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Abstract

To elucidate the fluorescence characteristics of sediment dissolved organic matter (DOM),
the structural and functional features of bacterial communities, and their coupling relationships under
different vegetation coverage levels, sediment samples from distinct water depth zones of Baiyu Lake
in Harbin, China, were analyzed using three—dimensional fluorescence spectroscopy and high—throughput
sequencing. The results showed that sediment DOM had mixed allochthonous and autochthonous
sources. Zones with helophytes and emergent plants exhibited a higher degree of DOM humification,
higher humic—like fluorescence intensity, and elevated bacterial diversity, relative abundance of taxa,
and OTU numbers associated with C, N, and S cycling. The Mantel test revealed significant correlations
between allochthonous humic—like substances and bacterial community diversity, composition, and
functions, whereas protein—like substances showed no such correlations. The variance partitioning
analysis indicated that humic—like and protein—like substances explained 56.90% and 6.95%
of the variance in the bacterial community, respectively. Collectively, vegetation variations driven by
water depth modulate the complex interactions between sediment DOM and bacterial communities
in lake wetlands.
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Introduction minerals, and pollutants, and can exert varying

impacts on wetland ecosystems through their distinct

Wetland sediments, as a key component of wetland physicochemical properties and microbial community
soil-water interfaces, consist of organic matter, characteristics [1, 2]. Different water depths in wetlands

can lead to variations in vegetation types and growth
density, and consequently affect the properties and
stability of sediments [3, 4]. Indeed, Stoorvogel et al.
*e-mail: li.yan622@163.com [5] highlighted higher sediment shear strengths in areas

© 2026 This article is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International (CC BY-NC 4.0)



Chuangi Shi, et al.

with densely growing Spartina anglica than those in
unvegetated tidal flats and areas with sparsely growing
Scirpus maritimus.

DOM refers to water—soluble organic matter that
can pass through a 0.45 um pore—size filter membrane.
It is a key substance with unique physicochemical
and biological properties in ecosystems, and is widely
present in various spheres of the Earth in a molecular
or colloidal form, including rivers, lakes, seas, soils, and
the atmosphere [6, 7]. In addition, DOM is considered
an important carrier of key elements involved in the
global biogeochemical cycling system [8]. Due to its
high reactivity and rapid turnover characteristics, DOM
is regarded as the most active and mobile component
within the carbon (C) pools of both terrestrial and
aquatic ecosystems. It plays an indispensable role in
regulating the processes of C fixation and release, and
significantly influences biogeochemical processes such
as the global C budget and greenhouse gas emissions [9,
10]. Furthermore, DOM promotes the cycling of essential
nutrient elements, including nitrogen (N), phosphorus
(P), and sulfur (S), by facilitating their mobilization,
complexation, and transport through interactions with
soil minerals, pollutants, and microbial communities [10,
11]. The sources of DOM in aquatic ecosystems exhibit
significant spatiotemporal variability: allochthonous
DOM includes terrestrial inputs (e.g., higher plant
biomass and soil), atmospheric deposition (e.g., acrosols
and precipitation), and inputs from other ecosystems,
while autochthonous DOM is derived from microbial
activities, in situ biological production processes, and
the growth and metabolism of organisms (e.g., algae)
[12, 13].

Microorganisms act as both producers and
consumers of DOM: on the one hand, microbial
communities can affect the sources, properties, and
contents of DOM, and interspecific interactions (e.g.,
cooperation, competition, and mutualism) play a key
role in the synthesis and decomposition of DOM; on the
other hand, DOM with distinct chemical components
(e.g., humic—like and protein—like substances) shapes
the composition, structure, and diversity of microbial
communities by providing heterogeneous ecological
niches and energy substrates, thereby forming complex
bidirectional interaction networks [14-16]. Existing
studies have revealed a close covariation between
DOM chemodiversity and microbial assembly in
aquatic ecosystems; however, in relatively stable lake
ecosystems, despite the dynamic equilibrium between
microbial communities and DOM transformation
processes, the key regulatory mechanisms underlying
these interactions remain poorly elucidated [17].

