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Molecular properties are a primary control on the microbial utilization
of dissolved organic matter in the ocean

Yuan Shen @,"?* Ronald Benner ®'-3*

"Marine Science Program, University of South Carolina, Columbia, South Carolina
2Qcean Sciences Department, University of California, Santa Cruz, California
3School of the Earth, Ocean and Environment, University of South Carolina, Columbia, South Carolina

Abstract

The global ocean sequesters a large amount of reduced carbon in dissolved organic molecules that can persist
for centuries to millennia. The persistence of dissolved organic carbon (DOC) in the deep ocean has been attrib-
uted to inherently refractory molecules and to low concentrations of molecules, but the relative roles of molecular
properties and molecular concentrations remain uncertain. We investigate both of these possibilities using bioas-
say experiments with unfiltered seawater collected from five depths (50-1500 m) at the Bermuda Atlantic Time-
Series Study site. The microbial utilization of compositionally distinct forms of seawater DOC at in situ and
elevated concentrations was determined. Microbial utilization of in situ organic carbon ranged from 6% to 7% in
surface waters to 0% in deep water after 180 d. Additions of surface plankton-derived DOC (~18 ymol L"), which
was enriched in amino acids and carbohydrates, revealed substantial (50-75%) removal of the added DOC at all
depths within 7 d. In sharp contrast, additions of C-18 isolated deep-sea DOC (~20 pmol L") showed insignificant
or minimal utilization at all depths after 7 or 180 d, even when primed with labile substrates. These experiments
demonstrate microbial communities from varying depths and environments in the ocean could rapidly utilize ele-
vated concentrations of plankton-derived DOC, whereas these same microbes failed to utilize elevated concentra-
tions of C-18 DOC. These results indicate molecular properties are the primary control on the microbial
utilization of DOC in the ocean. Our findings imply a dynamic DOC reservoir with a flexible capacity for carbon
sequestration in the global ocean.

The ocean stores a large quantity of nonliving organic car-
bon (670 Pg), and most of this carbon resides in small dissolved
molecules (<1 kDa) that persist in the ocean for several thou-
sand years (Williams and Druffel 1987; Ogawa and Tanoue
2003; Benner and Amon 2015). This large reservoir of long-
lived dissolved organic carbon (DOC) plays an important role
in carbon sequestration and the regulation of global climate,
but the mechanisms controlling its persistence and fate remain
enigmatic (Jiao et al. 2014; Carlson and Hansell 2015; Dittmar
2015). Based on early observations that concentrations of DOC
are low and relatively constant throughout the deep ocean, two
different, but not exclusive, ideas were conceived to explain the
persistence of DOC in the ocean. Dissolved organic molecules
could persist at threshold concentrations needed to support
energy-efficient bacterial growth, a concept known as the dilu-
tion hypothesis (Jannasch 1967; Jannasch 1994). Barber (1968)

*Correspondence: yuan187@gmail.com, (Y.S.); benner@mailbox.sc.edu (R.B.)

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

conducted the first test of the dilution hypothesis using seawa-
ter bioassay experiments (30-60 d) with elevated concentra-
tions of deep ocean DOC. His observation that elevated
concentrations of deep ocean DOC were resistant to microbial
degradation led to the long-standing paradigm that the persis-
tence of DOC in the deep ocean is due to the predominance of
inherently refractory molecules.

The study by Arrieta et al. (2015) retested the dilution
hypothesis using seawater bioassay experiments with addi-
tions of concentrated DOC extracted from deep ocean waters.
Bacterial growth was observed in bioassay experiments
(10-40 d) with added DOC, leading the authors to conclude
that dilution is a primary control on the microbial utilization
and storage of DOC in the deep ocean (Arrieta et al. 2015).
This study challenges the paradigm that inherently refractory
molecules dominate the large DOC reservoir in the deep
ocean, and it has sparked debate about controls on the ocean
carbon cycle (Jiao et al. 2015; Middelburg 2015; Wang et al.
2018). In contrast, a recent study using a different bioassay
approach with carbon-free artificial seawater and concentrated
DOC extracted from varying depths in the ocean found the
concentrated DOC was not utilized (60-146 d) by native
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microbes from surface, mesopelagic, or deep waters (Shen and
Benner 2018). The bioassay studies by Barber (1968), Arrieta
et al. (2015), and Shen and Benner (2018) have some impor-
tant differences in approach, but overall they suggest the
coexistence of inherently refractory molecules in the ocean
and molecules that are too dilute for microbial utilization. To
what extent does each of these factors control the microbial
utilization of DOC in the ocean?

