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ARTICLE INFO ABSTRACT

Keywords: Dissolved organic matter (DOM) is central to marine biogeochemical cycles, with its composition and dynamics
Dissolved organic matter closely linked to microbial communities. In oxygen-stratified extreme environments, however, the ecological
Membomm‘_cs relationships between DOM and microbes remain insufficiently explored. This study explores the dynamics of
Metagenomics DOM and microbial communities in the Sansha Yongle Blue Hole, the world’s deepest ocean blue hole, using an
Oxygen stratification . . . .1 . S . . . .

Blue hole integrated metabolomics and metagenomics approach. Our findings elucidate significant alterations in microbial

communities and DOM composition in response to variations in oxygen concentrations. Specifically, various
DOM components, including dissolved organic sulfur (DOS) and dissolved organic nitrogen (DON), along with a
spectrum of small molecule metabolites, were affected by microbial metabolic activities. Higher concentrations
of DOS in the anoxic layer were positively correlated with increased sulfur metabolism in microbial communities,
whereas lower concentrations of DON in the chemocline were associated with the coupling of nitrification and
denitrification processes. Additionally, metabolites such as lipids, amino acids, isovalerylcarnitine, and peptides,
associated with microbial physiological functions, energy metabolism, and signal transduction processes, varied
with oxygen stratification. These findings contribute to a deeper understanding of the intricate relationships
between microbial communities and DOM dynamics in extreme marine environments.

1. Introduction This molecular heterogeneity imparts diverse chemical reactivities and

biological availabilities, allowing DOM to serve as a critical mediator in

Dissolved organic matter (DOM) is one of the largest pools of reduced
carbon in the ocean, comprising a chemically diverse assemblage of
molecules. Its complex composition encompasses thousands of distinct
compounds—including amino acids, lipids, carbohydrates, phenolic
compounds (Li et al., 2024a), and a wide range of
heteroatom-containing molecules such as those dissolved organic sulfur
(DOS) and dissolved organic nitrogen (DON) (Gomez-Saez et al., 2021).

marine biogeochemical cycles (Hansell et al., 2009). Within DOM, DOS
and DON occupy particularly important roles in linking carbon and
nutrient cycling. DOS serves as both an energy source and a redox-active
pool for microorganisms capable of sulfur oxidation and reduction
(Tripp et al., 2008). Similarly, DON represents a key nitrogen source for
heterotrophic and autotrophic microbes, especially in oligotrophic sys-
tems where inorganic nitrogen is limiting (Zehr and Capone, 2020). The
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bioavailability of DOS and DON depends not only on their molecular
structure but also on the functional potential of the microbial commu-
nities that utilize them.

Microorganisms are the primary biological agents controlling the
turnover and transformation of DOM. Through biosynthetic pathways,
heterotrophic degradation, and redox-sensitive transformations, micro-
bial activity modulates DOM quantity, composition, and lability
(Kujawinski, 2011; Osterholz et al., 2016). These transformations are
not uniform throughout the water column. Instead, they are profoundly
influenced by physicochemical gradients, particularly redox conditions
(Suominen et al., 2021). In oxygen-depleted or anoxic environments,
such as euxinic basins, oxygen minimum zones, and marine blue holes,
microbial communities adapt by expressing specialized metabolic
pathways including anaerobic respiration, fermentation, sulfur and ni-
trogen dissimilation, and carbon fixation (Jessen et al., 2017; Patin
et al., 2021). As a result, the DOM composition in these systems may
reflect a fingerprint of unique microbial metabolisms not observable in
surface or well-oxygenated waters. Despite advances in DOM charac-
terization using high-resolution mass spectrometry (Petras et al., 2017),
our understanding of the mechanistic links between microbial meta-
bolism and DOM composition—especially under varying redox regi-
mes—remains limited. DOM studies have traditionally focused on bulk
measurements (e.g., total dissolved organic carbon (DOC) concentra-
tion) or general indicators of lability (e.g., fluorescence indices), which
fail to capture the nuanced molecular transformations driven by mi-
crobial processes (Bachi et al., 2023; Chaichana et al., 2019).