Three—dimensional fluorescence spectroscopy has
been widely used for DOM characterization due to its
simplicity and high efficiency [18, 19]. This technique
can, in fact, sensitively and accurately identify the
sources and compositions of DOM via excitation (Ex)—
emission (Em) matrices and parallel factor (PARAFAC)
analysis [20, 21].

The humification index (HI), fluorescence index (FI),
and biological index (BI) are calculated to characterize
the degree of DOM humification, the microbial
contribution to and dominant source of DOM, and the
ratio of autochthonous to allochthonous organic matter,
as well as the microbial degradation potential of DOM,
respectively [22, 23]. The positions and intensities of
fluorescence spectral peaks are of great importance for
revealing the types and contents of DOM components
[24]. For instance, an Ex/Em of 250 nm/450 nm (480 nm)
corresponds to UV humic—like substances, which are
commonly found in forests and wetlands, whereas an
Ex/Em of 280 nm / 330 nm corresponds to tryptophan—
like substances, mostly present in industrial wastewater
and domestic sewage [25]. These findings provide
a useful reference for an in—depth understanding of the
role of DOM in ecosystems.

In summary, water depth drives vegetation
differentiation in lake wetlands, and vegetation—mediated
DOM-microbial interactions regulate DOM stability.
However, the quantitative mechanisms remain unclear.
This study followed the “water depth — vegetation —
DOM-bacteria” pathway to determine how vegetation
affected DOM properties and bacterial community
structure, diversity, and function, and to quantify
the responses of DOM fluorescence components
to bacterial parameters, thereby advancing the
understanding of DOM stability mechanisms in lake
wetland sediments.

Materials and Methods
Sediment Sample Collection

Sediment samples were collected in August 2022
(the high—water period) from different water depth
zones (Supplementary Table 1S) of Harbin Baiyu Lake
National Wetland Park (45°53'18.28"-45°54'15.84"N,
126°52'30.70"-126°54'09.65"E), Heilongjiang Province,
China. The emergent plant zone (S3) had significantly
(p<0.05) higher plant biomass dry weight and higher
plant density than the other zones. A 1 m x 1 m quadrat
was established in each zone, and sediment samples
were collected from the 0-5 cm surface layer using
a piston—type sediment sampler with a 5 cm inner
diameter. Specifically, three replicate sediment samples
were collected from the four vertices and the center
of each quadrat, and then thoroughly mixed to form
a 200 g composite sediment sample per quadrat.
All sampling procedures were performed in triplicate.

Determination of Three-Dimensional
Fluorescence Spectroscopy

A 5 g aliquot of air—dried sediment was mixed with
50 mL of ultrapure water, shaken at 200 r/min for 24 h
at room temperature, and centrifuged at 3500 r/min for
10 min at 4°C. The resulting supernatant was filtered
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through a 0.45 pm cellulose acetate filter membrane
to obtain the sediment DOM extract. The dissolved
organic carbon (DOC) concentration in the sediment
DOM extract was determined using a total organic
carbon analyzer (Multi N/C 2100, Jena, Germany).
Ultrapure water was added to adjust the DOC
concentration of all extracts to a uniform 15 mg/L.

Following the method of He et al. [26], three—
dimensional fluorescence spectra were recorded using
a fluorescence spectrophotometer (F-7000, Hitachi,
Japan) equipped with a 450 W xenon lamp and a 700 V
photomultiplier tube; the Ex and Em wavelengths ranged
from 200 to 600 nm with a 2 nm interval, a 5 nm slit
width, and a scanning speed of 2400 nm/min. Ultrapure
water was used as a blank control to eliminate Rayleigh
and Raman scattering interference.

