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The effects of benthic dissolved organic carbon (DOC) flux on the dynamics of DOC in the
deep continental margins (200 — 2000 m depth) is poorly understood. We investigated
heterotrophic prokaryotes (hereafter bacteria) production (BP) and the bio-reactive
properties of sediment-derived dissolved organic matter (SDOM) to elucidate
microbially mediated cause-effect relationships regarding the rapid consumption of
dissolved oxygen (DO) and accumulation of humic-like fluorescent DOM (FDOMp) in the
deep-water column (750 — 2000 m depth range) of the Ulleung Basin (UB) in the East Sea.
BP in the deep water (2.2 umol C m> d™) of the UB was among the highest reported for
various deep-sea sites. The high DOC concentration (55 uM) likely supported the high BP
seen in the deep-water column of the UB. Concentrations of DOC and C1 component of
the FDOMy, which is indicative of microbial metabolic by-products, were 13-fold and 20-
fold greater, respectively, in pore water than in the overlying bottom water, indicating that
the sediment in the continental margins is a significant source of DOM in the overlying
water column. Fine-scale water sampling revealed that BP near the sediment (0 — 30 m
above the seafloor; 2.78 umol C m™ d™") was 1.67 times higher than that measured in the
water column above (30 — 100 m above the seafloor; 1.67 umol C m™ d™"). In addition, BP
increased in the bottom water incubation amended with SDOM-containing pore water
(PW). The results demonstrated that SDOM contains bio-reactive forms of DOM that
stimulate heterotrophic microbial metabolism at the expense of oxygen in the bottom
water layer. The accumulation of C1 component in both PW-amended and unamended
bottom water incubation (i.e., without an extra DOM supply from sediment) further
indicated that refractory DOM is produced autochthonously in the water column via
heterotrophic metabolic activity. This explains in part the microbially mediated
accumulation of excess FDOMy in the deep-water column of the UB. Overall results
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suggest that the benthic release of bio-reactive DOM may be of widespread significance in
controlling microbial processes in the deep-water layer of marginal seas.

Keywords: marginal seas, dissolved organic carbon (DOC), bacterial production, sediment-derived DOM, Ulleung

Basin, East Sea

INTRODUCTION

Due to the large quantity of dissolved organic carbon (DOC) in
the ocean (~ 660 Pg), which is comparable to the amount of CO,
in the atmosphere, and its wide spectrum of reactivity, oceanic
DOC is considered an important component of biogeochemical
carbon cycles regulating ocean carbon storage (Church et al., 2002;
Hansell, 2013; Hansell and Carlson, 2015). Several biotic and
abiotic processes associated with production, transformation, and
removal of DOC in the ocean have been proposed (see Jiao et al.,
2010; Arrieta et al., 2015; Carlson and Hansell, 2015; Jiao et al.,
2018; Shen and Benner, 2018). However, relatively little is known
about the role of benthic DOC flux on the dynamics of DOC in the
deep ocean, especially in the continental margins (200 - 2000 m
depth), where integrated benthic DOC flux (89 Tg C yr™") accounts
for 45% of riverine DOC flux (160 Tg C yr’l) (see Burdige, 2002).

In general, a large fraction of the DOC produced during the
early diagenetic process in sediments is considered recalcitrant
(Weston and Joye, 2005; Chipman et al., 2010; Robador et al.,
2010; Komada et al., 2012; Fox et al.,, 2018). However, most
recent studies revealed that a certain fraction of sediment-
derived DOM (SDOM) has the potential to be bio-reactive in
the overlying water column (Rossel et al., 2016; Jessen et al., 2017;
Cai et al,, 2019; Tobias-Hinefeldt et al., 2021). The impact of

benthic DOM flux on the concentration and properties of DOM
depends on the reactivity of SDOM in the water column (Burdige
and Komada, 2015). Since heterotrophic prokaryotes (hereafter
bacteria, as a traditional ecological term) are the only biological
component responsible for consumption and transformation of
particulate organic carbon (POC) and DOC in the deep ocean
(Nagata et al., 2000; Reinthaler et al., 2006; Aristegui et al., 2009;
Liu et al,, 2020), it is particularly important to investigate direct
interactions between microbial metabolic activities and SDOM,
in order to better understand the dynamics (i.e., distribution and
transformation) of DOC in deep sea environments (Jiao et al.,
2010; Arrieta et al., 2015; Shen and Benner, 2018).

The East Sea (often referred to as the Sea of Japan), which is
located in the far eastern region of the Eurasian continental
margin, consists of three major deep basins: the Japan Basin,
Yamato Basin and Ulleung Basin (Figure 1). Compared to the
other two basins, the Ulleung Basin (UB) is characterized by the
highest primary production (Yamada et al., 2005; Hyun et al,,
2009; Yoo and Park, 2009; Kim et al., 2012; Kwak et al., 2013; Joo
et al,, 2014). Owing to the high export flux of phytoplankton-
derived labile organic carbon (Cyyg) (Kim et al,, 2011) and lateral
transport of resuspended material along the continental slope
(Lee et al., 2019), the surface sediment of the UB is characterized
by high C,,, content (> 2.5% dry wt.) and C,,; mineralization
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FIGURE 1 | Maps of sampling sites in the upper continental slope (KU04; 35° 49’ 48" N; 130° 9’ 36" E), lower slope (KU0B; 36° 14’ 24" N; 130° 27’ 36" E) and rise
(KU10; 37° 01" 12" N; 131° 03’ 00” E) of the Ulleung Basin (UB). Vertical profiles of dissolved oxygen (DO) concentrations (St. 47, St. 52 and St. 53) were re-drawn
from Kang et al. (2010). Unlike DO that measured outside the UB (St. 47), DO concentrations in the UB region (St. 52 and 53) show a sharp decrease in the bottom

water layer.
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rate that is the highest among deep sea sediments with a similar
depth range (Lee et al., 2008; Hyun et al., 2017; Lee et al., 2019).
Therefore, the water column and sediment of the UB is regarded
as a biological and biogeochemical hot spot where a significant
turnover of organic matter and nutrient regeneration occurs (Joo
et al., 2014; Hyun et al., 2017).