The Sansha Yongle Blue Hole (SYBH), located in the South China Sea,
represents an exceptional natural laboratory to investigate these in-
teractions. As the world’s deepest known marine blue hole (>300 m),
SYBH exhibits pronounced vertical stratification in oxygen concentra-
tion, transitioning from oxygenated surface waters to anoxic and sulfidic
conditions below ~90 m (Li et al., 2018; Xie et al., 2019). This strong
redox gradient is accompanied by marked shifts in microbial community
composition and functional gene abundance with depth (Li et al., 2024b;
Zhou et al., 2023). The unique hydrogeological isolation and vertical
redox zonation of SYBH make it an ideal site to examine how microbial
processes regulate DOM molecular transformations across a natural,
chemically stratified water column.

In recent years, advanced analytical tools have emerged to charac-
terize both the microbial and chemical dimensions of such systems.
Exometabolomics, the study of extracellular microbial metabolites, al-
lows for direct observation of biologically derived or transformed DOM
molecules (Pei et al., 2022a, 2022b, 2024). These methods can detect
thousands of mass features, many of which are biologically active or
traceable to specific microbial functions. In parallel, shotgun meta-
genomics provides insight into the taxonomic composition and func-
tional gene repertoire of microbial communities, revealing pathways for
carbon, nitrogen, and sulfur metabolism (New and Brito, 2020). While
several studies have applied either metagenomics or metabolomics to
marine systems, few have integrated both approaches to simultaneously
map microbial metabolic potential and the resulting DOM molecular
landscape (Pena-Ocana et al., 2022). Such integrative strategies are
crucial for disentangling the cause-effect relationships between micro-
bial community composition, metabolic capacity, and DOM chemistry.

In this study, we investigate the microbial regulation of DOM mo-
lecular composition across the redox-stratified water column of the
SYBH by integrating high-resolution metabolomics and shotgun meta-
genomics. Our primary objectives are to: 1) Characterize the molecular
composition of DOM—including DOS and DON—at multiple depths
along the oxygen gradient; 2) Profile the microbial community structure
and functional gene distribution across various depths; 3) Identify cor-
relations between microbial metabolic pathways and specific DOM
compound classes, with particular focus on sulfur and nitrogen cycling.
We hypothesize that microbial communities exert depth-dependent
control over DOM composition through selective degradation, trans-
formation, and biosynthesis processes that are closely aligned with local
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redox conditions and nutrient availability. Specifically, we propose that
the dominance of anaerobic pathways in anoxic zones will correlate with
distinct signatures in DOM composition, particularly in the DOS and
DON pools. Through this integrative analysis, we aim to bridge the gap
between microbial ecology and DOM biogeochemistry, offering novel
insights into the controls on carbon and nutrient cycling in extreme
marine environments.

2. Materials and methods
2.1. Sample collection

The SYBH is situated within the intertidal reef platform of the eastern
Yongle atoll in the South China Sea (111.768°E, 16.525°N) (Fig. 1a and
b). In October 2019, a total of 28 seawater samples were systematically
collected from different depths within the SYBH (0 m, 10 m, 20 m, 50 m,
80 m, 85 m, 90 m, 95 m, 100 m, 110 m, 120 m, 150 m, 200 m, and 250
m) (Fig. 1c). Two duplicate samples were obtained at each depth.
Sampling above 190 m was conducted using a conductivity-
temperature-depth (CTD) system equipped with rosette samplers,
while sampling below 190 m was performed with a remotely operated
vehicle (ROV) equipped with a home-made sampler. Environmental
parameters, including temperature, salinity, dissolved oxygen (DO), pH,
turbidity, and chlorophyll-a (Chl-a), were measured in situ across the
0-300 m depth range using the CTD system mounted on the ROV.
Additionally, two additional seawater samples were collected at the
reference point on the outer reef slope of Yongle Atoll (111.799°E,
16.534°N) to compare the DOM composition with that of the SYBH.
Water samples for DOM analysis and metagenomic analysis were treated
in situ. Further details of the sampling and in situ treatment methods can
be found in Text S1.

2.2. Solid phase extraction

The solid-phase extraction (SPE)-DOM method followed the pro-
cedure developed by Dittmar (Dittmar et al., 2008). Briefly, the filtered
seawater samples (1.2 L) were acidified with HC] to pH = 2 and then
extracted using Agilent Bond Elut PPL cartridges (200 mg, 3 mL). The
cartridges were pre-conditioned with 8 mL of methanol and 8 mL of
acidified Milli-Q water (pH = 2) sequentially. Then, seawater was
loaded onto the cartridges at a flow rate of 4 mL/min, followed by a
wash with 10 mL of acidified Milli-Q water. The sorbents were dried
using nitrogen gas, and the adsorbed DOM was eluted with 8 mL of
methanol. The eluent was dried to a volume of 0.5 mL using nitrogen
gas, and then reconstituted with 0.5 mL of Milli-Q water (1:1 v/v). The
extract was stored at —20 °C until liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis.