DNA Extraction, PCR Amplification,
and Sequencing

Genomic DNA was extracted from 0.5 g of air—
dried sediment using the PowerSoil® DNA Isolation
Kit (MoBio Laboratories, CA, USA) according to the
manufacturer’s protocol. The concentration and purity
of the extracted genomic DNA were determined using
a NanoDrop™ 2000 UV-Vis spectrophotometer
(Thermo Fisher Scientific, MA, USA), and DNA quality
was further verified via 1% agarose gel electrophoresis.

The V3-V4 hypervariable region of the bacterial 16S
rRNA gene was amplified with the 338F/806R primer
pair [27] using a PCR thermal cycler (GeneAmp® 9700,
ABI, CA, USA). The 20 pL PCR reaction mixture
contained 4 uL. of 5xFastPfu buffer, 2 uL of 2.5 mM
dNTPs, 0.8 uL each of the forward and reverse primers,
0.4 uL of FastPfu polymerase, 0.2 puL of bovine serum
albumin, 10 ng of template DNA, and nuclease—free
ddH,O to bring the final volume to 20 uL. The PCR
cycling program was as follows: initial denaturation at
95°C for 3 min; 35 cycles of denaturation at 95°C for
30 s, annealing at 55°C for 30 s, and extension at 72°C
for 45 s; and a final extension at 72°C for 10 min.

After electrophoresis, purification, and
quantification, all PCR amplicons were subjected to
paired—end 2x300 bp sequencing on the Illumina MiSeq
high—throughput sequencing platform (Illumina, CA,
USA). All PCR amplifications and sequencing reactions
were performed in triplicate for each sample.

Data Analysis

Fluorescence spectral data were acquired using
FL WinLab software (PerkinElmer, MA, USA), and
scatter correction was performed via the DOMFluor
V1.7 toolbox (MATLAB R2021b, MathWorks, MA,
USA); PARAFAC analysis was then applied to identify
fluorescent components and generate fluorescence
spectra [28]. Origin 2021 software (OriginLab, MA,
USA) was used to calculate the HI, FI, and BI values
[22, 23].

Raw sequencing reads were quality—filtered and
clustered into operational taxonomic units (OTUs) at
a 97% sequence similarity threshold using UPARSE
(vll) and VSEARCH (v2.28.1); the relative abundance
of each OTU was then calculated using the QIIME 2
pipeline (https:/qiime2.org/). Bioinformatic analyses
(including diversity analysis, community composition
analysis, and FAPROTAX functional prediction) and
statistical analyses (Mantel’s test, redundancy analysis
(RDA), and variance partitioning analysis (VPA)) were
performed using the Majorbio Cloud Platform (https://
www.majorbio.com, Shanghai, China) [29]. Statistical
significance tests for intra— or inter—group differences
were performed using the SPSSAU online platform
(https://spssau.com).

Results and Discussion
Analysis of the Fluorescence Spectral Indices

The FI values obtained in this study ranged from 1.4
to 1.9 (Supplementary Table 2S), which were consistent
with the findings of Ma et al. [22]. These results indicated
that the sediment DOM exhibited mixed allochthonous
and autochthonous characteristics, derived from the
combined inputs of plant litter and microbial metabolites
[23], and thus its sources showed a diversified pattern
during the wet season (August) [30]. The FI values in
the S2 zone were significantly lower than those in the
other sampling zones (p<0.05), followed by the S3
zone. Although no significant differences in FI values
were observed between S3 and Sl1, S4, or S5 (p>0.05),
the large plant biomass in the S3 zone contributed
substantial litter inputs, which served as an important
allochthonous source of sediment DOM.

The BI values of S2, S3, and S4 ranged from 0.6
to 0.8, indicating a dominant allochthonous origin
of DOM in these zones [27]. In contrast, S1 and S5
had significantly higher BI values (greater than 0.8,
p<0.05), suggesting a relatively high proportion of
newly generated autochthonous DOM derived from
microbial metabolism and other biogenic processes
[23]. The S1 zone was located in the shallow water
area, where humic components in sediment DOM
were prone to photodegradation and transformation
into low—molecular—weight substances (e.g., protein—
like compounds), thereby enhancing the bioavailability
of DOM [31]. Additionally, this zone was susceptible
to the impacts of surrounding agricultural activities,
which further increased the input of low—molecular—
weight DOM [32]. For the S5 zone, situated in the deep
water area with limited plant litter input, the relatively
high proportion of autochthonous DOM was mainly
attributed to in situ microbial and biological activities.

