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ARTICLE INFO ABSTRACT

Editor: Christopher Rensing Heavy metals can impact the structure and function of coastal sediment. The dissolved organic matter (DOM)
pool plays an important role in determining both the heavy metal toxicity and microbial community composition

Keywords: in coastal sediments. However, how heavy metals affect the interactions between microbial communities and

Heavy metal pollution DOM remains unclear. Here, we investigated the influence of heavy metals on the microbial community structure

Dissolved organic matter

Microbial community

Sediment

Organic matter chemical composition

(including bacteria and archaea) and DOM composition in surface sediments of Beibu Gulf, China. Our results
revealed firstly that chromium, zinc, cadmium, and lead were the heavy metals contributing to pollution in our
studied area. Furthermore, the DOM chemical composition was distinctly different in the contaminated area from
the uncontaminated area, characterized by a higher average O/C ratio and increased prevalence of carboxyl-rich
alicyclic molecules (CRAM) and highly unsaturated compounds (HUC). This indicates that DOM in the
contaminated area was more recalcitrant compared to the uncontaminated area. Except for differences in
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archaeal diversity between the two areas, there were no significant variations observed in the structure of
archaea and bacteria, as well as the diversity of bacteria, across the two areas. Nevertheless, our co-occurrence
network analysis revealed that the B2M28 and Euryarchaeota, dominating bacterial and archaeal groups in the
contaminated area were strongly related to CRAM. The network analysis also unveiled correlations between
active bacteria and elevated proportions of nitrogen-containing DOM molecules. In contrast, the archaea-DOM
network exhibited strong associations with nitrogen- and sulfur-containing molecules. Collectively, these find-
ings suggest that heavy metals indeed influence the interaction between microbial communities and DOM,
potentially affecting the accumulation of recalcitrant compounds in coastal sediments.

1. Introduction

Globally, many coastal sediments contain potentially harmful pol-
lutants originating from diverse human activities (Chen et al., 2018;
Superville et al., 2014). Among these pollutants, heavy metals are
particularly concerning as they act as biotoxins, persist in the environ-
ment, and have the capacity to bioaccumulate (Chen et al., 2018; Chen
et al., 2004; Dou et al., 2013). Numerous studies have demonstrated
that, for instance, high levels of heavy metals such as cadmium (Cd),
mercury (Hg), copper (Cu), and zinc (Zn) can impact the health and
function of many marine organisms (Liu et al., 2017).

Sediment prokaryotes, including bacteria and archaea, play key roles
in the biogeochemical cycling of carbon, nitrogen, and other elements
(Parkes et al., 2014). Prokaryotes also have a substantial influence on
the fate of contaminants (Ford et al., 1998), with bacteria, in particular,
serving as the initial link in transferring toxic compounds to higher
trophic levels (Gillan et al., 2005). In contrary, heavy metals also exhibit
strong influences on the diversity and structure of the prokaryotic
community (He et al., 2019), with heavy metal toxicity being a signifi-
cant driver of microbial community changes. Microorganisms have
different sensitivities to heavy metals (Rajeev et al., 2021), potentially
leading to the replacement of sensitive ones by heavy metal-tolerant
microbes in contaminated areas (Tipayno et al., 2018). Previous
studies have revealed how heavy metal pollution enhances the pro-
portions of Actinobacteria, Bacteroidetes, Deinococcus-Thermus, and
Chloroflexi while decreasing the abundances of Proteobacteria and
Acidobacteria (Zeng et al., 2020). Thus, heavy metal pollution may have
significant implications for microbial communities in coastal sediments
(Dell’Anno et al., 2003). Additionally, microorganisms are also recog-
nized as potential pollution indicators as they reflect the overall pollu-
tion status through changes in abundance, taxonomic composition,
functional capabilities, and the presence or absence of specific indicator
species (Song et al., 2016; Tang et al., 2019). Here it is important to
remember that a large fraction of heavy metals in sediments are strongly
absorbed by organic matter present, with these organics influencing the
toxicity, fate, and bioavailability of the metals (Pontoni et al., 2022). In
these interactions especially the dissolved organic matter (DOM) pool is
thought to be important in structuring the prokaryotes community and it
constitutes a large fraction of the organic molecules interacting with
heavy metals (Li et al., 2021; Zeng et al., 2024). Consequently, due to the
growing impact of human-induced pollution on microbial populations,
it is essential to investigate the interactions between microorganisms,
heavy metals, and organic matter to accurately understand pollution
impacts and feedbacks in coastal sediments.

The Beibu Gulf, situated in the northwestern region of the South
China Sea, has over the past few decades witnessed large economic
development and urban expansion in the coastal cities surrounding its
northern shores. This development has increased inputs of heavy metals
and other pollutants (Chen et al., 2018; Liu et al., 2020), with previous
studies suggesting that these increased inputs could negatively impact
organisms spanning from microbes to humans (Liu et al., 2020). Heavy
metals are transported into coastal waters from natural and anthropo-
genic sources, including from river runoff, atmospheric deposition, and
industrial and agricultural activities (Wu et al., 2017; Zheng et al.,
2008). Here heavy metals from natural sources are typically unavailable

to organisms, while those from anthropogenic sources are bioavailable
(Davis et al., 2003). In this study, we examined the potential interaction
between microbial communities, DOM, and heavy metals in surface
sediment along the northern coast of the Beibu Gulf, by combing high-
throughput sequencing and high-resolution mass spectra technologies.
We aimed to answer the following questions: 1) how are prokaryote
(bacterial and archaeal) diversity and structure impacted by heavy
metals? 2) do heavy metals influence the DOM properties? and 3) do
interactions between microbial communities and the DOM pool change
with increasing heavy metal levels? Our analyses offer valuable insights
into how heavy metal pollution impacts the composition of sedimental
microbial communities and the interactions between microbes and
DOM.