The present study uses bioassay experiments with unfil-
tered seawater and different sources of concentrated DOC to
further elucidate mechanisms controlling the microbial utili-
zation of DOC in the ocean. Surface, mesopelagic, and deep
waters were collected from the Bermuda Atlantic Time-Series
Study (BATS) site to examine the utilization of organic carbon
at natural and elevated concentrations by different microbial
communities under a wide range of in situ nutrient condi-
tions. The experiments were amended with plankton-derived
DOC from surface water or C-18 extracted DOC from deep
water to compare microbial responses to compositionally dis-
tinct forms of DOC. In addition, combined additions of
plankton-derived DOC and C-18 extracted DOC were used to
examine the role of priming in the microbial utilization of
refractory DOC (Guenet et al. 2010). This study demonstrates
the dominant role of molecular properties in controlling the
microbial utilization of DOC in the ocean.

Materials and methods

Sample collection and onboard bioassay experiments

Seawater samples were collected on the R/V Atlantic Explorer
in May 2016 at the BATS site. A rosette sampler equipped with
10-L Niskin bottles and a Conductivity-Temperature-Depth
(CTD) instrument was used for water collection. Samples for
depth profile analyses of total organic cartbon (TOC) and total
nitrogen (TN) were collected from 15 discrete depths (50, 100,
150, 200, 250, 300, 400, 500, 600, 800, 1000, 1350, 2000,
3250, and 4300 m). Unfiltered waters were drained directly
from Niskin bottles into acid-cleaned 60 ml HDPE bottles and
immediately frozen (-20°C) until analysis.

Additional unfiltered samples were collected for bioassay
experiments from surface (50 m, 100 m), mesopelagic (300 m,
750 m), and deep (1500 m) waters. The microbial bioassay
experiments were set up onboard within 30 min of seawater
collection. Water samples from each depth were divided into
an unamended control group and three amended groups that
received 17-20 pmol DOC L' of plankton-derived dissolved
organic matter (pDOM), 19-23 pmol DOC L' of C-18 isolated
deep-sea DOM (C-18 DOM) and a combination of pDOM and
C-18 DOM (39-40 pmol DOC L"), respectively. The amounts
of pDOM or/and C-18 DOM added in each treatment were cal-
culated as the net difference between total DOC concentrations
determined prior to and after the substrate additions. All experi-
ments were conducted in triplicate (40 mL amber glass bottles)
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at room temperature (21-24°C) in the dark for 180 d. Subsam-
ples for DOC analysis were taken on days 0, 7, and 180.

The pDOM was collected previously by filtering (GF/F
0.7 pm) the contents of a plankton tow (50-um mesh) in a dia-
tom bloom. This filtration does not removal all bacteria, but
the small volume additions (~100 pL) of pDOM to incubations
would have a minimal impact on microbial abundance. The fil-
tered pDOM was stored frozen (—20°C) for future use. The
pDOM was rich in amino acids and neutral sugars, and its rapid
microbial utilization in previous bioassay experiments indicates
the pDOM is a labile form of DOM (Shen et al. 2016b). The C-
18 DOM was collected from a depth of 1200 m during a previ-
ous cruise in the north Atlantic Ocean, as described in Shen
and Benner (2018). In brief, 80 L of seawater was filtered
(0.2 pm Nuclepore polycarbonate cartridge), acidified to pH 2.5,
and passed through C-18 cartridges (Agilent Bond Elut; 10 g),
followed by elution with methanol. The extracted DOM was
dried under N,, redissolved in carbon-free artificial seawater,
and filtered (GF/F 0.7 pm) before storing at —20°C for future
use. Previous microbial bioassay experiments indicated C-18
DOM is very resistant to microbial utilization and is considered
refractory DOM (Shen and Benner 2018). Immediately prior to
use, the frozen pDOM and C-18 DOM samples were thawed
and added (50-100 pL) to the bioassay incubations.

The pDOM and C-18 DOM are representative of natural
marine forms of labile and refractory DOM that differ in molecu-
lar properties. The concentrations of labile DOM in seawater are
generally low and variable, with surface water concentrations typ-
ically accounting for <5 pmol L™ DOC and lower concentrations
in deep water (Shen and Benner 2018). Therefore, the added
pDOM (~18 ymol DOC L™) increased the in situ concentrations
of labile DOC by a factor of three or more in the bioassay experi-
ments. The C-18 extraction recovered 30% (14 pumol DOC L) of
the DOC from deep water (48 pmol DOC L™%; Shen and Benner
2018). Solid phase extraction methods, such as the silica-based C-
18 extraction used herein, selectively concentrate molecules
based on their molecular properties. Given a 30% extraction effi-
ciency (Shen and Benner 2018), in situ concentrations of C-18
extractable DOC at BATS would range from ~21 pmol DOC L™
in the surface to ~14 pmol DOC L™ in the deep water. Therefore,
the added C-18 DOM (~20 pumol DOC L™Y) in our experiments
approximately doubled the ambient concentrations of C-18
extractable molecules (i.e., refractory DOM) in the bioassay
experiments.

