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Functional vertical connectivity of microbial

communities in the ocean

Shi Chen'2t, Zhang-Xian Xie3t, Ke-Qiang Yan*3, Jian-Wei Chen®”, Dong-Xu Li', Peng-Fei wu',
Ling Pengs, LinLin'?, Chun-Ming Dongs, Zihao Zhao®, Guang-Yi Fan*%7, Si-Qi Liu*°>,

Gerhard J. Hernd!l®'°*, Da-Zhi Wang”z*

Sinking particles are a critical conduit for the transport of surface microbes to the ocean’s interior. Vertical con-
nectivity of phylogenetic composition has been shown; however, the functional vertical connectivity of microbial
communities has not yet been explored in detail. We investigated protein and taxa profiles of both free-living and
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particle-attached microbial communities from the surface to 3000 m depth using a combined metaproteomicand
16S rRNA amplicon sequencing approach. A clear compositional and functional vertical connectivity of microbial
communities was observed throughout the water column with Oceanospirillales, Alteromonadales, and Rhodo-
bacterales as key taxa. The surface-derived particle-associated microbes increased the expression of proteins in-
volved in basic metabolism, organic matter processing, and environmental stress response in deep waters. This
study highlights the functional vertical connectivity between surface and deep-sea microbial communities via
sinking particles and reveals that a considerable proportion of the deep-sea microbes might originate from sur-
face waters and have a major impact on the biogeochemical cycles in the deep sea.

INTRODUCTION

Phytoplankton produce organic matter in the sunlit surface ocean,
and up to 40% of this photosynthetically generated organic matter
is exported to the deep ocean as detrital particulate organic matter
(POM) in the form of decaying phytoplankton and fecal pellets
generated by zooplankton grazing (I1-4). The flux of sinking par-
ticles reaching the deep-sea realm (defined here as depths below
200 m) is to a large extent controlled by the attached prokaryotes
through a series of activities, e.g., aggregation/disaggregation,
POM degradation, and trophic transfer (5-7). Sinking particles
are the major carbon and energy source for the deep-sea microbi-
ota (8) and are also heavily colonized by surface microbes, which
are transferred from the euphotic layer to the deep sea (9). There-
fore, most of the dominant prokaryotic groups in the deep sea are
also detected in the particulate fraction of euphotic waters (9-12),
indicating that sinking particles potentially serve as vectors for vi-
able particle-attached (PA) microbes from surface waters into the
deep sea. Thus, these surface-derived microbes have a profound
impact on the structure and biogeography of deep-sea microbial
communities (9).
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16S ribosomal RNA (rRNA)-based studies of size-fractionated
microbial communities along the oceanic water column revealed a
strong particle-mediated microbial connectivity between the sur-
face and deep ocean (9, 12, 13). However, we have only rudimentary
knowledge on the extent that the particle-mediated export of sur-
face microbes into the deep sea is determining the functioning of
the deep-sea microbial communities. Especially, whether and if so,
how the surface water-derived microbes adjust their metabolic be-
havior to the marked environmental change during the descent to
the ocean’s interior has rarely been investigated. From the surface to
the deep sea, physical and chemical factors such as light, tempera-
ture, pressure, dissolved oxygen, and nutrients exhibit notable depth
gradients. In contrast to the sunlit surface ocean characterized by
phytoplankton production, the deep-sea realm is characterized by
darkness, high hydrostatic pressure, low temperature, and low bio-
availability of organic substrate for heterotrophic microbes (3, 14,
15). This implies that surface microbes attached to sinking particles
are faced with increasing survival challenges when they are trans-
ported to the deep sea (16). It has been hypothesized that marine
microbes regulate their physiological metabolisms in a complex pat-
tern by developing comprehensive adaption mechanisms to survive
in changing environments (17, 18). Dynamic marine environments
shape diverse bacterial stress response systems, which enable bacte-
ria to adapt to various environmental changes such as temperature,
pH, pressure, oxidative stress, and nutrient availability (19-21).
Moreover, the surface microbes transferred to the deep ocean are
faced with an increasingly recalcitrant organic matter pool. Studies
show that bathypelagic microbes can regulate their metabolic strate-
gies to enhance the utilization of POM as carbon and energy source
in the deep sea (22). However, direct evidence on the microbial re-
sponse mechanisms to the marked environmental changes during
the transfer from the surface to the deep sea is still lacking.

Here, we investigate how PA microbes adjust their functional
behavior to respond to the marked environmental changes during
the transfer from the surface to the deep sea and test the hypothesis
that surface microbes have the potential to survive in the deep-sea
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environment. We examined the protein and taxa profiles of both
free-living (FL; 0.2 to 1.6 pm) and PA (1.6 to 200 pm) microbial
communities collected from the surface waters down to 3000 m
depth at two stations, the SouthEast Asian Time-series Study
(SEATS) and Southern South China Sea (SS1) characterized by
very different hydrographic conditions in the oligotrophic South
China Sea (fig. S1 and table S1) using a combined metaproteomic
and 16S rRNA amplicon sequencing approach. Specifically, we tested
the hypothesis that surface-derived microbes contribute a large
proportion of the functioning of deep ocean microbial communi-
ties. We show both taxonomic and functional vertical connectivity
between surface and deep-sea microbial communities and reveal
unique response mechanisms of the surface-derived microbes to
the marked environmental changes during the particle-mediated
transfer through the water column allowing them to survive in the
bathypelagic ocean and ultimately, contributing to a considerable
extent to the functioning of deep-sea microbial communities.

RESULTS

Vertical connectivity of microbes in the water column

Most of the amplicon sequence variant (ASV)- and protein-based
microbial communities from the surface layer (5 m) were clustered
together regardless of the stations, indicating depth-structured com-
munities (fig. S2). The observed richness of the PA fraction increased
with depth reaching the highest value at 3000 m depth. In contrast,
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the observed richness of the FL fraction reached its highest value at
200 m depth and then decreased toward greater depth (fig. S3). The
total (FL + PA) observed richness exhibited a similar trend as the PA
fraction (fig. S3). The microbial communities at 750 and 3000 m
depths were much closer related to the surface microbial communi-
ties (5 m) in the PA fractions than in the FL fractions at both stations
(fig. S4), indicating a link between surface and deep-sea microbial
communities, especially for the PA fractions.

