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ENVIRONMENTAL STUDIES

Hydrostatic pressure induces strong leakage of
dissolved organic matter from “marine snow” particles

Peter Stief'*, Jutta Niggemannz, Margot Bligh3, Hagen Buck-Wiese®?, Urban Wiinsch®,
Michael Steinke®, Jan-Hendrik Hehemann?, Ronnie N. Glud'7®

Marine snow forms at the ocean surface, sinks to depth, and ultimately enables carbon sequestration in the sea-
bed. Fast-sinking marine snow particles, such as diatom aggregates, encounter a rapid increase in hydrostatic
pressure during their descent. Using incubations in rotating pressure tanks, we found that pressure levels corre-
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sponding to 2- to 6-kilometer water depth induce leakage of dissolved organic matter (DOM) from diatom aggre-
gates equivalent to ~50% of their initial carbon contents. The leaked DOM proved to be diatom-derived and
changed the amount and composition of DOM in the surrounding seawater substantially. Ultrahigh-resolution
mass spectrometry, high protein-like fluorescence, and low carbon:nitrogen ratios classified the leaked DOM as
labile. The bioavailability of leaked DOM was demonstrated by its rapid utilization by a pelagic microbial commu-
nity, leaving mainly recalcitrant DOM behind. Pressure-induced DOM leakage likely weakens the gravitational
“biological carbon pump” and supplies labile DOM to the pelagic microbiome of the deep ocean.

INTRODUCTION

Particulate organic matter (POM) is the major form in which car-
bon fixed at the ocean surface is transported to the ocean interior.
Gravitational sinking of organic particles drives the “biological car-
bon pump” (1-3), which sustains life in the ocean interior and fa-
cilitates sequestration of a small fraction of organic carbon in the
seabed (4). During their descent through the water column, marine
snow particles are degraded by heterotrophic microbes and grazing
metazoans, which weakens the biological carbon pump (5, 6). Os-
motrophic microbes require POM to transition into dissolved or-
ganic matter (DOM) of sufficiently small molecular size to be taken
up into their cells (7). DOM is generated from POM via four known
pathways (8, 9): (i) Living phytoplankton release fixed carbon as
photosynthetic exudates and/or by-products of respiration (10, 11),
(ii) viral lysis of phytoplankton cells liberates intracellular solutes
(12, 13), (iii) metazoans grazing on phytoplankton release DOM
through sloppy feeding (14), and (iv) exoenzymatic POM solubiliza-
tion produces DOM that is available to both particle-associated and
free-living microbes (15-18). Here, we introduce an additional
pathway of DOM release from sinking POM, hydrostatic pressure-
induced DOM leakage.

DOM release from sinking particles decreases the efficiency of
the biological carbon pump and attenuates the vertical carbon ex-
port (3, 19). Part of the released DOM is assimilated by ambient
microbes, which thereby make it available to the pelagic food web, a
process referred to as the “microbial loop” (15, 20). Another part of
the released DOM is mineralized by particle-attached and/or
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free-living microbes, which liberates CO; that may be fixed again by
photo- and chemotrophic primary producers. However, depending
on the lability or recalcitrance of individual DOM constituents, mi-
crobial mineralization may take hours to millennia (8). Microbial
mineralization of DOM (but also POM) produces a vast number of
new DOM constituents that might end up in the persistent DOM
pool of the ocean (21, 22), which can be traced as characteristic fluo-
rescence of recalcitrant DOM (23, 24). This microbe-driven process
of DOM diversification, referred to as the “microbial carbon pump,’
has been proposed as a major carbon sequestration pathway in the
water column (8, 25, 26).

The efficiency of the biological carbon pump critically depends
on the depth at which the exported organic carbon is mineralized
or lost as DOM (27-29). It is commonly assumed that particle-
associated organic carbon arriving at depths of >1000 m remains
out of contact with the atmosphere for >100 years, even if it is being
mineralized to CO; (27, 28). Regionally, this “sequestration depth”
might be as deep as 2000 m (29). Microbial particle degradation
at these water depths will thus be affected by hydrostatic pressure.
Experimental incubations have shown that high pressure signifi-
cantly inhibits microbial particle degradation, likely because the
surface-derived microbes colonizing the sinking particles are not
adapted to high-pressure conditions (30-34). In addition, high
pressure inhibits the activity of several particle-associated exoen-
zymes (33, 35, 36), which likely reduces enzymatic solubilization
of POM to DOM.

When sediments are retrieved from the deep ocean, DOM leak-
age is observed (37, 38). This artifact is explained by rapidly decreas-
ing pressure levels, which may lyse the cells of benthic pro- and
eukaryotes. Here, we explored the possibility of DOM leakage in-
duced by increasing pressure levels as encountered by marine snow
particles during their descent. Using rotating pressure tanks (32), we
exposed model diatom aggregates and diatom cultures to slowly in-
creasing pressure levels and analyzed the amount and composition
of DOM both in the seawater and the diatom cells. We observed
pressure-induced DOM leakage from diatoms at the expense of
intracellular DOM. We then tested the bioavailability of the leaked
DOM for natural seawater microbial communities to assess the

10f12

9202 ‘S0 Arenice uo 610°90us 1I0s" MMM/ Sd1IY WoJ) papeouMoq


mailto:peterstief@​biology.​sdu.​dk
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.aec5677&domain=pdf&date_stamp=2026-02-04

SCIENCE ADVANCES | RESEARCH ARTICLE

implications of pressure-induced DOM leakage for the gravitational
biological carbon pump and the pelagic microbiome of the
deep ocean.

RESULTS

DOM leakage experiments

Experimental simulation

The descent of diatom aggregates from the surface ocean into the
deep ocean was simulated in rotating incubation tanks that kept the
aggregates in suspension (32) (Fig. 1). In half of the tanks, hydro-
static pressure was incrementally increased by 5 MPa/day to lastly
reach 100 MPa (“pressure” treatment), while in the other half of the
tanks, pressure was always kept at 0.1 MPa (“control” treatment).
The daily pressure increase by 5 MPa (£ 50 bar £ 500 m in depth)
corresponds to a simulated sinking velocity of 500 m/day, which is
at the high end of in situ sinking velocities of diatom aggregates. The
incubation temperature was 3°C. At the start of the 20-day incu-
bations, the diatom aggregates had a volume of 5.8 + 1.8 mm’
(means + SD, n = 227), an equivalent spherical diameter of 2.2 +

DOM leakage experiment

1.5 mm, n = 227), a diatom abundance of 1.6 X 10° + 0.3 x 10° cells/
mm® (n = 35), total carbon and nitrogen contents of 6.2 + 1.3 and
0.9 +0.2 pg/mms, respectively (n = 50), and molar C:N ratios of
8.3 +2.5(n=150).

