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Abstract. Microbially driven plays a crucial role in nitrogen cycling within aquatic ecosystems. However,
seasonal variations in denitrifying bacterial communities (DBC) in aquatic environments remain
insufficiently understood. This study used high-throughput sequencing to examine seasonal shifts in DBC
within the sediments, water, and epiphytic biofilms (EB) of Caohai Lake, China. Phylum-level analysis
revealed that unclassified bacteria and Proteobacteria were the dominant groups in both nirS-type and nirK-
type DBC. Significant structural differences were found among DBC in different habitats, with sediments
and water exhibiting higher diversity compared to EB. Moreover, the co-occurrence networks of nirS-type
and nirK-type DBC were more complex in EB during winter than in summer. These findings contribute to
a deeper understanding of DBC ecology in macrophytic lake systems.
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Introduction

Human activities and natural factors have led to a significant increase in nitrogen input
into water bodies, such as lakes and oceans. This excess nitrogen contributes to a variety of
environmental issues, including water quality degradation and eutrophication. Eutrophication
can trigger algal blooms, reduce submerged plant growth, and decrease biodiversity,
ultimately disrupting the structure and function of freshwater ecosystems (Yan et al., 2018;
Mu et al., 2020). Globally, the number of large eutrophic lakes and reservoirs accounts for
63.1% of the natural water resources (Wang et al., 2018), which is a matter of concern.

Previous studies have shown no significant differences in the absolute and relative
abundance of nirS and nirK denitrifying bacteria across lake, river, and wetland soils,
suggesting that soil type does not significantly influence the abundance of denitrifying
bacterial communities (Jiang, 2021). In our study, a high relative abundance of unclassified
bacteria was observed in both nirS and nirK denitrifying bacteria, with many bacterial species
remaining unidentified. This aligns with findings from research on denitrifying bacteria in
Tibetan wetland soils, where 35.6% and 21.1% of nirS denitrifying bacteria were unclassified
or identified as environmental samples (Jiang, 2021). Similarly, in a large shallow eutrophic
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reservoir in northern China, Proteobacteria dominated the nirS denitrifying bacterial
community, with an average relative abundance of 66.28%, while unclassified bacteria and
environmental samples contributed 26.33% and 7.39%, respectively (Zhou et al., 2016). In
contrast, most genera of nirS and nirK denitrifying bacteria were identifiable in composting
systems. For instance, Luteimonas sp. and Achromobacter sp. were identified as dominant
nirK denitrifying bacteria, while Alcaligenes faecalis and Pseudomonas stutzeri
predominated the nirS-type denitrifiers (Zhong et al., 2020).

Eutrophication caused by nitrogen enrichment has become a hot research topic across
the country and even the world. Under natural conditions, excess nitrogen is usually
removed through absorption and utilization by aquatic plants and algae, sediment
deposition, and microbial-mediated denitrification processes. However, nitrogen-fixation
through biological absorption and deposition is only a temporary solution. Apoptosis of
aquatic plants and algae eventually leads to return of nitrogen to water body in the form
of nutrients. Furthermore, disturbance in sediments by wind and waves or fish feeding
also causes nutrients to be reintroduced into the aquatic environment. It has been reported
that the denitrification process driven by nitrifying and denitrifying microorganisms is
the most crucial denitrification pathway in wetland ecosystems, accounting for 60%—90%
of the total denitrification (Truu et al., 2009). This excess nitrogen can be removed by
microbial denitrification, which is currently a hot research topic. Therefore, in-depth
research on denitrifying bacterial communities in aquatic ecosystems is extremely crucial
to address the issues related to nitrogen cycle and eutrophication.

While numerous studies have focused on denitrifying communities in sediments,
recent advances in molecular biology techniques have revealed that substantial
denitrifying bacterial communities are also present in water bodies and biofilms on
submerged plants (Yan et al., 2018). Earlier research primarily concentrated on soil and
sediment-based denitrifying communities, where factors such as nitrogen fertilizer
application, soil pH, and total nitrogen content were found to significantly influence
bacterial abundance and community composition, especially for nirS and nirK genes
(Yang et al., 2017). In the sediments of the Yangtze Estuary, salinity was a major
determinant of nirS denitrifying bacterial diversity, although no significant seasonal
differences were observed (Zheng et al., 2015).

