed as in (Raimbault et al. 2008) using a high combustion

(1000°C) mass spectrometer (CN-Integra tracer-mass).

2.5 Statistical analysis
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All statistical analyses were conducted in R (v4.x). All tests were two-tailed with a = 0.05.
Variance of the ratios (Figure 3a) between pressure treatments (TF-ATM vs TF-HP) was assessed
using Levene’s test (Fox and Weisberg (2018); car::leveneTest) and the Fligner—Killeen test (R
Core Team, 2023; stats::fligner.test), both robust approaches for testing heteroscedasticity

(Levene; Howard 1960; Fligner and Killeen 1976).

The linear mixed-effects models (LME) was performed with pressure as a fixed effect and random
intercepts for particle, gene, and taxon (Ime4::lmer; Bates et al. 2015). From these models we
extracted Best Linear Unbiased Predictors (BLUPs), which represent the estimated random effects
(i.e. how much each particle, gene, or taxon deviates from the global mean after accounting for
fixed effects). BLUPs were compared between treatments using Welch’s t-tests. Model
assumptions were verified using residual diagnostics, and analyses were repeated with both Ime4

and nlme (Pinheiro et al. 2025) to confirm robustness.

3. Results

3.1 MAG statistics.

A total of 287 MAGs (Metagenome Assembled Genomes) were obtained (Table S1) of which 92
had a completeness above 75 % and a contamination level below 5 %. These MAGs could be
annotated to 15 different bacterial species, 5 of which in the phylum Bacteroidota, 9 in

Pseudomonadota (formerly Proteobacteria), and 1 in Bacillota (formerly Firmicutes).
3.2 Effect of increased pressure on microbial community composition and diversity

There is a large heterogeneity in the microbial community among individual particles, already at
the sequence frequency of bacterial families (Figure 1a). Notably, all of the families observed in
TF-ATM and TF-HP were also detected in TO as expected (i.e. even if rare, they were already
present). Some families, including for instance Flavobacteriaceae, Crocinitomicaceae, and
Oleiphilaceae, were present on all particles; however, their relative abundances varied
significantly, 17.5£16%, 10.3+£10.4% and 5.84+6.0%, respectively. Among the 20 most abundant
families (Figure 1a), 14 for TO and 13 for TF-ATM exhibited a standard deviation higher than the
average relative abundance across all analyzed individual particles. These high standard deviations

underscore a significant variability at the single particle level. For TF-HP, only 3 families are in
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306 heterogeneity of the particles, a discernible trend was observed across environmental conditions:
307 particles in TF-HP exhibited a generally lower diversity compared to those in TF-ATM (p-value
308 <0.01; Figure 1b).

309

310  Figure 1: a) Relative abundance of the 20 most abundant prokaryotic families based on 168
311 rRNA reads before starting the experiment (T0), at the end of incubation with constant increase
312 of pressure simulating the sink of particles (TF-HP) from the surface to 516m, and at the end
313  without any pressure increase (TF-ATM). Each bar refers to one single particle; b) Diversity
314  indices for prokaryotic diversity at increasing pressure (HP) and atmospheric pressure (ATM);
315 c¢) Lifestyle percentage of various viruses found in TF-ATM vs. TF-HP. Differences between
316  TF-ATM and TF-HP were statistically significant across all three diversity indices (p-value <
317 0.01).
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One novel outcome of our data is the evaluation of a changing viral lifestyle with constantly
increasing pressure (TF-HP). With the exception of Fromanvirus, we observe a general shift from
a lysogenic state (or a balance between lysogenic and lytic forms) to a predominance of the lytic
lifestyle at increasing pressure (Figure 1¢). In TF-HP particles, the lytic forms can dominate with
>90%, for instance, Siovirus, Tequatrovirus, and Timquatrovirus (99.6%, 93.7% and 93.3%

respectively).
3.4 Pressure induced stress

Comparing transcriptional activity across different individual particles colonized by different
microorganisms in the absence of any reference genome remains difficult. Obtaining separate
metagenomes and metatranscriptomes from individual particles is also not feasible due to the low
organismic biomass. Therefore, our approach offers a compromise that allows an inter-particle
comparative transcriptomic analysis for those microorganisms whose genome we could assemble
from the obtained sequence data. We successfully identified 13 taxa (after dereplication) with
metagenome-assembled genomes (MAGs) of sufficient quality to assess functional-to-

housekeeping gene ratios (Figure 2).

