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The microbial carbon pump (MCP) hypothesis suggests that successive transformation of labile dissolved organic
carbon (DOC) by prokaryotes produces refractory DOC (RDOC) and contributes to the long-term stability of the
deep ocean DOC reservoir. We tested the MCP by exposing surface water from a deep convective region of the
ocean to epipelagic, mesopelagic, and bathypelagic prokaryotic communities and tracked changes in dissolved
organic matter concentration, composition, and prokaryotic taxa over time. Prokaryotic taxa from the deep ocean
were more efficient at consuming DOC and producing RDOC as evidenced by greater abundance of highly
oxygenated molecules and fluorescent components associated with recalcitrant molecules. This first empirical
evidence of the MCP in natural waters shows that carbon sequestration is more efficient in deeper waters and
suggests that the higher diversity of prokaryotes from the rare biosphere holds a greater metabolic potential in

creating these stable dissolved organic compounds.

INTRODUCTION

The ocean holds as much carbon in its dissolved organic matter (DOM)
pool as the atmosphere does CO,, with most oceanic dissolved or-
ganic carbon (DOC) resisting biodegradation for millennia (1) thereby
contributing to climate stability. Prokaryotes are suggested to pro-
duce most of this long-lived DOM either through successive and
relatively rapid (days to months) transformation of labile DOC to
intrinsically refractory DOC (RDOC) (2-4) or by consuming com-
pounds down to an energetically unprofitable threshold (via “dilution”)
(5, 6). Some authors argue that both microbial carbon sequestration
pathway processes are part of the microbial carbon pump (MCP)
(7), whereas others refer to the MCP as the recalcitrance hypothesis
only (8, 9) as described in the original seminal paper (4). Here, we
will present them as two separate hypotheses, as their relative im-
portance to carbon sequestration may differ in space and over time,
particularly in a rapidly changing ocean (8, 10). On the basis of the
recalcitrance hypothesis, the MCP may represent the equivalent of
27 to 58% of the particulate flux at 2000 m created by the more
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established biological carbon pump (9), thus making it another ma-
jor carbon sequestration pathway. Indirect evidence using bacterial
biomarkers shows that large fractions of marine DOC and nitrogen
are of microbial origin (11-13). Moreover, indirect evidence of the
MCP using 8"°C signatures of hydrocarbons suggests the role of
microbes in storing large amounts of RDOC in ocean sediments,
with overlying anoxic waters, influencing Proterozoic climate (14).
However, direct evidence of the modern MCP has only been demon-
strated in artificially amended waters (2, 3, 15) and remains untest-
ed in a natural setting.

DOM reprocessing is dependent on the prokaryotic community
composition as different taxa are known to prefer certain types of
molecular compounds (16, 17). However, the prokaryotic taxa in-
volved in the RDOC sequestration through the MCP have not been
identified. Community composition differs among major ocean strata
(18), and it is likely that some communities may be more efficient
than others at producing refractory DOM. Deep ocean prokaryotic
communities are very diverse and harbor a rich rare biosphere (19, 20),
a group of individual taxa that represents less than 0.1% of total
abundance. Taxa in the rare biosphere likely have a myriad of alter-
native metabolic pathways to transform DOM and may serve as a
seed bank (21) where rare taxa become abundant once labile sub-
strates are replaced by semilabile ones. However, the diversity of and
role played by the rare biosphere among ocean layers influencing
carbon sequestration efficiency of the MCP remain unknown.

The Labrador Sea is a region of deep convective mixing, described
as one of the tipping points of the Earth’s climate system because of
its role in O, and CO; export to the deep ocean (22). The efficiency
of this CO; entrainment (23) is influenced by interannual variations
in convective mixing depth, which fluctuates between the mesope-
lagic and bathypelagic zones (24). In addition to entraining gases,
surface DOM will also reach different strata, where it will be ex-
posed to distinctive prokaryotic communities (25). The uniqueness
of the deep convective mixing in the Labrador Sea, which fluctuates
among years and can reach down to 2500 m (26), makes it a key and
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ideal location to (i) test the efficiency of epi-, meso-, and bathype-
lagic communities in consuming DOC and stimulating the MCP in
a natural setting and (ii) identify which prokaryotic taxa are involved
in the production of RDOC. Furthermore, our experimental design
also assessed the potential effect of eddies, which are common almost
everywhere in the global ocean (27), on the DOM-prokaryotic
interactions in carbon sequestration, making our findings more
broadly applicable.

RESULTS

DOC degradation

Deep convective mixing was emulated by inoculating 8 liters of 0.2-um
filtered surface water with prokaryotic communities with 2 liters
of water collected in the epipelagic (20 m), mesopelagic (500 m),
and bathypelagic (1500 m) filtered at 53 um in duplicate for three
treatments. To track DOM and prokaryotic changes among treat-
ments, microcosms were sampled frequently (from daily to month-
ly) and in considerable detail (see Materials and Methods) for the
first 92 days, with final DOC concentrations verified after ~1.5 years
of incubation. In terms of DOC consumption among treatments,
the measured DOC decay constant (k) was slightly higher in the
bathypelagic treatment (0.099 + 0.037 days™") but was not signifi-
cantly different [analysis of variance (ANOVA), F, 56 = 0.738, P =
0.48] from the k in the epi- and mesopelagic treatments (0.059 +
0.016 days ' and 0.061 + 0.023 days ', respectively). As a result, the
bathypelagic treatment reached a plateau baseline of 53 + 1 umol C
liter ' DOC at 50 days of incubation as compared to around 85 days
for the epi- and mesopelagic treatments (Fig. 1A). A slight increase
in DOC concentration was observed between 31 and 62 days, possi-
bly due to chemoautotrophy, but was overridden by consumption
and declined toward the end of the incubation (Fig. 1 and table S1).
There was a rapid growth of prokaryotes in the surface treatments
followed by a fast decline, probably in response to the labile DOM
addition and its exhaustion, respectively (fig. S1) (28). In contrast,
cell counts remained low in deeper treatments (meso- and bathype-
lagic) and peaked later, but prokaryotes were still very active, result-
ing in a higher specific biomass production (ANOV A with post hoc
Tukey test, P < 0.05; Fig. 1B). This result suggests a higher affinity to
this fresher DOM by deeper prokaryotic taxa.