The HI values of sediment DOM varied from 1.677
to 5.085 across all sampling zones. The HI values of
S1, S4, and S5 were all below four, with no statistically
significant differences among them (p>0.05), which
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indicated a low humification degree and weak stability
of DOM in these zones [23]. In comparison, the HI
values of S2 and S3 exceeded four, and no significant
difference was found between these two zones (p>0.05).
Notably, the HI values of S2 were significantly higher
than those of S1, S4, and S5 (p<0.05). These results
demonstrated that the high plant biomass in S2 and S3
zones increased the input of plant litter, which not only
promoted the humification process of sediment DOM but
also facilitated the formation of high—molecular—weight
aromatic compounds, thus improving the stability of
DOM [22].

Analysis of the Fluorescent Components

Five fluorescent components were identified
in the sediment DOM via PARAFAC analysis (Fig. 1),
with their Ex/Em maxima assigned as follows:
Cl (275 nm/445 nm) as visible fulvic acid-like
substances, C2 (240 nm/400 nm) as UV fulvic acid—
like substances, C3 (230 nm/340 nm, 280 nm/340 nm)
as tryptophan—like substances, C4 (280 nm/500 nm) as
humic acid-like substances, and C5 (200 nm/295 nm)
as tyrosine—like substances [25, 33]. Among these
components, Cl, C2, and C4 were categorized as
allochthonous humic—like substances, predominantly
derived from terrestrial inputs such as plant litter and
surface runoff; in contrast, C3 and C5 were defined
as autochthonous protein—like substances, closely
associated with phytoplankton metabolism and
microbial activity in situ. These fluorescent components
of DOM have also been detected in sediments and
overlying waters of other wetland types [16, 33-35],
indicating their universal distribution in wetland aquatic
environments.

Overall, the total content of the five fluorescent
components in the S5 (non—vegetated zone) was
significantly lower than that in all vegetated zones
(p<0.05, Supplementary Table 3S), which directly
confirmed that plant litter input is the primary source
of sediment DOM in lake wetlands. Among all detected
components, C4 (humic acid—like substances) had the
lowest content across all sediment samples, suggesting
a relatively low proportion of high—molecular—weight
organic substances in the study area. This finding is
consistent with the report by Zhang et al. [36], implying
a generally low humification degree and poor intrinsic
stability of sediment DOM in Baiyu Lake wetland. In
line with the conclusion of Chen et al. [37] that protein—
like substances are abundant in seasonally flooded lake
wetland areas while humic acid-like components are
scarce, our results showed a relatively high content of
protein—like substances (C3 and C5) in S1, S4, and S5
zones, which was closely linked to their low sediment
DOM humification degree. On the contrary, the high
content of humic—like substances (Cl1, C2, and C4)
in S2 and S3 zones further verified the relatively high
humification degree of DOM in these two vegetated
zones.

At the individual component level, C3 exhibited the
highest content in SI and S4 zones, while C5 showed
relatively higher contents in S3 and S4 zones. This
distinct distribution pattern suggested that C3 and C5
had different autochthonous source pathways in the
sediment DOM. Combined with the findings of Long
et al. [31], the high content of C3 in the SI zone may
be additionally affected by anthropogenic inputs (e.g.,
agricultural non—point source pollution), in addition
to in situ microbial metabolism. This observation also
corresponds to the aforementioned analysis of BI and FI
indices in the S1 zone, further reflecting the combined
effects of natural biological processes and human
activities on the composition of sediment DOM in
shallow water areas of lake wetlands.