DOM bulk composition and fluorescence

Both the diatom aggregates and the diatom cultures from which they
were produced (Skeletonema marinoi) showed net leakage of dis-
solved organic carbon (DOC) and total dissolved nitrogen (TDN)
when 40 MPa was reached during the 20-day incubations (Fig. 2, A,
B, E, and F). DOC and TDN concentrations in the surrounding water
increased further when 60 MPa was reached and remained stable at
pressures of >60 MPa. In the control incubation at atmospheric pres-
sure, DOC and TDN concentrations remained low throughout the
entire incubation. Protein-like DOM fluorescence in the surrounding
water showed the same pressure-dependent patterns as DOC and
TDN, while pressure-induced changes in humic-like fluorescence
were less pronounced (Fig. 2, C, D, G, and H). The effect of pressure
on extracellular DOC and TDN concentrations and on DOM fluo-
rescence was statistically significant, except for humic-like DOM
fluorescence (table S1).

DOM utilization experiment
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Fig. 1. Experimental design. (Left) DOM leakage experiment with diatom aggregates and diatom cultures. S, S. marinoi; Co, C. weissflogii; Ch, C. socialis; P, P. tricornutum.
Aggregates were individually incubated in 6-ml glass exetainers, while cultures were incubated in 30-ml polyethylene (PE) flasks. Samples were incubated in darkness and
at 3°Cin rotating incubation tanks that served as either pressure or control tanks. In the pressure tanks, hydrostatic pressure was increased by 5 MPa/day, thereby simulat-
ing the 20-day descent of diatoms from the surface ocean (0 km £ 0.1 MPa) into a deep-sea trench (10 km £ 100 MPa) (pressure treatment). In the control tanks, pressure
was kept at atmospheric level (control treatment). Samples were retrieved from one pressure and one control tank each when 20, 40, 60, 80, and 100 MPa had been
reached in the pressure tanks. This incubation and sampling scheme allowed reconstruction of depth profiles of pressure effects on different variables at 2-km resolution
(see example plot). (Right) DOM utilization experiment with a natural seawater (SW) microbial community amended (DOM-amended treatment) or not amended with
leaked DOM (control treatment) from pressure-exposed S. marinoi. Seawater was incubated in 6-ml glass exetainers equipped with an oxygen-sensing optode and in
30-ml polyethylene flasks in darkness and at 15°C and atmospheric pressure for 2 weeks. Samples were taken at predefined time points. This incubation and sampling
scheme allowed following the temporal changes of different variables (see example plot).
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Fig. 2. DOM leakage from diatom aggregates and diatom cultures. Bulk composition and fluorescence of DOM in incubations of (A to D) diatom aggregates and (E to
H) cultures of the diatom S. marinoi. Hydrostatic pressure was increased by 5 MPa/day, thereby simulating the 20-day descent of aggregates or diatoms from the surface
ocean (0 km £ 0.1 MPa) into a deep-sea trench (10 km £ 100 MPa) (pressure treatment). Pressure was kept at atmospheric level in parallel incubations (control treatment).
Incubation temperature was 3°C. DOC, dissolved organic carbon; TDN, total dissolved nitrogen; Fluor, fluorescence; R.U., Raman units. Means + SD of 21 aggregates incu-
bated in five independent experiments and S. marinoi cultures incubated in four independent experiments are shown. For fluorescence, results from one aggregate ex-
periment (with three replicate aggregates at each pressure level) and from one diatom experiment (with three technical replicates at each pressure level) are shown; error

bars are sometimes smaller than the symbol.

DOM compound classes

In S. marinoi incubations, extracellular concentrations of total pro-
teins and carbohydrates, laminarin, and dimethylsulfoniopropionate
(DMSP) generally showed the same pressure-dependent patterns as
DOC and TDN (Fig. 3, A to E). Total carbohydrates were the most
abundant compound class leaking from S. marinoi, with a small con-
tribution (~5%) by the diatom-specific storage polysaccharide lami-
narin. Total proteins were the second most abundant compound
class. DMSP, measured because of its potential role as a piezolyte in
diatoms, was quantitatively unimportant but showed the most clear-
cut concentration pattern.

Expressing the total protein and carbohydrate concentrations in
carbon units allows constraining their relative contribution in the
bulk DOC leachate of S. marinoi. At pressure levels of 60 to 100 MPa,
bulk DOC leakage amounted to ~500 pM DOC and comprised
~100 uM proteins (assuming 53% C contents) and ~300 uM carbo-
hydrates (assuming 44.5% C contents). This leaves ~100 pM for all
other organic carbon compounds in the S. marinoi leachate.
Intracellular DOM
In the pressure treatment, increases in extracellular DOM concentra-
tions were mirrored by decreases in intracellular DOM concentra-
tions, both compound-(class)-specifically and quantitatively (Fig. 3,
G to K). Hence, the observed pressure-induced DOM leakage oc-
curred at the expense of intracellular DOM. Laminarin represented a

Stief et al., Sci. Adv. 12, eaec5677 (2026) 4 February 2026

notable exception to this rule, as its intracellular pool decreased ir-
respective of the pressure treatment (Fig. 3]). In the control treat-
ment, much of the intracellular laminarin pool was obviously used by
S. marinoi, as laminarin leakage did not occur. In the pressure treat-
ment, the depletion of the intracellular laminarin pool was even
stronger, but concomitant laminarin leakage was still minor. This im-
plies that also under pressure much of the laminarin depletion was
due to utilization by S. marinoi that survived the pressure treatment.
The effect of pressure on extra- and intracellular DOC and TDN con-
centrations and on extracellular protein and carbohydrate concentra-
tions was statistically significant (table S1).

Maximum DOM leakage from diatom aggregates corresponded
to 50 and 58% of initial carbon and nitrogen contents, respectively
(Table 1). Maximum DOM leakage from S. marinoi cells corre-
sponded to 42 and 63% of the initial cellular carbon and nitrogen
contents, respectively (Table 1). Multiplying per-cell DOC and TDN
leakage by the cell abundance of S. marinoi in the aggregates results
in DOC (2.6 pg of C/mm°) and TDN (0.4 pg of N/mm®) leakage
from aggregates. This is quite consistent with the observed DOC
and TDN leakage from aggregates of DOC (2.97 pg of C/mm?) and
TDN (0.46 pg of N/mm?), respectively. Notably, the molar C:N ratio
of the DOM leachates of diatom aggregates and S. marinoi cultures
was lower than that of the aggregate and culture biomass used for
experimentation (Table 1).
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Fig. 3. DOM leakage from diatom cultures. Composition of (A to F) extracellular and (G to L) intracellular DOM in incubations of S. marinoi cultures. Hydrostatic pressure
was increased by 5 MPa/day, thereby simulating the 20-day descent of diatoms from the surface ocean (0 km £ 0.1 MPa) into a deep-sea trench (10 km £ 100 MPa) (pressure
treatment). Pressure was kept at atmospheric level in parallel incubations (control treatment). Incubation temperature was 3°C. Extra- and intracellular concentrations are
expressed per sample volume and can thus be directly compared. The unitless index for biological formation and transformation, Iy, was calculated from molecular DOM
formulae obtained through Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). High I, values suggest recent biological production of DOM of pre-
sumably high lability. Proteins, total proteins; carbohydrates, total hydrolysable carbohydrates. For DOC, proteins, and carbohydrates, means =+ SD of S. marinoi cultures incu-
bated in three to four independent experiments are shown; for laminarin, DMSP, and I, results from one pressure experiment are shown (here, error bars refer to technical
replicates). Error bars are sometimes smaller than the symbol. Open symbol in (L) marks a questionable data point for S. marinoi cells depleted in intracellular DOM (IC = 0).