DOM transformation: Emergence of recalcitrant molecules
Different DOM patterns of assigned molecular formulae (MF) using
Fourier transform ion cyclotron resonance mass spectrometry with
negative electrospray ionization mode (ESI-FT-ICR-MS) among
treatments were identified after 92 days of incubation (Fig. 2, A to C).
Overall changes among broad DOM categories were observed:
unsaturated high oxygen MF increased and unsaturated low oxygen
MF decreased in the deeper treatments (Fig. 2, D to F). In contrast,
carboxyl-rich alicyclic molecules (CRAM) decreased by up to 5% in
all treatments (fig. S3C). Nevertheless, CRAM still represented about
65% of the total MF signal. When we assessed shifts over time using
Van Krevelen plots, less oxygenated MF were largely consumed (dark
blue dots) in both the bathypelagic and mesopelagic treatments with
similar O/C ranges of 0.2 to 0.4 and 0.2 to 0.3, respectively, whereas
the epipelagic treatment showed a smaller consumption of O-poor
molecules (Fig. 2). DOM with a net positive signal increase (Fig. 2,
A to C; dark red dots) by mesopelagic prokaryotic communities had
O/C ratios of between 0.4 and 0.7 and H/C ratios of 1.1 and 1.6,
whereas the ranges of these ratios were broader in the bathypelagic
treatment at 0.4 to 0.9 and 0.7 to 1.6, respectively. This general pattern
was observed after 20 days of incubation (fig. S2, A to C) and became
more pronounced over time (fig. S3A; ANOVA with post hoc Tukey
test, P < 0.05), suggesting the iterative process of creating relatively
oxidized and stable molecules, particularly in the deep ocean. How-
ever, the nominal oxidation state of carbon (NOSC) increased only
in the bathypelagic treatment (fig. S3B; ANOV A with post hoc Tukey
test, P < 0.05). The qualitative changes in MF does not necessarily sup-
port the net production of more stable molecules, particularly given
the overall DOC consumption, but changes in the fluorescence signal
of different DOM components provided semiquantitative evidence
of an increase in more refractory material over the course of incu-
bations. The FDOM component Fe,y486 increased over time in
the deeper treatments (fig. S3C; ANOVA with post hoc Tukey test,
P < 0.05) and in all treatments after 548 days (ANOVA with post hoc
Tukey test, P < 0.05), and the component Fj¢,392 increased over time
inall treatments (fig. S3D; ANOV A with post hoc Tukey test, P < 0.05).
Combined, these results support the production or alteration of
compounds into more stable molecules by prokaryotes in the three
oceanic strata we looked at, but especially by those inoculated by
communities from the deeper meso- and bathypelagic ocean.
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Fig. 1. Time series of DOC concentration and specific biomass production. (A) Bulk DOC concentration in pmol C liter™" as a function of incubation time (days). The
DOC decay curves were performed using a two pools multi-G approach. The x axis was truncated to better visualize all data points. (B) Specific production rates as a
function of incubation time. Specific production rates, i.e., biomass production (BP) normalized to abundance, were at least twofold higher in the bathypelagic treatment
as compared to the epipelagic treatment during the first 2 months of the experiment but were generally similar to the mesopelagic treatment. Error bars represent the
mean absolute deviation between treatment duplicates in (A) and (B).

LaBrie et al., Sci. Adv. 8, eabn0035 (2022)

8 July 2022 20f12

2202 ‘22 AInc uo B10'90us 105" MA//:sdny WoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

i Bathy92
A A Epi92 B A Meso92 c A Bathy9
2.0 2.0 2.0 -~ 20
- 15
1.5 1.5 1.5 .
4) 8) ®)
T T T [o°
1.0 . 1.0 . 1.0 .
- 0.0
|- 05
0.5 0.5 0.5
L _10
02 04 06 08 10 02 04 06 08 10 02 04 06 08 10
o/C Qo/C o/C
(%) D E F
S 60
£ O Aliphatics B Unsaturated, high oxygen O Unsaturated, low oxygen
S 50+ B Polyphenols @ Peptides
S 40
[&]
o
o —
g 30
3
2 20
R
@ 10 -
N
0 92 0 92 0 92

Incubation time (days)

Fig. 2. Changes in DOM composition after 92 days across treatments using ESI-FT-ICR-MS. The top row shows the relative change in the abundance of MF using
van Krevelen diagrams comparing MF at 92 days of incubation with those observed at time 0in the epi- (A), meso- (B), and bathypelagic (C) treatments. Each point
represents a MF and is positioned on the basis of its elemental stoichiometry (oxygen:carbon on the x axis, hydrogen:carbon on the y axis). Cold (dark blue) and hot
(yellow to red) colors represent a loss and increase in MF’s signal intensity, respectively, and blue-gray color represents marginal signal change over time. The bottom
row shows the relative change of groups of compounds comparing MF at 92 days of incubation with those observed at time 0in the epi- (D), meso- (E), and
bathypelagic (F) treatments, where error bars represent the mean absolute deviation between treatment duplicates. Samples were run in negative mode. Each MF was
classified on the basis of stoichiometry; polyphenol [0.67 > modified aromaticity index (Almod) > 0.5], unsaturated, low oxygen (Almod < 0.5, H/C < 1.5, 0/C < 0.5), un-
saturated, high oxygen (Almod < 0.5, H/C < 1.5, 0/C > 0.5), aliphatic (H/C > 1.5, N = 0), and peptide-like (H/C> 1.5, N > 0).The two most dynamic groups are unsaturated,
low oxygen (yellow, O:C < 0.5) and unsaturated, high oxygen (red, O:C > 0.5) compounds. These results suggest that deeper prokaryotic communities transformed DOM
into more refractory compounds as evidenced by the decrease in H:C and increase in O:C caused during the oxidative degradation of DOM, replacing H atoms by O-rich

functional groups such as COOH and COH.