2.3. LC-MS/MS data acquisition and pre-processing

The DOM extracts were analyzed using a Thermo Q-Exactive mass
spectrometer coupled to a Dionex Ulti-Mate 3000 UHPLC system. The
chromatographic separation involved methanol and water as mobile
phases, with a gradient shift from 5 % to 95 % methanol over 20 min,
followed by a 5-min maintenance period. Mass spectrometry data
acquisition occurred in positive electrospray ionization (ESI) mode
using data-dependent acquisition (DDA). Chromatographic peak
extraction from raw mass spectrometry data was conducted using the
open-source MZmine software (version 3.4.27) (Heuckeroth et al.,
2024). Detailed LC-MS/MS parameters and MZmine extraction param-
eters can be found in Text S2 and Text S3, respectively. To account for
differences in total ion signal across samples, each feature was
normalized by dividing its peak intensity by the total ion intensity of all
features within the same sample.
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Fig. 1. (a) Map depicting the study area. (b) Realistic depiction of the SYBH located within the reef platform of Yongle Atoll, Xisha Islands. (c) Cross-sectional view of

the SYBH and the sampling depths.

2.4. Molecular formula assignment and compound identification

The LC-MS/MS data, exported from MZmine software, underwent
molecular formula assignment using the SIRIUS computational anno-
tation tool (version 5.6.3) (Duhrkop et al., 2019). This annotation pro-
cess involved determining molecular formulas, accurate mass
calculation, matching of experimental and predicted isotopic patterns,
and analysis of fragmentation trees of the fragment ions, with specific
parameters detailed in Text S4. Molecules were classified as DON or DOS
based on their molecular formulas, with compounds containing at least
one nitrogen or sulfur atom designated as DON or DOS, respectively.
Molecules containing both nitrogen and sulfur were included in both
categories, reflecting their dual roles in the DOM pool. The relative
concentrations of DON and DOS were estimated semi-quantitatively by
summing the normalized ion intensities of all identified DON or DOS
molecules within each sample. This approach expresses the abundance
of each category as a proportion of total detected DOM ion intensity. To
assess potential biases toward specific ionized DOM molecules, the ion
feature-standardized score (z-score) was calculated. This approach
minimized bias arising from variable ionization efficiencies and enabled
a more accurate comparison of relative DOM concentrations across
samples (Fig. S1).

Compound identification was conducted using the Feature-based
Molecular Networking (FBMN) module on the Global Natural Product
Social Molecular Networking (GNPS) website. Molecular networking
operates on the principle that compounds with similar structures pro-
duce similar fragments in their MS/MS spectra (Chung et al., 2021). The
structural similarity, quantified by cosine values in the comparison of
similar MS/MS spectra (Text S5), facilitates effective inference of the
structures of unknown compounds. FBMN analysis for the SYBH dataset
was conducted with specific parameters outlined in Text S6. Leveraging
the annotated compounds identified via the GNPS library search as

“seeds”, additional unknown compounds were deduced through manual
interpretation. The resulting annotated compounds underwent valida-
tion by cross-checking against spectra observed in various databases,
including MassBank Europe, MassBank of North America, Metlin,
HMDB, and mzCloud. To visualize the output files generated from the
FBMN analysis, Cytoscape was utilized (version 3.8.0) (Shannon et al.,
2003).

2.5. Microbial DNA extraction and metagenomic analysis

Aseptic forceps were utilized to carefully section the filter membrane
containing microorganisms from the frozen storage tube. Subsequently,
the FastDNA Spin Kit for Soil was employed to extract total microbial
DNA from the filter membrane, preparing it for metagenomic
sequencing analysis. The DNA libraries were sequenced on the illumina
platform. Subsequently, MEGAHIT software (version 1.1.2) was used for
metagenome assembly, with a filter applied to contig sequences shorter
than 300 bp (Li et al., 2015). Assembly results were evaluated using
QUAST software (version 2.3) (Gurevich et al., 2013). To identify coding
regions in the genome, MetaGeneMark software (version 3.26) available
at http://exon.gatech.edu/meta_gmhmmp.cgi was utilized (Zhu et al.,
2010). Redundancy was removed using cd-hit software (version 4.6.6)
at http://www.bioinformatics.org/cd-hit/with a similarity threshold set
at 95 % and a coverage threshold at 90 % (Fu et al., 2012). BLAST
comparisons were conducted between non-redundant protein sequences
and the protein sequences cataloged in the KEGG database for corre-
sponding gene functional annotations. Additionally, sequence compar-
isons were performed against the species information in the Nr database
to obtain insights into sample species composition and relative
abundance.
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2.6. Quality control