Table 1. Initial elemental and organic matter composition of diatom aggregates and S. marinoi cultures and maximum pressure-induced DOM leakage.
Diatom aggregates and S. marinoi cultures were subject to 20-day pressure and control incubations (DOM leakage experiment). Subsamples for elemental and
organic matter composition of aggregates and cultures were taken just before starting the incubations. Absolute DOM leakage per diatom aggregate volume (in
micrograms per 1 mm?® of aggregate) and S. marinoi cell (in picograms per cell) was calculated as the difference in extracellular concentrations of the respective
solute at elevated versus atmospheric pressure. Relative DOM leakage was expressed as a fraction of the initial element or organic matter contents of aggregates

and cultures. Maximum leakage measured at 60 to 100 MPa is given. Molar C:N ratios were calculated for aggregate and diatom biomass and for DOM leachates. To
this end, the measured TDN concentrations were adjusted by —1 uM N to account for the minor concentrations of dissolved inorganic nitrogen (i.e., nitrate and
ammonium) measured in the incubation vials, and thereby dissolved organic nitrogen (DON) concentrations were estimated. For aggregates, means + SD of 21

aggregates incubated in five independent experiments are shown. For cultures, means + SD of four independent pressure experiments are shown. ND, no data.

Diatom aggregates

Aggregate contents (ng/mm?>)

Maximum leakage (j1g/mm?)

Maximum leakage (%)

Total carbon 6.22 +1.32 2.97 + 1.06 495+ 175
Total nitrogen e ey Lo ey — T
CN ratio (M) B S LT E———
S. marinoi cultures Cellular contents (pg/cell) Maximum leakage (pg/cell) Maximum leakage (%)

Total carbon 16.1 +3.6 421495

Total nitrogen 26405 G300y
C:N ratio (M) 737 w005 | mmmmmmmmmmmm—m—ws—
Total lipids Np N
foralprorein: 13+60 ASe ey
Total carbohydrates souae T Be0 e
Laminarin 13¢04 Ey
DMSP 218077 2174009 006 A
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Molecular diversity of DOM

The biological formation and transformation index I, was calcu-
lated from molecular formulae of DOM present in the ambient sea-
water (Fig. 3F) and in the intracellular solutes of S. marinoi (Fig. 3L).
The index considers specific molecular formulae in solid phase-ex-
tracted DOM and was deduced using mass spectral data covering a
broad range from freshly microbially produced to aged and reworked
oceanic DOM (39). High I,;, values are indicative of recent biologi-
cal production of DOM that is presumably labile (39). According to
this index, the intracellular DOM of S. marinoi can be considered
labile and bioavailable to microbial heterotrophs (Fig. 3L). Pressure-
induced DOM leakage from S. marinoi increased Iy, in the ambient
seawater (Fig. 3F), which is consistent with the observed DOM con-
centration patterns.

Other diatom strains

Three additional diatom strains differing in cellular carbon and ni-
trogen contents by factors of ~20 and ~10, respectively, were used for
experimentation (table S2). All three strains showed the same pat-
terns of pressure-induced DOM leakage as observed for S. marinoi
aggregates and cultures (fig. S1). However, the pressure level at which
DOM leakage set in differed markedly between the three strains, i.e.,
at 20, 40, and 80 MPa for Chaetoceros socialis, Conticribra weissflogii,
and Phaeodactylum tricornutum, respectively. Maximum DOC leak-
age corresponded to 17 to 42% of cellular carbon contents in all four
diatom strains investigated (table S2). The loss of cellular nitrogen
due to leakage was generally higher and amounted to 34 to 76%. Ac-
cordingly, the molar C:N ratio of the DOM leachates of the three
strains was always lower than that of the biomass used for experi-
mentation (table S2). Cell abundance did not vary in any of the four
diatom strains throughout the incubations irrespective of the pres-
sure treatment (fig. S2).

DOM leakage during pressurization versus depressurization
Incubations of S. marinoi cultures in an underpressure filtration
module (fig. S3) confirmed that pressure-induced DOM leakage oc-
curred during pressurization rather than depressurization (fig. S4).
S. marinoi cultures filtered at pressure levels of 60 to 100 MPa (i.e.,
without a prior depressurization step) showed substantial increases
in extracellular DOC and TDN concentrations, consistent with the
depth-resolved patterns presented in Fig. 2. At the given cell density
of 3.4 x 10° cells/liter, the increase in extracellular DOC concentra-
tion corresponded to cell-specific leakage of 12.4 + 3.1 pg of C per
cell, which was at the lower end of the range of values presented
in Table 1.

DOM utilization experiment

Experimental simulation

Leaked DOM was produced by exposure of S. marinoi cultures to
60 MPa and 3°C for 24 hours (see Materials and Methods for de-
tails). The bioavailability of the leaked DOM for pelagic microbial
communities was explored using a surface seawater microbial
community incubated with or without leaked DOM (“DOM-
amended” and control treatment, respectively) at 0.1 MPa and
15°C (Fig. 1). At the start of 2-week incubations, DOM amend-
ment resulted in ~2-fold increases in DOC and TDN background
concentrations and ~10-fold increases in protein and carbohy-
drate background concentrations (Fig. 4, A to D). The effect of
DOM amendment on DOC, TDN, protein, and carbohydrate
concentrations and on respiration rates and bacterial abundance
was statistically significant (table S1).

Stief et al., Sci. Adv. 12, eaec5677 (2026) 4 February 2026

DOM utilization and lability

All compound classes of leaked DOM were used by the microbial
community mainly during the first week, while concentration
changes were minor during the second week. Utilization of leaked
TDN, proteins, and carbohydrates was incomplete; for bulk DOC,
this could not be resolved within the error margins. The biological
formation and transformation index I, had high values at the start
of the experiment, decreased during the first week, and remained
stable throughout the second week, although at slightly higher val-
ues than at the start of the incubation (Fig. 4E).