All 13 taxa show a clear response to increasing pressure (Figure 2a). Whether the response leads
to an up or down regulation is taxa dependent. Some, like PZKO01-S or Polaribacter, exhibit a
broad gene downregulation of cellular functions with the entire cellular machinery affected. In
contrast, some taxa, such as GCA 2720865 or Croceibacter, show gene upregulation across most
cellular functions. Targeting genes, known to be involved in pressure-stress response (full list with
references in Table S2), we found that these genes - identified in our MAGs - revealed a significant

response to increasing pressure in our experiment (Figure 2b).

Calculated genome replication rates were significantly lower under pressure confirming an overall
cellular stress (p-value of 0.0003 as described below). These rates have been previously shown to
be a good proxy for growth rates and therefore indicators for stress-related growth inhibition
(Korem et al. 2015; Brown et al. 2016). Genome replication rates had a median value of 0.5 + 0.3

in TF-ATM particles, but of only 0.3 & 0.3 in TF-HP (p-value of 0.0003; Figure S3).
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346  Figure 2: a) Overview of differential gene expression at KO function level 3, Log2-ratio of
347  HP/ATM (a negative ratio (red) indicates downregulation at TF-HP compared to TF-ATM and
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genes used; b) Genes previously known to be differentially expressed as a result of pressure
stress. Pies = proportion of taxa for which Log2-ratio of HP/ATM is higher than 1 (green) or
lower (red). Known genes which could not be identified in our MAGs were included in the figure

(grey) and marked as NA.
3.5 Overall pressure effects on the mesopelagic carbon cycle

Particle heterogeneity was high, regardless of the metabolic pathway, whether heterotrophic or
chemoautotrophic (Figure 3a). For instance, for taxon PZPKO01, the relative expression of the gene
fadA (involved in fatty acid degradation) showed a wide range, varying from 416.16 to 0.63 TPMr
among single particles at TF-ATM. Similarly, for Croceimicrobium, the gene accA (part of the 3-
Hydroxypropionate Bicycle) varied substantially from 0.64 to 74.55 at TF-HP. The highlighted
heterogeneity within the same experimental condition is particularly compelling given that all

particles were derived from the same roller tank and were exposed to the same initial prokaryotic

community.
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Figure 3: a) Summary of pressure effects on microbial metabolic pathways (Table S3 for the
detailed list of genes used). For each pathway and pressure condition (TF-ATM or TF-HP), the
table reports the mean, minimum, and maximum expression values across particles (normalized
to rpoB), reflecting particle-level variability. Columns on taxonomic and functional response

show the percentage of taxa with lower expression under high pressure (% taxa down under
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HP), the percentage of taxa showing no change, and the percentage of gene—taxon
combinations downregulated under high pressure. Together, these metrices highlight both
particle-scale variability and within-pathway divergence in microbial responses to hydrostatic

pressure.; b) Variability in measured biogeochemical parameters.

Expression trends across metabolic pathways showed that most taxa and gene—taxon combinations
were downregulated under increasing pressure (HP), indicating a general suppressive effect on
microbial activity (Figure 3a). This was especially clear for the Calvin-Benson-Bassham (CBB)
cycle, where 100% of taxa and gene—taxon pairs decreased in expression at TF-HP. Despite
variable particle-level means, the consistent downregulation at finer taxonomic and functional
levels suggests that increase of pressure broadly inhibits the metabolic potential of surface-

originating prokaryotes.

However, given the complexity of the dataset—with contributions from multiple genes, taxa, and
individual particles—we sought to further explore whether the variability observed was structured
or of more stochastic in nature. The variance of the ratio (Figure 3a) was slightly, but significantly
higher at TF-ATM than TF-HP (Levene's or Fligner-Killeen tests p-value < 0.01; both ideal to
quantify stochasticity as variabilities). This suggests heteroscedasticity in the data (non-uniform
variability). The high variability due to different taxa and gene combinations could introduce
substantial heterogeneity and mask any effect of pressure on stochasticity in the system. To assess
random effects without this masking, we performed a Mixed-Effects Model (LME) and nested and
partitioned the random effects at levels of particles, genes and taxa. No significant difference was
observed in the mean random effects between pressure levels, as indicated by a p-value of 1 when
comparing random effects via t-test. This analysis provides evidence that increasing pressure
affects variability without significantly altering the underlying random effects across the nested
factors. The observed difference in variances suggests that increasing pressure restricts the range
of microbial carbon utilization by surface-originating prokaryotes when compared to atmospheric
pressure. Yet, as the mixed-effects model showed no significant differences in random effects
between pressure, hydrostatic pressure may affect the spreading of cellular responses, but does not
consistently shift carbon utilization across individual particles. Thus, our results suggest that