Bulk chemical and molecular analyses

Water samples for measurements of total organic carbon
(TOC) and total nitrogen (TN) were acidified to pH 2-3 with
2 mol L™! hydrochloric acid (HCI) prior to analysis. Concen-
trations of TOC and TN were determined by high-temperature
oxidation using a Shimadzu TOC-V analyzer equipped with
an autosampler and a chemiluminescent nitrogen detector.
Milli Q UV-Plus water and deep-sea reference standards were
injected every sixth sample to monitor the blank and
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performance of the TOC analysis (Benner and Strom 1993;
Shen et al. 2016a). Instrumental blanks (Milli Q water) were
negligible throughout the entire measurements of seawater
samples. Precision of the analysis, represented by the coeffi-
cient of variation (CV; %) or standard deviation (umol L™!) of
the concentrations of reference standards, was within 3.0% or
1.3 pmol L1

Aliquots of pDOM and C-18 DOM samples were analyzed for
chromophoric DOM (CDOM) absorption and amino acids. The
absorbance spectra (250-800 nm; A,) were measured using a
Shimadzu ultraviolet-visible 1601 dual beam spectrophotometer
and 1-cm quartz cuvettes. The absorbance was blank-corrected
(subtracted by the average absorbance between 690 nm and
700 nm) and then converted to a Napierian absorption coeffi-
cient, @, (m™Y): a, =2.303 A,/0.01. Specific ultraviolet absor-
bance at 254 nm (SUVA,s4) was calculated by dividing the
absorbance measured at 254 nm in inverse meters (m™?) by the
concentration of DOC and were reported in units of m? gC~! or
L mgC™' m™' (Weishaar et al. 2003). The p- and 1-enantiomers
of amino acids were determined using an Agilent 1260 ultrahigh
performance liquid chromatography system. Samples were
hydrolyzed with a microwave-assisted vapor phase technique
and derivatized with o-phthaldialdehyde and N-isobutyryl-L-cys-
teine. Sample pretreatments and instrument conditions followed
the procedures described in Kaiser and Benner (2005) and Shen
et al. (2017). A total of 18 amino acids were determined in this
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study and they were collectively termed total dissolved amino
acids (TDAA). The DOC-normalized yields of TDAA (%DOC)
were calculated as the percentages of total DOC measured as
amino acid carbon. A commonly used degradation index
(DI) was derived from multivariate analysis of the mole percent-
ages of individual amino acids following the equation and
revised parameters of Dauwe et al. (1999) and Kaiser and Benner
(2009), respectively. In addition, the relative abundance (mol%)
of major p-amino acids (Asx: asparagine + aspartic acid, Glx:
glutamine + glutamic acid, Ser: serine, Ala: alanine) was calcu-
lated as: (p-Asx + D-GIx + D-Ser + p-Ala)/[(D-Asx + D-GIX + D-Ser
+ p-Ala) + (L-Asx + L-GIx + L-Ser + L-Ala)] x 100.

Statistical analysis
Significance of group comparison was tested using T-test
(two-tailed, a = 0.05) in IBM SPSS Statistics 23.

Results

Physical and chemical characteristics at BATS

Water samples for bioassay experiments were collected in
late spring at BATS. This site is known to have strong seasonal
patterns of water mixing, nutrient supply, and biological pro-
duction (Michaels et al. 1994; Steinberg et al. 2001). A temper-
ature profile during this study indicated relatively warm
surface waters and a mixed layer of ~30m (Fig. 1la).
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0 5 10 15 20 25
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Fig. 1. (a) Profiles of temperature and dissolved oxygen at the Bermuda Atlantic Time-Series Study (BATS) site in May 2016. The inset shows the concentra-
tions of chlorophyll-a (Chl-a) in the euphotic zone in May 2016. All data were obtained from http://bats.bios.edu/bats-data/. (b) Depth profiles of total organic
carbon (TOC) and total nitrogen (TN) determined at 15 depths between 50 and 4300 m at BATS. [Color figure can be viewed at wileyonlinelibrary.com]
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Chlorophyll-a in the upper water column showed a subsurface
maximum of 0.4 mg m~> at 100 m (Fig. 1a inset), indicating
late spring bloom conditions. Dissolved oxygen
(DO) decreased rapidly from the surface to mesopelagic waters,
exhibiting a notable minimum of ~150 ymol kg~* at ~800 m.

Concentrations of TOC decreased from 70 pmol L™! at 50 m
to 47 ymol L™ at 4300 m (Fig. 1b). Most of the decrease in TOC
concentrations occurred in the mesopelagic zone, with relatively
stable concentrations below 1000 m. In comparison, concentra-
tions of TN were low in surface water (~4.5 pmol L™!) and
increased fivefold to a maximum of 22.5 pmol L™ at 800 m
depth. The maximal TN and minimal DO concentrations
occurred at the same depth, indicating the remineralization of
organic matter in mesopelagic waters. Concentrations of TN
below 1000 m varied minimally in the range of 18-20 pmol L™!
(Fig. 1b). Overall, the profile measurements characterize strong
physicochemical gradients across the surface, mesopelagic, and
deep waters of the sampling region.