To investigate the taxonomic and functional vertical connectivity
between microbial communities from surface waters to the deep
sea, we further examined whether ASVs and proteins present in one
depth layer could also be detected in other layers of the water col-
umn (Fig. 1). Following a method previously described (9), the
ASVsand proteins were categorized into five groups: The surface (5 m)
and deep chlorophyll maximum (DCM; 75 m at SEATS and 100 m
at SS1) layer in the euphotic zone, 200 and 750 m in the mesope-
lagic zone and 3000 m in the bathypelagic zone. The depth-related
categories of ASVs and proteins were defined by the depth where
they were first detected assuming a directionality from surface to
bathypelagic waters based on the in situ hydrographic conditions
(fig. S1). Although a few shared ASVs or proteins were observed
between PA and FL fractions at the same water layer, indicating po-
tential transformation of material between the two fractions via ag-
gregation or detachment (fig. S5), this did not affect the definition of
the depth-related categories of the ASV's or proteins due to the con-
sideration of both fractions. That is, when an ASV or a protein was
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Fig. 1. Contribution of the ASVs and proteins categorized as surface, DCM, 200, 750, and 3000 m in each size fraction (FL, 0.2 to 1.6 pm; PA, 1.6 to 200 um) at
stations SEATS and SS1. The contributions are expressed as the relative abundance of ASVs (A) and proteins (B) by percentage. The category of each ASV or protein is
defined as the depth where it is first detected in any size fraction, considering a directionality from surface to bathypelagic waters.
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detected in a certain water layer, it should not be detected in any
fractions from the upper layers. On the basis of this definition, even
though new ASVs appeared continuously from one depth to a deep-
er layer, microbial communities from all depths and the two size
fractions were largely dominated by the ASVs that were also present
in surface waters (“surface” ASVs) (Fig. 1A). Surface ASV's contrib-
uted 73% to the ASV abundance in waters below 200 m and up to
79% in the bathypelagic layer (3000 m), indicating a large contribu-
tion of surface microbes to deep-sea microbial communities at the
compositional level. At both stations, SEATS and SS1, the variation
in the source of proteins in the different water layers (Fig. 1B) was
similar to that of the ASVs (Fig. 1A), indicating a tight coupling
between the taxonomic structure and the functional profile of mi-
crobial communities transferred via sinking particles into the deep
waters. Although new proteins appeared continuously from one
depth to the deeper layer, protein profiles of microbial communities
from all depths and the two size fractions were largely dominated by
proteins present in surface waters (surface proteins) (Fig. 1B). Sur-
face proteins contributed 72% to the protein abundance in deep wa-
ters and up to 78% in the bathypelagic layer, demonstrating a
considerable contribution of surface microbes to the functioning of
deep-sea microbial communities. Moreover, the average contribu-
tions of surface ASVs to the deep-water ASVs at the SEATS and SS1
stations were 66 and 79%, respectively, while the contributions of
surface proteins were 65 and 79%, respectively, indicating a stronger
compositional (y = 4.24 and P = 0.04) and functional (y = 4.86 and
P =0.03) vertical connectivity at the SS1 station than at the SEATS
station (Fig. 1).
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Particles as vectors for vertical connectivity of

microbial communities

In this study, a particle association niche index (PAN-index) was
used to indicate bacterial lifestyles and to define the size fraction
preference of each ASV or protein. A PAN-index >0.5 indicates a
higher abundance of an ASV or a protein in the PA fraction and a close
association with large particles (>1.6 pm), while a PAN-index <0.5
implies enrichment of an ASV or a protein in the FL fraction, and
thus, a preference for small particles (<1.6 pm) mainly including
FL bacteria. Accordingly, the surface ASVs and proteins were divided
into two parts and their distribution of both the FL and PA fractions
throughout the water column were compared (Fig. 2). In the surface
PA fraction, ASVs and proteins with a PAN-index >0.5 dominated,
whereas in the FL fraction, ASVs and proteins with a PAN-index of <0.5
dominated. However, the surface ASVs and proteins associated
with large particles (PAN-index >0.5) contributed 81 and 80.8%, re-
spectively, to the average abundance in the PA fraction of deep wa-
ters, while they contributed only 25.2 and 29.3%, respectively, to the
average abundance in the FL fraction (Fig. 2). In contrast, the contri-
bution of surface ASVs and proteins with a PAN-index <0.5 was
generally lower than the contribution of ASVs and proteins with a
PAN-index >0.5 in the deep-water bacterial assemblages. The surface
ASVs and proteins associated with small particles (PAN-index <0.5)
contributed 74.8 and 70.7%, respectively, to the average abundance
in the FL fraction of deep waters and 19.0 and 19.2% in the PA
fraction (Fig. 2). These data indicate that surface microbes of both
size fractions could reach the deep sea and particle size plays a role in
the dispersal of surface microbes down to the deep sea.
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Fig. 2. Contributions of surface ASVs and proteins enriched in large (PANindex >0.5 or small (PAN-index <0.5) particles to the community in a fraction from a
depth. Vertical distribution of surface ASVs (A) and proteins (B) with different PAN-index values in both the FL and PA fractions along the water column at stations SEATS
and SS1. Values on the horizontal axis indicate the abundance of surface ASVs or proteins accounting for a percentage of total abundance of all surface ASVs or proteins

detected in a size fraction at that depth.
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Seed proteins indicating viable and active surface microbes
in the deep sea

Sinking particles are regarded as a relevant “seed bank” for deep-sea
microbes as they are heavily colonized by microbes. We targeted
those proteins present throughout the water column with a higher
relative abundance in the mesopelagic and bathypelagic layers (200,
750, and 3000 m) than in the euphotic layers (surface and DCM),
coined “seed proteins” (fig. S6). These proteins, as part of the surface
proteins, indicated not only the functional vertical connectivity but
also the potential viable and active surface microbes in the deep sea.

We identified 234 seed proteins at the SEATS station and 975
seed proteins at the SS1 station in the two size fractions, contribut-
ing 9 and 26% to the protein abundance in the surface waters of the
SEATS and SS1 station, respectively, and up to 21 and 49% of the
protein abundance in the deep layers of the SEATS and SS1 stations,
respectively (fig. S6). Subcellular localization analysis indicated that
the seed proteins at both stations were mainly located in the outer
membrane, periplasm, inner membrane, and cytoplasm (fig. S7).
The average proportions of cytoplasmic seed proteins at the SEATS
and SS1 stations were 74.5 and 62.5%, respectively. Moreover, the
average PAN-index values of seed proteins at the SEATS and SS1
stations were 0.70 and 0.47, respectively (fig. S8).

Considering the important role of large sinking particles in medi-
ating the functional connectivity of microbial communities, we fur-
ther analyzed the taxonomic assignments of the seed proteins with a
PAN-index >0.5 (Fig. 3). These seed proteins contributed about 14%
of the total protein abundance in the surface waters, and their relative
abundance increased notably with depth, contributing up to 29% in
the PA fraction in the bathypelagic layer. Despite changes in the rela-
tive abundance of proteins, the taxonomic composition of seed pro-
teins with a PAN-index >0.5 in the water column at the two stations
was dominated mainly by Oceanospirillales, Alteromonadales, and
Rhodobacterales (Fig. 3). The contribution of Oceanospirillales to

PAN-index < 0.5

seed proteins at the SEATS and SS1 station were 23.2 and 32.8%, re-
spectively, followed by Alteromonadales (21.6 and 24.1%, respective-
ly), and Rhodobacterales (5.2 and 25.1%, respectively). Moreover,
seed proteins with a PAN-index <0.5 contributed more than 30% to
the total abundance in the FL fractions in the deep sea and mainly
belonged to Oceanospirillales and Alteromonadales (Fig. 3). Overall,
these three taxa were not only the predominant seed protein contrib-
utors but also the most abundant functional groups in the water col-
umns at both SEATS and SS1 stations (fig. S4). Oceanospirillales,
Alteromonadales, and Rhodobacterales accounted for 11.3, 24.9, and
7.5%, respectively, of total protein abundance at the SEATS station,
and 42.9, 23.0, and 14.2% at the SS1 station. In addition to these three
groups, Sphingomonadales and Chromatiales also contributed to
seed proteins (Fig. 3). These groups were the key microbial groups
controlling the remineralization of organic matter in the water col-
umn since diverse hydrolytic enzymes were detected in these groups
involved in the degradation and utilization of organic matter (fig. S9).