hydrostatic pressure mainly acts by restricting the variability of responses across taxa, rather than
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producing a uniform shift in carbon usage, indicating that while pressure narrows the range of

variability, intrinsic stochasticity continues to shape system-level outcomes.

No difference was observed for particulate organic carbon (POC) or nitrogen (PON)
concentrations in the high-pressure incubation experiments (Figure 3b). In contrast, there was a

significant decrease in both POC and PON concentrations at atmospheric pressure (Figure 3b).

4. Discussion

Prokaryotes colonizing particles before they sink primarily originate from surface environments.
We therefore anticipated that the increasing pressure on sinking particles induces general cellular
stress for initial particle colonizers. We hypothesized that this stress could lead to diminished
expression of genes linked to cellular/metabolic processes. This mechanism could explain
observed reductions in organic matter degradation on particles under high pressure. This
experiment enables us to test this hypothesis. Furthermore, we aimed to explore the heterogeneity

among aggregates, a phenomenon for which compelling evidence is only beginning to emerge.
4.1 Insights into variability and taxa-dependent pressure responses

Our study provides insights into the variability within particle-associated microbial communities
and their responses to increasing hydrostatic pressure. Unlike previous studies that broadly
examined community-level responses (Boeuf et al. 2019; Poff et al. 2021), we reveal how inherent
heterogeneity obscures global gene expression trends between TF-ATM and TF-HP conditions for
surface-originating prokaryotes. This variability poses a significant challenge in linking molecular
data to biogeochemical processes, particularly as taxa-dependent responses dominate over uniform
functional trends. By analyzing taxa-specific responses, we demonstrate that stress of surface-
originating prokaryotes under increasing pressure is tightly linked to physiological and genomic
characteristics of individual taxa, a finding consistent with emerging evidence for stress-responses
other than to pressure (Dawan and Ahn 2022). For example, while genes involved in stress
responses, protein folding, and DNA repair—such as hflC, hflK, and besA—are often upregulated
under stress due to increase of hydrostatic pressure in non-piezophile bacteria (Nikparvar et al.
2021; Malas et al. 2024), our data reveal certain exceptions to these patterns. We were able to

investigate 13 dominant species on our particles. While the diversity on the particles was higher,
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the rarer species were either not present on sufficient particles or their genome completeness was
not high enough to allow for a reliable gene expression analysis using the ratio to housekeeping
genes. However, most of the dominant surface water taxa, we have analyzed appear to be sensitive
to increasing hydrostatic pressure. This is consistent with known characteristics of piezosensitive
organisms, which often exhibit widespread functional decline under pressure stress (Oger and
Jebbar 2010; Marietou and Bartlett 2014). This leads to reduced metabolic activity and impaired
growth (Grossart and Gust 2009). This is also consistent with the decrease in diversity we have
observed in this particle sinking simulation and previous one (Tamburini et al. 2021). In situ
studies similarly reported a decline in particle-associated diversity from the surface to 500m
(Thiele et al. 2015; Baumas et al. 2021). In contrast, piezo-tolerant or potentially piezophilic
organisms are capable of maintaining or enhancing cellular processes under increasing pressure,
consistent with findings in other pressure-adapted microbes (Yayanos 1995; Oger and Jebbar
2010; Tamburini et al. 2013). Piezophilic taxa have indeed been reported on particles, but in the
bathypelagic, depths well beyond the range of our experiment (Boeuf et al. 2019; Preston et al.
2020; Poff et al. 2021), suggesting that within the upper mesopelagic (to 516 m) the active
colonizers are more likely piezotolerant rather than true piezophiles. Baumas et al. (2021) found
that diversity correlated to heterotrophic activity in free-living but not in particle-associated
prokaryotes. This might be because bulk measurements conceal particle-to-particle heterogeneity,

where different taxa with distinct pressure responses coexist.