Chemical composition of plankton-derived DOM and C-18
isolated DOM
Optical properties and biochemical compositions of the two
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determined and are compared in Fig. 2. The C-18 DOM had
stronger absorption in the range of 250-265 nm compared to
pDOM, with a higher SUVA,s4 value indicating greater aroma-
ticity in the C-18 DOM (Fig. 2a). Absorption spectra of C-18
DOM were featureless and showed an exponential decline with
increasing wavelength, similar to the shape of CDOM spectra
observed previously in the open ocean and in C-18 DOM
extracts (Andrew et al. 2013; Nelson and Siegel 2013). In con-
trast, the spectra of pDOM exhibited two notable “shoulders”
with elevated absorption in the range of 270-290 nm and
300-350 nm (Fig. 2a). Previous culture experiments indicate
oceanic plankton can release labile compounds, including aro-
matic amino acids (270-290 nm) and mycosporine-like amino
acids (300-350 nm), that could contribute to the elevated
absorption in these wavelength ranges (Strom et al. 1997; Shick
and Dunlap 2002; Steinberg et al. 2004).

The reactivity of chromophores in pDOM was examined
using short-term dark bioassay experiments with coastal sea-
water amended with pDOM (Fig. 2b). Changes in absorption
coefficients were determined after O h, 12 h, 24 h, and 48 h of
microbial degradation. Absorption in the range of
270-290 nm declined gradually, with about 30% of the

substrates used in this study (pDOM and C-18 DOM) were absorption being removed after 48 h. In comparison,
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Fig. 2. (a) Comparison of the chromophoric properties of plankton-derived DOM (pDOM) and C-18 isolated DOM (C-18 DOM). Absorption coeffi-
cients are normalized to 100 umol C L™' for both substrates for a direct comparison of the spectra. Specific ultraviolet absorbance at 254 nm (SUVA,s4) is
calculated by dividing the absorbance measured at 254 nm by the concentration of DOC. (b) Changes in the absorption spectrum of pDOM during
microbial degradation. The pDOM was added to coastal seawater (1:25, v/v) and incubated in the dark at room temperature for 48 h. (¢) Comparison
of the biochemical compositions of pDOM and C-18 DOM. C/N refers to the ratio of DOC to total dissolved nitrogen. TDAA (%DOC) refers to the per-
centage of DOC measured as total dissolved amino acids (TDAA). The degradation index (D) is derived from a multivariate analysis of the mole percent-
age of individual amino acids. The mole percentage of major p-amino acids (p-AA) is calculated as: (p-Asx + p-GlIx + p-Ser + p-Ala)/[(D-Asx + p-Glx + p-Ser
+ D-Ala) + (L-Asx + L-Glx + L-Ser + L-Ala)] x 100. [Color figure can be viewed at wileyonlinelibrary.com]
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o Control = pDOM addition @ C-18 DOM addition | absorption removal in the range of 300-350 nm was more
rapid with a 20-40% decline in 24 h. The 48 h of biodegrada-
90 tion of pDOM revealed the rapid evolution of a relatively fea-
] 7] asom tureless absorpti h bled those of C-18
804 7— B ureless .a sorption spectrum that resemble ose o
v DOM (Figs. 2a,b). The results demonstrate that chromophores
S 70— - contributing to the elevated absorption in the ultraviolet
g_ range are readily consumed by microbes and therefore labile.
5 60 - B Elemental and molecular analyses confirmed the optical
,9 50 B observations and demonstrated distinct differences in the
chemical composition between pDOM and C-18 DOM
40 I I (Fig. 2¢). The pDOM had a low C/N ratio (6.2) similar to the
Redfield value, whereas the C-18 DOM exhibited a high C/N of
90 36.3 indicative of nitrogen depletion. A large fraction (20%) of
%‘ 7] b-100m the pDOC was identified as free and combined amino acids, in
< 80 1 2 sharp contrast to that (0.4%) identified in the C-18 DOC. The
:o' 70 — | 50-fold difference in amino acid abundance highlights the
g_ depletion of these labile molecules in the C-18 DOM. Consis-
(‘)’ 60 — — tent with these observations, the degradation index was 3.7 for
|C_) pDOM and -0.5 for C-18 DOM, indicating the C-18 DOM is
50 H 5 B highly altered relative to the pDOM. The relative abundance of
40 B bacterial biomarkers (p-amino acids) was much higher in C-18
I DOM (30%) than in pDOM (5%), further demonstrating more
90 extensive bacterial alteration of the C-18 DOM. Overall, the
€.300m optical and molecular properties reveal distinct compositional
— 804 ~ characteristics and potential bioreactivity between the freshly
l:o' 70 7 % B produced pDOM and extensively altered C-18 DOM.
IS
2 60 | Microbial degradation of marine organic matter
8 Microbial utilization of in situ DOM, pDOM, and C-18
F 504 B DOM was determined and compared among surface (50 and
100 m; Figs. 3a,b), mesopelagic (300 and 750 m; Figs. 3¢,d), and
40 I deep waters (1500 m; Fig. 3e). About 4-5 pmol L7! of in situ
% TOC in surface water was utilized by microbes within 180 d,
d. 750 m accounting for 6-7% of the original TOC (Figs. 3a,b; Table 1).
—~ 804 = The addition of pDOM and C-18 DOM resulted in a net
" increase in TOC concentration by 17-18 ymol L™ and
E 70 B 19-20 pmol L™, respectively (Table 1). Over 75% of the added
=2 60 [ pDOM was utilized rapidly by surface microbes during the first
8 7 d of incubation, with another 10-20% being removed there-
= 504 = after (Table 1). In contrast, no significant utilization of the
added C-18 DOM was observed within 7 d at S0 m or 100 m
40 T (T-test, p > 0.1; Table 1). Minor removal of C-18 DOM occurred
at 50 m after 180 d of incubation (by ~2 pmol DOC LY, T-test,
90 e. 1500 m p <0.05), which was not detected at 100 m (T-test, p > 0.1). All
. 804 n amended incubations showed higher TOC concentrations rela-
O tive to the controls at the end of the incubation (7T-test,
E 70 —
2 60 — % | Fig. 3. Changes in concentrations of total organic carbon (TOC) during
8 bioassay experiments with unfiltered (a, b) surface (50 and 100 m), (c, d)
F 504 . | mesopelagic‘(300m and 750 m), and (.e) deep (1500 m) waters. The
plankton-derived DOM (pDOM) and C-18 isolated DOM (C-18 DOM) were
40 : added on day 0 _at final Foncentrations of 17-20 pmol DOC L™ and
| 19-23 pmol DOC L', respectively (see Table 1). The error bar represents the