Response of the surface microbes to changes experienced
when transferred into the deep ocean

We analyzed the metabolic partitioning and depth variation of the
seed proteins at stations SEATS and SS1 (Figs. 4 to 6). Although
there was a substantial difference in seed protein numbers at the two
stations (234 versus 975), the metabolic partitioning of seed proteins
was highly consistent at both stations. Depth-related variation in the
seed proteins was observed in diverse functions (Fig. 4). A large pro-
portion of seed proteins were involved in various biological process-
es related to basic metabolism, such as cell cycle control, cell division,
nucleotide metabolism, DNA-related process, RNA-related process,
ribosomal structure and biogenesis, and translation and modifica-
tion. In addition, the basal cellular material and energy metabolism,
such as energy metabolism, carbohydrate metabolism, amino acid
metabolism, lipid metabolism, cofactor and vitamin metabolism,
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Fig. 3. Taxonomic distribution of seed proteins in each sample at stations SEATS and SS1. The left panels (SEATS_FL and SS1_FL) show the taxonomic distribution
of seed proteins with PAN-index values <0.5 in the FL fractions at stations SEATS and SS1, while the right panels (SEATS_PA and SS1_PA) show seed proteins with PAN-

index values >0.5 in the PA fractions at the two stations.
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and essential element metabolism, including nitrogen and sulfur
metabolism, and iron transport and utilization dominated the seed
proteins (Fig. 4). Basic cell metabolism accounted for 65.5 and 71.9%
of seed protein abundance in the mesopelagic and bathypelagic wa-
ters at stations SEATS and SS1, respectively, while the contributions
of these seed proteins to total protein abundance were 10.5% in the
deep waters at the SEATS station and 31.1% at the SS1 station.

A vertical pattern with a higher abundance of seed proteins in
the 200- and 3000-m layers was found related to organic matter

processing, such as degradation, transformation, and utilization of
organic matter (Fig. 5). These seed proteins contributed to the total
protein abundance from 1.8 and 4.8% in the sunlit surface waters to
4.0 and 8.1% in the deep layers at stations SEATS and SS1, respec-
tively, accounting for 31.8 and 18.8% of seed protein abundances in
the deep layers. Several seed proteins were identified as porins lo-
cated in the outer membrane of bacterial cells responsible for mate-
rial exchange with the surrounding environment, mainly including
the OmpA-OmpF family and OmpU (Fig. 5), which might allow
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Fig. 5. Distribution of seed proteins involved in organic matter processing. The depth-related expression pattern of representative seed proteins associated with
organic matter processing at stations SEATS (A) and SS1 (B). The relative abundance of seed proteins is summed based on the same KEGG orthology and is represented

by the circle size.
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bacteria to transport macromolecular organic matter into the cell.
In addition to porins, the highly abundant (18.3%) seed proteins
were classified as transporters for a wide range of organic sub-
strates, such as branched-chain amino acids, L-amino acids, pep-
tides, carbohydrates such as glycerol and starch, fatty acids, and
carboxylates (Fig. 5 and table S2). Moreover, seed proteins closely
related to organic matter hydrolysis and degradation were also
abundant (15.4%), including hydrolytic enzymes such as diverse
proteases and carbohydrate hydrolases, as well as various monoox-
ygenases, dioxygenases, and dehydrogenases (table S2). In addition,
seed proteins involved in cell motility including flagellar synthesis
and assembly related proteins, chemotaxis such as methyl-accepting
chemotaxis proteins and chemotaxis protein MotB, adhesion and
biofilm formation including pili synthesis and assembly, and bio-
synthesis and secretion of exopolysaccharides and adhesins were
also detected (Fig. 5).

A substantial proportion of seed proteins were involved in the
response to environmental changes, mainly including signal trans-
duction, environmental stress response, cell morphogenesis, and
secretion and efflux systems (Fig. 6). These seed proteins presented
an increasing expression pattern in the deeper layers (750 and 3000 m),
contributing 2.7 and 9.3% of seed protein abundance in the
deep layers of stations SEATS and SS1, respectively. The two-
component system is the most important signal transduction sys-
tem in bacteria, and the seed proteins involved in signal transduction

KO_definition KO

mainly belonged to the two-component system (Fig. 6). Moreover,
seed proteins associated with different environmental stress re-
sponses were also identified (Fig. 6 and table S2), such as cold-shock
proteins, starvation-induced proteins (e.g., stringent starvation pro-
tein A and starvation-inducible DNA binding proteins), and stress-
induced proteins (e.g., the trk system potassium uptake protein,
universal stress protein, CRISPR-associated protein, and phage-
shock protein). In addition, seed proteins involved in redox stress
and defense mechanisms exhibited strong vertical connectivity in
the SS1 water column, including superoxide oxidase, superoxide
dismutase, thiol peroxidase, and glutathione S-transferase (Fig. 6
and table S2). Seed proteins involved in cell morphogenesis, such as
peptidoglycan-associated lipoprotein, penicillin-binding protein,
and rod shape-determining protein were also identified (Fig. 6 and
table S2). Furthermore, seed proteins involved in the secretion- and
efflux-related processes (Fig. 6), such as the secretion system pro-
teins and efflux system proteins, were detected.

DISCUSSION

Previous studies indicate an intensive vertical connectivity of micro-
bial community structure from the surface layers to the deep sea (9, 12,
23, 24). Surface microbes colonizing sinking particles and being trans-
ferred to the deep sea likely determine to a considerable extent the
functioning of deep-sea communities (9). Our results demonstrated a
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high functional vertical connectivity between surface and bathypelagic
microbial communities in the oligotrophic South China Sea in addi-
tion to a compositional vertical connectivity. However, the vertical
connectivity of microbial communities exhibited local specificity. The
SS1 station exhibited a much stronger compositional and functional
vertical connectivity than the SEATS station. Physicochemical param-
eters at the same sampling depth were comparable between the two
stations (table S1). However, they still had apparent differences in hy-
drography (fig. S1). The SEATS station in the northern South China
Sea exhibited a more dynamic and complex hydrography influenced
by the Kuroshio intrusion, summer currents, and eddies. In contrast,
the SS1 station in the central South China Sea was in a more stable
state with less influence by water currents and eddies. Moreover, the
SEATS station had the shallower depth of the surface mixed layer, nu-
tricline, and DCM, and higher carbon export and Chl a concentration
of DCM than the SS1 station (25). Thus, the different hydrographic
conditions between the two stations might influence the vertical con-
nectivity of microbial communities in the water column, and relatively
stable hydrological conditions are more conducive to the vertical con-
nectivity of microbes.

The PAN-index has been used to indicate the microbial lifestyle in
a continuous niche space (26). In this study, surface microbes reach-
ing the deeper layers were mainly composed of PA bacteria (PAN-
index >0.5) in the PA fractions. This together with the results of
ASVs and proteins in both surface and deep sea indicates that the
particles present on the PA fraction determined to a large extent the
composition and functioning of deep-sea microbial communities.
This dispersal mostly influenced, but was not limited to, the bathype-
lagic PA communities. Similar to previous studies (9, 12, 23, 24, 27-
29), PA bacteria contributed to the FL community assemblages. In
addition, the small particles less than 1.6 pm (mostly composed of FL
microbes) also had dispersal effects on the microbial communities of
the FL fraction in the bathypelagic layer (Fig. 2). In this study, we
collected samples using the Niskin bottles, which is a bulk seawater
sampling method mainly collecting nonsinking particles (suspended
particles and FL microbes), as well as very few sinking particles (27,
30). Typically, suspended particles sink much slower than large sink-
ing particles but these particles are still a potentially important source
of the deep-sea microbial communities over a long period of sinking.
Moreover, bacteria in the surface FL fraction at the surface ocean
might become entrapped into large sinking particles and detach
from these particles to the FL fraction when reaching the deep wa-
ters. Although the transport mechanisms might vary, our data sug-
gest that nonsinking particles originating from the surface waters
also contributed to the deep-sea microbial community. The concen-
tration of these particles is about one to two orders of magnitude
higher than that of sinking particles collected by sediment traps (31),
and microbial metabolic activity in the dark ocean is closely tied to
the suspended particles of the organic particle pool (32). However,
thus far, the role of these particles in the biological pump has been
largely ignored and their origin remains unclear. One possibility is
that they are simply remnants of fragmented fast-sinking particles,
such as the fragmentation of marine snow in the surface ocean by
biological process and/or abiotic physical shear (33). Together, our
results imply that sinking particles act as an important dispersal vec-
tor of viable microbes from the surface to the bathypelagic zone, ul-
timately mediating the functioning of deep-sea microbes.