Heterogeneity among individual particles has mainly been evidenced in terms of microbial
diversity and such studies are still too scarce to generalize (Bizic-lonescu et al. 2018; Zéancker et
al. 2019; Baumas et al. 2023b; Stief et al. 2023). Our work further highlights a novel dimension of
heterogeneity: even within individual particles of the same origin, microbial diversity and gene
expression exhibit significant variability. This variability could thus be magnified when
considering in situ particles with diverse origins, compositions, and histories. Such findings
underscore the need for refined methodologies capable of accounting for this obvious stochasticity
in models of microbial community behavior and functional response (De Vrieze et al. 2020). By
doing so, our study sets a new benchmark for understanding microbial contributions to carbon

cycling.

4.2 Pressure-driven viral dynamics



455
456
457
458
459
460
461

462
463
464
465
466
467
468
469
470
471
472
473
474

475
476
477
478
479
480
481
482
483
484

Our study identifies a notable shift from lysogenic to lytic viral forms under increasing pressure.
This discovery highlights how environmental stress, such as hydrostatic pressure, can trigger viral
life-cycle changes—a phenomenon consistent with previous findings from (Weinbauer 2004;
Danovaro et al. 2011). Such shifts may represent a survival strategy where viruses exploit stressed
host cells, leading to increased replication and host cell lysis. This dynamic is particularly relevant
in the context of marine aggregates, which are known hotspots for virus—host interactions

(Riemann and Grossart 2008; Bizic-lonescu et al 2018).

The predominance of lytic forms with the increase of pressure could have significant implications
for prokaryotic community structure and function, potentially leading to increased mortality of
host organisms (infected prokaryotes included) and altering nutrient cycling within these
ecosystems as shown for other environmental stress sources (Wilhem and Suttle 1999; Breitbart
2012). Increased prokaryote mortality due to viral lysis could reduce the role of these bacteria in
organic matter degradation, slowing down the breakdown of POC (Gao et al. 2022). In parallel,
the release of cell contents from lysed cells contributes to the pool of dissolved organic carbon
(DOC), leading to faster mineralization of organic matter (Middelboe and Jergensen 2006; Zhang
et al. 2018). While these contradicting effects require further quantification, accounting for the
effects of pressure in models is likely to improve the estimation of carbon export to the deep ocean.
Recent global analyses have shown that viral community composition itself can be a strong
predictor of carbon export efficiency (Kaneko et al. 2020), highlighting the broad regulatory role

of viruses across hosts.

Further investigation into these mechanisms (specifically abundance and fluxes) could deepen our
understanding of microbial ecology on particles, and thus, associated biogeochemical cycles. For
instance, Jasna et al. (2018) found that preferential infections of prokaryotic morphological
populations with respect to seasons can have a strong and variable impact on the carbon and energy
flow of an estuarine ecosystem. We could imagine the same type of investigation for the water
column with increasing pressure and changing types of POC (involving intrinsically different
diversity of attached to sinking particles prokaryotes). In any case, our results suggest that viral
lysis plays a regulatory role in the carbon cycle on particles. This regulatory mechanism must be
incorporated into models of carbon flux, as it has the potential to significantly alter estimates of

carbon sequestration under changing ocean conditions.
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4.3 Metabolic pathway disruptions and their implications on the carbon cycle