Microbial response

After a delay of ~12 hours, the microbial utilization of leaked DOM
resulted in a strong decrease in oxygen concentration (Fig. 4F).
Rates of aerobic community respiration peaked 18 to 24 hours after
addition of leaked DOM and returned to ~70% lower rates within
24 hours (Fig. 4G). Respiration rates decreased over time in the DOM
treatment but remained above those in the control treatment until
day 12 of the incubation. Total bacterial abundance increased
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Fig. 4. DOM utilization by a pelagic microbial community. Composition and uti-
lization of leaked DOM added to a natural seawater microbial community incu-
bated at atmospheric pressure and at 15°C for 2 weeks. (A to H) Time courses of
DOC, TDN, total protein, total hydrolysable carbohydrate concentrations, the mo-
lecular index for biological formation and transformation (Iyio), 0Xygen concentra-
tions, aerobic respiration rates, and total bacterial abundance in DOM-amended
versus control incubations are shown. Oxygen concentrations were measured in
gas-tight vials that were re-aerated three times to maintain high oxygen levels. All
other incubations were made in gas-permeable flasks in which oxygen levels al-
ways remained at >90% air saturation. Means + SD of three replicate incubations
are shown [in (F), individual replicates are shown].
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rapidly in the DOM treatment, peaked at ~30 times higher cell
counts within 2 days, and remained relatively stable afterward
(Fig. 4H). Notably, bacteria with a filamentous cell morphology in-
creased in abundance by the end of the 2-week incubation (fig. S5).

DISCUSSION

Pressure-induced DOM leakage originates from diatoms

The parallel incubation of aggregates and cultures of the diatom
S. marinoi allowed estimating the relative contribution of diatoms to
total DOM leakage from sinking aggregates that are also colonized
by bacteria and other microorganisms. By calculation, diatoms rath-
er were the main and maybe exclusive contributors to DOC and
TDN leakage. In contrast, assuming bacterial carbon contents typi-
cal of substrate-rich settings of 30 fg per cell (40) and the maximum
bacterial abundance in model diatom aggregates (33), even com-
pletely solubilized bacteria would contribute as little as 0.075 pg of
C/mm’ (i.e., ~3%) to DOC leakage from the aggregates.

In support of this quantitative argument, increasing extracellular
concentrations of any given DOM constituent were always mirrored
by decreasing intracellular concentrations of the same constituent.
Different diatom strains leaked DOM at different pressure levels
(e.g., C. socialis versus P. tricornutum), which was reflected in the
loss of intracellular DOM at the respective pressure level. These ob-
servations indicate that pressure-exposed diatoms leak intracellular
solutes from their cells into the surrounding seawater. The tentative
intracellular localization of the leaking DOM is the cytoplasm and
the vacuole of the diatoms because both DMSP (located in the cyto-
plasm) and laminarin (located in the vacuole) were leaking from the
diatom cells under pressure. While the (sub)cellular mechanism of
pressure-induced DOM leakage from diatoms is not yet known, it
seems likely that it involves loss of cell membrane integrity, which,
in future studies, might be tested using fluorescent probes (41). Im-
paired membranes may allow diffusion of cytoplasmic DMSP and
vacuolar laminarin out of the cells, which normally might be hin-
dered by their charge and size, respectively (7). The data obtained
with the underpressure filtration module further show that pressure-
induced DOM leakage is a relatively fast process on the order of
minutes to hours. Mechanical squeezing of diatom cells by pressure
must be minor, as water is compressed by only <4% at the given
pressure and temperature levels (42). In accordance with this, light
microscopy on pressure-exposed diatoms did not reveal broken
frustules (32).

Pressure-induced DOM leakage appears widespread among dia-
toms. The four strains tested in this study covered both centric and
pennate diatoms but consistently showed the same pressure re-
sponse and only differed in the pressure level that triggered DOM
leakage. It seems likely that other marine snow—forming microalgae
are also prone to pressure-induced DOM leakage. Obvious candi-
dates are dinoflagellates and fast-sinking coccolithophores, which
both release DOM during bloom events (43, 44) and potentially
when exposed to high hydrostatic pressure.

Composition of DOM leaking from diatoms

Dissolved proteins and carbohydrates were the dominant organic
compound classes leaking from S. marinoi under pressure. Protein
and carbohydrate leakage was accompanied by a strong increase
in protein-like fluorescent DOM that is commonly considered to
indicate the presence of relatively labile DOM (45). In contrast,
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humic-like fluorescent DOM, an indicator of relatively recalcitrant
DOM (23, 24), did not increase significantly. The dominance of
proteins and carbohydrates reminds of the composition of photo-
synthetic exudates of eukaryotic microalgae in the surface ocean
(11, 46). Proteins were likely localized in the cytoplasm, whereas
carbohydrates were likely localized in both the cytoplasm and the
vacuole. Diatoms are known to accumulate (chryso)laminarin as
their main storage polysaccharide. In marine snow sinking out of
the photic zone, laminarin accounts for as much as 50% of the total
particulate organic carbon (POC) contents (47), which makes it an
important candidate for DOM leakage. Total hydrolysable carbo-
hydrates and laminarin displayed different patterns of utilization
and leakage under pressure: For total hydrolysable carbohydrates,
the decrease in intracellular concentration equaled, within the er-
ror margins, the increase in extracellular concentration. However,
for laminarin, the strong decrease in intracellular concentration
was accompanied by only a weak increase in extracellular concen-
tration. This implies internal laminarin utilization by surviving
S. marinoi cells not only in the control but also in the pressure
treatment, potentially to cover energy expenditures in darkness
(47, 48). As a consequence of the exhaustive internal laminarin uti-
lization, substantial laminarin leakage could not occur at pressures
of >20 MPa in the pressure-tank experiment. The laminarin con-
tents of marine snow collected directly in the deep ocean remain
unknown. Hence, future studies are needed to explore the contri-
bution of laminarin and other intracellular molecules to carbon
export and turnover in the deep ocean.

DMSP accounted for only a minor fraction of organic solutes in
S. marinoi. The pattern of pressure-induced DMSP leakage was evi-
dent, with minimum intracellular and maximum extracellular con-
centrations precisely coinciding at 60 MPa. Our results imply that in
S. marinoi, the potential role of DMSP as a piezolyte that protects
the three-dimensional conformation of organic macromolecules at
high pressure (49) can be exerted up to a maximum of 40 MPa. In
P, tricornutum, intracellular DMSP was detectable up to a maximum
of 60 MPa, while C. weissflogii and C. socialis did not contain any
DMSP (see Data and materials availability; Stief, 2025a). Temperate
diatoms typically produce little DMSP (50). This is in contrast to
sea-ice diatoms, for which DMSP is recognized as a cryoprotectant
(51), or dinoflagellate and haptophyte taxa that often contain one to
two orders higher concentrations of intracellular DMSP. Further ex-
periments are required to elucidate the depth-dependent leakage of
DMSP in other taxa and to ascertain the suggested physiological
function of DMSP in pressure-induced stress responses by eukary-
otic phototrophs.

