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ARTICLE INFO ABSTRACT

Keywords: Climate change and the trophic status of water bodies are important factors in global occurrence of cyano-
Global warming bacterial blooms. The aim of this study was to explore the cyanobacteria—bacterial interactions that occur during
Eutrophication

Raphidiopsis raciborskii (R. raciborskii) blooms by conducting microcosm simulation experiments at different
temperatures (20 °C and 30 °C) and with different phosphorus concentrations (0.01 mg/L and 1 mg/L) using an
ecological model of microbial behavior and by analyzing microbial self-regulatory strategies using weighted gene
coexpression network analysis (WGCNA). Three-way ANOVA revealed significant effects of temperature and
phosphorus on the growth of R. raciborskii (P < 0.001). The results of a metagenomics-based analysis of bac-
terioplankton revealed that the synergistic effects of both climate and trophic changes increased the ability of
R. raciborskii to compete with other cyanobacteria for dominance in the cyanobacterial community. The
antagonistic effects of climate and nutrient changes favored the occurrence of R. raciborskii blooms, especially in
eutrophic waters at approximately 20 °C. The species diversity and richness indices differed between the
eutrophication treatment group at 20 °C and the other treatment groups. The symbiotic bacterioplankton
network revealed the complexity and stability of the symbiotic bacterioplankton network during blooms and
identified the roles of key species in the network. The study also revealed a complex pattern of interactions
between cyanobacteria and non-cyanobacteria dominated by altruism, as well as the effects of different
behavioral patterns on R. raciborskii bloom occurrence. Furthermore, this study revealed self-regulatory strate-
gies that are used by microbes in response to the dual pressures of temperature and nutrient loading. These
results provide important insights into the adaptation of microbial communities in freshwater ecosystems to
environmental change and provide useful theoretical support for aquatic environmental management and
ecological restoration efforts.

Microbial interactions
Raphidiopsis raciborskii
Cyanobacterial bloom

1. Introduction

Global climate change and eutrophication pose significant threats to
the structure and function of freshwater ecosystems, resulting in severe
challenges for freshwater ecosystem services (Polazzo et al., 2022). This
global and persistent threat is expected to further worsen in the future
based on the Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC) (Stocker, 2014; Mammides, 2020). In
response to climate change and eutrophication pressures, the frequency
and magnitude of cyanobacterial blooms around the world are predicted
to increase and even expand to include a wider geographic range for
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some cyanobacterial taxa (Freeman et al., 2020). The toxins produced by
the dominant bloom-forming cyanobacteria pose considerable risks to
drinking water and ecosystem services, particularly in developing
countries (Mohamed, 2016), and even to human health (Mammides,
2020). Therefore, there is growing concern that climate change and
eutrophication influence the underlying processes leading to cyano-
bacterial bloom formation, which is very important for water resource
management and freshwater ecosystem protection.

To date, many studies have shown that cyanobacterial blooms are
related to water quality parameters, i.e., nitrogen and/or phosphorus
concentrations, light, temperature, pH, and turbidity (Huisman et al.,
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2018). Traditionally, increasing nutrient concentrations are considered
key factors responsible for promoting cyanobacterial blooms (Luerling
and Faassen, 2012), whereas recent studies have indicated that warmer
temperatures are also important drivers of blooms. For example,
Anneville et al. (2005) reported that warmer winter temperatures, in
addition to phosphorus concentrations, were the main drivers of
changes in phytoplankton composition according to more than 25 years
of monitoring in European peri-alpine lakes. O’Brien et al. (2009) re-
ported that temperature controls the rates of enzymatic reactions,
photosynthesis and biosynthesis in algal cells and directly affects algal
proliferation (Kehoe et al., 2015). However, there are conflicting results
about the relative importance of nutrients and temperature in driving
cyanobacterial blooms. Studies by Paerl and Huisman (2008) suggested
that warmer temperatures are more important than increasing nutrients
in driving the formation of cyanobacterial blooms. Conversely, Rigosi
et al. (2014) argued that cyanobacterial blooms are driven primarily by
nutrient loading rather than climate change effects. Modeling simula-
tions have shown that the synergistic interaction between temperature
and nutrients may be responsible for cyanobacterial blooms (Elliott,
2012), but how these two factors interact in different cyanobacterial
taxa remains unknown.