In addition to research on the surface water column and
sediments, several intriguing oceanographic observations on the
distribution and reactivity of DOC have been reported in the
deep-water column of the East Sea, including the UB (Kim et al,,
2015; Kim and Kim, 2015; Kim and Kim, 2016; Kim T. H. et al,,
2017b). In particular, in the deep-water layer (1000 - 3500 m
depth), Kim and Kim (2016) found a surprisingly large excess of
humic-like fluorescent DOM (FDOMy) that exceeded the
production of FDOMy estimated from the apparent oxygen
utilization (AOU). Benthic release of refractory DOM
produced by anaerobic microbial metabolism in sediments was
proposed as potential source of this excess FDOMy. However, in
their earlier oceanographic observations, Kang et al. (2010)
found a drastic decrease of dissolved oxygen (DO) in the deep-
water layer (i.e., 20 - 200 m above the seafloor) of the UB
(Figure 1). This rapid consumption of DO, which is typically
observed only in the bottom water layer of the UB, suggests that
benthic release of bio-reactive DOM leads to consumption of
oxygen. To better explain these intriguing but somewhat
conflicting observations and interpretations on the decrease of
DO and accumulation of excess refractory FDOMp in the deep-
water column, we need to elucidate whether DOM in sediment
has bio-reactive properties that support aerobic bacterial
metabolic activity in the overlying water column.

Based on the high labile C,, content and benthic Cg,
mineralization rates (Lee et al., 2008; Hyun et al., 2017; Lee
et al,, 2019), in combination with the high primary production
and export flux of labile C,,, in the UB (Kim et al.,, 2009; Joo
et al., 2014), we hypothesized that the DOM in pore water would
contain bio-reactive DOM. Then, the benthic release of this bio-
reactive DOM would stimulate microbial metabolic activity in
overlying deep water, which is ultimately responsible for oxygen
consumption and transformation of bio-reactive SDOM to a
further recalcitrant form that accumulates as excess FDOMp in
the deep-water column of the UB. The primary objective of this
paper was to demonstrate the bio-reactive properties of SDOM
to elucidate microbially mediated cause-effect relationships
associated with the consumption of DO and accumulation of
FDOMy in the bottom water column of the UB. We also
addressed bacterial parameters (i.e., abundance and
production) in the deep-water column of the UB.

MATERIALS AND METHODS
Study Area

The UB located in the southwestern part of the East Sea is a
bowl-shaped deep basin (2000 - 3000 m depth) (Figure 1)
surrounded by the continental slope of the Korean peninsula
and the southwestern Japanese archipelago to the west and south,

respectively. It is delimited by the Korea Plateau and the Oki
Bank on the north and east, respectively (Chough et al., 2000).
The northern and eastern margins of the UB are characterized by
a steep slope (> 10°) compared to those of the southern and
western margins (1 - 2°) (Lee et al., 2016).

Annual mean primary production (PP) in the UB (280 g C
m™ yr'', Joo et al, 2014) is higher than that measured in other
regions of the East Sea (Yamada et al., 2005). High PP has been
ascribed to various physical forces such as wind-driven upwelling
along the southeast coast of the Korean peninsula (Hyun et al.,
2009; Yoo and Park, 2009), upward nutrient flux via shallowing
of the pycnocline (Kwak et al,, 2013) and formation of an
intrathermocline eddies (Kim et al., 2012). High export flux of
phytoplankton-derived labile C,, that accounts for 7 - 56% of
PP (average 34% of PP, Kim et al., 2011) and lateral transport of
the POC along the continental slope (Lee et al., 2019) are likely to
be responsible for the high C,., content and rapid C,,
mineralization rate (average 6.2 mmol C m? d") in surface
sediment (Hyun et al., 2017), which is the highest among other
deep sea sediments with a similar depth range and comparable to
the sediment of Chilean and Peruvian upwelling regions.

In addition to the high C,,, content, the sediment of the UB is
characterized by very high Mn oxide (> 200 umol cm™) and Fe
oxide (up to 100 pmol cm™) contents (Cha et al., 2005; Hyun
et al, 2017). As oxygen penetrates less than 4 mm into the
sediments, manganese reduction and iron reduction were the
dominant C,,, mineralization pathways, accounting for 45% and
20%, respectively, of total microbial respiration in the center of
the UB. In contrast, sulfate reduction was responsible for 50% of
the total microbial mineralization of C,, in the sediment of the
continental slope (Hyun et al., 2017).

