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Abstract Dissolved organic matter (DOM) in the ocean is one of the largest carbon pools on Earth. Microbial metabolism is an
important process that shapes the marine DOM pool. Current studies on the interactions between microorganisms and DOM
focus mainly on oxic environments. Few studies have addressed the molecular characteristics of DOM in microbial-mediated
transformation under anoxic/hypoxic conditions. As a result of deteriorating water quality due to eutrophication and global
warming, anoxia occurs frequently in coastal waters. In this study, we performed an experiment to investigate changes in
microbial community responses and the molecular characteristics of DOM in microbial-mediated transformation under hypoxic
conditions. We compared microbial-mediated DOM transformation at different dissolved oxygen levels (7, 5, and 2 mg Lfl) and
in different media (natural and artificial seawater with and without laminarin). We also investigated differences in DOM
composition between groups using spectroscopic analysis and ultrahigh-resolution Fourier transform ion cyclotron resonance
mass spectrometry. The results showed decreased microbial metabolic activity and delayed community succession at low oxygen
(2 mg Lfl) in natural seawater supplemented with laminarin. The growth of strictly aerobic bacteria such as Pseudomonadaceae
and Sphingomonadaceae was inhibited and the total organic carbon utilization rate was reduced by 36.9-46.7% from 4 to 32
days. Moreover, tyrosine-like and tryptophan-like components were preserved, while DOM humification and modified ar-
omaticity indices were significantly reduced under low oxygen conditions. This experiment provides justification for further
study of the processes and mechanisms of improved labile DOM preservation in anoxic estuarine and coastal waters.
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Introduction

zation efficiency and turnover time (Druffel et al., 1992). The

Marine dissolved organic matter (DOM) is one of the largest
reduced carbon pools on Earth (Hansell et al., 2009). The
various components of DOM have varying microbial utili-
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organic matter produced by phytoplankton in the euphotic
zone is the main source of labile dissolved organic matter
(LDOM) in oceans (Buchan et al., 2014). The majority of
LDOM is consumed by heterotrophic bacteria within min-
utes, hours, or days (Hansell et al., 2012). Heterotrophic
bacteria convert LDOM to refractory dissolved organic
matter (RDOM), which can be stored in the ocean for
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thousands of years (Jiao et al., 2018). Therefore, interactions
between microbes and DOM play an important role in global
carbon cycling and climate change regulation (Jiao et al.,
2010; Chen et al., 2021). Many efforts have been made to
investigate the RDOM produced by heterotrophic bacteria
from algae-derived LDOM (Zheng et al., 2019; Xie et al.,
2020). Most of these studies focus on oxic environments, and
the molecular characteristics of RDOM produced from
LDOM by heterotrophic bacteria under anoxic or hypoxic
(dissolved oxygen <2 mg Lfl) conditions have been rarely
investigated (Leonborg et al., 2020).

The ocean’s hypoxic zones have expanded since the mid-
21st century (Deutsch et al., 2014), and the open oceans have
lost nearly 2% (77 billion tons) of oxygen during the past
50 years (Schmidtko et al., 2017). Oxygen minimum zones
have expanded by 4.5 million km’ (<70 umol kgfl at 200 m
depth) (Stramma et al., 2010). In 1990, Kamykowski and
Zentara identified four major permanent hypoxic zones in
the eastern North Pacific, eastern South Pacific, Arabian Sea,
and Bay of Bengal (Kamykowski and Zentara, 1990). In
shelf margin and estuarine/coastal waters influenced by eu-
trophication and wastewater, the number of hypoxic zones
has increased with an exponential growth rate of 5.54% per
year (Vaquer-Sunyer and Duarte, 2008) and the area of hy-
poxic zones totals 1 million km’ (Helly and Levin, 2004).
These hypoxic zones are located mainly along coasts with
large populations and developed economies, such as western
and northern Europe, eastern and western United States,
eastern China, and Japan (Breitburg et al., 2018). Hypoxic
events seriously threaten coastal and marine ecosystems and
have become a focus of research worldwide (Diaz, 2001;
Dagg et al., 2007; Schmidtko et al., 2017).

Organisms in seawater can be severely affected by hypoxic
environments, causing fish and zooplankton to migrate away
from their habitats (Diaz, 2001; Rabalais et al., 2010; Zhang
et al., 2010). Microorganisms play an important role in
biogeochemical cycling in hypoxic zones where environ-
mental stresses have forced larger native organisms to
abandon their habitats or die (Gray et al., 2002; Diaz and
Rosenberg, 2008; Vaquer-Sunyer and Duarte, 2008). Low
oxygen affects the metabolic process and community struc-
ture of microorganisms. Oxygen is involved in microbial
mineralization as a cofactor of oxygenase, peroxidase, and
some highly active superoxide radicals (Burdige, 2007). Low
oxygen affects microbial metabolic activity and results in
incomplete hydrolyzation of organic matter (Canfield, 1994).
Anaerobic microorganisms are dominant in hypoxic/anoxic
waters. Their presence leads to the accumulation of de-
gradation products such as sulfide in water, thus reducing
remineralization and increasing the preservation of LDOM
(Okabe et al., 1995; van Dongen et al., 2006). These factors
may significantly alter the size and molecular composition of
DOM pools in hypoxic zones.
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Several studies have been conducted to investigate mi-
crobial metabolism in hypoxic environments and the effects
of low oxygen on DOM. In 1986, Zehnder and Svensson
found that microbial degradation of organic matter decreased
under anoxic conditions (Zehnder and Svensson, 1986). Low
oxygen over a long timescale facilitated the accumulation of
organic matter in water (Glenn and Arthur, 1985; Schubert et
al., 2006). In 2017, a study of the Black Sea by Jessen et al.
(2017) showed that hypoxic events in bottom seawater re-
duced the abundance of microorganisms attached to particles
and greatly increased organic matter preservation over a
short period of time. Although studies have demonstrated the
role of oxygen in controlling organic matter cycling, there is
limited understanding of how hypoxia affects the molecular
characteristics of DOM (Lenborg et al., 2020). Estuarine/
coastal and shelf margin waters connecting the land and open
oceans have complex biogeochemical processes (Cloern et
al., 2016). The carbon flux from coastal to open ocean ranges
from 4.4 to 27.0 Pg C per year, which constitutes an im-
portant part of global carbon cycling (Barrén and Duarte,
2015). The investigation of microbial-mediated DOM
transformation in hypoxic environments is critical for as-
sessing the molecular characteristics and carbon storage
potential of the shelf margin DOM pool in the context of
global warming (Seidel et al., 2017; Lau and del Giorgio,
2020; Lenborg et al., 2020).