During microbial denitrification, microorganisms gradually reduce the NO3™ to N> using
denitrification enzymes. For example, nitrite reductase (Nir) is an enzyme that plays a key
role in denitrification by catalyzing the reduction of nitrite (Kraft et al., 2011; Shrewsbury
et al., 2016; Chen et al., 2017). In the lakes, denitrification mainly occurs in sediments,
water, and epiphytic biofilms. Denitrification is the primary effective way to remove
nitrogen from natural water bodies. The denitrifying bacteria community is widely
distributed and mainly classified as bacteria and archaea. The main group of nirS
denitrification community in river sediments, eutrophic reservoirs and wastewater
treatment plants is Proteobacteria (Yu et al., 2021). Proteobacteria is also the dominant
group of nirK-type denitrifying bacteria in aquatic ecosystems (Yu et al., 2020). Earlier
studies have demonstrated that Proteobacteria play a crucial role in both the carbon and
nitrogen cycles (Hou et al., 2018; Zhou et al., 2020). Denitrifying functional bacteria from
the class Betaproteobacteria have been detected in many biological treatment systems
(such as municipal sewage treatment and kitchen waste treatment systems, etc.) (Figuerola
et al.,, 2007; Ma et al., 2015), this group can perform denitrification as frequently as
Alphaproteobacteria (Gao et al., 2019; Zumft, 1997). The composition of denitrifying
bacterial communities varied across different habitats. Liu et al. (2018) identified
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Rhodobacter as a typical denitrifying bacterium in alkaline copper mine wastewater. In Fu
et al.’s (2019) study, aerobic denitrifying bacteria such as Pseudomonas and Acinetobacter
were shown to efficiently facilitate denitrification, removing over 90% of total nitrogen in
wetland ecosystems. Thauera and Azoarcus are important denitrifying bacteria in quinoline
denitrification removal bioreactors, accounting for 74% (Liu et al., 2006). Guo et al. (2021)
conducted a mechanistic study and found that the abundance of Dechloromonas in
electrolysis sludge (with a relative abundance of 5.45%) can enhance nitrate reduction via
electrolytic Fe(Il), effectively removing total nitrogen in the process. ASV kinetics of
bacteria in denitrifying granular sludge bioreactor showed that high carbon or organic
carbon concentration could promote the growth of Acidovorax (Zhou et al., 2021). When
the carbon source is organic, it is easier to enrich Acidovorax genus of Comamonadaceae
(Lu et al., 2014). The genus Paracoccus uses pyridine biodegradation to reduce nitrogen
levels in coking wastewater (Zhou et al., 2018). Sinorhizobium, Mesorhizobium,
Rhizobium, Devosia, and Bosea (all belonging to the Rhizobiales order) were identified as
nirK-type denitrifiers in the roots of 7. angustifolia and S. triqueter (Zhang et al., 2021).
The denitrifying bacterial community in the biofilm is primarily dominated by
Proteobacteria. Despite the high diversity of denitrifying bacteria in the biofilm, a large
portion remains unculturable in the medium (Zhang et al., 2016), possibly due to the unique
microenvironment within the biofilm. However, many studies have primarily focused on
denitrifying bacteria in sediment environments. Comparative studies on denitrifying
bacterial communities in water and epiphytic biofilms are scarce. Therefore, the
denitrifying bacterial communities of the lake ecosystems need to be further explored by
comparatively analyzing various types of samples collected from these ecosystems.

To address this gap, this study collected sediment, water, and biofilm samples from
Lake Caohai during both summer and winter seasons to examine the nirS- and nirK-type
denitrifying bacterial communities. The main objectives were to: (1) characterize the
denitrifying bacterial communities in the sediments, water, and epiphytic biofilms of a
macrophytic lake; (2) assess the structural and diversity differences among these
communities across the different sample types; and (3) explore seasonal variations in the
co-occurrence networks for denitrifying bacterial communities.