The vertical distribution of surface ASVs and proteins indi-
cates that surface microbes contributed the majority of the deep-sea
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microbial community at both stations (Fig. 1). A similar conclusion
has also been reached in a study covering several oceanic provinces
(9). Metatranscriptomic or metaproteomic studies have revealed the
presence of active microbial communities in the deep sea, including
allochthonous microbes from the surface ocean (8, 11, 18, 22, 34,
35). The detection of seed proteins in the present study suggests that
many surface microbes, such as Oceanospirillales, Alteromonad-
ales, and Rhodobacterales, were still active in the deep sea (Fig. 3).
Consistently, abundant and active prokaryotes such as Alteromon-
adales and Oceanospirillales are also observed in metatranscrip-
tomes of sinking particles captured in sediment traps deployed at
4000 m depth (11). Our subcellular localization analysis indicated
that the seed proteins were mainly located in the cytoplasm at both
stations (fig. S7), implying the presence of intact cellular structures
of microbes originating from surface waters in the deep layers.
These cytoplasmic proteins are easily degraded without membrane
protection and their abundance will decrease during sinking. More-
over, intracellular proteins involved in cellular metabolism are a
proxy for the microbial response to environmental changes (36).
Many seed proteins were identified as intracellular proteins involved
in various biological processes related to basic metabolism (Fig. 4).
This suggests that the microbes transported from surface waters to
the deep sea maintain a highly stable basal metabolism associated
with cell growth, biomolecule synthesis, and energy metabolism, al-
lowing them to survive when facing environmental changes during
sinking through the water column and retaining their metabolic
functions even in the bathypelagic ocean.

The bioavailability of organic substrates is critical for microbial
survival in the deep oceanic water column due to the decrease in
concentration and nutritive quality of organic matter with depth
(37-40). Thus, surface microbes are faced with increasing challenges
of nutrient acquisition as they descend to the deep ocean. We found
a depth-related expression of a considerable part of seed proteins
associated with degradation, transformation, and utilization of or-
ganic matter, such as porin, organic matter transport, organic matter
hydrolysis, and degradation (Figs. 4 and 5). These proteins play im-
portant roles in the processing of organic compounds in the deep sea
(41, 42). Similar to previous studies (8, 35), the expression level of
transporters changed with depth, suggesting the presence of depth-
related patterns in the concentration of bioavailable substrates. A
part of marine microbes is motile and hence, able to approach or-
ganic “hot spots” through expressing flagellin and chemotaxis pro-
teins. This allows them to attach to particles using pilin and to form
biofilms by secreting exopolysaccharides and adhesins, ultimately
allowing for a better utilization of particles as carbon and energy
source (43-45). In our study, seed proteins involved in cell motility
and chemotaxis, adhesion, and biofilm formation were more abun-
dant at the depths where transporters were also abundant (Figs. 4
and 5). These results suggest that the microbes enhanced the utiliza-
tion efficiency of organic substrates during their dispersal from sur-
face waters to the deep sea, as indicated by the expression of
transporters and enzymes tightly related to degradation, transfor-
mation, and transport of organic matter. In addition, these surface
water—derived microbes enhanced their motility, chemotaxis, and
adhesion to converge on organic hot spots and thus ensuring the ef-
fective utilization of deep-sea POM. These results also imply that the
surface microbes transferred to the deep-sea realm prefer a PA life-
style. In contrast to the low concentration and recalcitrant feature of
the dissolved organic matter pool in the deep ocean, the deep-sea
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POM pool has a higher nutritive value and thus is more suitable for
meeting the carbon and energy demands of the microbes in the
ocean’s interior (22, 26).

During the descent through the water column from the surface to
the deep sea, surface microbes are faced with various survival chal-
lenges caused by marked environmental changes along the water col-
umn, such as light, temperature, dissolved oxygen, and hydrostatic
pressure (3, 14, 15, 18). Studies have shown that marine bacteria have
evolved diverse mechanisms in response to environmental changes,
via regulating expressions of proteins associated with signal trans-
duction (46, 47), anticold (20), antistarvation (48), redox stress and
defense (18, 19, 49-51), cell morphology maintenance (52-54), and
the secretion- and efflux-related process (44, 55, 56). These mecha-
nisms protect them from environmental damage and allow them to
survive under less-than-optimal living conditions. In our study, we
found that abundances of many seed proteins involved in stress-
response processes exhibited depth-related patterns with higher ex-
pression in deep waters, especially in the 750-m layer which was
characterized by the lowest dissolved oxygen concentrations (2.75
and 2.69 mg/liter at stations SEATS and SS1, respectively). Proteins,
such as NtrC family response regulator, guanosine triphosphate-
binding protein, cold-shock protein, phage-shock protein, and su-
peroxide oxidase presented the highest relative abundance at this
depth, indicating that dissolved oxygen is a critical stressor for sur-
face microbes but these microorganisms can actively respond to low
dissolved oxygen via increasing expression of proteins associated
with stress response. Notably, approximately 80% of deep-sea mi-
crobes are insensitive to hydrostatic pressure changes (18) although
rapid changes in hydrostatic pressure lead to an inhibition of the
metabolic activity (57). In our study, we did not detect proteins as-
sociated with hydrostatic pressure response. Therefore, insensitivity
to hydrostatic pressures might be an essential survival strategy of
surface microbes, which guarantees them to survive at different hy-
drostatic pressures during the sinking from the surface to the deep
sea. Collectively, the diverse responses of the surface-derived mi-
crobes to specific environmental stresses during the descent in the
water column are not only mediated through regulating the signal
transduction system (e.g., two-component system) but also by initi-
ating specific defense mechanisms in response to various environ-
mental stressors, e.g., temperature, starvation, and dissolved oxygen.
Thus, surface-derived microbes can actively adjust their metabolic
behaviors in response to the marked environmental changes during
their sinking from surface waters to the deep sea and ultimately sur-
vive in the deep sea.

In summary, we demonstrate both the functional and composi-
tional vertical connectivity of microbial communities from surface to
deep waters. In particular, our findings of seed proteins highlight that
the surface water—derived microbes are capable of actively adjusting
their metabolic strategies in response to the environmental changes
during the transfer from the surface to the deep sea by maintaining a
highly stable basal metabolism and enhancing the transport and utili-
zation efficiency of organic matter in the deep sea. Moreover, these
microbes activate depth-related defense responses to various environ-
mental stressors to allow their survival in deep waters and likely con-
tribute to the functioning of deep ocean microbial communities.
However, efforts should be made to investigate whether these findings
regarding functional vertical connectivity of microbial communities
reported in the South China Sea are also valid in other oceanic re-
gions with different hydrographic conditions. Moreover, comparative

Chenetal, Sci. Adv. 10, eadj8184 (2024) 23 May 2024

studies of the diversity and metabolic characteristics of microbes from
sediment traps and suspended particles will help to better constrain
the extent of the functional vertical connectivity of microbial com-
munities. In addition, the contribution of surface microbes to the
functioning of deep-sea microbial communities needs to be quanti-
fied using protein-based stable-isotope probing and/or targeted quan-
titative metaproteomic approach combined with biogeochemical
process measurements. Last, the characterization of species/strains
from Oceanospirillales, Alteromonadales, and Rhodobacterales iso-
lated at different water depths is critical for verifying our findings. The
results of these studies will revolutionize our understanding of the
ecological and biogeochemical roles of surface water—-derived mi-
crobes in the deep ocean.