It is worth noting that marine waters during the Cambrian
and earlier (>520 Ma) were characterized by anoxia and
stratification (Canfield et al., 2008). Paleoceanographic
studies have shown that the carbon content of the DOM pool
in the early history of Earth was 500 to 1,000 times higher
than today (Zhang, 2017). Due to the lack of oxidants, little
carbon was lost from organic matter during early diagenesis,
which facilitated the burial of organic matter (Froelich et al.,
1979; Yin et al., 2008). During this period, oceans were
dominated by prokaryotes (Doglioni et al., 2016). The me-
chanisms of microbial carbon metabolism in ancient oceans
with extreme low oxygen remain unknown. Study of the
mechanisms of microbial carbon metabolism in modern
hypoxic environments may provide insights into ancient
anoxic oceans, and help scientists better understand the
functions of microorganisms in climate change on a geolo-
gical time scale (Zhang, 2017). Revealing the complex
causality between ecological processes in the hypoxic zones
of modern marine systems is a challenge, but it will provide a
basis for the prediction of changes in oceans (Xie, 2018;
Zhang et al., 2018).

DOM is a highly heterogeneous mixture composed of
various compounds (Dittmar et al., 2015), and determining
its composition can be difficult. Conventional spectroscopic
methods can be used to analyze chromophoric dissolved
organic matter (CDOM) and fluorescent dissolved organic
matter (FDOM), and thus to characterize and trace the con-
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tent, source, transport, and transformation of DOM compo-
nents in various water environments (Coble et al., 1990;
Stedmon et al., 2003; Guo et al., 2014; Zhou et al., 2018).
However, this method shows the general characteristics of
DOM but not its molecular composition. In recent years, the
development and application of Fourier transform ion cy-
clotron resonance mass spectrometry (FT-ICR MS) has
provided transformative opportunities for the study of DOM
composition at the molecular level. Carbon, hydrogen,
oxygen, nitrogen, and sulfur composition can be determined
to accurately identify the molecular formulae of compounds,
and thus to reveal the molecular composition of DOM
(Kellerman et al., 2014; He et al., 2019; Osterholz et al.,
2021). The combination of these two analytical methods
enables a systematic understanding of the molecular char-
acteristics and transformation of DOM in natural environ-
ments.

Based on these findings, we investigated DOM composi-
tion using spectroscopic analysis and FT-ICR MS. Changes
in microbial community structure with different oxygen le-
vels and media were assessed using 16S rRNA gene se-
quencing. The study area was Xiamen Bay, which is located
in the Jiulong River estuary in Fujian Province, China. Hu-
man activities such as mariculture, wastewater discharge,
and shipping along the coastline of Jiulong River-Xiamen
Bay increase the risks of ecological disasters such as eu-
trophication and hypoxia (Wang et al., 2019). The rapid
microbial utilization of a large amount of organic matter
produced by algal blooms is associated with hypoxia in es-
tuarine and coastal waters (Gray et al., 2002). Laminarin is
an important metabolite created by microalgae and diatoms
during algal blooms, and they produce an annual yield of 12
+8 Gt, accounting for ~26+17% of the marine particulate

Filtered 20 ym, 3 pm
Natural seawater
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organic matter pool (Becker et al., 2020). Therefore, lami-
narin was added to the culture system as a representative
LDOM produced by algae. The culture experiment was
carried out with three different oxygen levels (7, 5, and
2 mg Lfl) and media (natural seawater + laminarin, natural
seawater, and artificial seawater + laminarin). Laminarin was
added into both natural and artificial seawater for compar-
ison. Artificial seawater was used to eliminate the influence
of background DOM in natural seawater and facilitate the
study of microbial transformation of DOM molecules. The
objectives of this study were (1) to investigate the responses
of a microbial community to anoxia’/hypoxia and (2) to
characterize the changes in DOM concentration and com-
position during microbial-mediated transformation under
anoxic/hypoxic conditions.

2. Materials and methods

2.1 Experimental design

The natural seawater used in this experiment was surface
seawater collected in September 2020 at station SO5 in Xia-
men Bay (118.1465°E, 24.4197°N). The experimental design
is shown in Figure 1. Natural seawater was filtered through a
20 um sieve and a 3 pm polycarbonate membrane (47 mm,
Millipore, USA) to remove macroorganisms. Filtered sea-
water (140 L) was aliquoted into 20 L high-density poly-
ethylene buckets (PC, Nalgene, USA; pretreated by soaking
in acid solution and rinsing with water). The seawater was
left at room temperature for 3 days. Artificial seawater
(ASW) was prepared according to the method described by
Kester et al. in 1967 with a slight modification (Kester et al.,
1967). ASW contained the following salts in Milli-Q water:

Injected N, and divided
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Collected on days 0, 3, 7, 15, 32
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NaCl (24gL™), KCI (0.67gL™), Kbr (0.1 gL™"), NaF
(0.04 g L"), H;BO; (0.03 gL ™), CaCl, (0.05gL™"), NaH-
CO; (0.2 gL™"), MgSO,-H,0 (5gL™"), NaNO; 2 mgL™),
NH,CI (1.25 mg L"), and KH,PO, (0.45 mg L™"). The first
four salts were calcined at 450 °C for 6 h before use.
Laminarin (~100 pmol Lfl) was added to natural seawater
(100 L, allowed to stand for 3 days before use) and artificial
seawater at the same concentration as total organic carbon
(TOC). One percent natural seawater was added to artificial
seawater to inoculate the microorganisms. Finally, three
culture types were established: seawater + laminaria (SW
+L), seawater (SW), and artificial seawater + laminaria
(ASW+L). Seawater from each group was divided into three
aliquots. Nitrogen (N,) was introduced to adjust the dis-
solved oxygen (DO) to 7, 5, and 2 mg L. Seawater with
different oxygen levels (7, 5, 2 mg Lfl) and media (SW+L,
SW, and ASW+L) was aliquoted into 1 L glass bottles by
siphoning through a Teflon tube. The glass bottles were
soaked in acid solution, rinsed with water, and calcined at
450 °C for 6 h before use. The bottles were allowed to
overflow one bottle volume. The bottles were then tightly
capped, wrapped with parafilm to ensure air tightness, and
incubated at 25 °C in the dark. A patch-type oxygen sensor
was attached to each 1 L glass bottle for measurement of DO.