Pressure-induced DOM leakage might also include the release of
lipids and nucleic acids from diatom cells or aggregates. While the
total lipid contents of S. marinoi cultures were relatively high (this
study), this compound class contributed <5% to the total carbon
contents of diatom aggregates (33), suggesting a relatively low po-
tential for lipid leakage under natural conditions. Similarly, nucleic
acids contribute <5% to the total carbon contents of diatoms and
other microalgae (52) and probably even less in the partially degrad-
ed diatom cells associated with sinking aggregates. Hence, the po-
tential for nucleic acid leakage might also be relatively low. However,
in contrast to proteins and carbohydrates, lipids and nucleic acids
are particularly rich in phosphorus. It remains to be investigated
whether pressure-induced DOM leakage represents a significant
supply of phosphorus to the deep ocean.
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Functional role of DOM leaking from diatoms

Relatively high values of protein-like fluorescence and the molecular
index Iy, and relatively low values of molar C:N ratios predicted
that DOM leaking from pressure-exposed diatoms is labile. This
prediction was corroborated in the DOM utilization experiment, as
leaked DOM was readily available to heterotrophic pelagic mi-
crobes. All measured DOM constituents were rapidly used, although
not completely, and DOM utilization was accompanied by increases
in community respiration rate and bacterial abundance. Assuming
bacterial carbon contents typical of substrate-rich settings of 30 fg of
C per cell (40) and a respiratory quotient of 1, bacterial growth effi-
ciency (BGE) in the DOM-amended treatment was estimated at
12% during the first 24 hours of incubation. This is in the range of
BGEs determined for eutrophic coastal marine ecosystems and by
far exceeds BGEs determined for oligotrophic ocean regions (53).
Notably, I, decreased again in parallel with the concentrations of
the used DOM constituents, supporting that microbial processing
of labile DOM leaves recalcitrant DOM behind (25, 54).

Our data do not resolve which specific organic compounds were
used and which ones were not. However, carbohydrates were gener-
ally more efficiently used than proteins regarding rate and extent.
This might be explained by the presence of laminarin in the leaked
DOM used for the utilization experiment. In the marine pelagic,
freely dissolved laminarin is rapidly used by heterotrophic microbes
(45, 55, 56), and this was obviously also the case in the DOM utiliza-
tion experiment. The high degradability of laminarin contrasts with
that of structurally more complex polysaccharides, such as sulfated
fucans, which are not abundant in S. marinoi (57, 58).

In the marine pelagic, diatom-derived DOM fuels the microbial
loop and thereby a minor fraction of DOM becomes available for
higher trophic levels (15, 20). In our DOM utilization experiment,
bacterial abundance increased rapidly when the microbial communi-
ty was amended with diatom-derived, leaked DOM. In addition, the
dominance of different cell morphologies, such as filamentous types,
changed dynamically during the 2-week incubation. It is thus obvious
that the microbial community composition changed significantly in
response to leaked DOM. However, our DOM utilization experiment
was carried out with a surface microbial community incubated under
surface-ocean pressure and temperature conditions. This approach
enabled testing the bioavailability of leaked DOM as an inherent trait
of DOM but did not reveal rate and extent of DOM degradation as
influenced by origin of microbial community and pressure and tem-
perature conditions. Future studies should thus investigate the re-
sponse of deep-sea microbial communities to leaked DOM at the
high-pressure and low-temperature levels prevailing at the depth of
DOM leakage, ideally using in situ incubation systems (59, 60).

Conceptual considerations

The results of this study imply a hitherto unrecognized pathway of
the carbon cycle in the deep-ocean, pressure-induced DOM leakage
(Fig. 5). Diatoms and potentially other microalgae associated with
rapidly sinking particles leak DOM when they are exposed to high-
pressure levels. On the one hand, this process represents a carbon
loss for the biological carbon pump and thus contributes to the
attenuation of the vertical POC flux in the deep ocean (61, 62).
Pressure-induced DOM leakage thus supplements the other known
pathways of flux attenuation, i.e., microbial degradation of and
metazoan grazing on sinking particles (3). The decreasing amounts
of POC collected by sediment traps at greater water depths likely
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result from the combined effects of any of these three pathways. On
the other hand, pressure-induced DOM leakage supplies labile, bio-
available carbon to the pelagic microbiome of the deep ocean. Sup-
ply of labile DOM to the deep ocean has recently been ascribed to
migrating zooplankton, but this is limited to the upper ~2 km (63).
In contrast, pressure-induced DOM leakage occurs at depths of 2 to
6 km and thus well below the sequestration depth for organic and
inorganic carbon (27-29). Hence, this process will be of particular
importance when fast-sinking particles dominate the vertical POC
flux or when particle export is mediated by the recently described
“particle injection pumps” that bypass the gravitational biological
carbon pump (64). Either way, DOM leaking from sinking particles
might be stored in the deep ocean for centuries, irrespective of
whether it is microbially mineralized to CO, or transformed into
other dissolved organic compounds. Microbial processing and di-
versification of DOM derived from pressure-induced leakage will
likely increase its recalcitrance and sequestration time in the deep
ocean (22, 26, 53). Pressure-induced DOM leakage may thus fuel the
persistent DOM pool in the bathypelagic and abyssopelagic zones.
Beyond the biogeochemical implications of pressure-induced
DOM leakage, this pathway of particle solubilization has as yet un-
known biological and ecological dimensions. We envisage that leaked
DOM will fuel the microbial loop and thus the planktonic food web
in the deep ocean (15, 20). This process likely entails shifts in micro-
bial community composition that might or might not resemble the

arbon fixation driving

co,

Cco,~°
2\ vertical POC export

{ co,
\ co,
co,

— CO.
DOC — ves.,

Pelagic DOC pool

co,

co,

Fig. 5. Conceptual scheme of pressure-induced leakage of DOC. At the ocean
surface, primary producers (e.g., diatoms) fix carbon dioxide (CO,) into organic car-
bon that sustains the marine food web. Living and dead organisms represent par-
ticulate organic carbon (POC), some of which sinks down the water column as
marine snow particles. The vertical POC export via the gravitational biological car-
bon pump is strongly attenuated because of microbial degradation and metazoan
grazing, which produces CO,. If this process occurs close to the ocean surface, then
CO, is fixed again by primary producers or diffuses back into the atmosphere. POC
degradation in the deep ocean proceeds at lower rates, and the CO, produced is
trapped below the sequestration depth (dashed line) for >100 years. Only a minor
fraction of the sinking POC feeds the benthic POC pool and is sequestered in the
seabed. At the high-pressure levels prevailing in the deep ocean, primary produc-
ers (e.g., diatoms) associated with fast-sinking “marine snow” particles leak DOC,
some of which is metabolized by the pelagic microbiome of the deep ocean to
form CO, and/or diverse new DOC compounds (DOG,y,), the latter ones feeding the
persistent pelagic DOC pool. Leaked DOC may thus be trapped as CO, and/or
DOCG,y, below the sequestration depth for >100 years.
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succession patterns of bacterioplankton induced by diatom blooms
in the surface ocean (55). Exploring these succession patterns in the
deep ocean means to entering uncharted territory, as the key players
in the degradation of labile, diatom-derived DOM still remain to be
found in the largest habitat of the biosphere.