Recently, biotic factors such as microbes have attracted attention
because they also play potential contributing roles in cyanobacterial
bloom formation (Gerphagnon et al., 2015). Microbes are crucial com-
ponents of freshwater ecosystems, contributing to the biogeochemical
cycling of C, N, and P in such systems (Newton et al., 2011). Direct or
indirect interactions between cyanobacterial blooms and microbial
communities have been widely reported (Brauns et al., 2022). For
example, cyanobacteria can provide habitats for other microbes
(Bouma-Gregson et al., 2019). Moreover, changes in cyanobacterial
abundance can alter microbial communities, resulting in increased
structural vulnerability of the microbial community in aquatic envi-
ronments due to phylogenetic clustering (Wang et al., 2020). On the
other hand, the interaction between primary producers and bacteria
affects the physiological functions of both parties and shapes ecosystem
diversity. (Amin et al., 2015). Studies have identified highly inter-
connected "hub species" in microbial networks that serve as bridges
between microbes and their hosts (Ling et al., 2016). Some heterotro-
phic bacteria may benefit from cyanobacterial blooms (Shao et al.,
2014). In addition, some microeukaryotes (protists and zooplankton)
may play important functional roles in the processing of cyanobacterial
blooms (Liu et al., 2019). This finding indicates that the interactions
between cyanobacteria and microbial communities are diverse, i.e.,
mutual or competitive (Du et al., 2022). Despite significant efforts to
reveal the molecular mechanisms underlying microbial interactions
(Saleem et al., 2019), it is challenging to detect and quantify the in-
teractions of each microorganism in the highly complex ecosystem of
aquatic environments.

By combining behavioral ecology and game theory, Jiang et al.
(2019) developed methods to quantify and characterize different types
of microbial interactions in any large ecological community, including
mutualistic, antagonistic, exploitative, and altruistic interactions. These
models have been validated and applied in a range of experiments in
medicine (Jiang et al., 2021), botany (He et al., 2021), microbiology (Li
et al., 2022), and environmental science and ecology (Du et al., 2022).
For example, He et al. (2021) used this model to find structural differ-
ences in patterns of bacterial-fungal interactions and microbe
complexity. Using a model, Du et al. (2022) reported that environmental
changes promote cyanobacterial blooms, resulting in cyanobacteria
being aggressive and antagonistic to other microorganisms. Studies have
shown that microbial interactions can influence cyanobacterial prop-
erties (Kong et al., 2023), community assembly (Hu et al., 2022), ma-
terial cycling (Isabwe et al., 2018), and bloom formation (Du et al.,
2022). Despite significant efforts in previous studies to reveal the mo-
lecular mechanisms underlying microbial interactions (Saleem et al.,
2019), the integrated effects of environmental change and the dynamics

Water Research 268 (2025) 122725

arising from the interaction networks of microbial communities on
cyanobacterial bloom cycles in aquatic ecosystems remain an open
question.

The main aims of this study were to elucidate how changes in mi-
crobial communities exposed to climate change and nutrient loading
impact cyanobacterial blooms and to elucidate the underlying ecological
interactions. To address these objectives, shifts in microbial commu-
nities and ecological interactions during a notorious R. raciborskii bloom
were characterized. This cyanobacterium spans different climates from
tropical zones to temperate regions (Burford et al., 2016), and its toxins
have been associated with several cases of human poisoning and animal
death (Ohtani et al., 1992). Although many studies have proposed this
species’ strategies for adaptation, i.e., flexible strategies for acquiring
phosphorus (Bai et al., 2014), nitrogen (Willis et al., 2016), and other
dissolved minerals (Briand et al., 2002), as well as for coping with
different light intensities (Everson et al., 2011) and temperatures (Zheng
et al., 2023), none of these traits can clearly explain why the invasion or
bloom formation of R. raciborskii has been so widespread thus far.
Herein, we hypothesized that i) temperature and nutrient loading alter
microbial communities (H1); ii) the synergistic effects of temperature
and nutrient loading further alter the occurrence of R. raciborskii blooms
(H2); and iii) shifts in microbial interactions and functional gene
expression in related metabolic pathways caused by temperature and
nutrient loading are responsible for R. raciborskii blooms (H3). There-
fore, microcosm simulation experiments were conducted to test the ef-
fects of increasing temperatures and nutrient levels on the natural
phytoplankton communities of subtropical eutrophic systems. Specif-
ically, we tested the effects of changes in temperature (ambient annual
mean temperature, 20 °C; high temperature, 30 °C) and phosphorus
concentration (low, 0.01 mg/L; high, 1 mg/L) on microbial composition
and functional response.

2. Materials and methods
2.1. Experimental design and microcosm establishment

Our experimental system consisted of 12 plexiglass tanks (the outside
of the tank was covered with black plastic around the perimeter and
bottom), each 0.4 m long, 0.3 m wide and 0.35 m high. These micro-
cosms were used to create two climate scenarios, a high-temperature
scenario (30 °C) and a low-temperature scenario (20 °C); these sce-
narios are consistent with the average annual temperatures of the
aquatic ecosystems in the region (Ou-yang et al., 2022; Zheng et al.,
2024) as well as the temperature tolerance range of Raphidiopsis raci-
borskii, which ranges from 19 °C to 40 °C, with an optimal range of 29 °C
to 32 °C (Sinha et al., 2012). Two nutrient concentrations were also
simulated, including a high phosphorus concentration (1 mg/L) and a
low phosphorus concentration (0.01 mg/L); these conditions modeled
the upper and lower limits of the phosphate concentration in the Nan-
peng Reservoir, respectively.