2. Methods and materials
2.1. Sampling sites and surface sediment collection

In the Beibu Gulf, several rivers from the southern regions of
Guangxi, the southwest of Guangdong, and western Hainan Island
deliver industrial, agricultural, and urban domestic wastewater into the
eastern parts of the Gulf (Gu et al., 2018; Xu et al., 2019). In addition,
shipping and tourism activities contribute to heavy metal pollution in
the Beibu Gulf (Brtnicky et al., 2020; Chan et al., 2001), with several
ports (e.g., Wushi port and Haikou port) and tourist islands (e.g.,
Weizhou Island and Xieyang Island) serving as potential pollution
sources. Sediments in the Beibu Gulf play a pivotal role in the
geochemical dynamics of heavy metals, acting simultaneously as sinks
and potential sources of these contaminants (Wang et al., 2015; Yu et al.,
2008), underscoring their importance in environmental assessments
within this marine ecosystem.

In this study three sections were selected in the northeastern part of
Beibu Gulf, labeled as section 1 (S01-S04), section 2 (S08-10), and
section 3 (S11 and S14-17), with water depths ranging from 5 to 10 m
(Fig. 1 and Table S1). These three sections cover the coastal area of
Beihai City, several ports, Weizhou Island, and Xieyang Island, which all
could be possible sources of anthropogenic heavy metals. A mud sampler
was used to collect surface sediments (0-10 cm), with impurities such as
sand and gravel being removed before further processing of the samples.
Approximately 50 to 100 g of surface sediments were collected in a 50
mL centrifuge tube during March 29-31, 2019 (Fig. 1). The samples
were stored at low temperatures and returned to the laboratory within 4
h. Subsequently, the sediment samples were stored at —20 °C until
further processing.

2.2. Heavy metal measurement and risk influence evaluation

Sediment samples were dried at 80-100 °C, grounded to a grain size
and passed through a 200-mesh, and stored in a 50 mL centrifuge tube at
room temperature until further processing (1 month later). For heavy
metal analysis, acid digestion of the powdered sample (0.25 g) was
performed in a Teflon bomb with an acid mixture (HNOs-HCI-HF)
(Loring and Rantala, 1992) before heating to 120 °C for 12 h on a
heating plate. The concentrations of the heavy metals lead (Pb) and
cadmium (Cd) were analyzed using graphite furnace atomic absorption
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spectrophotometry, while the concentrations of the heavy metals copper
(Cuw), chromium (Cr), and zinc (Zn) were analyzed using flame atomic
absorption spectrophotometry. Arsenic (As) concentration was
measured using the hydride generation-atomic fluorescence spectrom-
etry method. Mercury (Hg) was dissolved using a mixture of HNO3 +
H2SO4 + V205, and its concentration was analyzed using cold vapor
atomic fluorescence spectrometry. The instruments employed for the
analysis of Cd, Cr, Cu, Zn, and Pb were the 220FS 200Z model atomic
absorption spectrophotometer, while the HG-AFS atomic fluorescence
spectrometer was used for the analysis of Hg and As. Blanks and Chinese
standard reference materials (GSS1, GSS2, GSD9, GSD10, and
GBWO07313) were included in the analyses for data quality monitoring.
These results demonstrated that the relative standard deviation was <10
for the heavy metal elements.

To evaluate the potential influence of heavy metals on the sediments,
a potential ecological risk index (RI), which can quantitatively indicate
the degree of pollution and potential ecological risk caused by single or
multiple pollutants, was calculated following the method proposed by
Hakanson (1980):

e
Ci=— 1
e 1
E =T xCl (2)
RI=>El 3)
i=1

where C}, Ti, and E! represent the contamination factor, toxic response
factor, and potential ecological risk factor, respectively, for the respec-
tive i heavy metal. Furthermore, C! means the measured concentration
of the heavy metal, while C| C; denotes the reference concentration
associated with each heavy metal. The reference values for the Beibu
Gulf region have previously been calculated based on uncontaminated
preindustrial sediment samples (Xia et al., 2011) (Table S1). The toxic
response factors for Hg, As, Cu, Cd, Cr, Pb, and Zn are 40, 10, 5, 30, 2, 5,
and 1 (Hakanson, 1980). Additionally, the C} was classified into four

groups: C} < 1: low contamination factor; C} between >1 and < 3:

moderate contamination factor; C} between >3 and < 6: considerable
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contamination factor; C} > 6: very high contamination factor (Hakan-

son, 1980). The RI method (RI < 30: Low risk; 30 < RI < 60: Moderate
risk; 60 < RI < 120: Considerable risk; RI > 120: Very high risk) has
been used previously to evaluate ecological risks caused by heavy metals
in a variety of research domains, i.e. biological toxicology, environ-
mental chemistry as well as ecology (Shi et al., 2010; Sun et al., 2010).
Five categories of E. and four classes of RI were defined, as shown in
Table S1 (Huang et al., 2011).

2.3. DOM optical characterization and analysis

For analysis of the DOM pool, 3 g of homogenized sediment was
suspended in 400 mL of Milli-Q water and thereafter filtered through a
pre-combusted (450 °C, 6 h) GF/F (nominal pore size 0.7 pm, Whatman)
filter. From this sediment extract, 20 mL were directly collected into two
40 mL glass vials and stored at —20 °C for subsequent dissolved organic
carbon (DOC) and optical analysis. The remaining water, totalling 360
mL, was acidified to pH 2 in a 1 L glass bottle for solid phase extraction
of DOM (SPE-DOM). For all DOM sample collection, storage and analysis
glassware used were acid washed (2 % HCI for 24 h) and rinsed with
Milli-Q water and precombusted (450 °C for 6 h) prior to use.