MATERIALS AND METHODS

Diatom cultures and model diatom aggregates

Diatoms

Four diatom strains were obtained from the culture collections Na-
tional Center for Marine Algae and Microbiota (NCMA; Bigelow,
USA), Roscoff Culture Collection (Station Biologique de Roscoff,
France), and Gothenburg University Microalgae Culture Collection
(GUMACCG; University of Gothenburg, Sweden): S. marinoi (CCMP
1332), C. weissflogii (formerly known as Thalassiosira weissflogii)
(CCMP 1336), C. socialis (RCC 6904), and P, tricornutum (GUMACC 2)
(see Data and materials availability; Stief, 2025a). The strains were
cultured in L1 medium plus silicate (65) prepared with sterilized
natural seawater [35 practical salinity unit (psu)]. The cultures were
grown at 15°C under a light/dark regime of 14/10 hours. Before each
experiment, diatom exudates in the culture flasks were removed by
a washing step: The cultures were centrifuged at 500g for 5 min, the
supernatant was discarded, and the cells were resuspended in sterile
seawater media (35 psu) prepared from Red Sea Salt (Red Sea
Aquatics Ltd., Cheddar, UK) and deionized tap water (“RSW35”).
Background DOC and TDN concentrations of RSW35 were ~150 pM
Cand ~30 pM N, respectively. Cellular carbon and nitrogen con-
tents of each diatom strain were determined in five replicates of
known cell abundance using a Na 1500 elemental analyzer (Fisons,
Loughborough, UK).

Aggregates

Model diatom aggregates were produced in 600-ml glass bottles ro-
tating on a plankton wheel (32, 66) (see Data and materials avail-
ability; Stief, 2025b). To this end, 100 ml of stationary-phase
S. marinoi culture was diluted with 500 ml of 3-pm filtered surface
seawater collected in @resund off Denmark. Near-spherical aggre-
gates formed within 1 to 3 days. Before using the aggregates in
pressure-tank experiments, they were individually transferred to
RSW35 to wash off diatom exudates and microorganisms not at-
tached to the aggregates. Diatom cell counts and sizing of diatom
aggregates were performed, as described in (33).

DOM leakage experiments

Simulation of marine snow sinking into the deep ocean

To explore pressure-induced DOM leakage from marine snow, 10
rotating incubation tanks were used to simulate the sinking of dia-
tom cells and aggregates from the surface ocean into a deep-sea
trench within 20 days (Fig. 1) (32, 33). The horizontal rotation of the
cylindrical tanks kept diatom cells and aggregates in suspension as if
they were sinking through the water column. In five incubation
tanks, hydrostatic pressure was incrementally increased by 5 MPa/
day to simulate the sinking speed of 500 m/day previously deter-
mined for model diatom aggregates (32) (pressure treatment).
The pressure increase was administered every 24 hours at a speed of
1 MPa/min. After 20 days, the maximum pressure of 100 MPa was
reached, which corresponds to a water depth of 10 km. In five incu-
bation tanks, hydrostatic pressure was not increased during the
20-day incubation (control treatment). Every 4 days, one pressure and
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one control tank were opened to retrieve samples for analysis. This
incubation and sampling scheme allowed to reconstruct depth pro-
files of pressure effects on different variables at 2-km resolution (i.e.,
at 0, 2, 4, 6, 8, and 10 km of simulated sinking depth). Since tem-
perature critically determines membrane fluidity and functionality
and thus potentially also DOM leakage from diatoms, the incuba-
tion temperature during the DOM leakage experiments was 3°C,
which is in the range of deep-ocean temperatures.

Inside the pressure and control tanks, diatom cultures were incu-
bated in acid-washed 32-ml polyethylene flasks, while diatom ag-
gregates were individually incubated in acid-washed 5.9-ml glass
exetainers (Labco Ltd., Lampeter, UK). The flexible polyethylene
wall of the flasks and the chlorobutyl rubber septum of the exetain-
ers efficiently transmit the hydrostatic pressure level inside the tanks
into the actual incubation vials. The flexible septum prohibits the
glass exetainers from breaking under pressure.

Sampling scheme

For each of the four diatom cultures and for the diatom aggregates,
the pressure experiment was repeated four and five times, respec-
tively. Upon sample retrieval (including at time 0), the diatom cul-
tures were first sampled for cell abundance by fixing 1 ml of cell
suspension with 50 pl of 37% formaldehyde. The remainder of the
culture was filtered over a precombusted 0.3-pm glass fiber filter
(GF75, Advantec MFS Inc., Dublin, USA). The filtrate was split into
3 ml for combined DOC and TDN analysis, 10 ml for fluorescence
measurements, 1 ml each for total protein, total carbohydrate, and
DMSP analysis, 5 ml for enzyme-based laminarin analysis, and
10 ml for ultrahigh-resolution mass spectrometric DOM analysis.
The split filtrates were stored at —20°C, except for the DOC, TDN,
and DOM fluorescence samples that were kept at 4°C and analyzed
within 1 day (DOC and TDN) and 1 week (DOM fluorescence).

The diatom biomass retained on the filter was freeze dried and
split into subsamples for analyzing the intracellular contents of
DOC and TDN (combined sample), total protein, total carbohy-
drate, laminarin, and DMSP, as well as the molecular composition of
DOM. The variables fluorescence, laminarin, DMSP, and DOM
composition were each analyzed in one experiment only. For the
analysis of intracellular DOC, TDN, and DOM composition, the
diatom cells retained on filters were lysed through rapid freeze-thaw
cycling, as described in (67). In contrast, the analyses of intracellular
proteins, carbohydrates, laminarin, and DMSP involved extraction
or lysis steps in the respective analytical procedure (see below).