2.2 Sample collection

Samples were collected on days 0, 3, 7, 15, and 32 for SW
+L, but only on days 0 and 32 for the SW and ASW+L
(Figure 1). Three bottles were randomly selected from each
culture system. The samples for bacterial abundance analysis
were fixed with 1% glutaraldehyde and stored at —80 °C.
The samples for bacterial community structure analysis
using 16S rRNA gene sequencing were filtered through a
0.22 pum polycarbonate membrane (47 mm, Millipore, USA),
and the membrane was stored at —80 °C for DNA extraction.
The samples for TOC analysis were placed in 40 mL brown
bottles (soaked in acid solution, rinsed with water, and cal-
cined at 450 °C for 6 h) and stored at —20 °C. The samples
for analysis of dissolved organic carbon and FDOM were
filtered through a GF/F membrane (47 mm, Whatman, UK,
calcined at 450 °C for 6 h) and stored at —20 °C. The sam-
ples for FT-ICR MS analysis were filtered with the same
method as dissolved organic carbon samples. DOM was
extracted from the filtrate using a solid-phase extraction
cartridge (200 mg, Agilent Bond Elut PPL, USA) as de-
scribed previously (Dittmar et al., 2008). After extraction,
PPL cartridges were stored at —20 °C until analysis.

2.3 Analysis of bacterial abundance and community
structure by 16S rRNA gene sequencing

Bacterial abundance was detected by flowcytometry using a
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BD Accuri C6 flow cytometer (BD, USA). The sample
(990 uL) was stained with 10 uL. diluted SYBR Green I
fluorescent dye (Invitrogen, Carlsbad, CA, USA) and left at
room temperature in the dark for 15 min before analysis
(Marie et al., 1997). High-concentration samples were di-
luted with Tris-EDTA (Sigma-Aldrich, pH 8.0, USA).

DNA was extracted using the phenol-chloroform-isoamyl
alcohol method (Wang et al., 2017). The V4-V5 region of
bacterial 16S rRNA genes was sequenced with primers 515F
(5’-GTGCCAGCMGCCGCGGTAA-3’) and 907R (5°-
CCGTCAATTCMTTTRAGTTT-3") (Xie et al., 2020).
Amplicons were sequenced on Illumina Miseq PE300 to
yield 3,951,749 sequences. Raw sequences were analyzed
using QIIME2 (version 2020.2) with standard parameters
(Bolyen et al., 2019). Sequences were trimmed to 231 bp and
low-quality sequences were removed using default para-
meters. Sequences were denoised to obtain amplicon se-
quence variants (ASVs) with Deblur in QIIME2. Using the
feature table, representative sequences were classified with a
QIIME2 classifier against the SILVA database (release 132).
The final dataset contained 1,855,628 sequences and 1,287
ASVs. Each sample was subsampled to 20,743 sequences to
ensure the accuracy of the a diversity index calculation. The
Shannon-Wiener index was calculated based on ASVs using
the Picante package.

2.4 Analysis of TOC concentration and DOM spectra

TOC concentration was determined by catalytic oxidation at
680 °C using a total organic carbon analyzer (TOC-VCPH,
Shimadzu). The sample was thawed and equilibrated to room
temperature, and pH was adjusted using 1% phosphoric acid
solution. Potassium hydrogen phthalate solution was used to
generate a standard curve. Standard deep-sea water (Hansell
laboratory) and Milli-Q water were used as reference sam-
ples. A coefficient of variation of the reference samples less
than 1% indicates valid analyses.

FDOM was analyzed using three-dimensional excitation-
emission matrices (EEMs) on a Horiba Aqualog with a 1 cm
quartz cuvette (Xu et al., 2022). Milli-Q water was used as a
blank for fluorescence scanning. The excitation wavelength
ranged from 240 to 600 nm with an interval of 5 nm, the
emission wavelength ranged from 248 to 829 nm with an
interval of 2.33 nm, and the excitation duration was 2 s. The
R package staRdom was used for analysis (Pucher et al.,
2019). The fluorescence intensities of peaks A, C, M (humic-
like FDOM components), B, and T (protein-like FDOM
components) were detected using a peak-detection algorithm
(Coble, 1996). The results were expressed in Raman units.

2.5 FT-ICR MS analysis

The organic matter extracted by solid phase extraction was
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analyzed using FT-ICR MS on a 9.4 T Bruker apex-ultra FT-
ICR mass spectrometer. Mass peaks with a mass-to-charge
ratio (m/z) between 200 and 800 and a signal-to-noise ratio
>4 were selected for molecular formula assignments. We
calculated the number of assigned molecular formulae, re-
lative abundance/intensity, hydrogen/carbon (H/C) ratio,
oxygen/carbon (O/C) ratio, double bond equivalent (DBE,
eq.(1)), and modified aromaticity index (Al,.q, €q.(2)) (Koch
and Dittmar, 2006; Lechtenfeld et al., 2015; Vorobev et al.,
2018; He et al., 2020; Lian et al., 2021). DBE represents the
degree of molecule condensation and is numerically equal to
the sum of the number of rings and double bonds in a mo-
lecule.

DBE = C-0.5H+0.5N+1, (1)
Al ;= (1+C-0.5 0—S—0.5(N+H+P))
/(C-0.50—S—N-P). 2)

2.6 Statistical analysis

Between-group differences were assessed using a #-test for
parameters such as DO, TOC, bacterial abundance, Shannon-
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Wiener index, relative abundance of molecular formulae
identified by FT, and DOM molecular characteristic values.
Statistical analyses were performed in R 3.6.1 (www.r-pro-
ject.org).

3. Results

3.1 Changes in DO during the culture experiment

The time courses of DO are shown in Figure 2a. On day 32,
the DO of SW+L7, SW+LS5, and SW+L2 decreased by 3.1
+0.0, 3.1£0.1, and 2.24+0.1 mg Lfl, respectively. The DO
decreased by 2.2+0.1, 2.2+0.0, and 1.9+0.1 mg L™ in ASW
+L7, ASW+L5, and ASW+L2, respectively. There were no
significant differences between ASW+L7 and ASW+L5
(»>0.05, t-test) in oxygen consumption for organic matter
utilization. However, oxygen consumption in ASW+L2 was
significantly lower than in the other two groups (p<0.05, t-
test). In SW+L, rapid DO consumption occurred over 0-3
days, after which the consumption slowed down and leveled
off over days 4-32. In SW+L2, DO decreased to 0.33 mg L'
on day 4, which was below the threshold value of a suboxic

(a) SW+L SW ASW+L
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Figure 2 Dissolved oxygen (a), total organic carbon concentration (b), and microbial abundance (c) in the culture systems over time. Initial DO: initial
dissolved oxygen concentration; DO7, DOS5, and DO2 denote the experimental groups with initial oxygen of 7, 5, and 2 mg L, respectively; SW+L, SW, and
ASW+L denote the culture systems of natural seawater + laminarin, natural seawater, and artificial seawater + laminarin, respectively.
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state (0,<0.64 mg L") (Wright et al., 2012). In SW, DO
remained stable throughout the cultivation in SW7 and SWS5,
and increased during days 0-5 in SW2.