MATERIALS AND METHODS

Study area and sampling

The survey was conducted during the CHOICE-II KK1702 cruise in
the South China Sea in June 2017. Microbial samples were collected at
two stations, SEATS (18°N, 116°E) and SS1 (14°N, 116°E), located in
the north and center of the South China Sea basin, respectively
(fig. S1). The sampling depths included 5, DCM (75 m at the SEATS
station and 100 m at the SS1 station), 200, 750, and 3000 m. Seawater
was collected using Niskin bottles deployed on a rosette containing
a conductivity-temperature-depth profiler (Sea Bird Electronics,
Washington, USA) equipped with a dissolved oxygen sensor, fluo-
rometer, and transmissometer. Phosphate, silicate, nitrate, and nitrite
concentrations were determined using a Skalar San++ continuous
flow analyzer (58). A size-fractionated sampling strategy was adopted
to collect both a large-size fraction (1.6 to 200 pm) and small-size
fraction (0.2 to 1.6 pm) of the microbial community. This strategy in-
volved prefiltering the seawater through a 200-pm filter to remove
large zooplankton. Microbial biomass for metaproteomics and 16S
rRNA analyses was then collected via sequential in-line filtration of
seawater through a 1.6-pum pore size prefilter (GF/A, 47 mm diameter,
Whatman) and then a 0.2-pm pore size filter (PES, 47 mm diameter,
Whatman) using a peristaltic pump. The small-size fraction microbes
ranging from 0.2 to 1.6 pm were expected to predominantly contain
FL prokaryotes, while the large-size fraction microbes ranging from
1.6 to 200 pm mainly retained PA prokaryotes (59). Sampling for
metagenomics was also performed during the cruise and the size frac-
tion collected ranged from 0.2 to 200 pm. The collected samples were
immediately frozen in liquid nitrogen and stored at —80°C until DNA
and protein extraction.

Total DNA extraction, 16S rRNA analysis, and

metagenome sequencing

Total DNA was extracted following a modified cetyltrimethylam-
monium bromide (CTAB) method (60, 61). In brief, filters im-
mersed in CTAB buffer were incubated at 60°C for 1 hour. Then, the
extracted DNA was purified and RNase digested to remove contam-
inating RNA from DNA. After the steps of precipitation and wash-
ing, the DNA was dissolved in 100 pl of Milli-Q water and stored at
—80°C until sequencing.

The V3-V4 region of 165 rRNA gene was amplified using the bac-
terial universal primers 338F (5'-ACTCCTACGGGAGGCAGCA-3’)
and 806R (5-GGACTACHVGGGTWTCTAAT-3") (62, 63). The
polymerase chain reaction was performed in 20-pl reaction volumes
and TransStart Fastpfu DNA Polymerase (TransGen AP221-02) was
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added. Amplicons were extracted using 2% agarose gels and purified
with the AxyPrep DNA Gel Extraction Kit (Axygen, CA, USA) ac-
cording to the manufacturer’s instructions. The quantification was
performed on the QuantiFluor-ST System (Promega, USA). The pu-
rified amplicons were paired-end sequenced on an Illumina MiSeq
platform following the standard protocols. Raw sequence reads
obtained in this study were deposited in the National Center for
Biotechnology Information (NCBI) database under the BioProject
accession number PRINA989431. After demultiplexing, raw reads
were quality-filtered using Fastp (version 0.19.6). Sequences were as-
sembled based on their overlap sequence using Flash (version 1.2.7).
After sequence denoising using the DADA2 R package, ASVs were
obtained and used for the following bioinformatics analysis. The
observed richness (alpha diversity) was calculated using the online
tool of Majorbio Cloud Platform (https://cloud.majorbio.com/page/
tools/) (64).

Metagenomic library construction was conducted according to the
manufacturer’s protocol. Shotgun sequencing was performed on an
Mumina Hiseq X-Ten platform (Illumina, CA, USA). Raw reads were
filtered using SOAPnuke (version 1.5.6) to remove adaptor contami-
nation and low-quality and duplicate reads. Clean reads were assem-
bled using the IDBA-UD program (version 1.1.2). Open reading
frames (ORFs) in contigs of each sample were predicted by MetaGen-
eMark (version 3.38). The nonredundant gene set was generated using
CD-HIT (version 4.6) based on ORFs and then translated into protein
reference database for the subsequent metaproteomics analysis. Raw
data from this study have been deposited in the China National Gene-
Bank (CNGB) DataBase (https://db.cngb.org) via the CNGB Nucleo-
tide Sequence Archive under accession number CNP0001000.

Protein extraction, separation, and liquid chromatography-
tandem mass spectrometry analysis

Protein extraction was performed as previous described (61, 65). In
brief, filter membranes with 20 ml of TRIzol reagent were homoge-
nized. Samples were subsequently centrifuged. Then, the superna-
tant was transferred and mixed with 4 ml of chloroform and then
held at room temperature for 5 min. After centrifugation, the red-
dish bottom layer was resuspended in 6 ml of ethanol, vortexed, and
centrifuged. The resulting supernatant was mixed with isopropanol
and stored at —20°C overnight. After centrifugation and washing,
the obtained pellet was air-dried and dissolved in a rehydration buf-
fer. Protein concentration was determined using a 2D Quant kit (GE
Healthcare, USA). Protein separation and liquid chromatography-
tandem mass spectrometry (MS) analysis were conducted following
a previously reported protocol (61).

Protein identification and bioinformatics analysis

Tandem mass spectra were searched against a protein database pre-
dicted from metagenomes of the South China Sea obtained from the
same cruise. Protein identification and quantification from the MS
raw data were performed with the MetaPro-IQ approach as previ-
ously described (66). In brief, the protein database was generated
with a two-step iterative search strategy using X!Tandem (2017.2.1
version), and then protein identification and label-free quantification
were conducted using MaxQuant (1.6.1.0 version) (67). A stringent
cutoff of the false discovery rate at <1% was used for identification at
both peptide-spectra match and protein level. Proteins matching at
least two unique peptides were considered as high-confidence identi-
fication and selected for further bioinformatic analysis. MaxQuant
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results and MS raw files were deposited in the ProteomeXchange
Consortium (http://proteomecentral. proteomexchange.org) via the
PRoteomics IDEntifications (PRIDE) partner repository with dataset
identifiers PXD018513 and PXD026838. High-confidence proteins
were searched against the NCBI nonredundant protein sequence
database (v20170924) using the basic local alignment search tool
(BLAST), and the top 10 hits were recorded. BLAST search results
were loaded into MEGAN, and taxonomic assignment was per-
formed using the lowest common ancestor algorithm (bit score > 80)
(68). All the quantified protein sequences were aligned against the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (ver-
sion 81) using BLAST (69) with default parameters (e value cut-off at
1 X 107°). The subcellular localization of identified proteins was pre-
dicted using the Protein Subcellular Localization Prediction Tool
(70). The nonmetric multidimensional scaling ordinations represent-
ing spatially the Bray-Curtis distances between the microbial com-
munities and between their protein expressions were analyzed using
the online tools on the Majorbio Cloud Platform (https://cloud.
majorbio.com/page/tools/) (64). To measure the position of surface
ASV and protein in a continuous niche space ranging from a com-
pletely FL lifestyle to a completely PA lifestyle, the PAN-index for
surface ASV or protein was calculated by an abundance-weighted
mean according to a previous study (26). In brief, the abundance of a
given ASV or protein in each sample and in each size fraction was
recorded. A value of 0 was assigned to FL samples, while a value of 1
was assigned to PA samples. Then, the abundance-weighted mean of
each ASV or protein was calculated as its PAN-index. Thus, a PAN-
index <0.5 indicates a preference for a FL lifestyle, while a PAN-
index of >0.5 indicates a preference for a particle-associated lifestyle.
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Table S1
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Other Supplementary Material for this manuscript includes the following:
Table 52

REFERENCES AND NOTES

1. J. Aristegui, J. M. Gasol, C. M. Duarte, G. Herndl, Microbial oceanography of the dark
ocean’s pelagic realm. Limnol. Oceanogr. 54, 1501-1529 (2009).