|
Day 7 Day 180 standard deviation of triplicate experiments. [Color figure can be viewed at

wileyonlinelibrary.com]
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Table 1. Concentrations of total organic carbon (TOC) during the bioassay experiments with unfiltered seawaters collected at the Ber-
muda Atlantic Time-Series Study site.

Amended with pDOM Amended with C-18 DOM Amended with pDOM and C-18 DOM

Depth Day Control Bulk pDOM Bulk C-18 DOM Bulk pDOM + C-18DOM
50m 0 69.1+0.5 86.3+0.7 17.1£1.3 88.9+0.3 19.8+0.3 109.0+2.7 39.843.3
7 67.9+0.6 72.2+0.6 4.3+0.5 88.2+1.1 20.3+0.5 94.84+1.4 26.94+0.8
180 65.1+0.8 66.1+0.3 1.0+£0.9 83.1£1.0 18.0+0.7 86.8+0.4 21.6+0.8
100 m 0 66.2+0.4 84.3+0.7 18.0+0.3 85.0£2.5 18.8+2.9 106.44+0.6 40.24+0.2
7 65.9+0.2 70.5+0.7 4.5+0.6 87.3+0.4 21.44+0.2 91.24+0.4 25.3+0.4
180 61.3+£0.5 64.1+0.6 2.8+1.1 82.4+0.2 21.1+0.6 84.5+0.4 23.24+0.6
300 m 0 56.24+0.1 72.7+0.4 16.5+0.3 76.2+0.9 20.0+0.8 95.840.8 39.7+£0.9
7 56.0+0.3 61.8+1.0 5.7+1.2 76.5+£0.4 20.5+0.6 82.9+0.5 26.94+0.9
180 54.34+0.1 56.44+0.6 2.1+0.6 74.5+0.6 20.2+0.6 77.1+0.3 22.840.2
750 m 0 49.44+0.7 67.3+1.0 17.9+0.3 69.7+0.7 20.2+0.7 88.7+£0.4 39.240.3
7 49.7+1.0 56.1+0.2 6.44+0.8 69.6+0.8 20.0+0.4 77.7+0.8 28.1+£1.3
180 48.84+0.6 53.0+£1.0 4.2+0.6 68.6+0.7 19.8+0.1 73.0+0.2 24.24+0.4
1500 m 0 48.84+0.6 69.0+0.2 20.0+0.4 71.6+£3.0 22.84+3.0 n.d. n.d.
7 48.74+0.2 60.8+4.2 10.2+0.6 70.3+£0.8 21.7+0.8 n.d. n.d.
180 49.3+0.5 53.7+0.3 4.8+0.3 69.5+0.2 20.3+0.5 n.d. n.d.