3.2 Changes in TOC during the culture experiment

The time courses of TOC are shown in Figure 2b. SW+L and
ASW+L showed significant decreases in TOC after 32 days
of culture (p<0.05, #-test). In SW+L, TOC decreased rapidly
from 0 to 3 days. The average reduction was
78.3+4.4 pmol C L, accounting for about 40.8+2.2% of
initial TOC and 80.3+2.0% of TOC in laminarin. There were
no significant differences between groups (p>0.05, t-test).
TOC consumption slowed during days 4-32. The decrease in
SW+L2 was lower than in the other two groups. TOC in SW
+L5 and SW+L7 decreased by 22.2 and 18.7 pmol C L™
from days 4-32, respectively, accounting for 11.5% and
9.9% of initial TOC. However, TOC in SW+L2 decreased by
only 11.8 pmol C L™, accounting for 6.1% of initial TOC.
TOC consumption was 36.9—46.7% lower than in the high
oxygen groups. In ASW+L, TOC decreased by an average of
84.4+2.0 umol C L™ from 0 to 32 days, accounting for 78.7
+1.8% of initial TOC. There were no significant differences
between groups (p>0.05, t-test). In SW, there were no sig-
nificant differences in TOC between groups at 0 and 32 days
(p>0.05, t-test).

3.3 Changes in bacterial abundance during the culture
experiment

The time courses of bacterial abundance are shown in Figure
2c. In SW+L, bacterial abundance peaked on day 3 and then
decreased. Over the entire culture period, bacterial abun-
dance was significantly higher in SW+L2 than in SW+L5
and SW+L7 (p<0.05, t-test). The initial bacterial abundance
of SW+L was 1.5x10° cells mL™'. On day 3, the value in-
creased to 2.8x10° cells mL ™' in SW+L2 but only to 2.4x 10°
and 2.1x10° cells mL ™" in SW+L5 and SW+L7, respectively.
On day 32, bacterial abundance was still slightly higher in
SW+L2 than in the other two groups. The bacterial abun-
dance in SW+L2, SW+L5, and SW+L7 was 9.9X105,
7.1x10°, and 7.1x10° cells mL ™", respectively.

In SW and ASW+L, bacterial abundance was highest in
groups with 5 mg L' initial DO at day 32. On day 0, the
abundance of heterotrophic bacteria in SW was 1.5x 10° cells
mL™". On day 32, the abundance decreased to 5.7X105,
6.4x10°, and 5.5x10° cells mL ' in SW2, SW5, and SW7,
respectively. In ASW+L, which was inoculated with 1%
natural seawater, the initial abundance was only 2.0x10*
cells mL™". On day 32, ASW+L2, ASW+L5, and ASW+L7
had bacterial abundance of 6.3X106, 7.4><106, and 6.3x10°
cells mL™", respectively.
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3.4 Changes in bacterial community structure

High-throughput sequencing of 16S rRNA genes was per-
formed to investigate changes in bacterial community
structure and diversity (Figure 3a). A Shannon-Wiener index
was calculated to estimate community diversity based on
ASVs (Figure 3b). At the beginning of the experiment the
dominant families were Alteromonadaceae (23.4%), Acti-
nomarinaceae (20.1%), Rhodobacteraceae (10.3%), and
Flavobacteriaceae (10.0%) (Figure 3a).

In SW+L, the dominant families were Flavobacteriaceae
and Rhodobacteraceae. The relative abundance of Rhodo-
bacteraceae peaked on day 3 in SW+L2 (51.2%), SW+L5
(36.2%), and SW+L7 (53.6%), and then gradually decreased.
On day 32, Rhodobacteraceae had an abundance of 19.2% at
low oxygen (SW+L2), which was higher than SW+L5 (9.0%)
and SW+L7 (4.8%). Compared with Rhodobacteraceae, Fla-
vobacteriaceae showed a slower response to low oxygen. Its
relative abundance in SW-+L2 continued to increase until the
end of the experiment (34.3% on day 32). In SW+L5 and SW
+L7, however, the relative abundance of Flavobacteriaceae
peaked at 36.4% and 50.8% on days 7 and 15, respectively. At
the end of the experiment, the relative abundance of Sphin-
gomonadaceae was lower in SW+L2 (0.1%) than in SW+L5
(2.8%) or SW+L7 (2.2%). On day 32, an unclassified strain in
Gammaproteobacteria was dominant in SW+L7 (28.0%) and
SW+L5 (35.6%), but its abundance was low in SW+L2
(0.3%). The sequence of this strain was aligned against the
NCBI database and showed a high similarity (91.2%) with
Pseudomonas sp. in Gammaproteobacteria.

There were no significant differences in bacterial com-
munity structure in SW at different oxygen concentrations.
The relative abundances of Rhodobacteraceae and Flavo-
bacteriaceae were lower in SW than in SW+L at the end of
the experiment, when Saprospiraceae became the dominant
family (averaging 18.1+£3.0% on day 32). In ASW+L, Fla-
vobacteriaceae, Rhodobacteraceae, Gimesiaceae, and Alter-
omonadaceac were the dominant families, with total
abundances as high as 73.2-78.5%. The abundance of
Rhodobacteraceae remained high (19.7%) in ASW+L2, but
the abundance of Flavobacteriaceac was lower in ASW+L2
than in the other two groups. In addition, the abundance of
Saprospiraceae was extremely low in ASW+L but relatively
high in SW+L and SW.