2. H.W.Ducklow, D. K. Steinberg, K. O. Buesseler, Upper ocean carbon export and the
biological pump. Oceanography 14, 50-58 (2001).

3. G.J.Herndl, T. Reinthaler, Microbial control of the dark end of the biological pump. Nat.
Geosci. 6,718-724 (2013).

4. R.W.Eppley, B.J. Peterson, Particulate organic matter flux and planktonic new
production in the deep ocean. Nature 282, 677-680 (1979).

5. T.Miki, T. Yokokawa, T. Nagata, N. Yamamura, Immigration of prokaryotes to local
environments enhances remineralization efficiency of sinking particles: A
metacommunity model. Mar. Ecol. Prog. Ser. 366, 1-14 (2008).

6. F.Baltar, J. Aristegui, J. M. Gasol, E. Sintes, G. J. Herndl, Evidence of prokaryotic
metabolism on suspended particulate organic matter in the dark waters of the
subtropical North Atlantic. Limnol. Oceanogr. 54, 182-193 (2009).

7. E.Grabowski, R. M. Letelier, E. A. Laws, D. M. Karl, Coupling carbon and energy fluxes in
the North Pacific Subtropical Gyre. Nat. Commun. 10, 1895 (2019).

8. K.Bergauer, A.F. Guerra, J. A. L. Garcia, R. R. Sprenger, R. Stepanauskas, M. G. Pachiadaki,
0. N.Jensen, G. J. Hernd|, Organic matter processing by microbial communities
throughout the Atlantic water column as revealed by metaproteomics. Proc. Natl. Acad.
Sci. U.S.A. 115, 400-408 (2018).

9. M. Mestre, C. R. Gonzélez, R. Logares, C. M. Duarte, J. M. Gasol, M. M. Sala, Sinking
particles promote vertical connectivity in the ocean microbiome. Proc. Natl. Acad. Sci.
U.S.A. 115, 6799-6807 (2018).

100f 12


https://cloud.majorbio.com/page/tools/
https://cloud.majorbio.com/page/tools/
https://db.cngb.org
http://proteomecentral.proteomexchange.org
https://cloud.majorbio.com/page/tools/
https://cloud.majorbio.com/page/tools/

SCIENCE ADVANCES | RESEARCH ARTICLE

10.

1.

15.
16.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

Chenetal., Sci. Adv. 10, eadj8184 (2024)

H. P. Grossart, S. Hietanen, H. Ploug, Microbial dynamics on diatom aggregates in
@resund, Denmark. Mar. Ecol. Prog. Ser. 249, 69-78 (2003).

D. Boeuf, B. R. Edwards, J. M. Eppley, S. K. Hu, K. E. Poff, A. E. Romano, D. A. Caron,

D. M. Karl, E. F. DeLong, Biological composition and microbial dynamics of sinking
particulate organic matter at abyssal depths in the oligotrophic open ocean. Proc. Natl.
Acad. Sci. U.S.A. 116, 11824-11832 (2019).

. C.Ruiz-Gonzélez, M. Mestre, M. Estrada, M. Sebastian, G. Salazar, S. Agusti,

E. Moreno-Ostos, |. Reche, X. A. Alvarez-Salgado, X. A. G. Moran, C. M. Duarte, M. M. Sala,
J. M. Gasol, Major imprint of surface plankton on deep ocean prokaryotic structure and
activity. Mol. Ecol. 29, 1820-1838 (2020).

. A.H.Frank, J. A. Garcia, G. J. Hernd|, T. Reinthaler, Connectivity between surface and deep

waters determines prokaryotic diversity in the North Atlantic Deep Water. Environ.
Microbiol. 18, 2052-2063 (2016).

. T.Nagata, C. Tamburini, J. Aristegui, F. Baltar, A. B. Bochdansky, S. Fonda-Umani,

H. Fukuda, A. Gogou, D. A. Hansell, R. L. Hansman, G. J. Herndl, C. Panagiotopoulos,

T. Reinthaler, R. Sohrin, P. Verdugo, N. Yamada, Y. Yamashita, T. Yokokawa, D. H. Bartlett,
Emerging concepts on microbial processes in the bathypelagic ocean-ecology,
biogeochemistry, and genomics. Deep Sea Res. Part Il 57, 1519-1536 (2010).

R. Stocker, Marine microbes see a sea of gradients. Science 338, 628-633 (2012).
C.Tamburini, M. Boutrif, M. Garel, R. R. Colwell, J. W. Deming, Prokaryotic responses to
hydrostatic pressure in the ocea—-A review. Environ. Microbiol. 15, 1262-1274 (2013).

. Q.L.Qin, Z.B.Wang, H. N. Su, X. L. Chen, J. Miao, X. J. Wang, C.Y. Li, X.Y. Zhang, P.Y. Li,

M. Wang, J. Fang, I. Lidbury, W. Zhang, X. H. Zhang, G. P. Yang, Y. Chen, Y. Z. Zhang,
Oxidation of trimethylamine to trimethylamine N-oxide facilitates high hydrostatic
pressure tolerance in a generalist bacterial lineage. Sci. Adv. 7, eabf9941 (2021).

. C.Amano, Z. Zhao, E. Sintes, T. Reinthaler, J. Stefanschitz, M. Kisadur, M. Utsumi,

G. J. Hernd|, Limited carbon cycling due to high-pressure effects on the deep-sea
microbiome. Nat. Geosci. 15, 1041-1047 (2022).

. M. P. Lesser, Oxidative stress in marine environments: Biochemistry and physiological

ecology. Annu. Rev. Physiol. 68, 253-278 (2006).

R. Russo, D. Giordano, A. Riccio, G. D. Prisco, C. Verde, Cold-adapted bacteria and the
globin case study in the Antarctic bacterium Pseudoalteromonas haloplanktis TAC125.
Mar. Genomics 3,125-131(2010).

C. M. DeAngelis, J. Saul-Mcbeth, J. S. Matson, Vibrio responses to extracytoplasmic stress.
Env. Microbiol. Rep. 10, 511-521 (2018).

Z.H.Zhao, E. Baltar, G. J. Hernd|, Linking extracellular enzymes to phylogeny indicates a
predominantly particle-associated lifestyle of deep-sea prokaryotes. Sci. Adv. 6, eaaz4354
(2020).

J.A. Cram, L. C. Xia, D. M. Needham, R. Sachdeva, F. Sun, J. A. Fuhrman, Cross-depth
analysis of marine bacterial networks suggests downward propagation of temporal
changes. ISME J. 9, 2573-2586 (2015).

S.Thiele, B. M. Fuchs, R. Amann, M. H. Iversen, Colonization in the photic zone and
subsequent changes during sinking determine bacterial community composition in
marine snow. Appl. Environ. Microbiol. 81, 1463-1471 (2015).

Y. Ma, K. Zhou, W. Chen, J. Chen, J. Y.T. Yang, M. Dai, Partitioning of carbon export in the
euphotic zone of the oligotrophic South China Sea. Biogeosciences 20, 2013-2030
(2023).

G. Salazar, F. M. Cornejo-Castillo, E. Borrull, C. Diez-Vives, E. Lara, D. Vaqué, J. M. Arrieta,

C. M. Duarte, J. M. Gasol, S. G. Acinas, Particle-association lifestyle is a phylogenetically
conserved trait in bathypelagic prokaryotes. Mol. Ecol. 24, 5692-5706 (2015).

C. M. J. Baumas, F. A. C. Le Moigne, M. Garel, N. Bhairy, S. Guasco, V. Riou, F. Armougom,
H. P. Grossart, C. Tamburini, Mesopelagic microbial carbon production correlates with
diversity across different marine particle fractions. ISME J. 15, 1695-1708 (2021).