Increasing hydrostatic pressure leads to changes in gene expression of both heterotrophic and
autotrophic pathways of surface-originating prokaryotes, thus likely affecting the carbon flux
(Table S3). We observed pronounced downregulation under pressure stress in glycolysis, fatty
acid degradation, and the TCA cycle (mostly heterotrophic), as well as in the reductive TCA cycle
and the Calvin-Benson-Bassham cycle (chemolithoautrophy) (Figure 3a). Prokaryotes exhibit a
diverse array of metabolic strategies, enabling them to access and process a large variety of organic
molecules that are found (also) in marine snow (Simon et al. 2002). This trait is vital, as the flux
of organic carbon from marine snow - via activities of attached prokaryotes - serves as the principal
carbon source for the mesopelagic zone and represents a key vector for carbon sequestration
(Baumas et al. 2021). While these strategies predominantly involve heterotrophic activities, the
potential role of dark CO> fixation in the carbon cycle is often overlooked though it is important
as well (Arandia-Gorostidi et al. 2024; Le Coq et al. accepted). Large-scale expeditions such as
Tara Oceans and Malaspina have analyzed suspended particle-sized fractions using metagenomics
and metatranscriptomics - including functional genes and CAZymes (Vernette et al. 2022).
Nevertheless, high-resolution studies of marine particles remain limited, particularly given the
complexity of these systems (reviewed in Baumas and Bizic 2024), making it challenging to
directly link pathway activity to specific particles. Even more so, those studies focusing on
individual particles, enable us to understand the degree of heterogeneity in activity as compared to

that in community composition.

Unlike earlier studies employing sinking speeds between 100 and 200 m/day as experimental
compromises (Tamburini et al. 2006, 2009, 2021; Grossart and Gust 2009; Riou et al. 2018;
Franco-Cisterna et al. 2024), we simulated slower, representative of the sinking rates of the
particles used. Despite these moderate pressures change (0.1 to 5.2 MPa simulating the sink
between the surface and 516 m), we observed significant changes in microbial gene expressions,
shifts in community composition, and decrease of organic matter degradation reinforcing the
importance of hydrostatic pressure as a critical factor shaping microbial ecology during particle

sinking.

Our results also extend the scope of metatranscriptomics analyses by focusing on individual

particles to capture intra-particle heterogeneity that is masked in bulk community analyses (e.g.



515
516
517
518
519
520
521
522
523

524

525
526
527
528
529
530
531
532
533
534
535
536

537
538
539
540
541
542

Bizic-Ionescu et al. 2018). This fine-scale resolution shows that microbial activity is not always
predictable from community composition alone, and that different particles - despite originating
from the same environment - harbor distinct functional profiles. This heterogeneity between
particles raised the question of both, stochastic colonization and metabolic flexibility as well,
highlighting the potential ability of microorganisms to dynamically adjust their metabolic
pathways in response to varying conditions between different particles and pressure. By integrating
these findings, our study is fundamental for disentangling how specific environmental pressures -
such as hydrostatic pressure or particle composition - select for distinct metabolic strategies, and

how these shifts scale up to influence microbial contributions to biogeochemical cycles.

5. Conclusion

Our findings challenge long-held assumptions of a uniform surface-originating prokaryotic
response to pressure stress and highlight the need for new experimental and analytic methodologies
to account for high variability and taxa-dependent dynamics. Our bioinformatic approach allowed
us to simultaneously investigate identify the dominant organism on particles, as well as resolve
their transcriptional response to pressure. While this approach does not generate an absolute
transcriptional profile, it offers a solution for low biomass samples, where separate metagenomic
and metatranscriptomics data cannot be done. Furthermore, it provides transcriptional information
also on genes that could not have been accurately classified taxonomically in the absence of a
MAG from the same sample. The discovery of pressure-regulated viral life cycles and their
cascading effects on carbon cycling adds a new vector to the viral shunt that goes beyond “killing
the winner”. However, the ambiguous effects of pressure induced viral lysis call for quantification

through targeted experiments before these could be incorporated into ocean carbon models.

Previous studies reported broad, global pressure effects at much greater depths than shown in our
study (Oger and Jebbar 2010; Tamburini et al. 2013; Amano et al. 2022). We revealed that pressure
effects already take place in the upper mesopelagic region of the ocean. The uncoordinated nature
of the pressure effects at these depths is masked by bulk sampling and has therefore remained
undetected so far. Our controlled setup provides an unprecedented, fine-scale view (by taxon and

by particle), allowing us to detect these effects.
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Our findings suggest that when accounted for, pressure driven changes in microbial function and
community, alongside inter-particle variability should improve our ability to model the fate of
organic matter in the ocean and its contribution to long-term carbon storage -even under current
and future oceanic changes. By bridging gaps in knowledge and introducing novel perspectives,
our study paves the way for future investigations into the complex interplay between microbial

ecology, viral dynamics, and carbon fluxes in marine systems.
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Cultures of axenic
diatoms

Check with epifluorescence
microscope and DAPI that particles
are well colonised

Aggregation &
microbial colonisation

in rollery

T o R o

3xTO
Distilled water

Equal particles split il
using a splitter 3xTF-ATM & 3x TF-HP /

Schott bottles and
HPBs are filled with
aliquots of particles +
sterile sea water

PASS system described in
Tamburini et al. 2009

Figure S1: Workflow of the sinking particle simulation experiment using the PASS system.