At the end of the experiment, bacterial community di-
versity in SW+L was similar to that at the beginning of
culture (p>0.05, t-test), bacterial diversity in SW was sig-
nificantly higher than the initial state (p<0.05, ¢-test), and the
opposite trend was observed in ASW+L (p<0.05, t-test)
(Figure 3b). These results indicate that the diversity of the
bacterial community was affected by DO, i.e., the lower the
initial DO, the smaller the variation in bacterial community
structure diversity.
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Figure 3 Relative abundance of dominant families (a) and microbial community diversity (Shannon-Wiener index) (b). Initial DO: initial dissolved oxygen
concentration; DO7, DOS5, and DO2 denote the experimental groups with initial oxygen of 7, 5, and 2 mg Lfl, respectively; SW+L, SW, and ASW+L denote
the culture systems of natural seawater + laminarin, natural seawater, and artificial seawater + laminarin, respectively.

3.5 Changes in DOM spectroscopic characteristics

The three-dimensional fluorescence spectra of DOM were
analyzed using a peak-detection algorithm to reveal changes
in the fluorescence signal intensity of two protein-like DOM
components (peaks B and T) and three humic-like DOM
components (peaks A, M, and C) (Appendix Figure S1,
https://link.springer.com). Peaks B and T represent tyrosine-
like and tryptophan-like DOM, respectively. These two
peaks are often positively correlated with hydrolyzable
amino acid concentration and microbial metabolic rate.
Therefore, they are assigned to fresh organic matter from
algae or microorganisms that can be easily utilized by het-
erotrophic bacteria (Yamashita and Tanoue, 2003; Cammack
et al., 2004). Peaks A and C represent conventional terres-
trial humic-like DOM components difficult to degrade by
microorganisms and widely present in freshwater and sea-
water environments. Peak M is assigned to a marine humic-
like DOM component, which is often regarded as the me-
tabolites of marine microorganisms. On day 32, the fluor-

escence of protein-like DOM was significantly higher
(p<0.05, r-test) in low-oxygen groups (SW+L2 and SW2)
than in high-oxygen groups (SW+L and SW). However, the
opposite pattern was observed for humic-like DOM. On day
32, the signal of protein-like DOM was lower in ASW+L2
than in ASW+L5. The degree of DOM humification was
measured based on the ratio of total fluorescence signal
intensity of protein-like DOM components to that of humic-
like DOM components (FDOM-P/FDOM-H) (Figure 4).
High FDOM-P/FDOM-H indicates low humification and
high bioavailability. Conversely, high humification indicates
that the DOM components are not easily utilized by mi-
croorganisms. In SW+L, the degree of humification was
significantly lower in SW+L2 than in the other two groups
(p<0.05, t-test). The metabolic activity of microorganisms
may be inhibited under hypoxic/anoxic conditions, thus
facilitating the preservation of labile and semi-labile DOM.
However, this phenomenon was not observed in SW and
ASW-+L, which may be related to the oxygen level and the
DOM composition of the media.
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3.6 Changes in molecular characteristics of organic
matter based on FT-ICR MS

Using FT-ICR MS, a total of 8,003 organic matter molecular
formulae were identified in all experimental groups of this
study. In order to reduce errors, organic matter molecules
that appeared in at least two parallel samples were retained,
which yielded a total of 6,622 organic matter molecules.
These molecules were divided into CHO, CHON, CHOS and
CHONS according to element composition (Table 1). On day
0, there were 4,842 formulae in SW+L. On day 32, H/C,,
decreased while O/C,, increased (Table 1). The percentages
of CHO and CHON decreased, whereas the percentages of
CHOS and CHONS increased. There were 4,864 and 606
formulae on day 0 in SW and ASW+L, respectively. In ASW
+L, the number of DOM molecules increased to 1,360+124
on day 32, while insignificant differences were observed in
the other two culture systems between day O and day 32
(»>0.05, t-test). In addition, m/z,, decreased in SW but in-
creased in ASW+L. In ASW+L, laminarin (C,3H3,0,¢) was
the sole carbon source. On day 0, the DOM in SW+L was
quickly converted to low-molecular-weight components (m/
z,, of 316.72), 88.5% of which were carbohydrates. Micro-
bial further utilization produced organic molecules with
higher molecular weight (m/z,, from 321.21 to 334.33),
higher number of double bonds (DBE,, from 5.87 to 6.09),
and higher aromaticity (Alq4, from 0.21 to 0.23) than the
original molecules. Bacterial metabolites were dominated by
CHO (70.1-77.5%). However, the percentage of organic
molecules containing N or S increased with incubation time.
This was particularly evident in ASW+L2, where CHOS
increased from 4.6% to 12.9%, while the value increased to
only 8.2% and 5.5% in the other two groups.

A t-test was used to compare the relative abundance of
DOM molecules between day 0 and day 32. Molecules
showing significant changes before and after cultivation
were selected (Table 2, Figure 5). DOM molecules with
significantly lower abundance on day 32 were considered to

be “decomposed” while those with significantly higher
abundance on day 32 were considered to be “generated”.
Compared with “decomposed” DOM, “generated” DOM
showed lower H/C and higher Almod. The Almod of
“generated” DOM was the lowest in low oxygen groups (SW
+L2, SW2, and ASW+L2) (Table 2, Figure 5).

3.7 Interactions between bacterial communities and
DOM molecules

A t-test was used to select DOM molecules with significantly
higher relative abundance at low oxygen (2 mg Lfl) than at
high oxygen (5 and 7 mg L") at the end of culture. These
molecules were considered to be more likely to accumulate
under low oxygen conditions and are referred to as low-
oxygen signature DOM molecules (LOS-DOM). In order to
investigate the interactions between bacteria and DOM
molecules, Spearman’s correlation coefficient was calculated
for the relative abundance of dominant bacterial families and
LOS-DOM at different oxygen levels (Figure 6).