Sampling
Shipboard microbiological incubation experiments together with
measurements of physico-chemical oceanographic parameters
were carried out from November 4 to 11, 2020. Seawater and
sediment samples were collected aboard the R/V Onnuri of the
Korea Institute of Ocean Science and Technology (KIOST) along
the southwestern continental slope of the UB (Figure 1). Sampling
sites were selected from the upper slope (KU04), lower slope
(KUO06) and at the center (KU10) of the UB with water depths of
1238 m, 1759 m, and 2176 m, respectively (Figure 1). The bottom
layer of the KU04 and KUOG6 is characterized by lateral transport of
resuspended sediments along the continental slope (Lee et al,
2019), whereas near-bottom current fluctuations prevail in the
center of the UB (KU10) (Chang et al.,, 2009; Kim et al., 2013).
Seawater samples for chemical and microbiological analyses
were collected at the 3 stations (KU04, KU06 and KU10) using
Niskin bottles attached to a rosette sampler. The sample bottles
were first washed with 10% HCI and rinsed with Milli-Q water.
The hydrographic conditions including temperature, salinity, DO
(SBE 43), and turbidity (C-star transmissometer) were measured
using a CTD sensor (SBE 911 Plus, Seabird Electronics). Water
samples were collected at 10 — 12 designated water depths based
on the vertical temperature profiling including the bottom water
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TABLE 1 | Mean (+ 1 standard deviation) of bacterial production (BP), bacterial abundance (BA), and concentrations of dissolved organic carbon (DOC) and C1
component (C1) and C3 component (C3) of humic-like DOM (FDOM,y) in the water column at a designated depth range from the seafloor.

Distance from the seafloor (m) BP BA DOC FDOMy (R.U.)
(umol C m3d™) (cells mL™") x 10° (uM)
(3] C3

100 - 500 2.00 (+ 0.75) 0.98 (+ 0.49) 56 (+ 4) 0.33 (+ 0.04) 0.47 (+ 0.03)

n=5 n=5 n==6 n=6 n=6
30 - 100 1.67 (£ 0.00) 0.85 (+ 0.06) 53 (+2) 0.34 (+ 0.02) 0.50 (+ 0.05)

n=3 n=4 n=7 n==6 n==6
0-30 2.78 (+ 0.48) 1.5 (+ 0.52) 55 (+ 6) 0.35 (+ 0.02) 0.49 (+ 0.02)

n=3 n=3 n=3 n=3 n=3

layer, approximately 15 - 30 m above the seafloor (Table 1).
Sediment samples for extracting pore water were collected at 2
stations (KU04 and KU10) using a box corer. Onboard, pore water
was extracted from acrylic sub-cores (7.5 cm in diameter) using
Rhizon soil moisture samplers (Rizosphere Research Products,
Woageningen, The Netherlands) that were washed with acid (10%
HCI) and rinsed with Milli-Q water.

DOC and FDOM in Sea Water and
Pore Water
Samples for DOC analysis were filtered through a pre-combusted
(500°C for 5 h) GF/F filter (0.7-um pore size; Whatman) and
acidified using 6M HCI (pH ~2) to prevent any bacterial activity,
followed by hermetic sealing in pre-combusted (500°C for 5 h)
20 mL glass ampoules and preserved at room temperature until
analysis in the laboratory. DOC concentrations were determined
via a high-temperature catalytic oxidation (HTCO) using a total
organic carbon (TOC) analyzer (TOC-L, Shimadzu Co.).
Measurements were verified using deep sea reference (DSR)
material (~ 43 uM for DOC; University of Miami; Hansell,
2005). The instrument signal and the signal linearity were
calibrated using potassium hydrogen phthalate (KHP) standard
solutions every day. The precision of DOC measurement was
about + 2 UM based on multiple analyses of DSR material.
Fluorescent dissolved organic matter (FDOM) samples were
filtered through a pre-combusted (500°C for 5 h) GF/F filter (0.7
um pore size; Whatman) and stored in pre-combusted dark
amber vials at 4°C until analysis. Excitation-emission matrix
spectroscopy (EEMs) analysis of FDOM components was
performed using a spectrofluorometer (Aqualog, Horiba).
Emission and excitation wavelengths were set as 250 to 600
nm and 250 to 500 nm, respectively, with 5 nm intervals and an
integration time of 3 sec. The parallel factor analysis
(PARAFAC) model was applied to characterize major FDOM
components of all collected samples (Bro, 1997; Stedmon and
Bro, 2008). Raman and Rayleigh scattering signals, inner-filter
effect, and blank subtraction were corrected using Solo software
(Eigenvector, 108 Inc.). All FDOM components were validated
using split-half analysis by constraining non-negativity for all
components. Fluorescence intensities were normalized with the
Raman peak area of Milli-Q water (18.2 MQcm) and expressed
as Raman units (R.U.) (Lawaetz and Stedmon, 2009). Spectral
shapes of FDOM components were compared with previous
results based on the OpenFluor database (https://openfluor.

lablicate.com) (Murphy et al., 2014). All FDOM components
were well matched with the major components from 12, 11, and
2 previous studies, respectively, with > 95% of similarity.

Microbiological Parameters
Samples for enumerating bacterial abundance (BA) were
preserved with 25% glutaraldehyde (final concentration, 1%)
and stored in a freezer at -20°C (Hyun and Yang, 2003). The
samples were stained with 4’ 6-diamidino-2-phenyl-indole
(DAPI, Porter and Feig, 1980), filtered through a Nuclepore
filter (0.2-um pore size, black), and mounted on slide glass with
immersion oil (Cargille type A). Bacterial cells were counted
using an epifluorescence microscope (Nikon, Eclipse 80i, Tokyo,
Japan) equipped with a mercury lamp (HB-10101 AF), an
ultraviolet (UV) excitation filter, and a BA 420 Barrier filter.
Heterotrophic bacterial production (BP) was estimated using the
microcentrifuge method for *H-leucine (*H-leu) incorporation into
protein (Smith and Azam, 1992). Duplicate 1.5 mL water samples
were incubated in the dark with *H-leu (final concentration, 10 nM
leucine, Perkin Elmer, NET1166005) at in situ water temperature
for one hour in 2 ml sterilized microcentrifuge tubes. Incubation
was terminated by the addition of 50% cold trichloroacetic acid
(TCA), and the samples stood at room temperature for 30 min prior
to centrifugation. Killed control samples were treated with 50% cold
TCA before the addition of *H-leu, and incubated for one hour in
the dark. The tubes were centrifuged for 10 min at 14,000 rpm and
aspirated. Samples were extracted with 80% ethanol after
precipitating and washing with 5% cold TCA. Liquid scintillation
cocktail (1.5 ml; Lumagel Safe, Lumac-LSC) was added directly to
the microcentrifuge tube, and the activity of the cold TCA insoluble
macromolecules was determined using a liquid scintillation counter
(LKB, Rack Beta II). Rates of incorporated leucine (pmol leu L'h?
were converted to BP (umol C m>d?) using a standard conversion
factor (CF = 1.5 kg C mol leucine™'; Kirchman, 1993).