The coloured dissolved organic matter (CDOM) absorbance spectrum
was recorded using a 2300 UV-visible spectrophotometer (Techcomp,
China) with a 10-cm path-length quartz cuvette using ultrapure water as
a reference. Absorbance spectra were baseline-corrected by subtracting
the mean absorbance from 700 to 800 nm and converted to a absorption
coefficients (in m ') by multiplying raw absorbance values by 2.303 and
dividing by the cuvette path length. We used the absorption at 254 nm
(a254) as a quantitative measure of the CDOM pool. The DOC-specific
absorbance at 254 nm, known as SUVAys4 (ratio between absorbance
at 254 nm and DOC) was used as an indicator of aromaticity (Weishaar
et al., 2003). The CDOM fluorescence properties were characterized
using excitation-emission matrices (EEMs) which were obtained on a
Varian Cary Eclipse spectrofluorometer (USA). Fluorescence measure-
ments were performed using a 1 cm quartz cuvette and EEMs were
generated by scanning the emission spectra at 2 nm intervals within the
wavelengths from 280 to 600 nm, at excitation wavelengths ranging
from 240 to 450 nm at 5 nm intervals (Wang et al., 2017). The slit widths
for both excitation and emission were set at 10 nm. Milli-Q water was
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Fig. 1. Stations in the Beibu Gulf, South China Sea where surface sediment samples were collected during March 29-31, 2019.
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used to generate blank EEMs. The EEMs and blank EEMs were scanned
on the same day, and the sample EEMs were processed by subtracting
the blank, and thereafter Raman normalized (Guo et al., 2014). The
EEMs were decomposed into components using parallel factor analysis
(PARAFAC), with Matlab 2012 and the DOMFluor toolbox (Stedmon
and Bro, 2008). These components were compared with the OpenFluor
database (http://www.openfluor.org). Moreover, a series of optical
indices (SUVAgs4, E2:E3, fluorescence index [FI], humification index
[HIX], and autotrophic productivity [BIX]) were calculated to evaluate
the quality of DOM, and their calculation and interpretation are pro-
vided in Table S4.

2.4. DOM sampling and FT-ICR MS measurement

The DOM filtrate was extracted using solid phase extraction (SPE)
following previously published procedures (Dittmar et al., 2008).
Briefly, 360 mL of acidified sample (pH 2) were extracted using car-
tridges (200 mg, Agilent Bond Elut PPL, USA). The SPE-DOM was eluted
using 2 mL of high-pressure liquid chromatography-grade methanol
(Sigma-Aldrich) and analyzed by Fourier transform ion cyclotron reso-
nance mass spectrometer (FT-ICR MS) using a 9.4 T Bruker Apex Ultra
with an Apollo II electrospray ion source operated in negative mode (He
et al., 2020). The operating settings for the negative-ion ESI analysis
include spray shield voltage (4.0 kV), capillary column introduced
voltage (4.5 kV), and capillary column end voltage (320 V). lons were
accumulated in the collision cell for 0.2 s before being transferred into
the ICR cell with a time-of-flight of 1.1 ms. In this setup the detected
mass range is between 200 and 800 Da. The samples dissolved in
methanol were injected into the electrospray source at an infusion flow
rate of 250 pL/h and 128 single scans were added for each mass spec-
trum. Subsequently, a high-quality mass peak (m/z 371.0620 corre-
sponding to [Ci5H16011-H] ) at the centre of the mass range was
selected as a reference peak. The resolution power of this peak was
higher than 280.000. Two sets of mass peaks near the most abundant
ones in the spectrum were selected to evaluate the relative abundance
distribution. For calibration, the mass spectrometer was initially cali-
brated with sodium formate and recalibrated with a known mass series
of the Suwannee River fulvic acids (SRFA), which provides a mass ac-
curacy of 0.2 ppm or higher for the mass range of interest. The mass
peaks with a signal-to-noise (s/n) ratio >4 were exported for formula
assignment, while those with an s/n ratio >6 were selected for further
analysis. The matched formulas consisted of the elemental combinations
of 12C140, 1H1,120, 14N(),3, 160(),3(), and 32S(),1. Relative intensities of
double bond equivalents (DBE), H/C ratios, O/C ratios, as well as the
modified aromatic index (Alyoq), were calculated for each sample as
described previously (Wang et al., 2022). Additionally, relative intensity
weighted m/z (m/zwm), H/C (H/Cwwm), O/C (O/Cwm), and Alped
(Almogwm) were calculated (Roth et al., 2019). The DOM molecular
formulas (MFs) were assigned into different groups based on their
properties (Antony et al., 2014): CRAM (carboxyl-rich alicyclic mole-
cules, DBE/C = 0.30-0.68, DBE/H = 0.20-0.95, DBE/O = 0.77-1.75);
HAC (Highly aromatics compounds, 0.5 < Al < 0.67); HUC (Highly
unsaturated compounds, H/C < 1.5, Aloq < 0.5); PCA (Polycyclic ar-
omatics, Alp,oq > 0.67); and Sat (Saturated compounds, H/C > 2.0). To
distinguish the unique and common molecules in the contaminated and
uncontaminated areas, we organized the categorized MFs into various
groups depending on their occurrence in the two areas. The uniquely
prevalent group contained the MFs that were detected in at least 50 % of
the samples from the contaminated or the uncontaminated area but in
less than half in the other area. For example, ‘uni con’ MFs group con-
tained the MFs that occurred in more than three samples in the
contaminated area but less than four samples in the uncontaminated
area. Conversely, the common MFs group are those MFs that were found
in more than half of the samples in both contaminated and uncontam-
inated areas.
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2.5. DNA and RNA extraction and sequencing

The total bacterial community composition is represented by the
DNA in the sample, while the metabolically active members are shown
by analysis of RNA. Sediment genomic DNA and total RNA were
extracted from the sediment samples (~2 g) according to the manu-
facturer’s instructions using DNeasy PowerSoil Pro Kit (Qiagen) and
RNeasy PowerSoil Total RNA Kit (Qiagen), respectively. Subsequently,
the RNA extracts were reverse transcribed into complementary DNA
(cDNA) using the SuperScript IV kit (Invitrogen™) after being treated
with TURBO™ DNase (Invitrogen™). The DNA and cDNA extracts were
stored at —20 °C until further analysis.