Materials and methods
Study area

The study area is located in Caohai, Weining County, Guizhou Province, China. As
the largest natural plateau lake in the province, Caohai holds significant ecological
importance. Caohai is also an important habitat and hibernating site for the rare and
endemic black-necked cranes (Grus nigricollis). The region features a subtropical plateau
monsoon climate, receiving about 950.9 mm of rainfall annually. It is situated at an
altitude of 2171 m, covering a water area of 29.91 km?. Caohai is home to many rare birds
and massive aquatic plants that exist in diverse life forms. It is not only an important
research site but also a protected national nature reserve.

Sample collection and processing

The sampling sites of the study area have been shown in Figure 1. Sediment, water, and
submerged plant (Potamogeton lucens and Najas marina) samples were collected in summer
(July) and autumn (November) seasons in 2020. A hand-held columnar mud collector was
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employed to collect approximately 10 g of surface sediments. Sediment samples were
collected, kept at low temperature during transport, and stored at -20°C upon arrival at the
laboratory. A 1.5 L water sample was collected 0.5 m underwater using a water collector.
The collected water sample was transported to the laboratory, filtered using a 0.22 pum
membrane, and then stored at -20°C. For each submerged plant species, samples of 3
different plants (about 10 g fresh weight) were collected, placed in a phosphate buffer, and
transported to laboratory under low temperature conditions. In the laboratory, plant samples
were ultrasonicated for 3 min, followed by 30 min of shaking, and then ultrasonicated again
for 3 min. Finally, the submerged plants were removed, and the eluate was suction-filtered
through a 0.22 um membrane to collect the biofilm on the filter membrane. The filter
membrane was subsequently stored at -20°C. We took equal number of samples from each
site and we got 36 plant samples, 12 sediment samples, 12 water samples in total.
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Figure 1. Sampling site layout of Caohai Lake, Weining, Guizhou

High throughput DNA sequencing

Bacterial DNA was extracted from the biofilm on the filter membrane using the
FastDNA® Spin Kit for Soil samples (MP Biomedicals, Santa Ana, CA, USA) according
to the manufacturer’s instructions. The samples were mixed and centrifuged, after which
DNA concentration and purity were assessed using a NanoDrop2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). DNA integrity was checked by running
a 1% agarose gel electrophoresis at 5 V/cm for 20 min. The qualified DNA samples were
then stored at -80°C for subsequent analyses.

Primer pairs cd3aF/R3cd and F1aCu/R3Cu were used for amplifying and constructing
clone libraries of the nirS and nirK genes via polymerase chain reaction (PCR) (Table 1).
The PCR reactions were prepared using TransGen AP221-02: TransStart Fastpfu DNA
Polymerase in a 20 pL system, which included 4 pL of 5xFastPfu Buffer, 2 uL. of dNTPs
(2.5 mM), 0.8 pL each of forward and reverse primers (5 uM), 0.4 uL of polymerase,
0.2 uL of BSA, 10 ng of template DNA, and ddH20. Amplification was performed on an
ABI GeneAmp® 9700 thermal cycler with initial denaturation at 95°C for 3 min,
followed by cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final
extension at 72°C for 5 min.
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Table 1. Primers used for PCR amplification

Genes Primers Primer sequences (5° —3°) References
" R3cdR GASTTCGGRTGSGTCTTGA 2004)
) FlaCu ATCATGGTSCTGCCGCG (Hallin and
nirk .
R3Cu GCCTCGATCAG RTTGTGGTT Lindgren,1999)

High-throughput sequencing and library preparation were conducted using the
[1lumina MiSeq platform (Illumina, San Diego, USA) at Majorbio Bio-pharm Technology
Co., Ltd. (Shanghai, China). To optimize the sequence data, duplicate sequences were
dereplicated (http://drive5.com/usearch/manual/dereplication.html), and singletons were
removed (http://driveS.com/usearch/manual/singletons.html). Operational taxonomic
units (OTUs) were clustered at 97% similarity after filtering out chimeric sequences, and
representative sequences were selected. Finally, sequences with at least 99% similarity to
the representative OTUs were mapped to generate OTU tables for downstream analysis.