To ensure the reliability of subsequent analysis, for the LC-MS/MS
analysis of seawater samples, a comprehensive quality control proto-
col was implemented, encompassing sample pretreatment, instrument
detection, and data analysis. This protocol included a blank control
experiment conducted for SPE analysis, a quality control sample pre-
pared from the 14 seawater samples to monitor the stability of the
pretreatment and instrument analysis process, a blank experiment to
assess instrument pollution, and the use of internal standards to cali-
brate instrument fluctuations. For a detailed description of the process,
refer to Text S7. Raw reads obtained from sequencing were filtered to
remove low-quality sequences. This essential step was performed using
the software Trimmomatic (version 0.33) (Bolger et al., 2014), which
generated clean tags with improved sequencing quality. The relative
standard deviation (RSD) of microbial abundance and peak area of DOM
in the duplicate samples across various layers ranged from 9.3 % to 17.4
% and from 7.3 % to 13.5 %, respectively (Fig. S2).

2.7. Statistical analysis

Statistical significance was determined using SPSS software (version
23) with a significance threshold set at p < 0.05. Normality was assessed
using the Shapiro-Wilk test, and an independent sample t-test was
applied for data with a normal distribution. Alternatively, the Mann-
Whitney U test was employed for non-normally distributed data. A
Venn plot was generated using Venny 2.1 (https://bioinfogp.cnb.csic.
es/tools/venny/). Redundancy analysis was conducted using R pack-
ages. For multi-omics analysis, Data Integration Analysis for Biomarker
discovery using Latent cOmponents (DIABLO) was performed with the
mixOmics package (Singh et al., 2019), diagnostic plots and sample
plots from multiblock sparse partial least squares discriminant analysis
(sPLS-DA) were applied to the correlation study. The microbial taxa at
the order level, comprising the top 28 weighted species selected based
on model accuracy, were visualized through correlation circles. Other
statistical analyses, unless specified, were conducted using Origin soft-
ware (version 2024).
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3. Results
3.1. Physicochemical properties of the SYBH

The aquatic physicochemical parameters within the SYBH exhibited
a distinct stratified structure (Fig. 2). Notably, temperature, DO and pH
consistently decreased with increasing depth, while salinity and
turbidity showed an upward trend. Significant fluctuations of these
parameters were observed at depths of 30 m, 50 m, 90 m, and 150 m. For
example, at a depth of 50 m, there was a drastic decrease in temperature,
DO, and pH, accompanied by a simultaneous increase in salinity. At a
depth of 90 m, the oxygen concentration dramatically dropped to zero.
At the depth of 150 m, while temperature, salinity, DO, and pH showed
minimal change, there was a drastic increase in turbidity. According to
these physicochemical parameters, the SYBH water column could
therefore be categorized into three layers: the oxic layer (<50 m), the
chemocline (50-150 m), and the anoxic layer (150-300 m).

3.2. Chemical diversity and vertical distribution of DOM

A total of 4568 DOM features were extracted from the mass spec-
trometry dataset for water samples collected from the 14 layers. Among
these, 1235 (27.03 %) were present in all three layers, while 289, 946,
and 232 molecules were unique to the oxic layer, chemocline, and
anoxic layer, respectively (Fig. 3a). Compared to a reference open-ocean
site, SYBH exhibited 2048 additional DOM molecules. On average,
1929, 1934, and 1473 DOM molecules were detected in the oxic, che-
mocline, and anoxic layers, respectively, with corresponding Shannon
indices of 8.59, 8.73, and 8.38 (Fig. 3b). A positive correlation was
observed between molecular richness and Shannon index (Fig. 3c).
Statistically significant differences in both metrics were found between
the chemocline and anoxic layer (p < 0.05), but not between the oxic
layer and chemocline (p > 0.05) (Fig. S3). Principal coordinates analysis
(PCoA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) showed a clear separation of DOM profiles, especially be-
tween the anoxic layer and the other two (Fig. 3d, Fig. S4). A total of
198, 322, and 444 differential molecules were identified between the
oxic vs. chemocline, oxic vs. anoxic, and chemocline vs. anoxic com-
parisons, respectively (Fig. S5).