Prokaryotic community shifts: Emergence of rare biosphere

Throughout the incubations, the composition of the prokaryotic
communities differed substantially between the surface and the
deeper meso- and bathy- pelagic treatments, which were found to
be more similar (Fig. 3 and fig. S4). In the surface treatment, the
four main taxa during the exponential growth were Flavobacteriia
(Polaribacter), Alphaproteobacteria (Pelagibacter), a Euryarchaeota
(Marine Group II) and a Thaumarchaeota (Nitrosopumilus), repre-
senting about 60% of the read abundance, whereas deeper treat-
ments were dominated by Thaumarchaeota and Colwelliaceae, with
Rhodobacteraceae appearing later (Fig. 4, A and B). Once total abun-
dance declined (fig. S1), SAR11 remained dominant in the surface
treatment, representing up to 60% of the read abundance but was a
relatively minor component of the more diverse communities of the
deeper treatments (Shannon Index, fig. S5D). However, by combining
total abundance using flow cytometry and relative read counts using
168, it appeared that the total abundance of Pelagibacter remained

LaBrie et al., Sci. Adv. 8, eabn0035 (2022) 8 July 2022

relatively stable at 188 + 67, 25 + 25, and 34 + 36 x 10 cells ml™" for
the epi-, meso-, and bathypelagic treatments, respectively, for the
entire length of the experiment (Fig. 4B).

In all treatments, the prokaryotic communities were highly dy-
namic showing a succession of rare prokaryotes (Figs. 3 and 4),
where most of them were undetectable at the beginning of the incu-
bation (Fig. 4 and fig. S5, A to C). Rare amplicon sequence variants
(ASVs) represented between 44 and 86% of the detected ASVs in all
treatments but represented a much higher proportion of the abun-
dance in the deep treatments than in the surface (Fig. 4).

DISCUSSION

DOM loss and transformations: Dilution and

increased recalcitrance

The MCP framework, as proposed by Jiao et al. (7), includes two path-
ways by which prokaryotes create long-lived DOM: the production
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Fig. 3. Prokaryotic community shifts over time among treatments. This figure shows the relative change of amplicon sequence variant (ASV) abundance using a
nonmetric multidimensional scaling (NMDS) comparing ASVs at 92 days of incubation with those observed at time 0 in the epi- (A), meso- (B), and bathypelagic (C) treat-
ments. Cold and hot colors represent a decrease and an increase in abundance, respectively. Symbols represent different prokaryotic groups and are the same for each
panel. Most of the prokaryotic taxa present after 92 days were not detected at the beginning of the incubation. Successional patterns were similar (fig. S4), but the
bathypelagic communities were overall more diverse (fig. S5D). This suggests that a shift in communities is required to consume and transform an increasingly refractory
DOM pool. These NMDS were performed using the average abundance of treatment'’s replicates. The two-dimensional NMDS stress is 0.12.
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Fig. 4. Time series of the prokaryotic community composition and the rare biosphere. Time series of the prokaryotic community composition expressed as relative
(A) and total (B) abundance and the importance of the rare biosphere, ASV representing less than 0.1% of read abundance, represented as relative richness (C) and relative
abundance (D). We see a rapid response of microbes in the surface treatment where abundance rose rapidly and then crashed, whereas this abundance peak was much
less apparent in the deeper treatments. Rare organisms not only represented most of the richness in all treatments but also dominated organism’s abundance in the
deeper treatments. This suggests that the rare biosphere disproportionately participates in DOM transformation and RDOC production. Green, epipelagic; light blue,
mesopelagic; dark blue, bathypelagic.
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of intrinsically stable compounds in a given environmental context
and the consumption of compounds down to a threshold concen-
tration preventing further uptake (5). The dilution hypothesis has
also been termed “emergent recalcitrance” (8) where RDOC is con-
sidered an ecosystem property that emerges from DOM-microbe
interactions, similar to the processes that lead to organic carbon pres-
ervation in soils (29). Metaphorically speaking, ocean storage of RDOC
can be compared to carbon stored in peatlands as both sequester
carbon for thousands of years (30). Accumulated carbon in peat is
stored for millennia when peatland sites remain under stable anoxic
conditions much like what was suggested in Proterozoic ocean sed-
iments (14) but gets rapidly degraded under oxic conditions. Thus,
storage is highly context dependent. In the oceans, however, DOM
preservation is likely intrinsically stable under various environmen-
tal contexts. For instance, up to 16% of old radiocarbon aged DOM
from the deep ocean can be incorporated into prokaryotic biomass
(31). This incorporation can be achieved either through cometabo-
lism with freshly produced DOM, through partial photodegradation
(32), which can increase DOM lability (33), or as a result of fresh
DOM with an old radiocarbon signature being consumed (34), po-
tentially produced via chemoautotrophy (35). Nevertheless, deep ocean
DOM persists for thousands of years under oxic conditions and
through many ocean circulation cycles. However, a large propor-
tion of oceanic DOM could be labile but too diluted to be energeti-
cally profitable for prokaryotes to consume it (5). Modeling studies
were able to reproduce oceanic DOC profiles by using only diluted
compounds (36) or a combination of diluted and recalcitrant com-
pounds (37). These results thus support the dilution hypothesis as a
mechanism for long-term DOC sequestration. However, at most,
5% of DOC was consumed in short-term bioassays of concentrated
deep ocean DOM (6, 38), suggesting that dilution represents a mi-
nor component of DOC sequestration in the oceans. These findings
were also corroborated in another bioassay experiment where sea-
water was enriched with phytoplankton DOM, concentrated deep
ocean DOM extracts, or a combination of both (10), where deep ocean
DOM showed no sign of further degradation.