Statistical analysis

The sampling site map was created using ArcGIS (version 10.6), while R (version
4.0.1, https://www.r-project.org/) was used for subsequent data visualization and
analysis. Histograms illustrating the relative abundance of denitrifying bacteria at the
phylum level were generated, and Venn analysis was performed to compare community
similarities across sample groups. Alpha diversity, measured using the Shannon and ACE
indices, was calculated to assess community diversity and richness. Statistical differences
in alpha diversity among groups were analyzed using one-way ANOVA with the “aov”
function (choosing Tukey HSD to conduct the post-hoc test), and results were visualized
through the “ggplot2” (Wickham, 2016) package in R.

Beta diversity was examined through principal coordinate analysis (PCoA) based on
Bray-Curtis distance matrices, revealing structural variations among bacterial
communities. Statistical significance of these variations was confirmed using
permutational multivariate analysis of variance (PERMANOVA), with visual outputs
also created using “ggplot2.” To explore interactions among denitrifying bacteria, co-
occurrence networks were constructed from relative abundance data at the OTU level
using the WGCNA (Langfelder and Horvath, 2008, 2012) package in R and visualized
with Gephi (version 0.9.2).

Results
Denitrifying bacterial communities: composition and dynamics

In Caohai Lake, 2014 and 2181 OTUs were identified as belonging to nirS-type and
nirK-type denitrifying bacterial communities, respectively, across sediments, water, and
epiphytic biofilms of submerged plants. At the phylum level, unclassified bacteria and
Proteobacteria were the dominant taxa in both communities (Fig. 2). While the
composition of nirS-type bacteria showed no significant seasonal changes, the abundance
of Proteobacteria in nirK-type communities was notably higher during winter (Fig. 2a, b).
Venn diagrams further revealed substantial species differences among habitats and seasons,
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with low overlap of OTUs and a high percentage of unique taxa (Fig. 2c, d). Sediments and
water samples generally exhibited more unique OTUs compared to epiphytic biofilms.
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Figure 2. (a) Distribution of bacterial phyla in nirS-type denitrifying bacterial community, (b)
Distribution of bacterial phyla in nirK-type denitrifying bacterial community; (c) Venn diagram
of the nirS-type denitrifying bacterial community at the OTU level; (d) Venn diagram of the
nirK-type denitrifying bacterial community at the OTU level. Here, JS, JW, JP, and JN
represent the sediment, water, epiphytic biofilms of Potamogeton lucens and Najas marina
collected in July, respectively. NS, NW, NP, and NN refer to the sediment, water, epiphytic
biofilms of P. lucens and N. marina collected in November, respectively

Variations in denitrifying bacterial community diversity

The Shannon index was used to assess the diversity of denitrifying bacterial
communities across different habitats in Caohai during summer and winter. For nirS-type
communities, no significant seasonal changes in diversity were observed within the same
habitat. However, in winter, sediments and water samples showed significantly higher
diversity compared to epiphytic biofilms of Potamogeton lucens (Fig. 3a). In contrast,
the diversity of nirK-type communities in epiphytic biofilms of Najas marina varied
significantly between seasons (P < 0.05, Fig. 3c¢).

The ACE index was used to evaluate the richness of denitrifying bacterial
communities. In summer, nirS-type communities in sediments exhibited significantly
higher richness compared to those in water and epiphytic biofilms (P < 0.05, Fig. 3b).
However, no notable differences were found between sediment and water samples.
Similarly, for nirK-type communities, the ACE index showed no significant variation
across sediments, water, and epiphytic biofilms (Fig. 3d).

Denitrifying bacterial communities: structural insights

PCoA analysis demonstrated clear structural differences among nirS-type denitrifying
bacterial communities in sediments, water, and epiphytic biofilms, with these distinctions
further validated by PERMANOVA (P <0.05, Fig. 4a). A similar trend was observed for
nirK-type communities, which also exhibited significant variation across different habitats
(P <0.05, Fig. 4b). Seasonal analysis showed no significant changes in nirS-type community
structures within sediments or biofilms of Najas marina, whereas notable differences were
detected between water samples and Potamogeton lucens biofilms (Fig. A1).
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Figure 3. Shannon (a) and ACE (b) indices of nirS-type denitrifying bacterial communities;
Shannon (c) and ACE (d) indices of nirK-type denitrifying bacterial communities in different
samples. Here, JS, JW, JP, and JN represent the sediment, water, epiphytic biofilms of
Potamogeton lucens and Najas marina collected in July, respectively. NS, NW, NP, and NN
refer to the sediment, water, epiphytic biofilms of P. lucens and N. marina collected in
November, respectively
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Figure 4. PCoA analysis of (a) nirS-type and (b) nirK-type denitrifying bacterial communities
in different samples