Oxygen concentrations

Oxygen concentrations were recorded during the entire incubation using optical oxygen-sensor
spots (Presens GmbH R ©, Pst3, detection limit 15 ppb, = 0.47 uM) glued with silicone glue inside
the glass Schott bottles or the saphir windows of the HPB lids. A polymeric optical fiber was then
held against the spot outside the bottle and was connected to a data logger (OXY-10 mini device
for Presens). The procedure and specific adaptation for HPBs is fully described in the method
paper by Garel et al. (2019). Oxygen concentration data were then collected every minute during
the incubation. All optodes were calibrated manually using a two-point calibration procedure (0 %
and 100 % air saturation in MQ water at 25 °C). They were also inter-calibrated individually and
intercompared. Effects of hydrostatic pressure, temperature, and salinity were compensated by

using algorithms proposed by (Garcia and Gordon 1992; McNeil and D’ Asaro 2014).
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Table S2: List of genes known for pressure-induced stress on prokaryotes

Gene Name Function KO Number Reference
ompH Outer membrane protein for maintaining membrane integrity K07295 Yano et al. 1998
groEL Chaperonin, assists in protein folding KD4077 Yano et al. 1998
groEs Co-chaperonin, assists GroEL in protein folding K04078 Yano et al. 1998
dnak Maolecular chaperone, helps refold misfolded proteins K04043 Singh et al. 2004
rech DNA repair and homologous recombination KD3553 Singh et al. 2004
rpas Sigma factor o5, regulates stress response genes Ko3oas Singh et al. 2004
clpB Chaperene, involved in protein disaggregation and refolding K03695 Singh et al. 2004
uspa Universal stress protein, enhances survival KD3704 Singh et al. 2004
. . K01245 (HsV), .
hslvu ATP-d dent prot lex, d d folded prot Singh et al. 2004
ependent protease complex, degrades misfolded proteins k01327 (HslU) g
katG Catalase-peroxidase, detoxifies hydrogen peroxide K03782 Yayanos et al. 1995
- - K03418 [SoxR),
soxRS L Yayanos et al, 1995
Transcriptional regulator, oxidative stress response K03419 [50xS) 3
ahpC Alkyl hydroperoxide reductase, reduces organic hydroperoxides K03386 Singh et al. 2004
trxA Thioredoxin, maintains cellular redox balance K03671 Yayanos et al. 1935
grpE Nucleotide exchange factor, assists Dnak and Dnal in protein refolding K03687 Singh et al. 2004
hsp20 Small heat shock protein, prevents protein aggregation K13993 Yayanos et al. 1935
SUrA Periplasmic chaperone, assists in outer membrane protein folding K03775 Yayanos et al. 1395
. ) . K03797 (HfIK),
hflKC ATP-d dent it . Ived bi teint ¥ t al. 1995
ependent protease, involved in membrane protein turnover K03798 (HC) ayanos et a
rsef Negative regulator of sigma E, involved in response to envelope stress K05873 Alba et al. 2002
degP Serine protease, involved in protein quality control in the periplasm KD4771 Walsh NP, Alba BM, Bose
B, Gross CA.
ftsH ATP-dependent metalloprotease, involved in protein quality control K03738 Langklotz et al. 2021
Ross P, Mayer R,
) R ) Benziman M. "Cellulose
besA Cellulose synthase, involved in biofilm formation KD0694 ) )
biosynthesis and
function”.
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812  Figure S2: Ratio of housekeeping genes from the DNA-dependent RNA polymerase. Subunit
813  rpoB’ (also known rpoC) and rpoB (A) are encoded in the same operon, while subunits rpoA and
814  rpoB (B) are in different genomic locations and under different regulons. The ratios of rpoB’ and
815  rpoA to rpoB are constant with differences between conditions being insignificant p=0.78 and
816  p=0.19, respectively (ANOVA on Ranks test). The number of data points per condition are 87, 61
817 and 63 for TO, TF-ATM and TF-HP, respectively. The constant ratio among conditions suggests
818  that methodological biases have minimal influence on the gene ratios normalized to rpoB, and