The bacterial 16S rRNA and rDNA was amplified using the primers
515F (5-GTGYCAGCMGCCGCGGTAA-3) and 806R (5-GGAC-
TACNVGGGTWTCTAAT-3'). Archaeal 16S rRNA and rDNA amplifica-
tion was conducted using the primers 519F (5'-CAGCCGCCGCGGTAA-3")
and 915R (5-GTGCTCCCCCGCCAATTCCT-3") (Zhang et al., 2021a).
Triplicate PCR reactions for each sample were mixed to avoid bias. The
amplicons were sequenced using the Illumina MiSeq PE300. Raw
sequence analysis was performed using the QIIME2 pipeline (Version
2020.2) (Bolyen et al., 2019). After importing and demultiplexing, raw
sequences were trimmed to a length of 250 bp, and low-quality se-
quences were removed (with default parameters). Then the sequences
were denoised and clustered into amplicon sequence variants (ASVs)
using the deblur function within QIIME2. The resulting feature table and
reprehensive sequences were then assigned taxonomy using the trained
SILVA database classifier (SILVA database release 132). Bacterial and
archaeal 16S rRNA and rDNA sequences were deposited in NCBI SRA
under BioProject number PRINA1038687.

2.6. Statistical analysis

The difference in the composition of DOM MFs between the uncon-
taminated (S01, S02, S09, S10, and S17; definition in the result 3.1) and
contaminated areas (S03, S04, S08, S11, S14, S15, and S16) was tested
using the multi-response permutation procedure (MRPP) with 999 per-
mutations. The correlation between microbial community diversity
(Shannon index) and the concentration of heavy metals, as well as DOM
properties, was calculated using Spearman correlations. Redundancy
analysis (RDA) was performed to explore the relationship between the
structure of the microbial community and DOM properties, as well as the
concentrations of heavy metals using the vegan package. The linear
discriminant analysis Effect Size (LEfSe) was used to detect the major
bacteria/archaea groups contributing to the dissimilarities observed in
microbial communities between uncontaminated and contaminated
areas (Segata et al., 2011). Principal coordinates analysis (PCoA) and
permutational analysis of variance (PERMANOVA) were used to deter-
mine the similarity of samples to each other based on Bray-Curtis dis-
similarities using the vegan package. All statistical analysis was
performed in R (www.R-project.org).

The construction of the co-occurrence network between microbial
communities and DOM MFs was performed based on Spearman corre-
lations followed by post-hoc test using the false-discovery-ratio (FDR)
test using the R packages igraph, WGCNA, and fdrtool. To enhance
confidence, only the ASV and DOM MFs that were present in at least 7
samples were retained in the network construction. Subsequently, cor-
relation with an |r| >0.7 and FDR g-value <0.05 was retained for further
analysis.

3. Results
3.1. Sediment heavy metal concentrations
Seven heavy metals were detected in the sampled surface sediments,

including Hg, Cu, Cr, Zn, As, Cd, and Pb (Fig. 2). From the coast to the
further offshore stations, heavy metal concentrations increased in our
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Fig. 2. Box-and-whiskers plots of concentrations of heavy metals (mercury (Hg), copper (Cu), chromium (Cr), zinc (Zn), arsenic (As), cadmium (Cd), and lead (Pb))in
the surface sediment of the Beibu Gulf. Fifty percent of the data are included within the limit of the boxes, and the two ends of the box are represented by the upper
quartile (25th percentiles) and the lower quartile (75th percentiles), while the solid line within the box represents the median value. The contaminated area (Con)
includes stations S01, S02, S09, S10, and S17, while uncontaminated (Uncon) stations includes stations S03, S04, S08, S11, S14, S15 and S16. Asterisk indicates the p-

value of the t-test <0.05.

transect section 2 and 3 but decreased in section 1. Higher metal con-
centrations were generally detected at stations closer to harbours or
islands. For instance, SO1 and S02 were located near the harbour of
Beihai City, S09 and S10 were in proximity to Weizhou Island, and S17
was close to Xieyang Island. Generally, the RI factor in four stations,
including S01, S02, S09 and S10 exceeded 60, indicating a considerable
potential ecological risk (Table S3). The EI, factor indicated that Hg, As
and Cd were the major contributors to the potential ecological risk
(Table S3). Additionally, the RI factor of S17 (32.5) indicated a mod-
erate risk. Specifically, the contamination factors (C}') of Cr, Zn, Cd, and

Pb exceed 1 at stations located near harbours or islands (Table S1),
indicating the pollution of these heavy metals. Examples of this are the
C} factor of Cr which exceeded 1 at stations S09, S10, and S17, while the

contamination factor of Zn exceeded 1 at stations S01, S09, S10, and S17
(Table S1). Following these results we in this manuscript define the
contaminated (RI > 30; SO1, S02, S09, S10, and S17) and uncontami-
nated (RI < 30; S03, S04, S08, S11, S14, S15, and S16) areas (Table S3).