Pore Water Amended

Incubation Experiments

To directly determine the effect of SDOM on bacterial metabolic
activity in deep water (i.e., to demonstrate the bioavailability of
SDOM), an incubation experiment was performed by mixing the
pore water with overlying bottom water. Bottom water samples
were collected at a depth of 1,224 m (KU04) and 2,147 m (KU10),
approximately 15 m and 30 m above the seafloor, respectively. Pore
water extracted from surface sediment (0 - 5 cm depth) was mixed
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with the bottom water in a 4 L carboy (pore water to bottom water
ratio of 1:9, v/v). Since the accumulation of fresh marine detrital
organic matter would be limited to surface sediment (Rossel et al,,
2016), we collected pore water within 5 cm of the sediment. Mixed
waters were then divided evenly into 2 L polycarbonate bottles for
duplicate treatments. Unamended bottom water was also placed
into 2 L polycarbonate bottles. Incubation was performed in the
dark at in situ temperature for 5 days. Duplicate sub-samples for
measuring bacterial production and variation in FDOMy
concentrations were collected daily.

RESULTS
Physical Settings of the Deep-Water Column

In the water column with a depth >1000 m, temperature ranged
from 0.22 to 0.36°C, and salinity was distributed consistently
(34.07 psu) with depth (Figures S1A, C, E). In contrast to the
temperature and salinity, concentrations of DO and beam
attenuation coefficient (i.e., a proxy for turbidity) showed
notable variations in the bottom layer (Figures S1B, D, F).
DO was distributed relatively consistently at depths below 750 m

DOC (1M)
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but decreased abruptly in the bottom water column (50 - 100 m
above the seafloor) (Figures S1B1, D1, F1). In contrast, the
beam attenuation coefficient increased in the bottom water layer,
which coincided with a rapid DO decrease in the bottom
water column.

DOC and Humic-Like FDOM

Average DOC concentrations in the surface (0 - 100 m depth)
and subsurface water column (200 - 500 m depth) were 66 + 6
UM and 58 + 3 uM, respectively (Figure 2). DOC in the deep-
water column (i.e., 750 — 2000 m water depth), approximately
30 - 500 m above the seafloor, ranged from 51 to 63 UM (average
55 uM, Table 1). DOC near the bottom layer appeared to be
highly variable: it showed a slight decrease with increasing depth
at KU04 and KU10, but increased in the bottom layer at KU06
(Figures 2A1, C1, E1).

The PARAFAC model identified three components of FDOM
(Figure 3): Components 1, 2, and 3 showed excitation and emission
spectra (Ex/Em) at 375/442 nm, 260/298 nm, and 280, 345/337 nm,
respectively (Figure 3). Component 1 (C1; Ex/Em = 375/442 nm) is
characterized as a terrestrial humic-like component, which not only
originates from terrestrial environments, but is also produced
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FIGURE 2 | Vertical distribution of dissolved organic carbon (DOC; A-E1) and fluorescence intensity (F.I., B=-F1) of the three components (C1, C2 and C3) defined
as fluorescent dissolved organic matter (FDOM) in the water column of the UB.
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FIGURE 3 | Excitation—emission matrix spectroscopy (EEMs) contour plots and loadings of three components (Component 1, Component 2, and Component 3)
identified using the Parallel Factor Analysis (PARAFAC) model. The solid line indicates the emission wavelength, and the dotted line indicates the excitation wavelength.

in situ by phytoplankton (Fukuzaki et al., 2014; Osburn et al.,
2015). Component 2 (C2; Ex/Em = 260/298 nm) is identified as
the tryptophan-like component, which is mainly derived from
freshly produced organic matter (Yamashita and Tanoue, 2003).
Component 3 (Ex/Em = 280,345/337 nm) is also produced from
microbial degradation of plankton-origin organic matter in the
ocean (Yamashita et al., 2008). The concentrations of C1 and C3
components increased with increasing depth at both sites,
whereas C2 component decreased with increasing depth
(Figures 2B, D, F).

In pore water, concentrations of DOC (710 + 314 uM) in the
surface sediment (0 — 4 cm; Table S1) were more than 13-fold
greater than the DOC in overlying bottom water (55 uM,
Table 1). The PARAFAC model on pore water identified C1
and C3 components in the FDOMy. The fluorescence intensity
of CI (7.2 £ 2.7 RU.) and C3 (3.8 = 3.3 RU.) components in
pore water of the surface sediment (0 - 4 cm) (Figure 4 and

Table S1) was 20-fold and 8-fold, respectively, higher than that
measured in the bottom water layer (Table 1).