Out of 4568 DOM molecules, SIRIUS predicted 3574 high-quality

Chl-a (ug/L)
-0.1 0.0 0.1 0.2

1T T T T 1
0 2 4 6 76 7.8

8.0 8.2 0 2 4 6
pH Turbidity (FTU)

Fig. 2. Variations in physicochemical properties (temperature, DO, salinity, pH, Chl-a, and turbidity at different depths within the SYBH.
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Fig. 3. (a) Venn plot illustrating the distribution of DOM within the oxic layer, chemocline, and anoxic layer of the SYBH. (b) Plot displaying the variation of the
DOM count and Shannon index across different depths. (c) Linear correlation analysis between the DOM count and the Shannon index of DOM across different depths.
(d) PCoA plot for distinguishing samples from the oxic, chemocline, and the anoxic layer. (e) Variation in the relative abundance of ion peak areas for DOS and DON
at different depths within the SYBH. (f) Heatmap depicting the distribution of differential metabolites across different depths.

molecular formulas, including 125 DOS and 1194 DON compounds.
DOS concentrations were highest in the anoxic layer, with comparable
concentrations in the oxic layer and chemocline, while DON levels were
comparable between the oxic and anoxic layers but lower in the che-
mocline (Fig. 3e). GNPS-based annotation identified 147 DOM mole-
cules, and molecular networking deduced 128 additional structures,
totaling 275 annotated compounds. The analysis of differential DOM
molecules among the three layers (p < 0.05) revealed distinct vertical
distribution patterns. Tyramine, cis-9-hexadecenoic acid, and 1-hexade-
canoyl-sn-glycerol were primarily enriched in the oxic layer and che-
mocline, whereas lumichrome, Glu-Phe, and isovalerylcarnitine were
predominant in the anoxic layer (Fig. 3f, Fig. S6). These identifications
were confidently identified using spectral library matching, with cosine
similarity scores ranging from 0.70 to 0.99 (Fig. S7).

3.3. Microbial community and functional analysis

Metagenomic data, described in Table S1 revealed high-quality re-
sults with Q30 (%) values exceeding 91 % across all samples. The N50
length ranged from 1006 to 4067, and gene counts varied between
330,686 and 880,209, indicating that the data were robust and suitable
for further analysis. To assess microbial diversity, the Shannon index
was calculated for each layer in the SYBH. The mean Shannon indices
were 4.27 for the oxic layer, 5.03 for the chemocline, and 4.39 for the
anoxic layer, with a significant difference observed between the oxic
layer and chemocline, but no significant difference between the

chemocline and anoxic layer (Fig. 4a). Multivariate statistical analyses,
encompassing principal components analysis (PCA) (Fig. 4b) and OPLS-
DA (Fig. S8), were employed to investigate water stratification across
the 14 layers of the SYBH based on microbial profiling. The results
revealed a distinct separation of samples from the oxic layer, chemo-
cline, and anoxic layer. Redundancy analysis (RDA) indicated that DO
significantly influenced microbial communities, comparable to the ef-
fects of temperature and salinity (Fig. 4c).

Microbial community composition analysis indicated that orders
characterized by a higher diversity of anaerobic and microaerophilic
species, such as Desulfobacterales and Thiotrichales were more abun-
dant in the anoxic layer (Fig. 4d, Fig. S9a and b). Conversely, aerobic
species orders, such as Rhodobacterales and Rhizobiales, associated
with nitrogen metabolism, were more prevalent in the oxic layer
(Fig. 4d). Notably, nitrifying bacteria orders and denitrifying bacteria
orders, including Nitrosopumilales, Nitrosomonadales and Planctomy-
cetales, were concentrated in the chemocline (Fig. S9c and d).

Metabolic functions of microbial communities were annotated
against the KEGG metabolic pathway database, identifying 174 meta-
bolic pathways. Statistical analysis revealed 12 pathways with signifi-
cant differences between the oxic and anoxic layers (p < 0.05).
Examination of these pathways across various depths (Fig. 4e) showed
that energy metabolism and signal transduction were more abundant in
the anoxic layer. Conversely, pathways related to the metabolism of
cofactors and vitamins, nucleotide metabolism, amino acid metabolism,
carbohydrate  metabolism, xenobiotics biodegradation, lipid
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metabolism, and translation were more prominent in the oxic layer.
Sulfur metabolism exhibited a higher relative abundance in the anoxic
layer compared to the oxic layer (Fig. 4f), especially in modules like
assimilatory sulfate reduction (M00176) (Fig. S10a) and thiosulfate
oxidation by the SOX complex (M00595) (Fig. S10b). Nitrogen metab-
olism’s relative abundance was similar between the oxic and anoxic
layers but significantly lower in the chemocline (Fig. 4f). Notably, the
nitrification module, denitrification module (Fig. S11a and b) and ni-
trogen fixation-related genes and nifH were most prevalent in the anoxic
layer (Fig. S11c and d).