3.2. Dissolved organic carbon and optical properties

Similar DOC concentrations were measured in the uncontaminated
(0.041 £ 0.012 mg/g) and contaminated area (0.044 + 0.033 mg/g)
(Fig. S1, Wilcoxon test, p-value >0.05), and concentrations were not
related with the heavy metal concentrations (Fig. S2). Two fluorescent
DOM (FDOM) components were identified using PARAFAC analysis
(Fig. S1). Component Cl1 (Ex/Em wavelengths: 275/350 nm) was
characterized as protein-like (Groeneveld et al., 2020; Kothawala et al.,
2014), while component C2 (Ex/Em wavelengths: 275/450 nm) was
defined as humic-like FDOM (Jgrgensen et al., 2011; Lin and Guo,
2020). There was no significant difference in the relative intensity of
these two components between contaminated and uncontaminated
areas (Fig. S1). Furthermore, most DOM optical proxies in the contam-
inated area were similar to those in the uncontaminated area (Fig. S1).
However, FI was significantly higher in the uncontaminated area
compared with the contaminated area (Wilcoxon test, p-value = 0.03),
and FI was significantly correlated with the heavy metal concentrations
(Fig. S2).

3.3. Dissolved organic matter composition

A total number of 4865 MFs were detected by FT-ICR MS across all
samples (Table S5). A higher number of MFs was found in the contam-
inated area (3317 + 327) compared to the uncontaminated area (2356
+ 684) (Wilcoxon test, p-value = 0.02; Fig. 3). Additionally, the
contaminated area displayed higher values of O/C and O/Cwm
compared to the uncontaminated area (Fig. 3). The MFs were catego-
rized into different groups based on their properties. The contaminated
area had more CRAM and HUC but fewer HAC MFs (Wilcoxon test, p-
value <0.05; Fig. S3) compared to the uncontaminated area. Overall the
DOM molecular composition in the contaminated area was different
from that in the uncontaminated area as revealed by our PCoA analysis
(Fig. 4b). The MRPP analysis also showed a significant difference in the
DOM composition between the contaminated and uncontaminated areas
(p-value = 0.02). Compared to the contaminated area, the DOM
composition in the uncontaminated area was more variable as revealed
by PCoA (Fig. 4b). To demonstrate this difference, we grouped the
categorized MFs into several groups based on the presence in the two
areas. The uniquely prevalent group contained the MFs that were
detected in at least half of the samples in the contaminated or the un-
contaminated area but in less than half in the other area (uni con and uni
uncon). Contrary the common MFs group are those that were found in
more than half of the samples in both contaminated and uncontami-
nated areas. In the contaminated area (uni con MFs) the DOM pool had
significantly higher m/z, O/C, Alyo4, and DBE compared to the uncon-
taminated area (uni uncon MFs) (Fig. 4). Furthermore, in the contami-
nated area (uni con) the DOM pool had a higher proportion of nitrogen-
and sulfur-containing molecules than the uncontaminated area (uni
uncon) (Fig. 4 and Table S6). These results suggest that sediment heavy
metal contamination could lead to a more homogenized DOM chemical
composition, which significantly differs from the composition observed
in uncontaminated sediments.

3.4. Structure of total and active microbial communities

A total number of 317,804 and 155,565 high-quality sequences of
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Fig. 3. Box-and-whiskers plots of sediment dissolved organic matter chemical properties in the Beibu Gulf. The a) number of the molecular formula (NO.MFs), b) the
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and S16.

bacteria and archaea were obtained, respectively. Both the total and
active bacterial communities of Beibu Gulf sediments were dominated
by Gamma- (45 % and 57 %, respectively) and Delta-proteobacteria (18
% and 16 %) (Fig. 5a), while the archaeal communities were dominated
by Nitrosophaeria (45 % and 51 %) and Bathyarchaeia (20 % and 27 %)
(Fig. 5b). Within the uncontaminated area, Gammaproteobacteria (30 %
and 46 %), Deltaproteobacteria (25 % and 19 %, respectively), and
Clostridia (6 % and 9 %) dominated. While in the contaminated area,
Gammaproteobacteria (56 % and 64 %), Deltaproteobacteria (13 % and
13 %), and Alphaproteobacteria (5 % and 4 %) comprised a major
proportion of the total and active bacterial communities. In the uncon-
taminated area, the major proportion of both total and active archaeal
communities were Bathyarchaeia (30 % and 47 %), Nitrosophaeria (26
% and 22 %) and Woesearchaeia (21 % and 7 %). While in the
contaminated area, the dominant total and active archaeal communities
consisted of Nitrososphaeria (60 % and 72 %), Woesearchaeia (17 % and
4 %) and Bathyarchaeia (13 % and 17 %). We found that there was no
significant difference in the Shannon index of the bacterial community
between the contaminated area and the uncontaminated area (Fig. 5c).
In contrast, the Shannon index of both total and active archaeal com-
munities increased in the contaminated area than in the uncontaminated
area (Fig. 5¢). We used LEfSe analysis to identify indicator taxa associ-
ated with the microbial community changes in each area (Fig. S4). The
analysis revealed that the relative abundances of two archaeal groups
increased in response to increasing heavy metal concentrations, i.e., the
phyla Euryarchaeota (mainly the class Methanobacteria and Meth-
anomicrobia) and Diapherotrites (mainly the class Iainarchaeia). Addi-
tionally, five lineages of bacteria including the phyla Proteobacteria,
Gemmatimonadetes, Calditrichaeota, Actinobacteria, and Schekman-
bacteria, were enriched in response to increasing heavy metal concen-
trations. The PCoA results revealed that there were similar structures of
the bacterial and archaeal communities between uncontaminated and
contaminated areas (PERMANOVA, p-value >0.05; Fig. 5d-g).

3.5. Links between dissolved organic matter and microbial communities

To further investigate potential linkages between the microbial
community and DOM molecules, networks based on Spearman’s rank
correlation coefficient were constructed (Fig. 6). Interestingly, we found

that DOM molecules had a tighter coupling with bacterial communities
than archaeal communities. No significant correlation was detected
between DOM molecules and the total archaeal ASVs. The active-
bacteria-DOM network showed a higher number of nodes and connec-
tions compared to the total-bacteria-DOM network. Furthermore,
greater numbers of nodes and connections were found in the active-
bacteria-DOM network than in the active-archaea-DOM network
(Fig. 6a and b). These results suggest that DOM molecules might be more
closely associated with active microbes than the whole community.
Therefore, we in the following analysis focused on networks based on
active bacteria and archaea.