BA and BP in the Deep-Water Column
Heterotrophic bacterial abundance (BA) and bacterial production
(BP) below the surface mixed layer (< 200 m depth) decreased
exponentially with depth (Figure 5). The BA approximately 30 -
500 m above the seafloor (i.e., 750 — 2000 m water depth) ranged from
0.5-1.8 x 10° cells mL™" (average 1.1 x 10° cells mL™). The BP in the
same deep-water column ranged from 1.67 - 3.33 umol C m™ d!
(average 2.2 umol Cm ™ d ™). Interestingly, enhanced BA and BP were
observed in the bottom water layer (Table 1 and Figure 5). Mean BP
and BA in bottom water near the sediment (i.e., 0 — 30 m above the
seafloor; BP = 2.78 pumol C m™ d™'; BA = 1.50 x 10° cells mL™") was
1.67 and 1.77 times, respectively, higher than that measured above
that (i.e,, 30 — 100 m above the seafloor; BP = 1.67 umol C m~ d°};
BA =0.85 x 10° cells mL™) (Table 1 and Figure 5).

Frontiers in Marine Science | www.frontiersin.org

April 2022 | Volume 9 | Article 826592


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Hyun et al.

Sediment-Derived DOM Stimulates Prokaryotes Production

F.I (R.U.) F.I(R.U.)
0 10 20 30 0 10 20 30
0 1 1 ) 1 1 0 1 L Il 1 1 2
] KU04 ] KU10
2 2
E 4 4
£ ]
S 6 6 -
) ]
8 - 8 -
1 C3 C1 |
10 10

FIGURE 4 | Vertical profiles of fluorescence intensity of FDOMy, (C1 and C3 components) in pore water at the slope site (KU04) and basin site (KU10).

Effects of Sediment-Derived DOM on BP
and FDOMy,
In the bottom water incubation experiment that was amended
with SDOM containing pore water (PW), changes in BP and
fluorescence intensity of the C1 component were measured with
time. Initial concentrations of DOC (89 - 106 uM) and the C1
component (1.17 - 1.32 R.U.) in PW-amended samples were 1.5-
fold and 2-fold, respectively, greater than those measured in
unamended bottom water samples (DOC = 63 uM; C1 = 0.52 -
0.61 R.U.), which confirmed that substantial amounts of natural
SDOC and FDOMy were added to the bottom water (Table S2).
BP in the PW-amended samples increased from day 4 of
incubation, whereas BP in unamended control treatment was
invariant during the entire incubation period (Figure 6A). After
5 days of incubation, BP in PW-amended samples reached 8-fold
and 6-fold higher than that of the unamended control of the
KUO04 and KU10, respectively. The results indicated that SDOM
contains bio-reactive materials stimulating BP (Figures 5B1, D1,
F1) and enhancing BA (Figures 5A, C, E) in the deep-water
column near the sediment of the UB. Unlike BP, the C1
component of the FDOMy increased in both PW-amended
samples and unamended controls (Figure 6B), which indicated
that new FDOM is produced during microbial degradation of
DOM derived not only from sediment, but also from various
sources in the water column. The increase in C1 component was
greatest in PW-amended samples of the slope site (KU04) that
received greater DOM from PW (Table S2).

DISCUSSION

High DOC and BP in Deep-Water Column
of the UB

The DOC concentrations in deep-water layer of the UB (55 UM in
average, Table 1) were consistent with previous observations
reported in the East Sea (58 + 4 uM; Kim et al,, 2015), which is

higher than that measured in other major oceans (45 - 50 uM)
including N. Pacific, N. Atlantic and the Mediterranean Sea
(Santinelli et al, 2010). In general, DOM concentration in the
subsurface water column correlates with net community production
and convective transport via vertical mixing (Hansell, 2013; Carlson
and Hansell, 2015). In the UB, a combination of high water column
primary production (280 mg C m™ yr''; Joo et al., 2014) and export
flux (average 34% of primary production; Kim et al.,, 2011), as well
as the formation of the Ulleung warm eddy that efficiently delivers
the POM and DOM to subsurface layer (Hyun et al., 2009; Kim
et al,, 2012), is likely to be responsible for the accumulation of DOC
in the deep-water column.

The BP values (1.67 - 3.33 umol C m™ d'; average 2.2 umol
C m™ d') observed in the deep-water column (> 750 m)
(Figure 5) were among the highest reported for various deep-
water columns using the same conversion factor of leucine to
carbon (see Nagata et al, 2010), including the North Atlantic
Basin (0.45 — 1.05 umol C m™ d’; 1000 - 3870 m depth;
Reinthaler et al., 2006), the NW African upwelling site (0.25 -
1.85 umol C m™ d™'; 2000 m depth; Baltar et al., 2007), and the
Mediterranean Sea (0.15 — 0.5 umol C m™ d*; 1000 - 2000 m
depth; Tamburini et al., 2002). This high BP in the deep-water
column of the UB is likely to be associated with the high DOC
concentrations (ca. 55 uM) (Figure 2 and Table 1). Based on the
stable isotope analysis, Kim et al. (2015) revealed that DOC in
the deep-water column of the East Sea consists of the labile form
primarily derived from phytoplankton. In general, temperature
and availability of DOC are considered the two major factors
controlling heterotrophic bacterial metabolism in the ocean and
sediments (Kirchman et al., 2009; Arndt et al., 2013). The high
BP despite the low temperature of the UB (< 1 °C) indicated that
the DOC inventory is of labile nature to stimulate the metabolic
activity of heterotrophic bacteria even at low water temperature.