The number of LOS-DOM correlated with the relative
abundance of bacteria varied among the three culture sys-
tems. The largest number (142) was recorded in SW+L,
followed by SW (54) and ASW+L (10). This result shows
that the complexity of the DOM medium is positively cor-
related with the interactions between bacterial community
and DOM molecules. In addition, the correlation between
LOS-DOM and bacteria shows how the bacterial taxa shape
the DOM pool under low oxygen conditions. The stronger
the positive correlation, the greater the effect of the bacteria.
In SW+L, many families were involved in shaping the DOM
pool in that low oxygen environment, with Alter-
omonadaceae particularly common. In SW, only Bacter-
oidaceae and Gimesiaceac showed significant positive
correlations with LOS-DOM. These taxa have important
roles in shaping the DOM pool in low oxygen environment.
In ASW+L, Rhodobacteraceac and Gimesiaceae showed
significant positive correlations with LOS-DOM. These
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Table 1 Signal profiles of DOM molecules before and after cultivation
Group Day Number m/z,, DBE,, o/C,, H/C,, Aloaw CHO% CHON% CHOS% CHONS%
SW+L 0 4842 384.33 7.70 0.49 1.27 0.23 37.4% 41.1% 16.3% 52%
SW+L7 32 4853 382.83 7.64 0.51 1.26 0.22 34.2% 39.2% 19.8% 6.8%
SW+L5 32 4770 384.65 7.75 0.50 1.26 0.23 35.1% 40.7% 17.9% 6.3%
SW+L2 32 4146 381.85 7.65 0.50 1.26 0.23 37.3% 38.3% 18.6% 5.7%
SW 0 4864 384.06 7.63 0.50 1.27 0.22 36.0% 41.3% 17.3% 5.6%
SW7 32 4766 381.58 7.81 0.48 1.25 0.24 38.2% 41.4% 15.4% 5.1%
SW5 32 4897 383.08 7.74 0.50 1.26 0.23 35.9% 40.2% 17.7% 6.2%
SW2 32 4730 383.41 7.68 0.50 1.26 0.23 36.8% 40.4% 17.5% 5.4%
ASW+L 0 606 316.72 4.82 0.23 1.59 0.17 88.5% 6.4% 4.6% 0.5%
ASW+L7 32 1492 321.21 6.09 0.26 1.44 0.23 70.5% 20.4% 8.2% 0.9%
ASW+L5 32 1245 334.33 6.20 0.24 1.46 0.23 77.5% 16.1% 5.5% 1.0%
ASW+L2 32 1343 327.55 5.87 0.25 1.48 0.21 70.1% 16.1% 12.9% 0.9%
Table 2 Characteristics of DOM molecules with significant differences in relative abundance before and after cultivation”
Group Day Number m/z,, DBE,, O/C,, H/C,, Al odw
SW+L7 0 259 429.62 8.73 0.47 1.26 0.24
32 458 337.78 7.67 0.57 1.11 0.32
SW+L5 0 166 391.54 7.89 0.46 1.27 0.24
32 225 387.05 8.39 0.58 1.12 0.31
SW+L2 0 245 434.73 8.64 0.48 1.29 0.22
32 280 385.95 7.91 0.56 1.19 0.28
SW7 0 279 42527 8.58 0.57 1.25 0.20
32 173 317.87 7.89 0.43 1.13 0.36
SW5 0 44 417.54 7.26 0.51 1.43 0.14
32 37 387.39 11.36 0.48 0.85 0.50
SwW2 0 123 385.91 7.90 0.42 1.31 0.23
32 139 354.84 8.05 0.49 1.17 0.31
ASW+L7 0 111 320.86 1.74 0.26 1.94 0.02
32 458 366.66 7.36 0.30 1.36 0.26
ASW+L5 0 96 321.48 2.07 0.24 1.90 0.03
32 274 381.07 7.67 0.31 1.33 0.27
ASW+L2 0 98 321.30 1.77 0.26 1.94 0.03
32 295 372.83 6.94 0.33 1.38 0.23

a) Day 0: DOM molecules with significantly higher relative abundances on day 0, “decomposed” DOM; Day 32: DOM molecules with significantly higher

relative abundances on day 32, “generated” DOM.

microorganisms are important in shaping the DOM pool in a
low oxygen environment where laminarin as the sole carbon
source.

4. Discussion
In this study, we investigated the effects of oxygen con-

centrations (7, 5, and 2 mg L_l) and media (DOM in natural
seawater and from laminarin) on bacterial community

structure and DOM degradation. Laminarin was added to
natural seawater to simulate the inflow of algae-derived
DOM into the bottom layer of seawater, and to detect the
bacterial metabolism and transformation of LDOM pro-
duced by algae (SW+L). The natural seawater was allowed
to stand for 3 days before use to consume the majority of
LDOM in the system, and thus the aerobic respiration of
microorganisms in seawater was inhibited. Our results
showed that bacterial community structure and metabolites
were influenced by both medium and oxygen level. Low
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Figure 5 Molecules with significant changes in relative abundance before and after cultivation. Red: molecules with significantly higher relative abundance
on day 0, “decomposed” DOM; blue: molecules with significantly higher relative abundance on day 32, “generated” DOM; the bottom left panel shows the

Al of “generated” DOM.

oxygen reduced the metabolic activity and succession rate of
bacterial community and thus increased the preservation of
LDOM.

4.1 Responses of bacterial community

In this experiment, bacterial abundance, community struc-
ture, and community diversity were affected by the medium
and oxygen level. In terms of media, SW+L contained both
natural seawater DOM (without LDOM) and laminarin. The
former is high-diversity, low-bioavailability DOM, whereas
the latter is LDOM with high turnover and bioavailability
(Arnosti, 2008; Arnosti et al., 2012; Arnosti and Steen,
2013). In SW+L (0 to 3 days) and ASW+L, bacteria grew
mainly on laminarin and laminarin-derived LDOM. Bacter-
ial abundance increased but diversity decreased in all ASW
+L groups as the ecological niches rapidly became occupied
by Rhodobacteraceae and Flavobacteriaceac. Rhodobacter-
aceae responded rapidly to simple organic substances such as
glucose and glycine betaine as well as LDOM released in the

early stage of algal blooms (Teeling et al., 2012; Goecke et
al., 2013; Zecher et al., 2020; Matcher et al., 2021; Huang et
al., 2022). Flavobacteriaceae can utilize complex organic
matter such as intracellular content of phytoplankton, bac-
terial secondary metabolites, and cell wall components (Zhao
etal., 2019). In SW+L, most LDOM was consumed in 432
days, but the remaining organic matter in natural seawater
and semi-labile DOM derived from laminarin were still
available. The patterns of bacterial abundance and commu-
nity structure at this stage were similar to SW: bacterial
abundance decreased but diversity increased, with Flavo-
bacteriaceae, Saprospiraceae, and Gimesiaceae being the
dominant families. Heterotrophic bacteria in these families
can effectively hydrolyze and utilize complex organic matter
(Mcilroy and Nielsen, 2014; Zhao et al., 2019; Xie et al.,
2020). On day 32, bacterial diversity was much higher in SW
+L and SW than in ASW+L, which indirectly support the
hypothesis that complex organic matter contributed to the
diversity of the bacterial community (Chen et al., 2022).