3.4. Correlation analysis between DOM and microbial communities

To explore the relationship between DOM and microbial commu-
nities across redox gradients in SYBH, multivariate correlation analyses
were conducted. MixOmics analysis revealed strong correlations be-
tween the distribution of DOM and microorganisms (Fig. 5a), with an R-
value of 0.94. Consistently, sPLS-DA plots showed a consistent distri-
bution trend of DOM with microorganisms across the oxic layer, che-
mocline, and anoxic layer (Fig. 5b and c). Further analysis showed a
significant positive correlation (p < 0.05) between DOM molecular di-
versity and microbial diversity (Fig. 5d), both of which peaked in the
chemocline zone (Fig. S12). This pattern indicates that redox transitions
may shape both chemical and biological complexity. Furthermore, DOM
elemental composition was closely linked to microbial metabolic po-
tential: concentrations of DOS showed a significant positive correlation
(p < 0.05) with the abundance of genes involved in sulfur metabolism,
while DON was positively correlated (p < 0.05) with nitrogen

metabolism-related gene abundance (Fig. 5e and f).

At the taxon-metabolite level, distinct associations were identified
across redox zones (Fig. 5g). In the oxic layer, aerobic bacteria including
Puniceicoccales, Oceanospirillales, Pelagibacterales, and Arenicellales
were associated with metabolites such as 1-hexadecanoyl-sn-glycerol,
cis-9-hexadecenoic acid, and tyramine. In contrast, anaerobic taxa
such as Candidatus Altiarchaeares and Thermodesulfobacteriales in the
anoxic layer were correlated with isovalerylcarnitine, lumichrome, and
Glu-Phe. Microbial responses to different redox environments may be
reflected in the activity of key metabolic enzymes. Notably, a significant
negative correlation (p < 0.05) was observed between the relative
abundance of isovaleryl-CoA dehydrogenase and the concentration of
isovalerylcarnitine in the water column (Fig. 5h). This suggests that the
accumulation of isovalerylcarnitine may be linked to reduced expression
of its associated catabolic enzyme under anoxic conditions.

4. Discussion
4.1. Environmental influences on microbial diversity

In marine ecosystems, environmental conditions intricately shape
microbial community composition. In the SYBH, a distinct thermohaline
gradient forms within the chemocline, limiting upper and lower water
layer mixing (Fig. 2). This gradient creates significant variations in DO,
temperature, salinity, pH, Chl-a, and turbidity along the water column,
creating distinct ecological niches for microbial communities. The RDA
analysis (Fig. 4c) revealed that microbial community composition was
significantly influenced by these environmental factors. Samples from
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microbial mediation of energy-related metabolites.

the oxic layer were positively associated with DO, pH, and Chl-a. High
DO supports aerobic taxa such as Oceanospirillales, while elevated Chl-a
indicates increased primary productivity, which provides organic matter
to fuel heterotrophic microbial activity. In contrast, microbial commu-
nities in the anoxic layer were more strongly associated with turbidity.
Elevated turbidity often reflects higher levels of suspended particles,
which can serve as attachment surfaces and nutrient sources for anaer-
obic microbes such as Desulfobacterales (Ma et al., 2024).These patterns
are consistent with findings from other marine environments. For
example, Jessen et al. reported that oxygen gradients in the Black Sea
significantly shaped microbial community structure and ecosystem

function (Jessen et al., 2017). Abirami et al. observed that microbial
communities adapt to various physicochemical factors, including tem-
perature and nutrient availability (Abirami et al., 2021). Similarly,
Zaikova et al. found increased microbial diversity in the hypoxic tran-
sition zone of Saanich Inlet compared to deeper anoxic waters (Zaikova
et al., 2010). Together, these results suggest that the microbial com-
munity structure in the SYBH is shaped by environmental gradients and
the adaptive responses of microbes to changing redox and physico-
chemical conditions across the water column.
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4.2. Microorganism-regulated metabolism in SYBH