Enhanced fluorescence intensity of Cl1 and C3 component
with depth (Figure 2) is also likely to be resulted from the
microbial degradation of labile DOM in deep-water column. In
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the aphotic ocean, based on strong correlations with oxygen
utilization and nutrient mineralization, this C1 component
emitting a wavelength of 400 nm and 440 nm was considered
a by-product of heterotrophic bacterial metabolic processes
(Kramer and Herndl, 2004; Nieto-Cid et al., 2006; Yamashita
and Tanoue, 2008; Jorgensen et al., 2011). Component 3
(Ex/Em = 280,345/337 nm) is also produced from microbial
degradation of plankton-origin organic matter in the ocean
(Yamashita et al, 2008). In the present study, scatter plots
between FDOMy and AOU (Figure S2) revealed that the
increase of FDOMy was significantly correlated with the AOU
(Figure S2A, C). The results indicated that the C1 and C3
components of the FDOMy in the deep water of the UB is
produced by in situ microbial remineralization of relatively labile
organic matter in the water column (Jorgensen et al, 2011;
Catala et al., 2015; Kim and Kim, 2016). Spatially, BA and BP
were also higher at the upper slope site (KU04; Figure 5B1) than
at the lower slope (KU06; Figure 5D1) and the center of the UB
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FIGURE 5 | Vertical profiles of bacterial abundance (BA; A, € and E) and bacterial production (BP; B, D and F and B1, D1 and F1) in the water column.

(KU10; Figure 5F1), which also suggested that C,,, supply via
lateral transport along the continental slope is a significant factor
supporting heterotrophic bacterial metabolic activity in the deep-
water column of the UB.

DOC and FDOM in Pore Water

High DOC concentration in pore water (710 uM, Table S1)
compared to that observed in bottom water (55 UM, Table 1) is
largely attributed to the accumulation of low-molecular-weight
(LMW) DOC resulting from benthic mineralization of organic
matter delivered from the productive overlying water column
(Alperin et al., 1999; Burdige and Komada, 2015; Rossel et al.,
2016). The higher fluorescence intensity in pore water (Table S1)
than that of the overlying water column (Table 1) is mostly
associated with the higher concentration of DOC (and hence
FDOM) in sediments (Chen and Bada, 1994; Komada et al.,
2004; Marchand et al., 2006; Rossel et al., 2016). As the sediment
of the UB is characterized by high C,, content (> 2.5% dry wt.)
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resulting from the high export flux of phytoplankton-derived
labile organic matter (Lee et al., 2008) and lateral transport along
the continental slope (Lee et al., 2019), substantial amounts of
DOC and FDOMy are accumulated in pore water during the
degradation of POC to LMW-DOM (Alperin et al., 1999; Chen
et al., 2016).

In addition to the vertical and lateral source, high metal
reductions are also likely to be responsible for the high DOC
concentration in pore water of the UB where surface sediment is
enriched with high Mn oxide (> 200 umol cm ) and Fe oxide
(up to 100 pmol cm™) (Cha et al., 2005; Hyun et al.,, 2017). While
these hydrous forms of Mn and Fe have a strong capacity to sorb
DOM, the DOM-metal oxide complexes are highly vulnerable to
reductive dissolution during microbial reduction of Mn and Fe
oxides, which ultimately results in a release of DOM into pore
water (Chin et al.,, 1998; Eusterhues et al., 2014; Stuckey et al.,
2018). Indeed, Mn and Fe reduction accounted for the 45% and
20%, respectively, of total microbial respiration in basin
sediment, and microbial Fe reduction was also responsible for
12% of the total microbial mineralization of C,g in the slope
sediment (Hyun et al., 2017). Therefore, the DOM released
during the reduction of hydrous Fe and Mn in the Fe- and Mn
oxide rich sediment in the UB is likely to be associated with the
high DOC concentration in pore water (Chin et al, 1998;
Lalonde et al.,, 2012; Stuckey et al, 2018; Ma et al.,, 2020;
Trainer et al., 2021). Quantitative contribution of the DOM
desorbed during the reduction of metal oxides to DOM
inventory in pore water remains to be estimated in the UB.

Enhanced BP Near the Sediment Surface
and Benthic DOC Flux

Mean BP and BA in bottom water near the sediment (i.e., 0 — 30
m above the seafloor; BP = 2.78 umol C m™ d™'; BA = 1.50 x 10°
cells mL™") was 1.67 and 1.77 times, respectively, higher than that
measured above that (i.e., 30 — 100 m above the seafloor; BP =
1.67 umol C m~™ d’'; BA = 0.85 x 10° cells mL™!) (Table 1 and

Figure 5). Based on the DOC and C1 and C3 components of the
FDOMy; in pore water that was 13-, 20- and 8-fold, respectively,
higher than that of the bottom water (Figure 2 and Table 1), it
was speculated that substantial amounts of DOM produced in
sediment were released into the overlying water, and that certain
fractions of the SDOM stimulated the BP (Skoog et al., 1996; Cai
et al., 2019; Tobias-Hiinefeldt et al., 2021).