Diversity of the Sediment Bacterial Community

No significant differences in DNA copy numbers
were observed between the S2 and S3 zones (p>0.05,
Supplementary Table 4S). In contrast, the S3 zone had
significantly higher DNA copy numbers while the S5
zone had markedly lower ones compared with the Sl
and S4 zones (p<0.05), which directly indicated that
vegetation cover could significantly promote the increase
in sediment bacterial abundance. A total of 1,668,679
high—quality sequencing reads were obtained from the
sediment samples of the five zones, with an average
sequence length of 417 bp. These reads were clustered
into 24,389 OTUs, which were affiliated with 65 phyla,
201 classes, 482 orders, 795 families, 1578 genera,
and 4009 species, reflecting a rich bacterial taxonomic
diversity in the study area.

At the OTU level, the phylogenetic diversity (PD),
Chaol, and Shannon indices of the S2 and S3 zones
were all higher than those of the other sampling
zones, whereas the corresponding diversity indices of
the SI and S5 zones were relatively low. This result
was consistent with the conclusion of Li et al. [38],
demonstrating that the high sediment DOM content in
the non—seasonally waterlogged zones of lake wetlands
can provide more diverse ecological niches and sufficient
carbon sources for bacterial growth, which is conducive
to improving the richness and diversity of the sediment
bacterial community. Although the total content of
fluorescent components in the SI zone was relatively
high (Supplementary Table 3S), this zone was affected
by seasonal waterlogging and had sparse vegetation
cover, with its sediment DOM exhibiting prominent
autochthonous characteristics. In contrast, the S2 and
S3 zones featured high plant density and large biomass,
and their sediment DOM had obvious allochthonous
characteristics derived from abundant plant litter input,
which ultimately supported a higher diversity of the
bacterial community. This finding was also in line
with the suggestion of Stadler et al. [39], confirming
that aquatic environments dominated by terrigenous
allochthonous DOM have a stronger potential for
bacterial growth and community diversification.
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Fig. 1. Fluorescence components of lake wetland sediment DOM and their Ex/Em loadings.

Composition of the Sediment
Bacterial Community

A total of 17 bacterial phyla were identified in all
sediment samples after excluding taxa with a relative
abundance of less than 1% and unclassified taxa (Fig.
2). The cumulative relative abundance of the top 10

dominant phyla exceeded 85%, indicating a relatively
concentrated distribution of the bacterial community
at the phylum level. Chloroflexi, Actinobacteriota, and
Acidobacteriota were the most dominant phyla, with a
total relative abundance approaching 50%, followed
by Proteobacteria, Firmicutes, and Bacteroidetes. This
dominant phylum composition differed from the findings
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Fig. 2. Relative abundances of lake wetland sediment bacterial phyla (excluding taxa with relative abundance < 1% and unclassified

groups).

of Li et al. [14] and Wang et al. [27], who reported
Proteobacteria as the most abundant phylum in wetland
sediments, and this discrepancy may be attributed
to the unique hydrological conditions, vegetation
cover characteristics, and sediment physicochemical
properties of the Baiyu Lake wetland study area.

At the phylum level, the relative abundances of
Chloroflexi in S1 (22.70%), S4 (22.15%), and S5
(23.18%) showed no significant differences (p>0.05),
but were significantly higher than those in S2 (17.05%)
and S3 (17.49%) (p<0.05). For Actinobacteriota, its
relative abundances in S2 (22.13%) and S3 (22.46%)
were not significantly different (»p>0.05), yet both were
significantly higher than that in S1 (18.44%) (p<0.05);
in turn, the relative abundance of Actinobacteriota in
S1 was significantly higher than those in S4 (12.24%)
and S5 (10.89%) (p<0.05). The relative abundance of
Acidobacteriota in S1 (9.30%) was the lowest among
all zones (p<0.05), while that in S5 (24.86%) was the
highest (p<0.05), with the values in S2 (12.65%) and
S3 (13.72%) falling in the middle and showing no
significant difference from S4 (13.76%) (p>0.05). In
summary, the relative abundances of Chloroflexi and
Acidobacteriota exhibited a decreasing trend with the
increase in plant biomass in the sampling zones, whereas
the relative abundance of Actinobacteriota showed
the opposite increasing trend. Notably, the dominant
taxa within Actinobacteriota possess strong organic
matter utilization capabilities and are specialized in
degrading refractory DOM components (e.g., aromatic
compounds), especially allochthonous humic—like
substances [40]. The composition of microbial dominant
taxa is largely dependent on the utilization efficiency
and substrate preference of microorganisms for sediment
DOM [17], which further indicates that water depth—
driven changes in vegetation distribution and biomass
can alter sediment DOM characteristics, and thereby