In terms of DO, the effects of low oxygen on the bacterial
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Figure 6 Correlations between dominant bacterial families and DOM molecules. The heatmap shows the Spearman correlation coefficient, which was
derived from the correlation analysis of relative abundance between dominant bacterial families and DOM molecules enriched in low oxygen group; the
number of molecules identified by the correlation analysis was 142, 54, and 10 in SW+L, SW, and ASW+L, respectively; DOM molecules with the same

element composition were ranked in a descending order based on Al,q.

community manifested in two aspects. First, when bacterial
anaerobic respiration reduced the oxygen concentration to a
suboxic level (SW+L2, 0,<0.64 mg L"), the growth of
strictly aerobic bacteria such as Sphingomonadaceae and
Pseudomonadaceae (unclassified strain in Gammaproteo-
bacteria) was inhibited, and their relative abundance was less
than 0.6% (Stolz, 2009; Oh and Choi, 2019; Rojo, 2021).
Nevertheless, Sphingomonadaceae was present in SW+LS,
SW+L7, and SW until the end of the experiment. The relative
abundance of Pseudomonadaceae in SW+L5 and SW+L7
exceeded 28.0% at the end of the experiment. Second, the
metabolic activity of the bacterial community was reduced
under low oxygen conditions, and community succession

was slow (Rhodobacteraceae abundance was relatively high
at the end of the experiment in SW+L2 and ASW+L2, and
Flavobacteriaceae responded slowly to laminarin in SW-+L2
and ASW+L2). Within the same culture system, the changes
in bacterial diversity were smaller in the low oxygen group
than in the high oxygen groups. In suboxic environments,
microbial respiration shifts from oxygen-dependent aerobic
respiration to anaerobic respiration that requires other elec-
tron acceptors such as nitrate (denitrification) and sulfate
(sulfate reduction). These anaerobic processes are less effi-
cient than aerobic processes (Canfield et al., 2005a) and
therefore reduce the metabolic rate of microorganisms trying
to maintain their original states.



Xiao S, et al.

4.2 Changes in DOM availability

The medium and hypoxic/anoxic conditions affect microbial
communities as well as the products of DOM metabolism.
This is reflected in the utilization rate of TOC, the molecular
characteristics of microbial metabolites (“generated” organic
matter), and the spectroscopic characteristics of organic
matter in culture systems. In terms of medium, the con-
sumption of laminarin-derived organic matter was rapid in
systems supplemented with laminarin. The organic matter
produced in such systems was dominated by unsaturated
aliphatic compounds and highly unsaturated compounds.
Both protein-like and humic-like components accumulated
in the system. With diverse and less labile DOM, organic
matter utilization was slow. The “generated” organic matter
in such systems included polyphenolic compounds and
polycyclic aromatic hydrocarbons in addition to unsaturated
aliphatic compounds and highly unsaturated compounds.
Protein-like components were consumed but humic-like
components were accumulated. High-diversity DOM as a
medium leads to the production of diverse DOM components
in microorganisms (Chen et al., 2022).

In terms of DO, the TOC consumption rate in a suboxic
state was reduced by 36.9-46.7% (0,<0.64 mg L', 4-32
days in SW+L2) as compared to high oxygen environments.
This suggests that the suboxic state facilitated organic matter
preservation (Middelburg et al., 1993; Jessen et al., 2017).
Anaerobic microbial metabolic pathways usually require
relatively low oxygen concentrations than the suboxic state.
For instance, sulfate reduction occurs at 0,<0.48 mg L'
(15 pmol Lfl) (Marschall et al., 1993), anaerobic ammonium
oxidation requires 0,<0.64 pmol L™ (20 umol L") (Jensen
et al., 2008; Kalvelage et al., 2011), and nitrate reduction
occurs at 0,<0.80 mg L' (25 umol L") (Kalvelage et al.,
2011). In another study, the reported oxygen thresholds for
these anaerobic reactions were even lower than the above
values (Canfield et al., 2005b). However, other studies have
reported similar degradation rates for organic matter in an-
oxic and oxic waters (Westrich and Berner, 1984; Lee, 1992).
This apparent contradiction may be explained by different
media and oxygen levels. For the degradation of highly labile
DOM, anaerobic respiration (e.g., nitrate/sulfate reduction)
and aerobic respiration are equally effective (van Mooy et
al., 2002; Pantoja et al., 2009; Mafmig et al., 2020; MaBmig
and Engel, 2021). These highly labile molecules can be cy-
cled rapidly (hours to days) regardless of oxygen availability
(Kaiser and Benner, 2012). The threshold value at which low
DO affects microbial utilization of DOM is lower than pre-
vious estimation. It is generally accepted that the activity of
organisms is affected when oxygen concentrations are lower
than 2 mg L' (Diaz, 2001). The current study has shown that
the effect of low oxygen (0,<2 mg L_l) on bacterial DOM
metabolism rate is very limited. Except for SW+L2 from 4 to
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32 days, there were no significant differences in the TOC
degradation rate between groups with different oxygen
concentrations.

Low oxygen affects the molecular characteristics of mi-
crobial metabolites. The Al of “generated” organic matter
was lower in low oxygen groups (SW+L2, SW2, and ASW
+L2) that in high oxygen groups in the same system. This
means that more organic molecules with low Al,, 4 (and thus
relatively high activity) were preserved under low oxygen
conditions. This phenomenon may be attributable to the re-
duced utilization of LDOM by Alteromonadaceae, Flavo-
bacteriaceae, Rhodobacteraceae, and Gimesiaceae, which
are closely related to DOM at low oxygen concentration
(Figure 6). In addition, the content of S-containing organic
matter was significantly higher in ASW+L2 than in ASW
+L5 and ASW+L7, indicating that low oxygen facilitated the
preservation of organic matter containing S (the signal was
masked by background DOM in SW+L and SW) (Okabe et
al., 1995; van Dongen et al., 2006). Rhodobacteraceae and
Gimesiaceae were closely related to DOM at low oxygen
levels in ASW+L and could be important contributors to the
preservation of S-containing organic molecules (Figure 6).