In terms of benthic release of DOC, Burdige et al. (1999)
derived an empirical equation for the relationship between
benthic DOC flux (BDF) and benthic C,,; mineralization rate
(BDF = 0.36 x C,,°?% C.x = benthic Corg Oxidation rate), and
reported that BDF accounts for approximately 9.5% of benthic
Corg mineralization in continental margins. In the UB, the
benthic C,,; mineralization rate reported at the same sampling
sites as the present study site was 8700 and 3660 umol C m™=d™*
at the slope site (KU04) and the basin site (KU10), respectively
(Hyun et al., 2017). Therefore, using an average benthic
mineralization rate of 6180 umol C m™? d’!, the BDF
calculated according to Burdige et al. (1999) was 600 umol C
m™ d'. If we adopt the bacterial growth efficiency (BGE) of 2%
(Reinthaler et al., 2006) that was derived from the deep water of
the North Atlantic Basin, depth integrated bacterial carbon
demand (BCD = BP/BGE = 2.78 umol C m™ d7'/0.02) near
the sediment surface (Table 1) was estimated to be 138 pumol C
m? d"'. Therefore, benthic DOC flux in the UB (average 600
umol C m d") accounted for 434% of the BCD near the surface
sediment. Lateral transport along the slope (Lee et al., 2019) and
near-bottom current prevailing in the center of the UB (Chang
et al.,, 2009; Kim et al,, 2013) are likely to stimulate sediment
resuspension (Kim et al., 2017), which ultimately supply DOM in
sediment into overlying bottom water. Quantification and/or
fractionation of bio-available DOM in the sediment is not
feasible at this moment. However, high BP and BA in bottom
water near the sediment surface (Figure 5), together with high
benthic DOC flux, strongly indicated that the SDOC contains
certain fractions of bio-reactive DOC, thereby stimulating
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heterotrophic bacterial metabolism and rapid oxygen
consumption in bottom water near the sediment. The
bioavailability of SDOM is further discussed in next section.

Bioavailability of Sediment-Derived DOM
and Production of New FDOM

Heterotrophic microbes act as both consumers and producers of
DOC in the ocean carbon cycle, in which most of the DOC taken
up by bacteria is respired to CO,, but a certain fraction is
transformed into refractory DOC with low molecular weight
(Ogawa et al.,, 2001; Jiao et al., 2010; Benner and Amon, 2015;
Wear et al., 2020). In the present study, the scatter plot between
FDOMy and AOU further revealed that excess FDOMy beyond
what is supported by the estimated AOU was observed in the
deep-water column (ie., 750 m - bottom) (Figure S2B, D).
Excess FDOMY, is often observed in various deep waters such as
the Central Pacific Ocean, the Southern Ocean, and the East Sea
(Hayase and Shinozuka, 1995; Yamashita et al.,, 2007; Tanaka
et al., 2014; Kim and Kim, 2016). The accumulation of this excess
FDOMy in the deep layer of the UB was consistent with the
previous observation reported for the entire East Sea (Kim and
Kim, 2016). Kim and Kim (2016) proposed that excess FDOMpy
with refractory properties was produced anaerobically in the
sediment. In the present study, however, the high DOC and
FDOMy concentrations in pore water (Figure 4) and the
enhanced BA and BP (Figure 5) that accompanied a rapid
decrease of DO (Figure S1) and accumulation of excess
FDOMy in the turbid bottom water layer (Figure S2) implied
that bio-reactive DOM released by the sediment resuspension
stimulated heterotrophic bacterial metabolism at the expense of
oxygen, producing new recalcitrant DOM (i.e., FDOMp) in the
deep-water column of the UB.

To explore this hypothesis, we conducted an incubation
experiment in which the DOM extracted from surface sediment
was amended with the overlying bottom water to elucidate: (1)
whether SDOM directly stimulates bacterial production in
overlying deep water, and (2) whether new FDOMy; is produced
during the bacterial utilization of SDOM. Several lines of evidence
obtained from the PW-amended incubation experiment support
our hypothesis (Figure 6). First, the increase in BP in the PW-
amended incubations (Figure 6A) clearly indicated that SDOM
contains bio-reactive materials stimulating BP (Figures 5B1, D1,
F1) and enhancing BA (Figures 5A, C, E) in the deep-water
column near the sediment of the UB. Although the detailed
composition of DOM in pore water and bottom water remains
unclear (Arrieta et al., 2015; Burdige and Komada, 2015; Jiao et al.,
2018), several previous research on deep sea sediments revealed
that peptides, unsaturated aliphatics, and saturated fatty acids are
prevalent in the sediment underlying productive water columns
(Arndt et al,, 2013; Rossel et al., 2016; Niggemann et al., 2017).
These results may provide an example of the priming effect
(Guenet et al.,, 2010; Shen and Benner, 2018; Wear et al., 2020),
in which input of labile DOM tends to increase the mineralization
of the more recalcitrant DOM in continental margins. Our results
of enhanced heterotrophic BP also indicated that the benthic
release of bio-reactive SDOM is presumably responsible for the

rapid consumption of oxygen in the bottom water column
(Figures 1, S1) by stimulating aerobic microbial respiration in
the overlying deep-water column.

Secondly, the C1 component of the FDOMjp; increased in both
PW-amended samples and unamended controls, although the
increase was greater in PW-amended samples (Figure 6B). The
production of the Cl1 component, by-product of microbial
degradation of SDOM (Nieto-Cid et al., 2006; Yamashita and
Tanoue, 2008; Jorgensen et al., 2011), in the PW-amended
bottom water (Figure 6B) confirmed that benthic release of
semi-labile DOM and its subsequent microbial degradation may
play a significant role in re-generating DOM with different lability
(i.e., more recalcitrant DOM) in the bottom water of the UB. An
accumulation of Cl component even in unamended control
incubations (i.e, without PW addition) (Figure 6B) further
indicated that refractory DOM is produced autochthonously
during microbial oxidation of DOM derived from various
sources in the deep-water column (Yamashita and Tanoue, 2008;
Jiao et al., 2010) even without a supply of SDOM. The persistence
of newly produced FDOMy until the end of incubation
(Figure 6B) also suggested that some FDOMy is resistant to
microbial degradation, and thus accumulates in the water
column. These results explain microbially mediated accumulation
of excess FDOMy in the deep-water column of the UB (Figure S2,
Kim and Kim, 2016). This microbially mediated production of new
FDOM (Figure 6B) is consistent with previous incubation
experiments amended with various organic resources (Nelson
et al, 2004; Benner and Amon, 2015; Wear et al, 2020), and
likely to support the formation of RDOC via microbial carbon
pump in deep ocean (Jiao et al., 2010).