reshape the structure and ecological interactions of the
sediment bacterial community.

At the genus level, among the 1578 identified genera,
unclassified taxa accounted for 46.45% of the total
relative abundance, reflecting a high degree of unknown
bacterial diversity in the lake wetland sediments. The
cumulative relative abundance of the top 10 classified
genera in S3 reached 18.33% (Fig. 3), which was
significantly higher than those in the other sampling
zones (p<0.01); by contrast, the corresponding value in
S5 was only 3.43%, the lowest among all zones (p<0.01).
This distinct distribution pattern indicated that emergent
plant cover could significantly enhance the dominance of
specific bacterial genera and shape a more concentrated
and structured bacterial community at the genus level in
lake wetland sediments.

Pseudarthrobacter (phylum Actinobacteriota) has
strong environmental adaptability and plays a key role
in the degradation of polycyclic aromatic hydrocarbon
pollutants in cold regions [41]. Its relative abundance
showed no significant difference between SI (3.98%)
and S2 (5.02%) (p>0.05), but was significantly higher
in these two zones than in the remaining sampling
zones (p<0.01), which implied that the shallow water
zones of the wetland were subject to adverse impacts of
anthropogenic activities, and these disturbances drove
the selective enrichment of Pseudarthrobacter in the
sediment bacterial community. The relative abundances
of Bacillus (phylum Firmicutes) and Gaiella (phylum
Actinobacteriota) in S3 reached 5.23% and 3.40%,
respectively, which were the highest among all zones.
These two genera are well-documented to play critical
roles in terrestrial and aquatic nitrogen and carbon
biogeochemical cycling [42-43], and their high relative
abundance in the emergent plant zone (S3) was closely
associated with the high content of allochthonous
humic—like DOM in this zone; meanwhile, their strong
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Fig. 3. Relative abundances of the top 10 genera in lake wetland sediment bacterial communities (excluding unclassified taxa).

metabolic activity further indicated that the sediment
bacterial community in vegetated zones exhibited higher
nutrient cycling and organic matter decomposition
activity.

Functional Prediction of the Sediment
Bacterial Community

Based on the FAPROTAX functional prediction
results, the number of OTUs associated with P cycling
accounted for less than 1% of the total; thus, only the
functional prediction results related to C, N, and S
cycling were focused on and reported in Supplementary
Table 5S. In this study, the number of bacterial OTUs
linked to N cycling was relatively high across all
sampling zones, which was consistent with the research
findings of Wang et al. [27] and reflected the important
role of sediment bacterial communities in the N
biogeochemical cycle of lake wetlands.

Previous studies have suggested a close intrinsic
link between sediment DOM composition and bacterial
metabolic functions [44]. Landa et al. [45] proposed
that variations in DOM sources may alter the structural
composition of bacterial communities but have no
significant effect on their functional diversity. In
contrast, Yu et al. [46] demonstrated that N—containing
(CHON) and S-containing (CHOS) molecular
components in DOM can provide key nutrient elements
(c.g., N and S) for bacterial growth and metabolism,
thereby regulating the distribution and abundance of
functional bacterial groups involved in corresponding
biogeochemical cycles. The results of this study showed
that the number of OTUs related to aromatic compound
degradation in S1, S2, and S3 was significantly higher
than that in S4 and S5 (p<0.05), which indicated that a
larger number of functional bacteria were involved in the
degradation of refractory humic—like substances in the
shallow water zones (depth<80 cm) of the lake wetland,
and the metabolic process of aromatic compound