Our findings tended to support both the dilution hypothesis and
the microbial production of refractory compounds of the MCP. All
our treatments, regardless of the inoculum source, reached the same
baseline plateau in all treatments of around 50 uM DOC represen-
tative of North Atlantic deep ocean (39), supporting dilution (40).
However, during that process, the molecules consumed and pro-
duced diverged between the surface and deeper treatments, with the
latter producing more recalcitrant compounds. For instance, there
was a net loss of unsaturated, low oxygen MF and a net increase of
their high oxygen counterparts in both the meso- and bathypelagic
treatments (Fig. 2), suggesting increased recalcitrance due to bio-
logical degradation (41), which was not observed in the surface
treatment. We also observed an increase in NOSC of the DOM in
the bathypelagic treatment only suggesting the creation of even more
recalcitrant compounds compared to the epi- and mesopelagic. High
NOSC in DOM probably comes from the partial oxidative degrada-
tion of labile DOM leaving behind small molecules with a high pro-
portion of oxygen-containing functional groups (e.g., COOH) such
as in CRAM. This is supported by the size-reactivity continuum
model (42). Oxygenated functional groups, like those found in
CRAM, are expected to constitute a strong ligand for metal binding
and multiple coordination, promoting aggregation and affecting DOM
reactivity (43). Moreover, Lechtenfeld et al. (41) found a positive
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correlation between NOSC and the compound residence time sup-
porting the idea that the oxygen content of a molecule, at least in
part, determines its reactivity.

We observed a slight decrease in CRAM abundance in all treat-
ments, which was not anticipated in the “island of stability” (41). This
consumption may be related to the composition of the prokaryotic
communities, where several taxa (e.g., Euryarchaeota, Thaumarchaeota,
and Rhodobacteraceae) observed in all treatments have been recently
associated with the degradation of CRAM-like compounds (44, 45).
Nevertheless, CRAM relative abundance still represented about 65%
of the ultrahigh mass spectrometry signal, and although not all
CRAM-like compounds are refractory (45), this suggests that most
of them have a refractory nature. Although these qualitative changes
do not necessarily support production, we observed an increase
over time in two fluorescent components, Fj¢n486 and Fje,392,
known to be present in the deep ocean (46) in all our incubations,
providing semiquantitative evidence of production. These two com-
ponents have a turnover time of 435 and 610 years, respectively (47),
indicative of their recalcitrance. Our combined results thus confirm the
recalcitrance hypothesis of the MCP framework (3, 7, 48) in all
oceanic strata we investigated in the Labrador Sea, but this was most
efficient in deeper ocean, where the creation or alteration of more
stable DOM molecules contributing to long-term carbon storage in
the oceans was evident (Fig. 2).

Prokaryotic community shifts in surface treatment

One of the major differences we observed between the surface ver-
sus the deeper meso- and bathypelagic treatments was the high read
abundance of Pelagibacter, a taxa that represents about half of all
living microbes in the surface ocean (49). However, their total
abundance in the surface microcosms remained rather constant
throughout the incubations, suggesting that they were not particu-
larly active even when more labile substrates were available during
the first 2 weeks of the incubation, which resembled bloom condi-
tions at the study site (50). This apparent inactivity of Pelagibacter
was also observed in other studies (44, 50) and can also explain the
slight difference in the relative abundance of the rare biosphere be-
tween the two deeper treatments (Fig. 4D) as Pelagibacter account-
ed for about 10% of the bathypelagic community near the end of
the incubation. A more responsive taxa in the surface treatment was
Polaribacter whose read abundance followed total cell counts. This
agrees with results from the North Sea where Polaribacter preferen-
tially consumed polysaccharides released during natural blooms (51).
Another responsive taxa was Euryarchaeota, a phylum of archaea
generally found in the surface ocean and associated with protein
degradation (52). This family of compounds is considered labile
and therefore should be among the first to be consumed, which is in
agreement with the rapid increase and decline of Euryarchaeota in
the surface treatment.

Prokaryotic succession with increased DOM recalcitrance

in deep treatments

These findings for the surface treatments, however, are in sharp con-
trast with the dominant taxa in the deeper treatments whose prokary-
otic communities were almost entirely composed of taxa belonging
to Thaumarchaeota or Colwelliaceae during the first 30 days (Fig. 5).
Several Thaumarchaeota are known to be chemoautotrophs oxidiz-
ing ammonium to nitrite (53), which potentially contribute to labile
DOM production in deeper waters (54). This production of new
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Fig. 5. Conceptual representation of the MCP and DOM-prokaryotic associa-
tions. The successive transformation of labile DOM compounds to produce in-
creasingly more RDOC was concomitant to the succession of prokaryotic taxa that
was more efficient in deeper communities. Overall, the prokaryotic communities of
deep ocean were more diverse after 92 days of incubation as compared to those
from the surface and simultaneously produced more recalcitrant compounds, with
a lower and higher hydrogen:carbon and oxygen:carbon ratio, respectively. Our
results suggest that the bathypelagic was even more efficient than the mesopelagic,
but most were not statistically significant. Thaumarchaeota and Colwelliaceae
seemed to play an important role in transformation of moderately complex DOM,
and Verrucomicrobia became a major member of the community representing
20 to 30% of the abundance as DOM became increasingly recalcitrant over time.
Verrucomicrobia are thought to prefer a particle associated lifestyle and, hence, we
propose, in red, the formation of particulate organic carbon (POC) through DOM
self-aggregation at depth that may increasingly favor C sequestration through the
MCP. Our results suggest that not only areas of deep convective mixing such as the
Labrador Sea but also mesoscale eddies favor the encounter of DOM and members
of the rare biosphere. When such mixing events occur, it potentially creates hotspots
of microbial carbon transformations and sequestration. L, labile; SL, semi-labile; SR,
semi-refractory; R, refractory. Figure adapted from Jiao et al. (7).