pDOM = plankton-derived dissolved organic matter (DOM), C-18 DOM = C-18 isolated deep-sea DOM. The concentrations of pDOM or/and C-18 DOM
at each time-point were calculated as the net difference in bulk TOC concentrations between amended groups and controls. Data are reported as average
+ standard deviation (triplicate). n.d. = not determined.
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Fig. 4. Changes in concentrations of total organic carbon (TOC) during bioassay experiments with unfiltered waters (50, 100, 300, and 750 m)
amended with either C-18 DOM (19-23 pmol C L") or with a combination of C-18 DOM and plankton-derived DOM (39-40 pmol C L™"). The error bar
represents the standard deviation of triplicate experiments. [Color figure can be viewed at wileyonlinelibrary.com]
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p<0.01), with an exception in the pDOM-amended group at
50 m (T-test, p > 0.1) (Figs. 3a,b).

Microbial utilization of TOC in mesopelagic waters (300 and
750 m) was minor compared to that in surface waters (Figs. 3c,
d; Table 1). Total utilization of TOC in mesopelagic waters after
180 d decreased from 2 pmol L' at 300 m (T-test, p < 0.01) to
<1.0 pmol L™ at 750 m (T-test, p > 0.1), which accounted for
only 1-3% of the original TOC. In contrast, when pDOM was
added to the incubations (17-18 pmol DOC L™%), microbes at
both depths rapidly utilized a large fraction (65%) of the added
pDOM within 7 d and another 10-20% thereafter. Incubations
amended with C-18 DOM (~20 yumol DOC L™) showed no
measurable net loss in TOC throughout the experiments at
both depths (T-test, p > 0.05; Table 1). All amended incubations
ended with higher concentrations of TOC compared to the
controls (T-test, p < 0.05; Figs. 3c,d).

Microbial utilization of TOC in deep water was not measur-
able during the 180d of incubation (T-test, p >0.1; Fig. 3e;
Table 1). Similar to microbes at other depths, the deep-sea
microbes responded rapidly to the addition of pPDOM but not to
the addition of C-18 DOM. A total of 76% (15 pmol DOC L™")
of the added pDOM was utilized (T-test, p < 0.01) and 65% of
this utilization occurred within the first 7 d (T-test, p <0.01;
Fig. 3e). In contrast, removal of C-18 DOM was minimal
and insignificant after 7 or 180d of incubation (by 1-2-
pmol DOC L™!; T-test, p>0.1; Table 1). Final concentrations of
TOC in the amended groups were higher than those in the con-
trols (T-test, p < 0.01; Fig. 3e).

Incubations amended with a combination of C-18 DOM
and pDOM were compared to the groups amended only with
C-18 DOM to evaluate the priming effect (Fig. 4). The addition
of pDOM resulted in ~20 pmol L™! increase in TOC concentra-
tion on day 0. Most of the added pDOM was utilized rapidly
by microbes at all depths as observed previously (Fig. 3),
suggesting that the presence of C-18 DOM did not limit the
utilization of labile substrates. Final concentrations of TOC at
all the depths examined were significantly higher in the
double-amended groups (T-test, p < 0.05; Fig. 4), suggesting a
lack of enhanced utilization of C-18 DOM with the additions
of labile pDOM and therefore little or no priming effect.

The seawater samples collected for the bioassay experi-
ments were not filtered to avoid the removal of any microor-
ganisms and other potential alterations. Therefore we refer to
TOC in all figures, Table 1 and the Results section. Nearly all
of the organic carbon in the bioassay experiments is dissolved,
so in the text we commonly refer to DOC in the Discussion
section for consistency with similar bioassay studies (Barber
1968; Arrieta et al. 2015; Shen and Benner 2018).

Discussion

Most of the DOC in surface, mesopelagic, and deep waters
at BATS was very resistant to microbial degradation and per-
sisted during long-term incubations. About 6-7% of surface

Molecular properties control DOM utilization

water DOC was removed, 1-3% of mesopelagic DOC was
removed, and no significant removal of DOC was observed in
deep water. The observed resistance of seawater DOC to
microbial degradation has led to its characterization as refrac-
tory DOC (Barber 1968; Ogura 1972; Hopkinson et al. 2002).
Many factors can influence the microbial utilization of DOC
in the ocean, including environmental conditions, microbial
community structure, molecular properties (i.e., composition
and structure), and the concentrations of dissolved molecules
(Jiao et al. 2014; Carlson and Hansell 2015; Dittmar 2015). In
the present study all incubations were conducted at the same
temperature and atmospheric pressure. Water samples and
microbial communities were collected from various depths,
with the highest DOC and lowest nutrient concentrations in
surface water and the lowest DOC and highest nutrient con-
centrations in deep water. The molecular properties of DOC
also vary with depth, with declining concentrations of com-
mon biochemicals and bioreactivity with depth (Benner et al.
1992; Kaiser and Benner 2009). Given these confounding vari-
ables, the primary factors responsible for the decreasing biore-
activity of DOC with depth are uncertain. Therefore, we
included bioassay experiments with additions of Ilabile
(pDOM) and refractory (C-18 DOM) forms of natural marine
organic matter with contrasting molecular properties to gain
further insights about the factors controlling the microbial uti-
lization of DOC throughout the water column. The additions
of pDOM (~18 yM DOC) and C-18 DOM (~20 uM DOC)
increased the concentrations of these molecular forms of DOC
by a factor of two or more, thereby facilitating their microbial
utilization.