A total number of 301 and 105 ASVs belonging to active bacteria and
archaea were found in the networks, respectively. Within these net-
works, Gama-, Delta- and Alpha-proteobacteria were the dominant
bacterial groups (73 %, 17 % and 29 %), while in the active archaeal
community Nitrososphaeria (59 %) and Bathyarchaeia (35 %) domi-
nated. The ASVs affiliated with Gammaproteobacteria and Alphapro-
teobacteria in the bacteria-DOM network showed a higher average
relative abundance in the contaminated area (64 % and 4 %) than un-
contaminated area (45 % and 3 %). Whereas, the ASVs affiliated with
Deltaproteobacteria revealed a lower average relative abundance in the
contaminated area (13 %) compared to uncontaminated area (19 %).
Within archaea-DOM network, the ASVs affiliated with Nitrososphaeria
showed a higher average relative abundance in the contaminated area
(72 %) than uncontaminated area (22 %). However, the ASVs affiliated
with Bathyarchaeia revealed a lower average relative abundance in the
contaminated area (14 %) compared to the uncontaminated area (47 %).
A total number of 756 and 455 MFs were correlated with active bacteria
and archaea, respectively. Furthermore the MFs correlated with active
bacteria revealed a similar proportion of CHO molecules to that corre-
lated with active archaea (Table S6). However, a higher proportion of
CHON molecules and a lower proportion of CHOS molecules were
observed in the bacteria-DOM compared to the archaea-DOM network.
Moreover, we found higher values of Alpoq, m/z, O/C, and DBE in the
bacteria-DOM than in the archaea-DOM network. More CRAM but less
highly aromatics compounds (HAC) were found in the bacteria-DOM
compared to the archaea-DOM network (Fig. 6¢c and d). Additionally,
the contaminated area contained more CRAM and fewer HAC than the
uncontaminated area (Fig. S3). These results suggest that active bacteria
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Fig. 4. Structure and properties of the DOM molecular formulas (MFs) in the Beibu Gulf sediments. a) the Van Krevelen plot highlights the MFs in the Beibu Gulf
sediments, which are unique in the contaminated (Uni Con) and uncontaminated areas (Uni Uncon). b) The principal coordinate decomposition analysis (PCoA)
shows the difference in the DOM MFs composition based on the Bray-Curtis dissimilarity of the MFs. ¢) Box-and-whiskers plot of DOM MFs properties unique in the
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uncontaminated area includes stations S03, S04, S08, S11, S14, S15 and S16. In ¢) 50 % of the data are included within the limit of the boxes, and the the two ends of
the box are represented by the upper quartile (25th percentiles) and the lower quartile (75th percentiles), while the solid line within the box represents the median
value. Asterisk shows the significance of the difference in each property determined using t-test.

in these sediments were more involved in the transformation and/or
production of recalcitrant DOM compared to active archaea.

4.2. Impacts of heavy metals on microbial communities

Toxicity of heavy metals has previously been shown to change the
microbial community composition in surface sediments (Dell’Anno
et al., 2020; Wang et al., 2021b). Similarly in our study, we found that
elevated heavy metal concentrations impacted the archaeal community
diversity, while contrary no impact was found on the bacterial com-
munity (Figs. 5 and S2). These contrasting impacts are similar to pre-
vious observations in sediment from a Norwegian fjord (Gillan et al.,
2005) and it supports the hypothesis that archaeal communities have
greater sensitivity to heavy metals than bacterial communities (Long
et al., 2021).

While overall the archaeal community showed higher heavy metals
sensitivity, certain groups within the community had the ability to
tolerate such conditions. Specifically, we found a rise in the relative
abundances of two archaeal groups, namely the phyla Euryarchaeota
and Diapherotrites, with increasing heavy metal concentrations (Fig.
S4). This enrichment suggests that they have a higher tolerance, which is
in line with previous studies showing that Euryarchaeota prevails in
metal-rich environments (Li et al., 2017; Yang et al., 2014), likely due to
their utilization of P-type ATPases and ABC transporters for metal
transport and homeostasis (Contursi, 2013; Coombs and Barkay, 2005).
However, it is here worth noticing that the metal tolerance of Eur-
yarchaeota may differ between species (Cornall et al., 2016). Thau-
marchaeota, another prevalent archaea in our study, has been

4. Discussion

In coastal waters, sediments are key components players in the
cycling of inorganic and organic matter as well as the storage of con-
taminates such as heavy metals. At the center of all these processes are
the interactions between microbes and DOM. Assessing the impact of
heavy metal pollution on these interactions is therefore essential for
understanding and maintaining coastal ecosystem health and
functioning.

4.1. Sediment heavy metals

The influx of heavy metals is having adverse effects on coastal waters
globally, influencing all parts of the foodweb (Le et al., 2022). Our
measurements of heavy metals suggest that these pose a moderate
ecological risk in the Beibu Gulf region. Specifically, we observed higher
concentrations of certain heavy metals, including Cr, Zn, Pb, and Cd, in
the sediments closer to land-based human activities in the northern Gulf
(Table S1), as was also suggested by several previous studies in the same
region (Dou et al., 2013; Lin et al., 2021; Liu et al., 2020).
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discovered in metal-rich sediments, suggesting that they are capable of
tolerating high heavy metal concentrations (Subrahmanyam et al.,
2014; Volant et al., 2012). However, the concrete impact of heavy
metals on Thaumarchaeota is still unresolved with some studies
reporting high sensitivity (Liu et al., 2018; Wang et al., 2018), while
others suggest they are resistant (Subrahmanyam et al., 2014). In our
study, we observed a higher relative abundance of Thaumarchaeota in
the contaminated area, while the uncontaminated area had a higher
contribution of Nitrososphaeria (within the phylum Thaumarchaeota).
Therefore, the impact of heavy metals on the phylum level (Thau-
marchaeota) might not represent outcomes for all lineages and further
research is therefore needed to gain a deeper understanding of the
concrete ecological effects.