substrates by Thaumarcheota may help with the cometabolism of
more recalcitrant DOM compounds by other microbial heterotrophs
in the deeper treatments through priming (55). Some Thaumarcheota
have also been shown to be mixotrophic (44), or even fully hetero-
trophic (56), and likely participate directly in DOM transformation
as well. The other taxa, Colwelliaceae, is a family of Gammaproteo-
bacteria known to grow in the deep ocean and is associated with the
degradation of moderately complex DOM (57). Their high abun-
dance during the first 31 days of the deep experiments suggests that
their presence favored the production of RDOC (Fig. 2), which was
not observed in the surface treatment. Toward the end of the incu-
bations, 10 to 20 ASV's belonging to Verrucomicrobia, a phylum vir-
tually absent during the earlier portion of the incubations, were detected
and abundant after 92 days in the deeper treatments (Fig. 5), sug-
gesting their ability to consume more recalcitrant DOM molecules.
There is some evidence that this phylum may be more associated
with particles (58), which is supported by the higher NOSC in deeper
treatments given their potential for aggregation (43). A similar
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prokaryotic succession was reported during long-term incubations
of Mediterranean bathypelagic water (59), suggesting that the com-
munities responsible for the formation of RDOC as observed in our
study likely exist in other deep-sea regions as well.

The deeper treatments were also dominated by members of the
rare biosphere. Most of the prokaryotic taxa found after 92 days of
incubation were undetectable at the beginning of the experiment,
which suggests that taxa from the rare biosphere acted as a “seed
bank” (21) and contributed to the production of RDOC. Although
the successional patterns were similar (fig. S4), prokaryotic commu-
nities in deeper treatments were more diverse than those at the surface,
and this higher diversity remained throughout much of the incuba-
tion (fig. S5D). The observation of higher diversity in the deeper treat-
ments is consistent with the larger genome of deep-sea prokaryotes
and their opportunistic lifestyle (60). In agreement with succession
theory (61), our findings support that the rare biosphere possibly
harbors a broader metabolic potential to produce a greater variety
of DOM compounds.

Mesoscale eddies likely favor MCP more broadly

Deep convective mixing events occurring during winter in the sub-
polar regions of the ocean are critical for connecting deep prokaryotic
communities with DOM from surface layers enabling the RDOC
transformation processes observed in this study. Furthermore, deep
mesoscales eddies may have a similar effect of mixing differential
microbial communities to unseen DOM. Eddies have been shown
to contribute to shaping microbial communities and metabolism in
the surface ocean (62, 63) and influencing major ocean biogeo-
chemical cycles (64). Our results support both phenomena. Samples
from our bathypelagic site were taken within a deep energetic (up to
~600 m vertical) mesoscale eddy, which upwelled water from below
1950 m to our sampling depth of 1500 m (see Materials and Meth-
ods for details). This likely resulted in the differential rare biosphere
observed in our experiments, which created an ecological network
(8) unseen in the surface treatment, hence creating more increasingly
stable DOM compounds. Hence, our findings may have broader im-
plications on DOM cycling because mixing of water masses by me-
soscale eddies is a common ocean feature both in surface and deep
waters (27). Eddies increase the probability that unique prokaryotic
communities encounter substrates from different water masses for
which they harbor the right enzymes (8, 65) to mineralize it to CO,
(32) or convert a fraction of the bulk DOC into RDOC.

Experimental limitations

Although bottle incubations have limitations (66), they serve to test
natural phenomena that would otherwise be practically impossible
(67). Here, we sought to emulate a mixing event of winter overturn
that in situ takes a few weeks to occur within the region (68); hence,
the immediate injection of deep microbes to filtered surface waters
does not take into account the DOM that is transformed during the
convective process. Bottle experiments also modify the immediate
environments of microbes and can induce a selection pressure for
taxa that better tolerate these conditions. For example, the metabol-
ic wastes and metabolites of microbes are contained within the bot-
tles whereas they would tend to be diluted in nature. However, the
DOM transformations observed in vitro also likely occur in nature
as the metabolic wastes and metabolites would be similar. Hence,
the main result that deeper prokaryotic communities produce stable
molecules through subsequent transformations is supported and
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Fig. 6. Map, cross sections, and profiles of water masses tracers in the Labrador Sea. Topography, major upper-ocean circulation features (red arrows indicate waters
of subtropical origin and blue arrows indicates waters of subpolar origin) and the repeat oceanography line AR7W in the Labrador Sea in May of 2016 (A). The oceano-
graphic stations occupied in May of 2016 onboard CCGS Hudson are indicated (red dots), and the sampling site (blue crossed circle) was chosen for this experiment. Cross
section of density (B) and SF6 (fmol/kg, €) that shows the mesoscale eddy located in the middle of the AR7W transect. The cyclonic (counterclockwise spinning) eddy
mentioned in the text is associated with upward displacement of density contours in the middle of the line. Vertical profiles of CFC-12 (nmol/kg) and SF6 (fmol/kg)
(D). The equations included in (C) represent mixing ratios containing the fractions of LSW,416 and deeper water required to produce the water mass sampled at 1500 m
based on the water sample values indicated with the arrows. As mesoscale eddies are common physical features in the global ocean (25), our results are likely transposable
to other mesoscale eddies as different water masses mix together. Here, the mesoscale eddy brought about 20% of deeper water to our sampling depth, thus creating
opportunities for DOM and microbes to encounter. See Groeskamp et al. (92) for a global map of eddies diffusivity.

would be difficult to prove otherwise. The other main limitation of
our study is the use of only duplicates due to space and water limita-
tions and the various arrays of methods used. Although DOC, FDOM,
FT-ICR-MS, and 168 results suggest that bathypelagic communities
were more efficient at degrading organic carbon and producing sta-
ble molecules, few results were statistically different from the meso-
pelagic treatment in large part due to our low statistical power.
Nevertheless, our results indicate that deeper ocean prokaryotes
transform DOM differently than their surface counterparts and
likely produce compounds that are more persistent.