For nirK-type communities, structural differences were consistent across habitats, with
no seasonal variation in sediments or Potamogeton lucens biofilms. However, water
samples and Najas marina biofilms showed significant seasonal shifts (P < 0.05, Fig. A2).
These results highlight the influence of habitat and season on the structural dynamics of
denitrifying bacterial communities.
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Interconnectedness of denitrifying bacterial communities

The co-occurrence network analysis revealed seasonal differences in the interaction
patterns of denitrifying bacteria. In sediments and water samples, the weighted average
degree and proportion of positive correlation edges for nirS-type bacteria were higher in
summer compared to winter (7able 2). For nirK-type bacteria, the weighted average
degree in sediments was also higher during summer, but an inverse trend was observed
in water samples.

Table 2. Co-occurrence network attributes of denitrifying bacterial communities

Proportion
Weighted Average of positive
Genes Samples Nodes Edges Average average Modularity  clustering correlation
degree degree edges
JS 419 1264 6.033 12.076 0.866 0.127 94.62%
NS 364 1065 5.852 11.703 0.823 0.154 87.51%
JW 168 657 7.821 15.643 0.582 0.222 91.48%
] NwW 235 526 4.477 8.953 0.835 0.328 76.62%
s Jp 194 545 5.619 11.237 0.779 0.271 84.77%
NP 105 530 10.095 20.19 0.568 0.463 75.66%
JN 128 407 6.359 12.719 0.714 0.207 91.89%
NN 180 2673 29.7 59.4 0.254 0.345 96.71%
JS 158 433 5.481 10.962 0.76 0.397 87.53%
NS 155 785 10.169 20.258 0.53 0.497 69.68%
JW 436 4786  21.594 43.908 0.68 0.072 94.94%
nirk NW 125 179 2.864 5.728 0.872 0.283 82.12%
Jp 117 351 6 12 0.695 0.369 82.34%
NP 105 530 10.095 20.19 0.566 0.463 75.66%
JN 234 1522 13.009 26.017 0.574 0.083 95.80%
NN 242 3458 28.597 57.157 0.283 0.138 95.52%

In epiphytic biofilms, the weighted average degrees of nirS-type and nirK-type
networks were generally lower in summer. Notably, Potamogeton lucens biofilms had a
higher proportion of positive correlation edges for nirS-type bacteria in summer, whereas
Najas marina biofilms showed the opposite trend. Within the same season, the weighted
average degree of denitrifying bacteria networks was greater in Najas marina biofilms
than in Potamogeton lucens biofilms (Figs. 5 and 6).

Discussion

Due to the combined impact of human activities and natural factors, eutrophication has
become a global issue affecting most lakes worldwide (Wang et al., 2018). In China, the
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surface water quality has been deteriorating significantly, necessitating a deeper
understanding of the composition and ecological functions of denitrifying microbial
communities in natural water bodies (Liu et al., 2022). These communities, which play a
central role in the nitrogen cycle, are composed of diverse and widely distributed
microorganisms, primarily bacteria and archaea (Lu et al., 2014).