819 therefore, statistically significant changes are due to changes in gene expression.
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Table S3: List of genes potentially covering main heterotrophic or chemo-autotrophic pathways

HETEROTROPHY/ USE OF ORGANIC C

_— . KO
Gene Description KO Number Gene Description Number
. _ . ribulose-1,5-bisphosphate
beta-galactosidase, involved in lactose 3 =
|acz ut'||'|z;t'|gn ! Ko1180 2 rbel | carboxylase/oxygenase large KD1601 E g
_ _ _ g - s_ubun'n: _ E E’ &
o3lE UDP-galactose-4-epimerase, involved in KO1785 53 rbes ribulose-1,5-bisphosphate KO1602 s 3 a“..
= zalactose metabolism § E carboxylase/oxwysenase small .
grk [g1uconekinase, involved in gluconate KDOB60 £% prkA |phosphoribulokinase koogss | O &
utilization = =
frud [fructokinase, involved in fructose utilization KOOBS0 ; E aclB |ATP citrate lyase K15230 gg
- - - R &
xyla |'VI0SE isomerase, involved in xylose k1834 ] fumA |fumarase ko676 | ==
metabolism 2 e ]
o
*IB [xylulokinase, involved in xylose metabolism KOOB53 sdhA  |succinate dehydrogenase K00239 2 E
: : - Z Ly
fada |3CETYI-COA acetyitransicrase, involved in fatty k00626 ol #da |fumarste reductase kooea | E &
acid beta-oxidation b= = -
enoyl-CoA hydratase/3-hydroxyacyl-CoA E 5 ]
fadB |dehydrogenase, involved in fatty acid beta- K01025 E 2| mcr |methylmalonyl-CoA reductase K14470 E
A o .
gg?—%zgndehvdrouenase involved in fatty acid % 9 . L] E §-
fadE beta-oxidation = ! Ko024% = Q| pocB  |propionyl-CoA carboxylase K01963 [ .g
- = = =
y . = 2
tryptophanase, involved in tryptophan B
LTS il rveter k01667 z & acca |acewi-con carboxyiase kowse1| E
~ £ ] —
L-arabinose isomerase, involved in arabinose = (] carbon monoxide .
araf ! K01824 acsB K14138 ]
degradation f E dehydrogenase/acetyl-Cof synthase E E '§ -
i i i i i ] o= 3
araB :;Lbr:'d"a';'i’;:“’ invelved in arzbinose k00826 e fthfs |formate-tetrahydrofolate ligase Ko123e [ & E —-T.E
== - - 238
araD I_I_nr;brualt;ieo:Epgeonsrpar;::;Eplmerase, involved KD1784 mtr methyltransferase KOOS77 E 8 =2
A A Fl =
pfka f;ﬁ;%:?:ruka'”ase' & key enzyme in k0oBS0 = ahbt |a-hydrowbutyryl-CoAdshydratase | k12452 | £ B
£ - - - s + 8858
fructose-bisphosphate aldolase, invelved in 4 @ = 8=
fbahA glycolysis and gluconeogenesis KOD1623 % E abfD |4-hydroxybutyrate dehydrogenase KD0333 & ez
gapa |E/eeraldehyde-3-phosphate dehydrogenase, k00134 £g sucD |succinyl-CoA synthetase kw02 B2 B2
gap involved in glycalysis g E i " = "Q' E ]
-
eno (enclase, involved in glycolysis KO1689 E % 4hbt |4-hydroxybutyryl-CoA dehydratase k14454 'g i'; £ E
o
pykF [pyruvate kinase, involved in glycolysis KOOB73 =
—_— citrate synthase, the first enzyme in the TCA k01647 =
cycle =
icdA isocitrate dehydrogenase, involved in the TCA k00031 g ﬁ
cycle 2z
<dhA succinate dehydrogenase, involved in the TCA k00239 iy
cycle &g
fumA |fumarase, involved in the TCA oycle K01676 E E
n ®
- : g
mdh malate dehydrogenase, involved in the TCA k00024 é

cycle