A.O. Leu, J. M. Eppley, A. Burger, E. D. DeLong, Diverse genomic traits differentiate sinking
particle-associated versus free-living microbes throughout the oligotrophic open ocean
water column. MBio 13, e01569-e01522 (2022).

C.Tamburini, M. Garel, A. Barani, D. Boeuf, P. Bonin, N. Bhairy, S. Guasco, S. Jacquet,

F. A. C. Le Moigne, C. Panagiotopoulos, V. Riou, S. Veloso, C. Santinelli, F. Armougom,
Increasing hydrostatic pressure impacts the prokaryotic diversity during Emiliania
huxleyi aggregates degradation. Water 13, 2616 (2021).

M. Bizi¢-lonescu, M. Zeder, D. lonescu, S. Orli¢, B. M. Fuchs, H. P. Grossart, R. Amann,
Comparison of bacterial communities on limnic versus coastal marine particles reveals
profound differences in colonization. Environ. Microbiol. 17, 3500-3514 (2014).

F. Baltar, J. Aristegui, E. Sintes, J. M. Gasol, T. Reinthaler, G. J. Hernd|, Significance of
non-sinking particulate organic carbon and dark CO, fixation to heterotrophic
carbon demand in the mesopelagic northeast Atlantic. Geophys. Res. Lett. 37, L09602
(2010).

G.J. Hernd|, F. Baltar, B. Bayer, T. Reinthaler, Prokaryotic life in the deep ocean’s water
column. Ann. Rev. Mar. Sci. 15, 461-483 (2023).

L. Dilling, A. L. Allredge, Fragmentation of marine snow by swimming macrozooplankton:
A new process impacting carbon cycling in the sea. Deep Sea Res. Part | 47,1227-1245
(2000).

23 May 2024

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Y. Shi, G.W.Tyson, J. M. Eppley, E. F. DeLong, Integrated metatranscriptomic and
metagenomic analyses of stratified microbial assemblages in the open ocean. ISME J. 5,
999-1013 (2011).

L. F.Kong, Y. B. He, Z. X. Xie, X. Luo, H. Zhang, S. H.Yi, Z. L. Lin, S. F. Zhang, K. Q. Yan,

H. K. Xy, T. Jin, L. Lin, W. Qin, F. Chen, S. Q. Liu, D. Z. Wang, llluminating key microbial
players and metabolic processes involved in the remineralization of particulate organic
carbon in the ocean’s twilight zone by metaproteomics. Appl. Environ. Microbiol. 87,
e00986-e00921 (2021).

J. K. Saunders, M. R. Mcllvin, C. L. Dupont, D. Kaul, D. M. Moran, T. Horner, S. M. Laperriere,
E. A.Webb, T. Bosak, A. E. Santoro, M. A. Saito, Microbial functional diversity across
biogeochemical provinces in the central Pacific Ocean. Proc. Natl. Acad. Sci. U.S.A. 119,
2200014119 (2022).

N. Jiao, G. J. Herndl, D. A. Hansell, R. Benner, G. Kattner, S. W. Wilhelm, D. L. Kirchman,

M. G. Weinbauer, T. Luo, F. Chen, F. Azam, Microbial production of recalcitrant dissolved
organic matter: Long-term carbon storage in the global ocean. Nat. Rev. Microbiol. 8,
593-599 (2010).

J. M. Arrieta, E. Mayol, R. L. Hansman, G. J. Hernd|, T. Dittmar, C. M. Duarte, Dilution limits
dissolved organic carbon utilization in the deep ocean. Science 348, 331-333 (2015).

T. J. Williams, E. Long, F. Evans, M. Z. Demaere, F. M. Lauro, M. J. Raftery, H. Ducklow,

J.J. Grzymski, A. E. Murray, R. Cavicchioli, A metaproteomic assessment of winter and
summer bacterioplankton from Antarctic Peninsula coastal surface waters. ISME J. 6,
1883-1900 (2012).

M. Zark, J. Christoffers, T. Dittmar, Molecular properties of deep-sea dissolved organic
matter are predictable by the central limit theorem: Evidence from tandem FT-ICR-MS.
Mar. Chem. 191, 9-15 (2017).

V. Cafaro, V. Izzo, E. Notomista, A. Di Donato, Marine hydrocarbonoclastic bacteria, in
Marine Enzymes for Biocatalysis: Sources, Biocatalytic Characteristics and Bioprocesses of
Marine Enzymes. A. Trincone, Ed. (Woodhead Publishing, Cambridge, United Kingdom,
2013), pp. 373-402.

0. Hayaishi, Oxygenases, in Encyclopedia of Biological Chemistry (Academic Press
Oxygenases, New York, ed. 2, 2004), pp. 178-182.

A. L. Alldredge, M. J. Youngbluth, The significance of macroscopic aggregates (marine
snow) as sites for heterotrophic bacterial production in the mesopelagic zone of the
subtropical Atlantic. Deep Sea Res. Part | 32, 1445-1456 (1985).

S. M. Hinsa, M. Espinosa-Urgel, J. L. Ramos, G. A. O'Toole, Transition from reversible to
irreversible attachment during biofilm formation by Pseudomonas fluorescens WCS365
requires an ABC transporter and a large secreted protein. Mol. Microbiol. 49, 905-918
(2003).

H. P. Grossart, Ecological consequences of bacterioplankton lifestyles: Changes in
concepts are needed. Env. Microbiol. Rep. 2, 706-714 (2010).

E. A.Hussa, T. M. O'Shea, C. L. Darnell, E. G. Ruby, K. L. Visick, Two-component response
regulators of Vibrio fischeri: Identification, mutagenesis, and characterization. J. Bacteriol.
189, 5825-5838 (2007).

D. J. Kojetin, D. M. Sullivan, R. J. Thompson, J. Cavanagh, Classification of response
regulators based on their surface properties. Method. Enzymol. 422, 141-169 (2007).

T. Nystrom, R. M. Olsson, S. Kjelleberg, Survival, stress resistance, and alterations in
protein expression in the marine Vibrio sp. strain S14 during starvation for different
individual nutrients. Appl. Environ. Microbiol. 58, 55-65 (1992).

G. Holtmann, E. P. Bakker, N. Uozumi, E. Bremer, KtrAB and KtrCD: Two K+ uptake systems
in Bacillus subtilis and their role in adaptation to hypertonicity. J. Bacteriol. 185,
1289-1298 (2003).

N. Gustavsson, A. Diez, T. Nystrom, The universal stress protein paralogues of Escherichia
coli are co-ordinately regulated and co-operate in the defence against DNA damage. Mol.
Microbiol. 43, 107-117 (2002).

S. Silas, G. Mohr, D. J. Sidote, L. M. Markham, A. Sanchez-Amat, Direct CRISPR spacer
acquisition from RNA by a natural reverse transcriptase-Cas1 fusion protein. Science 351,
aad4234 (2016).

R. Godlewska, K. Wisniewska, Z. Pietras, E. K. J. Krynicka, Peptidoglycan-associated
lipoprotein (Pal) of Gram-negative bacteria: Function, structure, role in pathogenesis and
potential application in immunoprophylaxis. FEMS Microbiol. Lett. 298, 1-11 (2009).
A.Typas, M. Banzhaf, B. van den Berg van Saparoea, J. Verheul, J. Biboy, R. J. Nichols,

M. Zietek, K. Beilharz, K. Kannenberg, M. von Rechenberg, E. Breukink, T. den Blaauwen,
C. A. Gross, W. Vollmer, Regulation of peptidoglycan synthesis by outer-membrane
proteins. Cell 143, 1097-1109 (2010).

M. Wachi, M. Doi, Y. Okada, M. Matsuhashi, New mre genes mreC and mreD, responsible
for formation of the rod shape of Escherichia coli cells. J. Bacteriol. 171, 6511-6516
(1989).