Figure 5. Co-occurrence network of nirS-type denitrifying bacterial communities. JS, JW, JP,
and JN represent the sediment, water, epiphytic biofilms of Potamogeton lucens and Najas
marina collected in July, respectively. NS, NW, NP, and NN refer to the sediment, water,
epiphytic biofilms of P. lucens and N. marina collected in November, respectively

Figure 6. Co-occurrence network of nirK-type denitrifying bacterial communities. JS, JW, JP,
and JN represent the sediment, water, epiphytic biofilms of Potamogeton lucens and Najas
marina collected in July, respectively. NS, NW, NP, and NN refer to the sediment, water,
epiphytic biofilms of P. lucens and N. marina collected in November, respectively
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In various environments, such as river sediments, eutrophic reservoirs, and wastewater
treatment systems, nirS-type denitrifying bacteria are mainly affiliated with the
Proteobacteria phylum (Yu et al., 2021). Similarly, in aquatic ecosystems,
Proteobacteria dominate the nirK-type denitrifying bacterial communities (Yu et al.,
2020). Proteobacteria contribute significantly to both carbon and nitrogen cycling, with
Betaproteobacteria being particularly efficient in denitrification. These bacteria are
frequently identified in biological systems, including urban sewage and food waste
treatment processes (Figuerola and Erijman, 2007; Ma et al., 2015). The denitrification
efficiency of Betaproteobacteria is comparable to that of Alphaproteobacteria,
highlighting their critical ecological role (Gao et al., 2019; Zumft, 1997).

Denitrification activity occurs on the surfaces of sediments, water, and submerged
plants in aquatic environments. High-throughput sequencing of samples collected from
Caohai Lake identified Proteobacteria and unclassified bacteria as the dominant phyla in
both nirS- and nirK-type communities. Unclassified bacteria exhibited a relatively high
abundance, indicating the presence of many species that remain unidentified. In a study
conducted in Northern China, a large, shallow eutrophic reservoirs, the nirS-type
denitrifying bacterial community showed an average relative abundance of 66.28% for
Proteobacteria, with unclassified bacteria and environmental samples contributing
26.33% and 7.39%, respectively (Zhou et al., 2016).

In compost systems, where microbial diversity is often well-characterized, sequencing
with similar primers revealed that nirK-type denitrifiers were dominated by Luteimonas
sp. and Achromobacter sp., while nirS-type communities primarily consisted of the same
genera (Zhong et al., 2020). These results underscore the significant knowledge gaps
regarding denitrifying bacterial communities in natural ecosystems. Many of these
microorganisms remain unidentified, indicating a pressing need for further research to
characterize their diversity, ecological roles, and potential applications.

Microbial diversity plays a pivotal role in driving ecosystem functions by influencing
fundamental ecological processes, including organic matter decomposition, nutrient
cycling, and gas exchange (Bastida et al., 2021). Microbial diversity is affected by various
factors, such as climate change, seasonal variations, and habitat (Yan et al., 2019; Bastida
et al., 2021). Consequently, it is believed that soil type does not affect the abundance of
denitrifying bacterial communities. Still, Venn analysis was used in this study to
investigate the similarities or dissimilarities in the communities of different habitats, such
as sediments, water, and epiphytic biofilms.

Studies have shown that the shared OTUs of nirS-type and nirK-type denitrifying
bacteria across sediments, water bodies, and epiphytic biofilms during both summer and
winter were relatively low, highlighting substantial compositional differences among
these habitats. This suggests that while sediments are traditionally recognized for their
denitrification roles, epiphytic biofilms and water samples also contribute significantly to
denitrification in aquatic ecosystems due to their active microbial communities. Pang et
al. (2016) reported notable structural differences between bacterial communities in
wetland epiphytic biofilms and sediments dominated by aquatic plants, as evidenced by
cluster and principal component analyses. Similarly, Yan et al. (2019) observed distinct
bacterial compositions between water and biofilm habitats, with specific taxa
characterizing each.

In the present study, significant differences were confirmed in the structure of
denitrifying bacterial communities across sediments, water, and epiphytic biofilms. These
differences may arise from varying environmental factors such as water flow, light
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availability, and nutrient concentrations, as suggested by He et al. (2012). Faulwetter et
al. (2013) further noted that microbial communities in aquatic plant roots differed from
those in surrounding sediments, likely due to organic matter accumulation and the
secretion of oxygen and other chemical compounds by the roots. Consistent with Liu et
al. (2020), our findings showed that OTU richness and Shannon diversity of microbial
communities in sediments were significantly higher than in epiphytic biofilms, possibly
due to the structural and chemical complexity of sediment niches, which provide diverse
microenvironments for bacterial colonization (Song et al., 2019).