In the ocean, DOM experiences dynamic changes influenced by mi-
croorganisms through metabolic pathways such as production (LaBrie
et al., 2022), degradation (Xiao et al., 2022), and transformation (Xiao
et al., 2023). This microbial regulation establishes a strong correlation
between DOM diversity and microbial diversity (Chen et al., 2022;
Suominen et al., 2021). Moreover, even within a single microorganism,
specific environmental conditions can induce diverse metabolic path-
ways. This adaptability and specialization of microbial species to their
environmental conditions enhance the repertoire of metabolites they
produce (Doi, 2018). Consequently, the varied microbial diversity and
metabolic pathways in the SYBH contribute to the abundance and di-
versity of DOM observed in this oxygen-stratified environment.

4.2.1. Microorganism-regulated sulfur metabolism in SYBH

Microbial-regulated sulfur metabolism is integral to the biogeo-
chemical cycles of DOS, vital for global climate regulation (Ksionzek
et al., 2016). In the SYBH, DOS shows a pronounced vertical gradient,
with notably lower concentrations in the oxic layer and chemocline
compared to deeper layers. This depletion is likely due to enhanced
microbial remineralization of DOS in oxygen-rich environments.
Compared to DOC, DOS is more chemically reactive and thus more
prone to microbial degradation during its vertical transport from surface
to depth (Tang and Liu, 2023). This observation is consistent with pat-
terns reported in the North Atlantic Deep Water, where aging waters
exhibit a decline in total organic sulfur while DOC remains relatively
stable (Longnecker et al., 2020). These findings suggest that microbial
activity in surface and mid-depth waters accelerates DOS turnover,
contributing to its reduced presence in the upper water column of SYBH.

In contrast, DOS concentrations increase in the anoxic bottom layers
of SYBH, likely due to both microbial and abiotic processes. Microbial
community analysis revealed a higher relative abundance of sulfur-
reducing microorganisms in the anoxic zone compared to oxic layers,
including Desulfobacterales, Desulfovibrionales, Thermodesulfobacter-
iales, and Desulfuromonadales (Fig. S9a). These taxa are typical sulfate-
reducing bacteria (SRB), capable of using inorganic sulfate (SO?{) as
terminal electron acceptors, producing hydrogen sulfide (HyS) as a
byproduct. The dominance of Desulfobacterales, in particular, reflects
strong adaptation to the anoxic conditions in SYBH. The accumulation of
H,S in the anoxic bottom waters (Yao et al., 2020) is consistent with
both the elevated abundance of sulfate-reduction genes (Fig. S10a) and
the activity of SRB. Furthermore, HaS can participate in abiotic reactions
with DOM, promoting the formation of new DOS compounds. This
mechanism has been observed in other anoxic marine systems, such as
the Black Sea and shallow hydrothermal vents, where non-biological
interactions between H,S and organic matter contribute to DOS pro-
duction (Gomez-Saez et al., 2021). Together, these findings indicate that
DOS dynamics in SYBH are shaped by a dual mechanism: microbial
remineralization dominates in the oxygenated upper layers, while mi-
crobial sulfate reduction and HyS-mediated DOS formation drive DOS
accumulation in the anoxic bottom waters.

4.2.2. Microorganism-regulated nitrogen metabolism in SYBH

The vertical distribution of DON within the SYBH is influenced by
microbial metabolism. In the oxygen-rich layers of SYBH, prevalent
nitrogen-fixing bacteria convert atmospheric N3 into bioavailable forms,
primarily ammonia nitrogen. This ammonia nitrogen is further metab-
olized into organic nitrogen, actively contributing to DON cycling in the
surface marine environment (Letscher et al., 2013; McCarthy et al.,
2004). As depth increases within SYBH, organic matter undergoes
oxidation and decomposition, converting organic nitrogen into
ammonia (Chen et al., 2023). The chemocline of SYBH, acting as the
boundary between the oxic and anoxic regions, provides conditions for
the simultaneous occurrence of aerobic nitrification and anaerobic
denitrification processes in its micro-oxic environment. This study
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suggests that the decrease in the relative abundance of DON is closely
related to the coupled nitrification-denitrification process. In this pro-
cess, DON is first decomposed by heterotrophic microorganisms into
ammonia, which is then converted into nitrate by nitrifying bacteria.
Subsequently, in local anoxic microenvironments, denitrifying bacteria
reduce the nitrate to gaseous nitrogen (Ji et al., 2018). This coupled
process accelerates the mineralization of DON and the removal of ni-
trogen through the continuous conversion pathway of “DON —
ammonia — nitrate — gaseous nitrogen” ultimately causing it to escape
the system in gaseous form, resulting in a decrease in DON accumulation
in the chemocline, a higher relative abundance of functional genes
related to nitrification and denitrification was observed (Fig. S11a and
b). At the same time, a large number of nitrifying microorganisms
capable of converting ammonia to nitrite were present (including
Nitrosopumilales, Nitrosomonadales, Nitrospinales, Nitrospirales, and
Cenarchaeales), as well as denitrifying microorganisms including
Planctomycetales, Xanthomonadales, Hydrogenophilales, and Pseudo-
monadales (Fig. S9c and d), further confirming the above inference.