A. Filloux, A. Hachani, S. Bleves, The bacterial type VI secretion machine: Yet another
player for protein transport across membranes. Microbiology 154, 1570-1583 (2008).

A. Legatzki, G. Grass, A. Anton, C. Rensing, D. H. Nies, Interplay of the Czc system and two
P-type ATPases in conferring metal resistance to Ralstonia metallidurans. J. Bacteriol. 185,
4354-4361 (2003).

110f12



SCIENCE ADVANCES | RESEARCH ARTICLE

57. P.Stief, M. Elvert, R. N. Glud, Respiration by “marine snow” at high hydrostatic pressure:
Insights from continuous oxygen measurements in a rotating pressure tank. Limnol.
Oceanogr. 66, 2797-2809 (2021).

58. L.Gordon, J. Jennings, A. Ross, J. Krest, A suggested protocol for continuous flow
automated analysis of seawater nutrients (phosphate, nitrate, nitrite and silicic
acid) in the WOCE Hydrographic Program and the Joint Global Ocean Fluxes Study,
in Methods Manual WHPO 91-1 (WOCE hydrographic program office, 1993),
pp. 1-52.

59. S.Ganesh, D.J. Parris, E. F. Delong, F. J. Stewart, Metagenomic analysis of size-fractionated
picoplankton in a marine oxygen minimum zone. ISME J. 8, 187-211 (2014).

60. P.Hingamp, N. Grimsley, S. G. Acinas, C. Clerissi, L. Subirana, J. Poulain, I. Ferrera,

H. Sarmento, E. Villar, G. Lima-Mendez, K. Faust, S. Sunagawa, J. M. Claverie, H. Moreau,
Y. Desdevises, P. Bork, J. Raes, C. de Vargas, E. Karsenti, S. Kandels-Lewis, O. Jaillon, F. Not,
S. Pesant, P. Wincker, H. Ogata, Exploring nucleo-cytoplasmic large DNA viruses in Tara
Oceans microbial metagenomes. ISME J. 7, 1678-1695 (2013).

61. S.Chen,Y.B. He, Z. X. Xie, L. F. Kong, K. Q. Yan, D. X. Li, P. F. Wu, R.W. Zheng, L. Peng,

J.W. Chen, L. Lin, S. Q. Liu, G. Y. Fan, D. Z. Wang, Metaproteomics reveals nutrient
availability shaping distinct microbial community and metabolic niche in the
nutrient-depleted and replete layers of an oligotrophic euphotic zone. Sci. Total Environ.
774,145123 (2021).

62. S.M.Huse, L. Dethlefsen, J. A. Huber, D. M. Welch, D. A. Relman, M. L. Sogin, Exploring
microbial diversity and taxonomy using SSU rRNA hypervariable tag sequencing. PLOS
Genet. 4, 1000255 (2008).

63. C.K.Lee, B. A. Barbier, E. M. Bottos, |. R. McDonald, S. C. Cary, The inter-valley soil
comparative survey: The ecology of dry valley edaphic microbial communities. ISME J. 6,
1046-1057 (2012).

64. Y.Ren, G.Yu, C. Shi, L. Liu, Q. Guo, C. Han, D. Zhang, L. Zhang, B. Liu, H. Gao, J. Zeng,

Y. Zhou, Y. Qiu, J. Wei, Y. Luo, F. Zhu, X. Li, Q. Wu, B. Li, W. Fu, Y. Tong, J. Meng, Y. Fang,
J.Dong, Y.Feng, S. Xie, Q. Yang, H. Yang, Y. Wang, J. Zhang, H. Gu, H. Xuan, G. Zou, C. Luo,
L. Huang, B. Yang, Y. Dong, J. Zhao, J. Han, X. Zhang, H. Huang, Majorbio Cloud: A
one-stop, comprehensive bioinformatic platform for multiomics analyses. iMeta 1, e12
(2022).

65. H.Zhang, D.Z.Wang, Z. X. Xie, S. F. Zhang, M. H. Wang, L. Lin, Comparative proteomics
reveals highly and differentially expressed proteins in field-collected and laboratory-
cultured blooming cells of the diatom Skeletonema costatum. Environ. Microbiol. 17,
3976-3991 (2015).

Chenetal, Sci. Adv. 10, eadj8184 (2024) 23 May 2024

66. X.Zhang, Z.Ning, J. Mayne, J. . Moore, J. Li, J. Butcher, S. A. Deeke, R. Chen, C. K. Chiang,
M. Wen, D. Mack, A. Stintzi, D. Figeys, MetaPro-1Q: A universal metaproteomic approach
to studying human and mouse gut microbiota. Microbiome 4,31 (2016).

67. J.Cox, M. Mann, MaxQuant enables high peptide identification rates, individualized
p.p.b.-range mass accuracies and proteome-wide protein quantification. Nat. Biotechnol.
26, 1367-1372 (2008).

68. D.H.Huson, S. Mitra, H. J. Ruscheweyh, N. Weber, S. C. Schuster, Integrative analysis of
environmental sequences using MEGAN4. Genome Res. 21, 1552-1560 (2011).

69. M. Kanehisa, M. Furumichi, M. Tanabe, Y. Sato, K. Morishima, KEGG: New perspectives on
genomes, pathways, diseases and drugs. Nucleic Acids Res. 45, D353-D361 (2017).

70. K. Nakai, P. Horton, PSORT: A program for detecting sorting signals in proteins and
predicting their subcellular localization. Trends Biochem. Sci. 24, 34-35 (1999).

Acknowledgments: We thank the crew of RV TAN KAH KEE for the help during the research
cruise. We thank H. Lin and Z. Hu in Xiamen University for providing the hydrography plots in
fig. S1. We also thank the reviewers for the constructive criticism that has helped us to improve
the overall merit of the manuscript. Funding: D.-Z.W. was supported by the National Key
Research and Development Program of China (no. 2022YFC3105302) and the National Natural
Science Foundation of China (no.41425021). G.J.H. was supported by the Austrian Science
Fund (FWF) grant P 35587-B. G.J.H. and Z.-X.X. were both supported by a Visiting Fellowship
from State Key Laboratory of Marine Environmental Science (Xiamen University). Author
contributions: D.-ZW. and Z.-X.X. proposed the idea for this study. D.-X.L. and P-F.W. helped
with sample collection. S.C,, Z-X.X,, K-QJY,, J-W.C, LL,, L.P, C-M.D., G-Y.F. and S.Q.L. conducted
the analysis. S.C. drafted the manuscript. G.J.H., D.-Z.W., Z-X.X. and Z.Z. helped with revising
the manuscript. GJ.H., Z.-X.X., and D.-Z.W. finalized the manuscript. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Raw reads of 165 rRNA gene amplicon sequencing data have been
deposited in the NCBI database under the BioProject accession number PRINA989431. Raw
data of metaproteomics can be found in the ProteomeXchange Consortium via the PRIDE
Partner Repository under dataset identifiers PXD018513 and PXD026838.

Submitted 25 July 2023
Accepted 15 April 2024
Published 23 May 2024
10.1126/sciadv.adj8184

120f 12



	Functional vertical connectivity of microbial communities in the ocean
	INTRODUCTION
	RESULTS
	Vertical connectivity of microbes in the water column
	Particles as vectors for vertical connectivity of microbial communities
	Seed proteins indicating viable and active surface microbes in the deep sea
	Response of the surface microbes to changes experienced when transferred into the deep ocean

	DISCUSSION
	MATERIALS AND METHODS
	Study area and sampling
	Total DNA extraction, 16S rRNA analysis, and metagenome sequencing
	Protein extraction, separation, and liquid chromatography–tandem mass spectrometry analysis
	Protein identification and bioinformatics analysis

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