The microbial utilization of pDOM additions was rapid in
water samples from all depths, with 50-75% removal of the
pDOC within 7d and 76-94% removal within 180 d. The
pDOM is rich in free and combined amino acids and carbohy-
drates, which have been identified as major components of
labile DOC (Cherrier et al. 1996; Amon et al. 2001; Shen et al.
2016b). The optical properties provided additional insights about
the potential bioreactivity of chromophoric DOM. The broad
absorption peaks at around 280 nm and 325 nm in the pDOM
are indicative of aromatic amino acids and mycosporine-like
amino acids (Shick and Dunlap 2002; Steinberg et al. 2004) and
possibly other compounds. Molecules contributing to these opti-
cal properties were labile to microbial degradation. The lack of
these diagnostic absorption patterns in the C-18 DOM indicates
the limited abundance of these bioreactive chromophores. The
overall extent of pDOC utilization was likely greater than
observed because microbial utilization of labile substrates results
in the production of refractory forms of DOC that persist during
long-term incubations (Brophy and Carlson 1989; Ogawa et al.
2001; Koch et al. 2014).

The bioassay experiments demonstrate microbial commu-
nities in surface, mesopelagic, and deep waters rapidly and
thoroughly utilized the pDOM and are poised to consume
labile substrates as soon as they appear. In sharp contrast to
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the rapid microbial utilization of pDOM, the C-18 DOM was
very resistant to microbial degradation. No significant removal
of C-18 DOC was observed in any of the incubations after 7 d,
indicating the added C-18 DOC was not labile. Even after
180 d, the C-18 DOC persisted with no or minimal removal
throughout the water column, verifying its refractory proper-
ties. The addition of C-18 extractable molecules more than
doubled their original concentrations in deep water, so the
elevated concentrations of these dissolved molecules were suf-
ficient for substantial microbial utilization if the substrates
were labile. These observations are consistent with those from
a previous study with elevated (10-fold) concentrations of C-
18 DOC as the sole carbon and energy source for microbial
assemblages from surface, mesopelagic, and deep waters of the
North Atlantic Ocean (Shen and Benner 2018). We further
investigated the effects of priming on the removal of C-18
DOM by adding the labile pDOM to stimulate microbial
growth and activity. The priming agent in these experiments,
pDOM, was rapidly utilized, but a priming effect on the
removal of C-18 DOM was not evident, further indicating the
molecular properties of C-18 DOM shape its refractory nature.
Overall, these results demonstrate the labile nature of pDOM
and the refractory nature of C-18 DOM are primarily deter-
mined by molecular properties rather than concentrations in
seawater. The C-18 DOC accounts for ~30% of the DOC in
seawater (Shen and Benner 2018), indicating a substantial
fraction of the DOC in the global ocean has refractory molecu-
lar properties and is very resistant to microbial degradation.

Bioassay experiments are the common approach used to
determine the bioreactivity of substrates under defined envi-
ronmental conditions (Ogura 1972; Sendergaard and
Middelboe 1995; Lonborg et al. 2018). The term labile is used
to characterize components that persist for minutes to weeks,
whereas the term refractory is used to characterize compo-
nents of DOM that persist in the ocean for centuries to
millennia (Carlson 2002). Bioassay experiments are subject to
bottle effects and are typically closed systems that are better
suited for observing the bioreactivity of labile substrates than
refractory substrates. Given the limited duration of these
experiments, our characterization of C-18 DOM as refractory
DOM can be considered speculative, but bioassay experiments
clearly demonstrate these dissolved molecules are not labile,
even in the presence of different microbial communities,
labile substrates, and varying nutrient concentrations. Further-
more, the radiocarbon age of DOC in the deep ocean is often
used as an indicator of its potential bioreactivity, with radio-
carbon ages of several thousand years generally being indica-
tive of refractory DOC (Druffel et al. 1992; Flerus et al. 2012).
The radiocarbon ages of C-18 DOM collected from two deep
water samples (1971 m, 2949 m) in the Arctic Ocean were
3770 and 3760 ybp (Benner et al. 2004). Deep water in the
Arctic Ocean is derived from the North Atlantic, so these old
ages of C-18 DOC provide independent evidence of the refrac-
tory properties of the C-18 isolated DOM.