The diatom aggregates were individually sized through photo-
graphing and image analysis before the experimental incubations
(33). In addition, for each experiment, a subset of aggregates was
analyzed for diatom cell abundance and total carbon and nitrogen
contents. Upon sample retrieval during the experimental incubation
(including at time 0), the diatom aggregates were allowed to settle
onto the bottom of the exetainers. The top 4 ml of seawater in the
exetainers was carefully siphoned off and filtered through a precom-
busted 0.3-pm glass-fiber filter (GF75) and used for combined DOC
and TDN analysis. For fluorescence measurements, filtered seawater
from three exetainers was pooled to arrive at a sample volume
of 10 ml.

DOM leakage during pressurization versus depressurization

To clarify whether pressure-induced DOM leakage from diatoms
occurs during pressurization or depressurization, S. marinoi cul-
tures were incubated in a custom-made, underpressure filtration
module (fig. S3). In this module, two 20-ml glass syringes were
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tightly connected via a filter cartridge loaded with a precombusted
0.3-pum glass-fiber filter (GF75). One of the two syringes was filled
with washed S. marinoi culture, while the other syringe remained
empty. The connected syringes were mounted onto the module with
the piston of the diatom-filled syringe fastened to a spring-operated
fixture. The filtration module holding in total three pairs of syringes
was inserted into a pressure tank equipped with an electrical
feedthrough in the lid (32). In serial incubations, the tank was pres-
surized to 0.1, 20, 40, 50, 60, 80, or 100 MPa at a speed of 1 MPa/min
and horizontally rotated to keep the diatom cells in suspension (32).
The pressure level adjusted inside the tank was transmitted into the
diatom-filled syringe via the movable piston. After 30 min of pres-
sure exposure, the three pairs of syringes were individually released
by electric signals sent through the feedthrough in the lid of the
pressure tank. Thereby, the contents of the diatom-filled syringes
were pressed through the glass-fiber filters, which physically sepa-
rated the diatom biomass retained on the filter from the seawater in
the receiving syringe. Only after filtration was completed in all three
pairs of syringes (~30 s each), the tank was depressurized (~10 min),
and the syringes were retrieved for sampling (~5 min). Any DOM
that had leaked from the diatoms during pressurization was con-
tained in the filtered seawater, whereas any DOM leaked during the
subsequent depressurization did not get in contact with the fil-
tered seawater.

DOM utilization experiment

Experimental design

Bioavailability and degradation of DOM leaking from pressure-
exposed S. marinoi were studied in surface seawater collected in the
German Bight before the onset of the spring bloom and stored in
darkness until used for experimentation (see Data and materials
availability; Stief 2025¢) (Fig. 1). The seawater was 3-pm filtered be-
fore use. DOM was produced by exposing ~180 ml of washed cul-
ture of S. marinoi to 60 MPa and 3°C for 24 hours to induce DOM
leakage. Following depressurization, the S. marinoi culture was fil-
tered through a precombusted 0.3-pm glass-fiber filter (GF75) and
the filtrate used for experimentation. Three acid-washed 140-ml
polyethylene flasks were filled with one part of DOM and two parts
of 3-pum filtered surface seawater (DOM-amended treatment), leav-
ing a 10-ml headspace in the flask. Three acid-washed 140-ml poly-
ethylene flasks were filled with one part of 0.3-um filtered and two
parts of 3-pum filtered surface seawater (control treatment) to arrive
at the same dilution of the microbial community in both treatments.
To provide conditions conducive of active DOM degradation by the
surface microbial community, the seawater-filled flasks were incu-
bated at 0.1 MPa and 15°C.

Sampling scheme

The six flasks were incubated on a horizontal shaker for 2 weeks
during which they were sampled six times. At each time point, the
flasks were first sampled for bacterial cell abundance by fixing 1 ml
of seawater with 50 pl of 37% formaldehyde. Then, 15 ml of seawater
was collected and 0.3-pum filtered (GF75), and the filtrate was split
into 3 ml for combined DOC and TDN analysis, 1 ml each for total
protein and total carbohydrate analysis, and 10 ml for ultrahigh-
resolution mass spectrometric DOM analysis. The split filtrates were
stored at —20°C until analysis.

Respiration activity

To continuously measure the respiration activity of the microbial
communities, a proxy for oxidative carbon mineralization, two sets
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of three 5.9-ml exetainers equipped with an oxygen-sensing optode
foil were filled with DOM-amended and nonamended (control)
surface seawater (32). The exetainers were placed on a horizontal
shaker and connected to a computer-controlled oxygen meter
(FireSting, PyroScience, Aachen, Germany). The observed changes
in oxygen concentration over time were used to calculate respira-
tion rates for defined time intervals. To avoid oxygen depletion
in the seawater, the exetainers were re-aerated three times, as de-
scribed in (68). At each sampling time point in the 140-ml polyeth-
ylene flasks, oxygen measurements revealed air saturation levels of
>90%, presumably because of the headspace in the flasks and the
gas permeability of polyethylene.

DOM analyses

DOC and TDN

Extra- and intracellular DOC and TDN samples were analyzed on a
total organic carbon (TOC) analyzer (TOC-L, Shimadzu Europa
GmbH). TDN is the sum of dissolved organic nitrogen (DON) and
dissolved inorganic nitrogen, i.e., ammonium, nitrite, and nitrate.
DOM fluorescence

Absorbance and fluorescence of DOM were determined using a
HORIBA Aqualog at an excitation between 240 and 600 nm (incre-
ment 5 nm) and an emission between 246 and 824 nm (increment
~4.6 nm). The wavelength accuracy of the excitation monochroma-
tor and the emission detector (+1 nm), along with cuvette immacu-
lacy were verified daily before analytical measurements (69). An
ultrapure water sample (Starna Scientific Ltd.) was used as the blank
and to determine the instrument-specific Raman scatter at an exci-
tation of 350 nm. Arbitrary fluorescence counts were divided by this
area; fluorescence intensities were reported in Raman units. After
the subtraction of the blank, Raman and Rayleigh scatters were re-
moved without interpolation and inner-filter effects compensated
with the absorbance-based approach (70). Protein-like fluorescence
(peak “T”) was extracted at excitation and emission wavelengths of
275 and 340 nm, respectively, whereas humic-like fluorescence
(peak “D”) was extracted at 390 and 509 nm, respectively (71, 72).
The reported peak T was highly correlated with peaks “M” and “C”
(R2 ~0.99) (71), while the reported peak D was significantly corre-
lated with peak “A” (R*=0.95) (71).

Total proteins

Proteins were extracted and hydrolyzed in 0.5 M NaOH at 80°C for
30 min (73). This was achieved by adding 0.5 ml of 1.5 M NaOH to
1-ml seawater samples and 3 ml of 0.5 M NaOH to filter sections of
known size. After cooling, the samples were centrifuged at 3000g
for 10 min and analyzed by the Lowry protein assay (74). Bovine
serum albumin was used for preparing calibration standards (0 to
50 mg/liter).