Interestingly, in PW-amended samples, the increase of the C1
component began after 1 day of incubation (i.e., 3 days earlier
than the enhancement of BP), and this increase was observed
even in unamended samples (i.e., without an increase in BP)
(Figure 6B). These results imply that new FDOMy is generated
during bacterial respiration (i.e., energy yielding catabolic
activity). Although bacteria cannot produce new cells using the
SDOM at the early time of incubation, they still metabolize
SDOM to generate the energy necessary to maintain the cell
(Carlson and Hansell, 2015). The increase of both BP and Cl1
component was less conspicuous at the basin site (KU10) than at
the slope site (KUO04) (Figure 6), which suggested a greater
supply of organic matter along the continental slope and its
subsequent accumulation in the sediment. Accordingly, benthic
mineralization rates at the slope site (17.1 mmol C m™ d™") were
approximately two-fold higher than those measured at the basin
site (9.2 mmol Cm™2d™) (Hyun et al., 2017). Overall, the results
of the PW-amended incubation experiment suggested that the
SDOM containing bio-reactive forms supports high BP in
overlying deep water, which ultimately plays a significant role
in microbially mediated consumption of DO and regeneration of
new FDOMy with refractory properties in the deep-water
column of the UB. Our results also indicated that the sediment
along the continental slope is a significant source of bio-reactive
DOC that stimulates heterotrophic bacterial metabolism and
controls the DOM inventory in the ocean.
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Microbially Mediated Dynamics of DOM in
Deep-Water Column of the UB

In the present study, fine-scale water sampling in the deep water
revealed that: (1) BP in the deep-water column of the UB was
among the highest values reported in similar water depth ranges of
various oceanographic sites, and (2) BP in the deep bottom layer
(i.e., near the sediment surface) was notably higher than that of the
water column above. By combining these major results obtained
from the present study with previously reported oceanographic
observations such as rapid DO consumption and high DOC
concentrations, and the accumulation of excess FDOMy (i.e.,
RDOM) in the deep-water column, we propose a schematic
diagram of microbially mediated biogeochemical cycles of DOM
in the deep-water column of the UB (Figure 7), which addresses a
cause-effect relationship for the distribution of DO, DOC and
FDOMy in the deep-water column of the UB.

Regarding the high DOC concentrations in the deep-water
column, the labile DOM released from the POM in the surface
water column is delivered to the deep layer via vertical mixing
(Kim et al.,, 2015) (step 1). DOM is also released into the deep-
water column from the POM during export flux of POM to the
subsurface water column (Kim et al, 2009; Kim et al,, 2011)
(step 2). Additional DOM is supplied to the deep water via lateral
transport of POM along the continental slope (Lee et al., 2019)
(step 3). In the present study, high DOC and FDOMy
concentrations in pore water (Figure 4) also indicated that a
substantial amount of DOM is released from the sediment to the
overlying deep water (step 4). DOM released by reduction of Fe
and Mn in Fe- and Mn-oxide rich sediment (Hyun et al., 2017) isa
potentially significant source of bio-reactive DOM in the overlying
water column (step 5), which remains to be estimated in the UB.

The DOM supplied from diverse sources (steps 1, 2, 3, 4 and 5
in Figure 7) ultimately stimulates heterotrophic bacterial
metabolism in the deep-water column including the bottom
water layer near the sediment surface (Figure 5). In particular,
the SDOM containing bio-reactive forms is responsible for the
enhanced BP (Figure 6A) and rapid consumption of DO in deep
bottom water (Figures 1, S1B, D, F) observed in the UB (step 6).
On the other hand, the accumulation of the C1 component, a by-
product of microbial degradation of DOM, in both PW-amended
and unamended bottom water incubation experiments
(Figure 6B) implied that new FDOM with more recalcitrant
properties is produced during microbial oxidation of Co,
derived from sediment and various sources in the water
column, and then accumulates as excess FDOMp in the deep-
water layer of the UB (Figure S2) (step 7). The relative
contribution of sediment-derived recalcitrant DOM (step 4)
and the recalcitrant DOM autochthonously produced by
microbial metabolism in deep water (step 7) to excess FDOMpy
in the deep-water column of the UB remains to be evaluated.

CONCLUSION

We addressed the effect of SDOM on the microbially mediated
dynamics of DOM in overlying deep-water column of the UB. A
combination of oceanographic survey and bottom water
incubation experiment amended with pore water revealed that
the sediment along the continental margins is a significant source
of DOM for the overlying water column, and the SDOM contains
bio-reactive forms of DOM that stimulate heterotrophic
microbial metabolism at the expense of oxygen in the bottom
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water of the UB. Consequently, the results suggest that the
benthic release of bio-reactive DOM may be of widespread
significance in controlling microbial processes in the deep-
water column of marginal seas. To better understand carbon
cycles in highly productive marginal seas, in addition to the
quantification and fractionation of bio-available DOM in the
sediment and water column, comprehensive studies are needed
on the microbial communities that are directly responsible for
the consumption of labile DOC and production of recalcitrant
DOC with diverse reactivity in the sediment and water column.
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