Our study confirms the production of intrinsically more recalci-
trant DOM molecules in natural waters via the MCP. Similar to other
studies, our work shows that DOM production can be stimulated by
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communities from different oceanic strata with the iterative production
of more refractory compounds through prokaryotic community
succession (69) with taxa emerging from the rare biosphere (Fig. 5).
Moreover, our work also supports the concentration limited recal-
citrance hypothesis where we found that regardless of the prokary-
otic community composition, all treatments converged to the same
final bulk DOC concentration, reflecting that of the deep ocean at
our study site, however, with different MF signatures. Deeper pro-
karyotic communities, which were found to be more diverse in their
successional response than the surface ones, were clearly more effi-
cient at producing RDOC. Hence, our findings suggest that deep
water formation sites such as the Labrador Sea could be hotspots in
the global ocean in carbon sequestration through the MCP because
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of their unusually deep convective mixing. Furthermore, there is
potentially a higher sequestration in years when winter convection
reaches the bathypelagic zone as compared to shallower mixing years.
We confirm that communities in deeper strata were more diverse in
their rare biosphere, which supports greater metabolic potential for
recalcitrant DOM production further facilitating long-term carbon
sequestration in the ocean through the MCP.

MATERIALS AND METHODS

Study site, water mass, and deep eddy characterization
Samples were collected in the Labrador Sea on 14 May 2016 near its
central location (57.59°N, 51.57°W) on the Atlantic Repeat Hydrog-
raphy Line 7 West (Fig. 6A). The site and depths that we sampled
were specifically chosen to capture the influence of a deep mesoscale
eddy (Fig. 6B), which contrasted with other locations that mainly
containing the new, nearly homogeneous Labrador Sea Water (LSW;
fig. S6A). Pressure, temperature (SBE35), salinity, and dissolved
oxygen (SBE43) data from the conductivity-temperature-depth (CTD)
were quality-controlled and calibrated to meet World Ocean Circu-
lation Experiment standards using water samples. Salinity was
measured on an Autosal salinometer, and dissolved oxygen con-
centration was measured using a Winkler titration system. Silicate
was kept frozen at 20°C until onboard analysis using an Alpkem
RFA-300 autoanalyzer.

SE6 and CFC-12 profiles were also conducted (Fig. 6). Samples
of both gases were drawn directly from Niskin bottles into 250-ml
glass syringes, stored at 2°C for a maximum of 12 hours, and then
warmed to 20°C before analysis on a custom-made purge-and-trap
system where dissolved gases were stripped from the sample in a
stream of ultrahigh purity nitrogen. Both gases were quantitatively
retained in a trap comprising 30 cm of 1/16” stainless steel tubing
packed with 100- to 120-mesh Carboxen 1000 held at —70°C. After
each 7-min purge cycle, the trap was heated to 180°C, and the de-
sorbed gases were directed to a Varian gas chromatograph equipped
with an electron-capture detector. SF6 and CFC-12 were separated
on a 1-m precolumn packed with Porasil B and a 2-m main column
packed with Molecular Sieve 5A held at 80°C. The chromatograph-
ic sample peaks were quantified with Varian Galaxie software, and
the analytical system was calibrated at least once each day using an
air standard supplied by CMDL/NOAA, Boulder, Colorado. Ana-
lytical precision as determined by repeated standard injections was
+5% for SF6 and £1% for CFC-12.

The two anthropogenic gases, SF6 and CFC-12, are commonly
used as tracers for convectively formed and therefore well-ventilated
water masses. The most recently ventilated version of LSW at time
of the survey was LSWy0;6. It was formed in the previous winter and
can be easily identified in the section plots (Fig. 6 and fig. S6) as a
well-mixed homogenized layer extending from a few hundreds to
2000 m. LSWy,¢ is part of the 2012-2018 LSW class (24), progres-
sively formed during the winters of 2012 to 2015. Vertical profiles of
salinity, dissolved oxygen, silicate, SF6, and CFC-12 concentrations,
supported by time series of salinity at different depths obtained from
profiling Argo float data, were used to calculate the mixing ratios at
540 and 1500 m with surface water and deeper water, respectively.

To confirm the influence of the deep convective eddy on creat-
ing distinctive microbial communities in the Labrador Sea, we cal-
culated the mixing ratio for the meso- and bathypelagic depths we
sampled. On the basis of the seasonal progression in salinity, we
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estimated that the mesopelagic water was composed of 10% of sur-
face water to bring down the salinity from 34.86 to 34.81 from late
autumn to after the winter convective mixing in April (fig. S6B). In
contrast, the five different tracers (salinity, oxygen, silicate, CFC-12,
and SF6; Fig. 6) suggest that the bathypelagic water was composed
of 81 + 4% from LSWyg;6 and 19 + 4% of water upwelled from a
deeper stratum, confirming that our three experimental treatments
were inoculated with three different water masses and hence dis-
tinct microbial communities.