Conversely, the increase in DON concentrations in the anoxic layer of
the SYBH compared to the chemocline is associated with anaerobic
microbial nitrogen fixation. This is supported by the observed increase
in nitrogenase content within the anoxic layer, where nitrogenase fa-
cilitates nitrogen fixation under low-oxygen conditions (Bauersachs
et al.,, 2010; Yin et al., 2023). Additionally, the increased abundance of
modules related to nitrogen fixation (Fig. S11c), along with a heightened
presence of the nifH gene (Fig. S11d), associated with various
nitrogen-fixing bacteria, underscores the significant role of microbial
nitrogen fixation in augmenting DON concentrations in this anoxic
environment. The nitrogen in the anoxic layer of the SYBH may origi-
nate from microbial denitrification or anammox processes, sustaining
the availability of nitrogen for nitrogen-fixing bacteria to continue
contributing to the DON pool.

4.3. Other microorganism-regulated metabolism in SYBH

The microbial community in SYBH produces a diverse array of me-
tabolites involved in energy metabolism and signal transduction.
Elevated levels of 1-hexadecanoyl-sn-glycerol and cis-9-hexadecenoic
acid in the oxic layer may stem from active microbial lipid meta-
bolism (Liu et al., 2020). Similarly, higher concentrations of tyramine in
the oxic layer may suggest active microbial amino acid metabolism. In
environments with limited organic carbon, microorganisms may alter
their metabolic strategies to support survival. The increased concen-
trations of isovalerylcarnitine in the anoxic layer of SYBH may enhance
microbial metabolic energy utilization efficiency. Isovalerylcarnitine,
essential for fatty acid oxidation, aids in breaking down fatty acids for
energy production within mitochondria (Rebouche and Seim, 1998).
This process relies on the enzyme isovaleryl-CoA dehydrogenase, which
is critical for mitochondrial beta-oxidation. Reduced levels of this
enzyme in the anoxic layer of SYBH suggest a shift towards optimizing
energy generation through enhanced mitochondrial beta-oxidation in
response to oxygen depletion, potentially leading to the accumulation of
isovalerylcarnitine (Fig. 5e) (Kuhn et al., 2023).

Functional annotation analysis reveals enriched signal transduction
processes in the anoxic layer of SYBH (Fig. 4e), indicating the involve-
ment of signal transduction molecules such as Glu-Phe and lumichrome
in microbial communication. Previous investigations have shown that
cyclic dipeptides signal the transport of peptidases in aerobic, gram-
negative bacteria in deep-sea environments (Sun et al., 2020), while
lumichrome contributes to biotic signal transduction during biofilm
formation (van Galen et al., 2020). These findings suggest that the
elevated concentrations of Glu-Phe and lumichrome in the anoxic layer
of SYBH are crucial for microbial adaptation in this unique marine
environment.
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5. Conclusions

Leveraging an integrative approach that intertwines metabolomics
and metagenomics, this study conducted an in-depth exploration of
DOM diversity, the functional potential of microbial communities, and
their ecological roles within the SYBH. A significant correlation between
DOM distribution and microbial activity, influenced by environmental
factors, notably oxygen concentrations, was observed. Various compo-
nents of DOM, including DOS and DON, as well as an array of metabo-
lites, were discernibly impacted by the metabolic activities of
microorganisms, specifically bacteria associated with sulfur and nitro-
gen metabolism. The research provides crucial insights into global car-
bon cycling dynamics through detailed profiling of DOM composition.
This improved understanding significantly enhances our grasp of how
ecosystems operate in intricate marine environments, particularly those
marked by notable fluctuations in oxygen concentration.
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