Although no significant correlation was observed between the di-
versity of the bacterial communities and the heavy metal concentra-
tions, certain bacterial species exhibited clear responses. Specifically,
the bacterial lineages, particularly Proteobacteria and Gemmatimona-
detes, play crucial roles in heavy metal degradation and are also wide-
spread in wastewater treatment plants (Acosta-Gonzalez et al., 2013;
Kostka et al., 2011; Zeng et al., 2022). Actinobacteria and Caldi-
trichaeota, known for their high metal resistance (Alvarez et al., 2017;
Margesin et al., 2011; Marshall et al., 2017), were notably abundant in
the contaminated areas. Moreover, we observed high relative abun-
dances of Anaerolineae, Bacteroidia, and Planctomycetacia in our study
areas. All these bacterial classes have previously been reported as
dominant community members in contaminated sediments (Ren et al.,
2016; Zhang et al., 2021b), attributed to their role as heavy metal

reducers, polyaromatic compounds degraders and their ability to sur-
vive toxic effects of metals (Nogales et al., 2007; Petrie et al., 2003;
Zanaroli et al., 2012; Zhao et al., 2018a). Collectively, our results indi-
cate that the diversity of archaeal communities, as well as specific
bacterial and archaeal species, shifts due to the presence of heavy
metals, which may consequently change the microbial mediated
biogeochemical cycles.

4.3. Interactions between heavy metals, microbes and dissolved organic
matter

In marine sediments the DOM chemical composition is tightly
coupled with the microbial community structure (Tang et al., 2022). In
our study, we found noticeable differences in the DOM chemical
composition between contaminated and uncontaminated areas (Fig. 3
and S3). Furthermore, our network analysis demonstrates distinct as-
sociations between bacterial and archaeal communities with specific
DOM chemical groups (Fig. 6 and Table S6). Our results suggest a
stronger relationship between active bacteria and recalcitrant DOM than
for archaea. Interestingly, our results contradict a previous study
investigating Pearl River estuarine sediments, which reported a stronger
connection between archaea and recalcitrant DOM (Wang et al., 2021a).
These contrasting results could be due to differences in sediment bio-
logical and chemical composition, main organic matter sources and/or
the environmental conditions. Furthermore, the Pearl River Estuary, has
over the past four decades, been impacted by heavy loading of e.g.
Organic pollutants and heavy metals (Chen et al., 2018; Gan et al., 2013;
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Lao et al., 2019). In contrast, our study area, the Beibu Gulf, is a semi-
closed area with proportionally lower pollution levels than those in
the Pearl River Estuary (Lin et al., 2021; Zhao et al., 2018b). Previous
studies have also found that Hg and Cd are the main heavy metals in the
sediments of the Pearl River Estuary (Xiao et al., 2022a; Zhao et al.,
2018b), while in our study area Cr, Zn, Cd, and Pb dominated. In
addition, Our results revealed that chromium (Cr), zinc (Zn), cadmium
(Cd), and lead (Pb) were the heavy metals contributing to pollution in
our studied area, with average concentrations (mg/kg) of 34.4 (Cr), 43.8
(Zn), 0.1 (Cd) and 17.4 (Pb). Notably, the average concentrations of
these four heavy metals in the Pearl River Estuary sediments are
significantly higher than in the Beibu Gulf. For instance, Liang et al.’s
study reported that the average concentrations of Cr, Zn, and Pb were
118.5, 198.5, and 73.0, respectively (Liang et al., 2023), and in the study
conducted by Xiao et al., the average concentrations were 73.63 (Cr),
119.24 (Zn), 0.24 (Cd) and 24.05 (Pb) (Xiao et al., 2022b). This there-
fore suggests that differences in heavy metal presence and concentration
in sediments between regions could lead to differences in the microbial
composition and DOM properties.

The dominant microbial communities in the bacteria-DOM network
consisted of three active bacterial groups: Gammaproteobacteria (73 %),
Deltaproteobacteria (17 %), and Alphaproteobacteria (4 %), which also
in previous studies have been shown to play key roles in organic matter
degradation (Basak et al., 2015; Chen et al., 2022). Gammaproteobac-
teria, which contains diverse groups has been shown capable of adapting
to high heavy metal environments, while still actively transforming ni-
trogen- and sulfur-containing organic matter (Li et al., 2018). Among
these groups is the B2M28 (within class Gammaproteobacteria), which
in our study was found to be a good “contamination indicator” identified
by LEfSe analysis (Fig. S4 and Table S7). This group furthermore has a
close relationship with nitrogen-containing molecules and HAC com-
pounds (Table S7) and it has previously been shown to be a keystone
player within networks of bacteria and fungi in Beibu Gulf sediments
(Zhao et al., 2022). Therefore, our findings suggest that this group could
be a good indicator of heavy metal pollution. Since there is limited study
on its relationship with nitrogen-containing molecules and HAC com-
pounds, future research on heavy metal pollution should pay increased