Microcosm preparation

Epipelagic water was sampled at 20 m, mesopelagic at 540 m, and
bathypelagic at 1500 m on the upward CTD cast. Water was collected
and filtered through 53-um mesh into acid-washed high-density
polyethylene carboys and transported to the laboratory immediately
for processing. Epipelagic water was consecutively filtered through
a 3-um polycarbonate filter and a 0.2-um polyethersulfone filter
using a peristaltic system equipped with silicone tubing. The filtrate
(medium) was homogenized in an acid-washed polyethylene carboy.
Time series incubations were carried out in 11 liters of acid and
base-washed glass carboys with silicone stoppers (“microcosm”) in
duplicates. Each microcosm received 8 liters of epipelagic 0.2-um
filtered medium and a 2-liter inoculum 53-um filtered source water
collected from epi-, meso-, or bathypelagic depths, representing the
three different treatments that were tested. We considered our sur-
face treatment to be our control as we used it as a point of compar-
ison with the meso- and bathypelagic treatments.

Microcosms were kept in the dark at 4°C during the entire ex-
periment to emulate natural conditions and sampled several times
for the first 3 months and after 1.5 years. To avoid contamination,
1-liter samples were collected from each microcosm into an acid-
washed, preconditioned glass bottle and then subsampled using a
nano-pure water-rinsed, preconditioned 60-ml glass syringe with
silicone tubing for DOM and prokaryotic characterization. Measure-
ments were chosen to describe specific components of DOM-microbe
interactions (50). Although DOM and DOC are often used inter-
changeably, we used DOC when specifically referring to carbon and
to DOM otherwise.

DOM characterization

DOC subsamples were acidified at pH < 2 using 12 M HCI (Thermo
Fisher Scientific, ACS Plus) and stored in precombusted (450°C for
5 hours) amber glass vials. Since incubation water was prefiltered,
DOC subsamples were measured directly and may contain negligi-
ble amounts of POC. DOC was measured using high-temperature
catalytic oxidation method on an Aurora 1030C mounted with a
GD-100 CO; trap (70) or a Shimadzu TOC-L/TN-TMNL analyzer,
with a detection limit of 0.4 pmol C liter ' and 2 to 3 umol C liter ’,
respectively. All DOC results were validated against homemade
standards or Hansell’s consensus reference material (deep seawater
reference) (71).

Changes in the DOM pool were characterized using ESI-FT-
ICR-MS. Water was sequentially filtered through a 3-um polycar-
bonate filter and a 0.2-um polyethersulfone filter with a peristaltic
pump using acid-washed silicone tubing. Water samples were then
acidified to pH < 2 using 12 M HCI and frozen until extraction. Ex-
tractions were performed using Bond Elut PPL cartridges (100 mg;
Agilent) (72), and volumes were adjusted on the basis of DOC con-
centrations to extract the same carbon quantity, assuming a 40% DOC
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recovery. PPL cartridges were dried using pure N, gas, and DOM
was recovered using methanol (high-performance liquid chroma-
tography grade). Samples were injected into a 9.4-T ESI-FT-ICR-
MS at the National High Magnetic Field Laboratory (Tallahassee,
FL) (73). Peaks were picked at 6 SD of the root mean square baseline
noise, and formula assignment was performed using an in-house
protocol (EnviroOrg) (74) within these limits: C;_s5H;_9:No-401-25S0-2.
To standardize all samples to an equivalent noise threshold, we nor-
malized the numbers of assigned peaks as follows: (i) f(x) = 0 if
x < threshold, (ii) f(x) = x if x > Threshold, and (iii) f{x) = x x 10,000/
sum of sample signal, where x is the intensity signal and Threshold
is the second worst noise signal. We focused on the 0- to 92-day
samples as they were analyzed within a few days, whereas those of
183 days of incubation were analyzed several months later.

We summarized FT-ICR-MS data to easily look at changes in
MF over time and among treatments by calculating relative change
in MF as follows: (sample 1 — sample 2)/sample 2. We represented
the results in van Krevelen spaces by color coding MF based on the
relative change. In cases where no MF were detected in sample 2 but
were in sample 1, we modified the relative change to 1. We also present
different aspects of DOM composition. We calculated the average
O/C ratio of all MF using their respective O/C ratio and their relative
abundance at a given time for both treatment replicates. Each MF
was classified on the basis of stoichiometry; polyphenol [0.67 >
modified aromaticity index (AImod) > 0.5], unsaturated, low oxy-
gen (Almod < 0.5, H/C < 1.5, O/C < 0.5), unsaturated, high oxygen
(AImod < 0.5, H/C < 1.5, O/C = 0.5), aliphatic (H/C > 1.5, N = 0),
and peptide-like (H/C > 1.5, N > 0) (75-77). We did the same with
NOSC (78) and with CRAM following Hertkorn et al. (43) classifi-
cation using double bond equivalent (DBE): DBE/C = 0.30 to 0.38,
DBE/H =0.20 to 0.95, and DBE/O = 0.77 to 1.75. Reproducibility of
data acquired by ESI ultrahigh-resolution MS for individual sam-
ples on multiple different instrument platforms is reported in detail
by Hawkes et al. (79). Although ESI-FT-ICR-MS data are not quan-
titative and therefore cannot unequivocally confirm an increase or
decrease in compound abundance, it can provide semiquantitative
information by measuring relative changes in signal magnitude
(relative abundance). The solid-phase extractions of DOM required
to perform FT-ICR-MS selectively isolate more refractory compo-
nents, whereas more labile molecules such as carbohydrates and
amino acids are not well recovered. Hence, early shifts in microbial
communities cannot be easily related to FT-ICR-MS data because
of the mismatch between what was consumed by microbes and what
was captured with the mass spectrometer. However, we focused our
interpretation of mass spectrometry data to later during the incuba-
tions where such labile compounds are likely exhausted (80) to limit
the extent of this bias.