decomposition was more active in these areas. Notably,
the number of OTUs associated with cellulolysis in
the emergent plant zone (S3) was significantly higher
than in the other sampling zones (p<0.05), which was
closely related to the large input of plant litter driven by
high plant biomass in this zone; the abundant cellulose
substrates further enriched the functional bacterial
groups with cellulolytic metabolic capacity, forming a
clear substrate—driven functional differentiation of the
bacterial community.

Humic—like substances in sediment DOM have been
confirmed to enhance the resource utilization capacity
of bacterial communities by providing stable carbon
sources and energy substrates [40], and this finding was
also verified in the present study. The number of OTUs
related to C, N and S cycling in the S5 (non—vegetated
zone) was the lowest among all sampling zones, which
was consistent with the low content of allochthonous
humic-like substances in the sediment of this zone; the
lack of sufficient organic carbon and nutrient substrates
further led to the weak metabolic activity of bacterial
communities, resulting in a minor contribution to the
biogeochemical cycling of key elements. In contrast,
the high contents of humic—like substances in S2 and
S3 significantly enriched the functional bacterial groups
associated with C, N, and S cycling and enhanced
their metabolic activities. Specifically, the S3 zone had
significantly more OTUs related to methanotrophy,
respiration of S compounds, sulfite respiration, nitrate
reduction, N respiration, ureolysis, hydrocarbon
degradation, dark thiosulfate oxidation, S respiration,
and thiosulfate respiration than the other zones (p<0.05).
This indicated that the emergent plant zone, with high
plant biomass and abundant allochthonous DOM input,
had the most active bacterial metabolic functions and
played a core role in the biogeochemical cycling of C, N,
and S in the lake wetland sediment ecosystem.
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Correlations between the Sediment DOM
Fluorescent Components and Bacterial Community

A significant positive correlation was observed
between the contents of the two fulvic acid-like
components (C1 and C2) in sediment DOM (p<0.01,
Fig. 4), and the humic acid-like component C4 also
showed significant positive correlations with both Cl
and C2 (p<0.05). These results confirmed that the
three humic—like components (C1, C2, and C4) shared
similar material sources, which were predominantly
derived from allochthonous inputs such as plant litter
and terrestrial surface runoff [33]. In contrast, the
two protein—like components (C3 and C5) exhibited
a positive but statistically insignificant correlation in
their content distribution (p>0.05), suggesting that
the formation of protein—like substances in the study
arca was jointly driven by autochthonous microbial
metabolism and partial exogenous anthropogenic inputs,
which also explained the relatively complex source
characteristics of low—molecular—weight protein—like
DOM in lake wetland sediments [31].

Previous studies have proposed inconsistent views
on the correlation between DOM composition and
microbial community structure. Zhang et al. [47] pointed
out that microbial metabolism is a key driver of DOM
compositional dynamics, and bacteria and fungi exhibit
distinct sensitivities to different DOM components. Li et
al. [14] emphasized that the chemodiversity of sediment
DOM is mainly regulated by eukaryotic and fungal
community composition, with no obvious correlation
with bacterial and archaeal communities. However, Li
et al. [44] observed a significant positive correlation
between DOM chemodiversity and bacterial community

- N
O [©]