Total carbohydrates

Hydrolysable carbohydrates were quantified by total acid hydroly-
sis in 1 M HCI at 100°C for 24 hours (75). This was achieved by
combining 1 ml of 2 M HCl with 1-ml seawater samples or by add-
ing 3 ml of 1 M HClI to filter sections of known size in sealed glass
vials. After cooling, the samples were centrifuged at 3000g for
10 min and analyzed by the 4-hydroxybenzoic acid hydrazide
(PAHBAH) reducing sugar assay (76, 77). Since laminarin was
identified as the major polysaccharide in diatom-derived particles
(47), we used laminarin extracted from Laminaria digitata (L9634,
Sigma-Aldrich, Germany) for preparing calibration standards (0 to
200 mg/liter).
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Laminarin

Intracellular laminarin was extracted from filter sections of known
size with 50 mM Mops buffer at 60°C for 1 hour (75). Extracellular
laminarin was desalted by dialysis of 10 ml of filtrate in 1-kDa tub-
ing (Spectra/Por, Spectrum Laboratories) against 10 liters of Milli-Q
water with stirring and then concentrated by freeze-drying and re-
suspension in 0.45 ml of Milli-Q water. Laminarin standards from
L. digitata (L9634, Sigma-Aldrich, Germany) were dialyzed and
freeze dried in parallel with the samples. Extra- and intracellular
laminarin were quantified in technical triplicates by specific hydro-
lysis with laminarinases and the PAHBAH reducing sugar assay
following (75, 77).

Dimethylsulfoniopropionate

DMSP dissolved in seawater (extracellular DMSP) and intracellular
DMSP (IC-DMSP) were quantified using headspace direct injection of
gaseous phase (for IC-DMSP) and the in-vial purging of aqueous phase
(for extracellular DMSP) methodologies described in (78). Briefly, 1 ml
of seawater or one filter section of known size were transferred into a
3-ml glass exetainer sealed with a polytetrafluoroethylene-coated rub-
ber septum (Labco Ltd., Lampeter, UK). DMSP was hydrolyzed to di-
methyl sulfide (DMS) by injecting 1 ml of 1 N NaOH through the vial
septum, followed by incubation at room temperature for at least 1 day.
Samples were equilibrated at 26°C overnight before gas chromato-
graphic quantification with flame photometric detection of DMS
(Shimadzu GC-2010, Milton Keynes, UK) using a 60 m-by-0.53 mm-
by-7 pm capillary column (RTX-1, Thames Restek UK, Saunderton,
UK). The gas chromatograph was calibrated (R* > 0.99) with DMSP
synthesized from DMS and acrylic acid as described in (79). The limits
of quantification were 600 pmol of DMS (lowest calibration concentra-
tion for direct injection method) and 3.6 + 1.86 pmol of DMS (10 times
peak height above baseline for in-vial purge method).
Ultrahigh-resolution mass spectrometry of DOM

After thawing, samples were immediately acidified to pH 2 (hydro-
chloric acid, 25%, analytical grade) and extracted via 100 mg of Prior-
ity PolLutant (PPL) resin (Agilent Bond Elut) following the procedure
of (80). PPL reproducibly extracts a well-defined fraction of DOM,
covering a broad range of polarities and molecule sizes. Small polar
compounds are not quantitatively retained on PPL resin, with extrac-
tion efficiencies for seawater of ~60%. Solid phase-extracted DOM
was eluted with ~0.5 ml of methanol (high-performance liquid chro-
matography grade), and procedural blanks were prepared with ultra-
pure water for each set of processed samples. For analysis on a 15
Tesla SolariX Fourier transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS; Bruker Daltonik GmbH, Bremen, Germany),
extracts were diluted to reach similar organic carbon concentrations
in 1:1 methanol:water, ensuring maximum comparability of mass
spectra. Ionization was achieved via electrospray in negative mode.
Ton accumulation time was 0.6 s, and 200 scans were accumulated per
sample. All samples were analyzed in technical duplicates, and deep-
sea DOM reference material (https://uol.de/en/icbm/dsr-dom) was
repeatedly analyzed together with the samples for quality and instru-
ment performance control. Mass spectra were calibrated with a list of
exact masses of confirmed molecular formulae to achieve <0.1 parts
per million of mass error over the considered mass/charge ratio range
of 100 to 800. Calibrated spectra were then processed with the server-
based tool ICBM-OCEAN (81) to align detected masses and assign
molecular formulae. For further data analysis, a minimum detection
limit of 3 and the “likeliest match” output file were chosen. The index
for biological formation and transformation (Ip,) was calculated
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from the peak intensities of specific molecular formulae and provides
a measure for recent biological processing of DOM (39). More spe-
cifically, I, is the ratio of the sum of peak intensity of five known
molecular formulae that indicate recent biological processing of
DOM and of five known molecular formulae that are not influenced
by recent biological processing of DOM. High I, values suggest re-
cent bioproduction of DOM of presumably high lability.

Microbial abundance

For each sampling time point of the 2-week DOM utilization experi-
ment, the abundance of prokaryotes (bacteria and archaea) was deter-
mined through automated microscopic cell counts and image analysis
using ACMEtool3 (82). The 1-ml seawater samples were filtered onto
0.2-pm polycarbonate membranes (Isopore, Merck, Germany), washed
with 10 ml of 0.2-pm filtered Milli-Q water, and stored at —20°C. One
section of each membrane filter was embedded in Citifluor:
VECTASHIELD (3:1) that contained 4’,6-diamidino-2-phenylindole
(DAPL 1 pg/ml; Sigma-Aldrich, Germany) for nucleic acid staining.
Images were automatically acquired on a Zeiss Axiolmager. Z2 micro-
scopic stand (Carl Zeiss Microlmaging GmbH, Germany) with a cooled
charge-coupled device camera (AxioCam MRm, Carl Zeiss) and a Co-
libri light-emitting diode light source (Carl Zeiss) with a light-emitting
diode (365 + 4.5 nm) for DAPI (82).

Statistical analysis

After testing for normal distribution and homogeneity of variance
of the replicated data, repeated-measures analysis of variance
(ANOVA) was used to test the vertical profiles and the time series of
the different variables analyzed in the DOM leakage and utilization
experiments, respectively, for statistically significant differences. For
the DOM leakage experiments, the main effects tested were “pres-
sure treatment” and “time” and the interaction between the two. For
the DOM utilization experiments, the main effects tested were
“DOM amendment” and time and the interaction between the two.
Nonreplicated data were not statistically tested. Statistical testing
was made in SigmaPlot 13 (Grafiti LLC, Palo Alto, USA). The results
are summarized in table S1.

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Tables S1and 52
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