Molecular properties control DOM utilization

Previous bioassay experiments with concentrated DOC
extracted using styrene-divinylbenzene polymer (PPL) from
deep ocean waters demonstrated the growth of microorgan-
isms and removal of PPL-DOC during incubations lasting
10-40d (Arrieta et al. 2015). These observations led the
authors to speculate about the primary control on the micro-
bial removal of DOC in the ocean. They proposed that deep
ocean DOC is comprised of labile molecules that reside at con-
centrations too dilute for microbial utilization. However, their
data also indicated a small fraction (mostly <6%) of the PPL-
DOC was removed regardless of the concentration added to
the bioassay experiments, indicating only a small fraction of
the in situ DOC was labile and potentially too dilute for
microbial utilization (Jiao et al. 2015). It is important to con-
sider that the PPL sorbent concentrates DOC with a higher
extraction efficiency (240%) and somewhat different molecu-
lar properties (e.g., more polar molecules) than those concen-
trated with the C-18 sorbent, so it is possible the PPL sorbent
concentrates some labile DOC whereas the C-18 sorbent con-
centrates predominantly refractory DOC (Shen and Benner
2018). Contrary to the observations of Arrieta et al. (2015),
the results of the present study and our previous bioassay
experiments with 10-fold concentrated C-18 DOC (Shen and
Benner 2018) suggest the molecular properties of DOC are the
primary control on the microbial utilization of DOC in the
ocean. Two recent studies separately modeled the radiocarbon
ages of deep-sea DOC and the removal of DOC based on the
Arrieta et al. (2015) experimental results to assess the relative
contributions of dilute labile and refractory molecules, and
their results independently suggest a dominant presence of
structurally resistant organic molecules in the deep ocean
(Wilson and Arndt 2017; Wang et al. 2018).

It is challenging to define specific molecular properties that
limit the microbial utilization of DOM (Zhang et al. 2018), but
advances in the chemical characterization of DOM are leading
to new insights. Solid phase extraction methods used for the
concentration and isolation of marine DOM, such as C-18
used herein, commonly rely on a nonpolar stationary phase
and hydrophobic interactions to preferentially adsorb mid- to
nonpolar molecules from seawater (Benner 2002; Dittmar
et al. 2008). The isolated DOM, often referred to as humic sub-
stances, is enriched in carbon relative to nitrogen
(C/N = 36-57) and depleted in amino acids and carbohydrates
(Druffel et al. 1992; Hedges et al. 1992; Koch et al. 2005; Shen
and Benner 2018). Nuclear magnetic resonance spectroscopy
and ultrahigh resolution mass spectrometry indicate the prev-
alence of carboxylated aliphatic molecules in marine humic
substances (Hedges et al. 1992; Koch et al. 2005; Koprivnjak
et al. 2009). More detailed characterizations of marine DOM
reveal the occurrence of hundreds to thousands of carboxyl-
rich alicyclic molecules (CRAM) with carboxyl-C:aliphatic-C
ratios of 1:2 to 1:7 (Hertkorn et al. 2006; Hertkorn et al. 2013).
Cyclic terpenoids, including sterols, hopanoids, and caroten-
oids, are thought to be important biochemical precursors of
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CRAM (Hertkorn et al. 2006; Arakawa et al. 2017). These
CRAM are abundant in seawater DOM (Hertkorn et al. 2006;
Koprivnjak et al. 2009; Arakawa et al. 2017), and they appear
to be relatively old and altered components of refractory DOC
(Lechtenfeld et al. 2014).

Understanding the underlying mechanisms controlling
DOC removal is critical because those mechanisms play a key
role in regulating the size of the global ocean DOC reservoir.
If most of the dissolved molecules in seawater are labile but
too dilute for microbial utilization (i.e., dilution hypothesis),
the size of the DOC reservoir would be constrained by the
threshold concentrations and diversity of labile molecules.
Recent studies indicate an amazing diversity of small mole-
cules in seawater with estimates of more than 100,000 com-
pounds (Hertkorn et al. 2013; Zark et al. 2017). Molecular
diversity in seawater is already extremely high, indicating the
DOC reservoir size (662 Pg C; Hansell 2013) is unlikely to
change substantially over time if it is comprised of labile mole-
cules. In contrast, if a large fraction of dissolved molecules in
seawater persist due to their refractory molecular properties, as
observed herein, there is greater potential for a more dynamic
reservoir of DOC in the global ocean. The latter has been
suggested to be the case in the ancient ocean where a dynamic
and much larger oceanic DOC reservoir was thought to occur
during the Neoproterozoic (1,000-541 million years ago) and
Paleocene-Eocene epochs (~65-34 million years ago)
(Rothman et al. 2003; Sexton et al. 2011). Our findings of the
predominant occurrence of inherently refractory molecules in
marine DOM indicates a flexible capacity of carbon storage in
the modern global ocean.
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