C3

Bacterial
community
diversity

Bacterial
community
composition

C cycling

N cycling 1

S cycling

diversity in aquatic ecosystems, and Wang et al.
[34] confirmed that bacterial communities can affect
sediment DOM content through catabolic and anabolic
processes, thereby further regulating the biogeochemical
cycling of C, N, and S. In this study, Mantel’s test
was used to further explore the correlations between
the contents of five DOM fluorescent components and
bacterial community diversity indices, phylum—level
relative abundances, and the number of OTUs involved
in C, N, and S cycling. The results showed that the
bacterial community diversity and composition were
significantly correlated with fulvic acid—like substances
(C1 and C2) (p<0.05), and the bacterial community
composition was significantly correlated with humic—
like substances (Cl1, C2, and C4) (p<0.05 or p<0.01).
In contrast, no statistically significant correlations were
found between bacterial community characteristics and
protein—like substance contents (p>0.05). Meanwhile,
the number of bacterial OTUs involved in C, N, and S
biogeochemical cycling also showed significant positive
correlations with humic—like substance contents (p<0.05
or p<0.01). This phenomenon may be attributed to the
diverse source pathways of protein—like substances and
the differential utilization preferences and response
patterns of different bacterial taxa to sediment DOM
components [15], which was consistent with the research
conclusions of Wang et al. [34] and Li et al. [44].
Combined with the results of our previously published
study [35], it can be definitively confirmed that
allochthonous humic—like substances in lake wetland
sediments have significant coupling correlations with
both bacterial and fungal communities, and are the key
DOM components regulating the structure and function
of sediment microbial communities.
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Fig. 4. Correlation between DOM fluorescent components and bacterial community structure in lake wetland sediment.
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RDA was further conducted to explore the
correlations between the contents of the five DOM
fluorescent components and the relative abundances
of the top 10 dominant bacterial genera (Fig. 5).
The results showed that the three humic—like
components (C1, C2, and C4) were positively correlated
with  Pseudarthrobacter, Bacillus, and Gaiella,
indicating that the increase in humic—like substance
contents could promote the enrichment of these
three genera in the sediment bacterial community. In
contrast, these three dominant genera showed a negative
correlation with the tryptophan—like component C3,
and Pseudarthrobacter was also negatively correlated
with the tyrosine—like component C5, while Bacillus
and Gaiella exhibited a positive correlation with C5.
These findings confirmed the specific roles of different
bacterial taxa in the transformation and decomposition
of DOM components [46] and indicated that specific
bacterial genera could selectively utilize different DOM
fluorescent components, thereby affecting the synthesis
and degradation processes of sediment DOM [38, 44].
In particular, the positive correlation between humic—
like substances and C5 suggested that the tyrosine—like
component C5 in the study area was more likely to be
a by—product generated during the bacterial degradation
of allochthonous humic—like substances, whereas C3
was mainly derived from autochthonous microbial
metabolism and exogenous anthropogenic inputs, which
further explained the insignificant correlation between
C3 and CS5 contents.

The VPA results showed that humic—like substances
independently explained 56.90% of the bacterial
community variance, while protein—like substances only
explained 6.95% of the variance, and the two types of
DOM components jointly explained 1.80% of the total

variance. These quantitative results further demonstrated
that humic—like substances had a far stronger regulatory
effect on the composition of the sediment bacterial
community than protein—like substances, and were
the core DOM components driving the enrichment
and differentiation of bacterial communities in lake
wetland sediments. This result also verified the previous
finding [40] that humic—like substances can significantly
enhance the resource utilization capacity of sediment
bacterial communities.

Conclusions

Differences in water depth in lake wetlands can affect
vegetation distribution patterns. Particularly in zones
covered by helophytes and emergent plants, high plant
biomass produces more plant residues, which not only
increases the sediment DOM content but also elevates
the proportion of allochthonous substances, thereby
enhancing the humification degree of sediment DOM.
This, in turn, increases the diversity and metabolic
activity of sediment bacterial communities. Sediment
bacterial communities regulate the stability of sediment
DOM primarily by participating in the synthesis and
decomposition of humic—like substances. These results
provide a scientific basis for exploring the regulatory
mechanisms underlying DOM stability in lake wetland
sediments. Future research will employ high—precision
techniques, spatiotemporal multi—scale observations,
and multi—omics integration to elucidate DOM’s
molecular transformation pathways and microbial
regulatory mechanisms, thereby providing scientific
support for assessing wetland DOM stability and carbon
pool dynamics.
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