The composition of epiphytic bacterial communities also differs from that of
bacterioplankton communities, as noted by He et al. (2014), due to the presence of
specialized species. Garulera et al. (2016) and Yan et al. (2019) highlighted that
bacterioplankton communities act as seed banks for epiphytic bacteria, which
subsequently colonize biofilm surfaces. Yan et al. (2019) further demonstrated that
although there are similarities, distinct differences exist between the structures of
bacterial and bacterioplankton communities in epiphytic biofilms of submerged plants.

In this study, marked differences were observed in denitrifying bacterial communities
across various habitats, likely reflecting their adaptability to distinct environmental
conditions. Additionally, notable variations were found between nirS- and nirK-type
bacterial communities, which may result from their differing ecological strategies and
environmental requirements (Shi et al., 2019). These findings emphasize the complex
interactions and adaptations of denitrifying bacteria in diverse aquatic ecosystems.

Conclusion

In natural environments, complex interactions among species are mediated through the
exchange of matter, energy, and information. These interconnections within bacterial
communities can be effectively investigated using co-occurrence network analysis (Zhao
et al., 2016). Correlation-based microbial networks have become a valuable tool for
microbial ecologists to uncover co-occurrence and co-exclusion patterns within microbial
communities (Ju and Zhang, 2015; Zhao et al., 2016). In this study, the co-occurrence
network of epiphytic biofilms consisted of 64 nodes and 182 strongly correlated edges,
which was approximately three times more complex than the sediment network,
comprising 40 nodes and 57 edges. This highlights the intricate interactions within
biofilms compared to sediments (Liu et al., 2020). Such findings align with prior research,
which consistently shows that microbial networks in biofilms exhibit higher complexity
due to their unique characteristics.

Biofilms are specialized microbial communities that foster dynamic interspecies
interactions. When ecological niches overlap, species may compete or exhibit mutual
exclusion under resource-limited conditions, whereas they tend to engage in positive
interactions when resources are plentiful (Zhao et al., 2016). Additionally, metabolites
secreted by submerged plants significantly influence the composition and diversity of
bacterial communities within biofilms (Fan et al., 2016). Algal-derived carbon sources can
further support the proliferation of denitrifying bacterial communities, enhancing the
denitrification process in aquatic ecosystems (Lu et al., 2014). For example, in constructed
wetlands with limited carbon sources, adding algae has been shown to effectively improve
denitrification efficiency in a simple and practical manner (Cheng et al., 2022).

Moreover, microorganisms in biofilms, such as bacteria and metazoans, are
interconnected through various ecological relationships, including symbiosis, parasitism,
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and predation (Zhang et al., 2020). These interactions create highly active microbial
networks within biofilms, leading to their greater complexity compared to sediment
networks. The intricate interplay of microbial communities in biofilms reflects their role
as hotspots of biological activity in aquatic environments.

In the present study, unclassified bacteria and Proteobacteria emerged as the
predominant members of both nirS-type and nirK-type denitrifying bacterial communities
across sediments, water, and epiphytic biofilms. A considerable number of unidentified
bacterial species were detected, accompanied by notable differences in community
composition at the OTU level. The structural variations among denitrifying bacterial
communities in these habitats can be attributed to differences in bacterial survival
strategies and environmental adaptability. Denitrifying bacterial communities in
sediments and water exhibited greater diversity compared to those in the epiphytic
biofilms of submerged plants. However, the co-occurrence network within epiphytic
biofilms was significantly more intricate than that in sediments, reflecting stronger
interspecies interactions in biofilm habitats.

Seasonal analysis revealed that the co-occurrence networks of nirS-type and nirK-type
denitrifying bacteria in epiphytic biofilms were more complex during winter. This
increased complexity suggests enhanced interspecific interactions as the biofilm matures
and develops. The study highlights the abundant presence of denitrifying bacteria in
sediments, water, and epiphytic biofilms of Caohai Lake, underscoring their critical role
in the nitrogen cycle. Despite this abundance, a significant proportion of bacterial species
remains unidentified, emphasizing the need for further research to characterize these
unknown members of denitrifying bacterial communities.
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Figure A2. PCoA analysis of nirK-type denitrifying bacteria
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