attention to this group. Additionally, the Gammaproteobacteria class
has been shown to play a vital role in the oxidation of sulfides and the
degradation of pollutants (Sazykin et al., 2023). This was confirmed in
our study where the Oceanospirillales group belonging to the Gam-
maproteobacteria class was found to be associated with (42 %) sulfur-
containing molecules and they had a higher relative abundance in
areas with higher heavy metal concentrations. Our findings also
revealed that sulfur-oxidizing bacteria (Woeseia and Thiohalophilus,
affiliated with Gammaproteobacteria) and sulfur-reducing bacteria
(Desulfuromonadaceae, Desulfobacteraceae, Desulfobulbaceae, and
Desulfatiglans, affiliated with Deltaproteobacteria) were more abundant
in the contaminated area compared to the uncontaminated area (Table
$8), which suggests that bacterial sulfur cycling could be affected by
heavy metals. In addition, Deltaproteobacteria, predominately members
of the Desulfobacterales, were highly related to CHON-containing mol-
ecules in our study, consistent with previous studies showing the most
microdiversity of associated nifH sequences (Kapili et al., 2020). Rho-
dobacterales (within class Alphaproteobacteria), which in our study had
a higher presence in the uncontaminated area (Fig. S4 and Table S7),
exhibited a strong association with nitrogen-containing molecules and a
comparatively weaker association with CRAM molecules (Table S7).
This finding is well in line with studies demonstrating that Rhodo-
bacterales might be less competitive when substrates are more recalci-
trant (Xu et al., 2022). Generally, Alphaproteobacteria are known to
possess several copies of nitroreductase-encoding genes which are
involved in the reduction of nitrogen-containing aromatic compounds,
and their genomes also exhibit numerous important sulfur metabolic
functions (Karimi et al., 2019). Overall, our findings indicate that in-
crease in Gammaproteobacteria and Alphaproteobacteria due to heavy
metal contamination could affect the transformation of nitrogen- and
sulfur-containing as well as aromatic DOM component. These diverse
metabolic capabilities might enhance their ability to produce more
recalcitrant DOM compounds (Chen et al., 2023; Wang et al., 2021b).
As for the archaea-DOM network, Nitrososphaeria (59 %) and
Bathyarchaeia (35 %) were the dominant groups. We found that DOM
molecules belonging to CRAM-like structures were correlated to Bath-
yarchaeia (41 %), which has been proposed to mediate the degradation
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of recalcitrant organic matter (Saw et al., 2020; Yu et al., 2018). Addi-
tionally, a high proportion of HAC (42 %) was found to be associated
with Bathyarchaeia in the archaea-DOM network, consistent with their
known ability to utilize aromatic compounds (Meng et al., 2014; Zhou
et al., 2018). Comparative genomics studies have also revealed that
Bathyarchaeia genomes encode a large variety of genes related to car-
bohydrate degradation, especially playing an important role in lignin
degradation in anoxic sediments (Yu et al., 2023). The higher relative
abundance of Bathyarchaeia in the contaminated area compared to the
uncontaminated area suggests that they are also capable of tolerating
heavy metals (Table S9). Nitrososphaeria showed a stronger correlation
with CRAM-like compounds (26 %), but their relative abundance
decreased in the contaminated area, which fits well with previous
studies showing that members of Nitrososphaeria are more abundant in
uncontaminated areas (Moreira et al., 2023; Tangherlini et al., 2020).
Suppression of this archaeal group by heavy metals may impact the
transformation of CRAM-like, as well as nitrogen- and sulfur-containing
DOM compounds (Table S9).

Bacteria and archaea residing in sediments are directly involved in
the transformation and mineralization of organic matter (Mahmoudi
etal., 2017), whereby they impact both the quality and quantity of these
compounds (Koho et al., 2013). These microbial processes have pro-
found consequences for both local and global biogeochemical cycles in
sediments (Burdige, 2007). For example, processes mediated by mi-
crobes and exoenzymes can catalyze the transformation of high molec-
ular weight DOM into low molecular weight compounds (Arnosti,
2004). The outcomes of our research imply that the presence of heavy
metals leads to a modification in the structure of the local microbial
community, particularly the archaeal community. This alteration im-
pacts the microbial communities’ capacity to mediate elemental cycling,
resulting in changes in the composition of the DOM pool in coastal
sediments. Our results indicate that the heavy metal pollution would
accumulate more recalcitrant DOM and elevate the stability of DOM in
the coastal sediments, which is more beneficial to long-term carbon
storage. Moreover, the reduced bioavailability of DOM in the surface
sediment could be transported into coastal bottom seawater by resus-
pension, potentially impacting the benthic food web (Hyun et al., 2022)
and subsequently influencing the coastal ecosystem. Our research un-
derscores the critical role of both microbial communities and DOM in
the carbon cycling process as well as the impact of contaminates. Our
results also suggest that heavy metal presence significantly affects the
application of nitrifier-enriched activated sludge (NAS) for wastewater
treatment (Sepehri et al., 2020; Sepehri and Sarrafzadeh, 2018). Overall,
the observed changes in microbial and DOM composition, attributable
to heavy metal contamination, could have implications for carbon
storage and release mechanisms, which in turn could impact global
carbon cycling dynamics, however, these links need urgently to be
investigated in more detail.

5. Conclusions

In this study, we investigated how heavy metals influence microbe-
DOM interactions in coastal surface sediments. We found that Zn, Cr,
Cd, and Pb were the major heavy metals in the Beibu Gulf surface sed-
iments. Interestingly our detailed chemical analysis revealed a higher
proportion of CRAM and higher O/Cywy of DOM molecules in the
contaminated area, suggesting accumulation of recalcitrant DOM in
areas with elevated heavy metal concentrations. Our results also clearly
demonstrate that heavy metals change the structure and diversity of
archaeal communities while the bacterial communities were largely
unaffected. Combined the detailed chemical and microbial analysis
revealed that increasing heavy metal concentrations disrupted the in-
teractions between the DOM pool and the microbial community leading
to a convergent composition of DOM that is distinct and contains more
recalcitrant compounds.
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