The spectroscopic characteristics of DOM showed that
FDOM-P/FDOM-H was significantly higher in SW+L2 than
in SW+L7 and SW+L5. In SW+L2, fluorescence intensity
was higher for protein-like DOM components (peaks B and
T) than for humic-like DOM components (peaks A, M, and
C). This suggests that more labile or semi-labile organic
matter (protein-like DOM) was preserved in the system,
which is consistent with FT-ICR MS. DOM in SW2 and
ASW+L2 did not show the same FT-ICR MS patterns,
probably because spectroscopic methods can only detect
components containing fluorescent groups, making its ac-
curacy lower than that of FT-ICR MS. The molecules of
DOM detected by FT-ICR MS were smaller than 1,000 Da.
Therefore, spectroscopy and high-resolution mass spectro-
metry may have characterized DOM with different mole-
cular weights. Nevertheless, the results of SW+L2 showed
that the preservation of LDOM was significantly improved
when oxygen was lower than the suboxic threshold, which is
confirmed by both FT-ICR MS and fluorescence of DOM.

4.3 Low oxygen increased the storage and output of
DOM in coastal waters

Eutrophication caused by human activities is closely related
to the increasingly serious anoxia in estuarine and coastal
waters. High nutrient concentrations promote primary pro-
ductivity, and the organic matter produced by a large number
of phytoplankton is released into ecosystems. The con-
sumption of such organic matter by microorganisms requires
large amounts of oxygen, and anoxia occurs when the oxy-
gen consumption rate exceeds the supply rate (Diaz, 2001).
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Temperature increase and seawater stratification caused by
global warming reduce DO in marine systems and hinder the
downward flux of oxygen, thus exacerbating anoxia and
expanding anoxic zones (Lenborg et al., 2020). Microbial-
mediated biogeochemical cycling is critical for shaping the
DOM pool in coastal anoxic zones. Laminarin was added to
natural seawater to simulate the process of eutrophication
leading to algal blooms and increased production of LDOM
available for microbial transformation and metabolism. Our
results indicate that some organic matter molecules with low
Al,,.q were preserved under low oxygen conditions (O,<2
mg Lfl). The percentage of S-containing organic molecules
was significantly higher in ASW+L2 with low oxygen and
without natural DOM background. At low oxygen levels
(0,<0.64 mg Lﬁl), the TOC consumption rate was reduced,
tyrosine-like and tryptophan-like FDOM components were
preserved, and humification and Al,,,q were relatively low.
Organic molecules with low Al,,., tyrosine-like and tryp-
tophan-like FDOM components, and S-containing organic
molecules are typical LDOM, which means that low oxygen
may increase LDOM preservation in water, deposition to
seafloor, or transportation to adjacent oceans (Diaz, 2001).
LDOM molecules in water expand the DOM pool and in-
crease carbon storage in sediments through flocculation and
sinking to the seafloor. These processes may provide nega-
tive feedback in the regulation of marine carbon cycling and
global climate change.

The oceanic anoxic events (OAEs) that occurred in Me-
sozoic oceans also support our results. The well-known
OAE:s include the Early Jurassic Toarcian OAEs (T-OAE),
the Early Cretaceous (Aptian and Albian) OAEs (OAE la
and OAE 1b), and the Late Cretaceous Cenomanian-Tur-
onian OAEs (OAE2) (Jenkyns, 2010). OAEs were accom-
panied by the burial of organic carbon-rich sediments (black
shales) worldwide, especially during OAE2, which resulted
in the wide distribution of black shales in the Indian, Pacific,
Atlantic, and Tethys oceans (Schlanger and Jenkyns, 1976;
Arthur et al., 1987). The enrichment of black shales means
rapid organic carbon burial. Based on sediment samples from
132 stations, Owens et al. (2018) determined that the average
mass burial rate of organic carbon during OAE2 (0.11 in
marginal seas and 0.02 in deep seas) was much higher than in
modern oceans (0.030 in marginal seas and 0.030 in deep
seas) (Owens et al., 2018). This suggests a relatively high
organic carbon burial rate during OAEs (Burdige, 2007,
Owens et al., 2018), which is consistent with our results. In
addition, the high percentage of stable carbon isotope (513C)
in these black shales indicates increased burial of organic
matter of biological origin (e.g., phytoplankton photosynth-
esis) in anoxic oceans (Arthur et al., 1988; Arthur and Sa-
geman, 1994; Hasegawa, 1997; Burdige, 2007). This is in
agreement with our finding that more LDOM molecules
were preserved in anoxic environments than in oxic en-
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vironments. In the absence of oxygen as an electron acceptor,
sulfate can act as an alternative oxidant in microbial anae-
robic respiration, thereby increasing the concentration of S-
containing organic matter in anoxic zones. This phenomenon
has been reported for anoxic zones in both ancient and
modern oceans (Poulton et al., 2010; Gomez-Saez et al.,
2021).

There are many causes proposed for Mesozoic OAEs.
There is general consensus that a rapid increase in atmo-
spheric CO, concentration (up to 2,000 ppm, 1 ppm=1X% 10_6)
associated with volcanic eruptions or methane combustion
led to global warming. Meanwhile, enhanced continental
weathering substantially increased nutrient input and ex-
acerbated marine anoxia (Jenkyns, 2010; Naafs et al., 2016;
O’brien et al., 2017). This process is very similar to the
mechanism of anoxic zone formation in modern oceans. As a
result, coastal anoxic zones have expanded with intensified
global warming and seawater eutrophication. Under low
oxygen conditions, an increasing amount of LDOM and S-
containing organic matter were preserved in seawater or
buried in sediments. This may provide important negative
feedback in marine carbon cycling and global climate
change. However, it is noteworthy that low oxygen not only
preserves organic matter but also reduces biological di-
versity, which has a negative effect on ecosystems.

5. Summary

We systematically investigated the responses of microbial
communities to low oxygen concentration and the effects of
hypoxia on DOM composition. Our results showed similar
microbial community responses, TOC consumption rates,
and changes in DOM composition between experimental
groups with initial oxygen concentrations of 7 and 5 mg L.
However, microbial metabolism decreased, and microbial
community succession slowed at low oxygen concentrations
(0,<2 mg Lfl). Under anoxic/hypoxic conditions, the TOC
utilization rate was reduced and LDOM components were
preserved. This may be explained by decreased utilization of
LDOM by Alteromonadaceae, Flavobacteriaceae, Rhodo-
bacteraceae, and Gimesiaceae in low oxygen environments.
The percentage of S-containing DOM molecules was sig-
nificantly higher in ASW+L2 than in ASW+L5 and ASW
+L7, which may be closely related to the presence of Rho-
dobacteraceae and Gimesiaceae. Meanwhile, low oxygen
groups showed low humification and Al 4, which suggests
that more LDOM molecules were preserved under anoxic/
hypoxic conditions than under oxic conditions.
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