FDOM was measured on a Cary Eclipse spectrofluorometer on
0.2-um filtered water, with both excitation and emission slit widths
of 5 nm. Excitation emission matrices (EEM) were produced by re-
peatedly scanning over even emission wavelengths between 230 and
600 nm for each excitation wavelength between 220 and 450 nm
with a 5-nm excitation increment. Standard corrections were applied to
each EEM using the paRafac.correction R library (81) except for the
inner filter effect as absorbance values were below 0.3 cm ™ (82). The
parallel factor analysis (PARAFAC) model was done with 56 samples
using the drEEM (v0.1.0) MATLAB toolbox (83). Four independent
fluorescent components were validated by split half and random ini-
tialization parameters.
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Prokaryotic characterization

Prokaryotic community composition was estimated using the 16S
ribosomal RNA (rRNA) gene. Filters from ESI-FT-ICR-MS filtra-
tions were recovered for DNA analysis and conserved in lysis buffer
(40 mM EDTA, 50 mM tris, and 750 mM sucrose), flash-frozen, and
stored at —80°C until further processing. DNA was extracted using
Qiagen DNeasy Power Water and quantified using a Qubit 2.0 flu-
orometer high-sensitivity kit, following the manufacturers’ instructions.
DNA amplification, library preparation, and Illumina sequencing of
16S rRNA genes were done at the Integrated Microbiome Resources
at Dalhousie University (84). A dual-indexing, one-step polymerase
chain reaction (PCR) was done using a Nextera XT v2 kit (Illumina)
with the adapters and index provided by the kit. Region V6-V8, 16S
rRNA gene for bacteria was targeted with primers B969F (ACGC-
GHNRAACCTTACC) and BA1406R (ACGGGCRGTGWGTRCAA)
and for Archaea with A956F (TYAATYGGANTCAACRCC) and
A1401R (CRGTGWGTRCAAGGRGCA) (85). PCR amplification
was run for 30 cycles. The amplicon quality was visualized with a
96-well E-gel (Invitrogen), purified and normalized with the high-
throughput SequalPrep 96-well Plate Kit (Invitrogen). Samples were
pooled to make one library and quantified using Qubit double-
stranded DNA high-sensitivity kit (Invitrogen).

Reads were analyzed with the DADA?2 pipeline following the tu-
torial v.1.14 (86) using the R software v.3.6.2. After the processing,
2290 ASVs (2,048,513 reads) were obtained for bacterial sequencing
and 330 ASV (695,993 reads) for archaea. These were then taxonom-
ically classified on the basis of the SILVA database v132. Archaea
were removed from the bacterial dataset, and bacteria were re-
moved from the archaeal dataset to avoid duplication; datasets were
then combined for a total of 2504 ASVss.

We corrected the number of sequences with the average number
of 16S gene copies for each ASV using information provided on the
rrnDB website (https://rrndb.umms.med.umich.edu, February 2020).
The number of gene copies ranged from 1 to 21, with an overall
mean of 3.5 + 2.2 (SD). When the 16S copy number was not found
at the genus level, we took the average 16S copy of the next taxo-
nomic rank until all ASV abundances were corrected. This resulted
in 21.6% of all ASV's corrected at the genus level, and this propor-
tion increased to 75.3% at the order level. All ASVs with a number
of reads equal to or less than 10 in a single sample were treated
as noise and removed. After all corrections were made, the final
ASV count was 1063. A schematic of all steps involved is presented
in fig. 7.

The Shannon diversity index was calculated on the whole com-
munity and on two different phyla. Briefly, we transformed abun-
dance data into relative abundance and then extracted these for
Verrucomicrobia and Thaumarchaeota to calculate their contri-
bution to the overall diversity. Raw reads were deposited on National
Center for Biotechnology Information (PRJNA598915), and a sum-
mary file containing all taxonomic gene copy information is avail-
able at www.github.com/LaboMaranger/MCP.

We measured prokaryotic heterotrophic production over time
following Smith and Azam (87). Triplicate 1.5-ml samples with a
trichloroacetic acid (TCA)-killed control were incubated at in situ
temperature in the dark with [3,4,5->H]-1-leucine (~10 nM final
concentration) for 3 hours. Incubations were stopped by adding
TCA (5% final), vortexed, centrifuged at 17,000¢ using an accuSpin
microl7 centrifuge and siphoned to the last drop. Vials filled with
scintillation cocktail were read on a Tri-carb 2800TR scintillation

9 of 12

2202 ‘22 AInc uo B10'90us 105" MA//:sdny WoJ) pepeojumod


https://rrndb.umms.med.umich.edu
http://www.github.com/LaboMaranger/MCP

SCIENCE ADVANCES | RESEARCH ARTICLE

1

counter. For rates, a conversion factor of 1550 g C mol leucine™ was

used (88).

Prokaryotic abundance was counted using flow cytometry. Sam-
ples were fixed with 0.1% final concentration glutaraldehyde grade
I, flash-frozen, and kept at —80°C until analysis. Thawed samples were
stained with SYBR green 1 (1% final concentration) in tris-EDTA
buffer (10 mM tris and 1 mM EDTA) (89) for 10 min in the dark and
counted on a BD Accuri C6 flow cytometer. Specific production was
calculated as the ratio of biomass production over cell abundance.

Statistical analysis
DOC decay curves were modeled with a two-pool multi-G approach
using a Levenberg-Marquardt optimization to estimate the time re-
quired to reach baseline as described in (80). The model output gives
the decay constant (k) associated to the metabolizable pool along
with the proportion of both bioavailable (BDOC) and constant pool
(RDOC). The optimization iteratively fits a curve to these points by
changing all parameters at once where the best model was chosen
on the basis of the lowest residuals of the sum of squares. The time
required to reach the plateau can be estimated as such: 1/k x 5 (80).
To represent how communities shifted during the experiment, we
conducted a two-dimensional nonmetric multidimensional scaling
(NMDS) (90) based on Bray-Curtis transformed data. To show how
the prokaryotic community changed over time among treatments,
relative changes in ASV abundance were determined as described
for MF in the ESI-FT-ICR-MS. A third axis reduced the overall
stress from 0.12 to 0.06 but did not change the interpretation. All
statistics were done using R v3.6.2 (91).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0035
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