In situ water and sediments were collected from an important
drinking water reservoir, the Nanpeng Reservoir, upstream of the Huaxi
River, which is a major tributary of the Three Gorges Reservoir in China.
A total of 450 L of water was collected from five sampling locations at
three depths (surface: 0.5 m below the surface, middle layer: 2 m below
the surface, and bottom layer: 0.5 m above the sediment) to generate a
mixed water sample. A Peterson grab sampler was also used to collect 1
m? of sediment from the bottom of the reservoir at five different sam-
pling locations. The collected water and sediment samples were imme-
diately transported to the laboratory for processing. The sediment
samples were homogenized and then evenly distributed to a thickness of
0.05 m at the bottom of the 12 tanks after being sieved through a 10-
mesh screen to remove stones and other debris. The in situ water sam-
ples were filtered through a 20-pm plankton mesh to remove large
vegetation fragments and avoid the uncontrolled introduction of
zooplankton and vertebrates. All the water samples were then mixed,
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and qualitative and quantitative analyses of cyanobacterial species were
performed (Table S1). The well-mixed 450-L water samples were each
divided into two equal parts. The phosphorus treatments were mended
with a KoHPO4 solution (40 mg/L) and with BG11-A5/20 medium as a
source of vitamins and trace metals (Rippka et al., 1979), yielding final
phosphorus concentrations of 1 mg/L and 0.01 mg/L, respectively.
Water samples for each phosphorus concentration were then randomly
distributed into six tanks, with the water depth set to 0.25 m. Finally,
twelve tanks were placed in four constant temperature incubators
(RXZ-430E, Dongnan Instruments, China). Incubations were maintained
on a 14-hour light/10-hour dark cycle at 35 pmol quanta m2 s™! for 30
days. Samples were collected every two days. There were three repli-
cates of each of the four treatments in the experiment: low phosphorus
and low temperature (LL), low phosphorus and high temperature (LH),
high phosphorus and low temperature (HL), and high phosphorus and
high temperature (HH), with three replicates for each treatment
(Fig. S1).

2.2. Phytoplankton analysis

The phytoplankton sample (1 L) was fixed by adding 15 mL of Lugol
reagent, and after 48 h of settling through a split funnel in a dark indoor
environment, the supernatant was removed, and 30 mL of the concen-
trated sample was retained for phytoplankton community analysis.
Phytoplankton taxa were identified and counted in plankton counting
chambers (20 mm x 20 mm, 0.1 mL, Pusen, China) containing 100 uL of
concentrated algal solution with a Nikon ECLIPSE Ci microscope (Nikon,
Japan) at 400 x magnification (Hu and Wei, 2006). Each sample was
counted twice to ensure that the variation was less than 15 %, and two
results were averaged to determine phytoplankton density (cells 1'V); in
cases where variation was 15 % or greater, a third cell count was per-
formed. According to the cyanobacteria bloom grade evaluation stan-
dard (ANZECC, 2000), an algal density < 2.0 x 10° cells/L corresponded
to no obvious bloom, whereas algal densities > 2.0 x 10° cells/L, > 1.5
x 107 cells/L and >1 x 108 cells/L were defined as slight bloom, mild
bloom, and severe bloom conditions, respectively. Therefore, we defined
an algal density of > 2.0 x 10° cells/L as the mid-bloom stage (MB). The
sample before the MB, in which the algal density was < 2.0 x 10°
cells/L, was defined as the pre-bloom stage (PB), and the sample after
the MB, with an algal density < 2.0 x 10° cells/L, was defined as the
late-bloom stages (LB).

2.3. DNA extraction, library construction, metagenomic sequencing and
functional annotation

Total genomic DNA was extracted from water samples via the
MagAtrract Power® Soil Pro DNA Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. The concentration and pu-
rity of the extracted DNA were determined with TBS-380 and
NanoDrop2000, respectively. The quality of the extracted DNA was
evaluated on a 1 % agarose gel. Further details on DNA extraction, PCR
conditions, sequence quality control, and genome assembly are avail-
able in Supplementary Information Texts S2 to S3. The raw reads were
deposited in the NCBI Sequence Read Archive (SRA) database (accession
number: PRINA1097773).

2.4. Statistical analyses

Alpha diversity indices, including the Chaol (species richness) and
Shannon indices (species diversity, considering abundance and even-
ness), were calculated using the Mothur cloud platform (Schloss et al.,
2009). Statistical analyses were performed using R version 4.2.2.
Three-way ANOVA was performed to evaluate the main and interactive
effects of temperature, phosphorus concentration, and bloom period on
algal density. All three factors and their interactions were examined
simultaneously in the same model, meaning that the analysis considers
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the main effects and interactions together rather than conducting in-
dependent ANOVAs for each factor. Prior to analysis, the algal density
data were subjected to square root transformation to meet normality
assumptions. The residuals were checked with the Shapiro-Wilks test,
and the Levene test was used to check the homogeneity of variances.
Similarly, before conducting one-way ANOVA on alpha diversity indices
to evaluate differences among groups (LL, LH, HL, HH), normality was
checked with the Shapiro-Wilk test, and homogeneity of variances was
checked with the Levene test. Post-hoc comparisons for both algal
density and alpha diversity indices were performed using Tukey’s HSD
test (emmeans package) to examine significant interactions and differ-
ences between groups. Statistical significance was determined at P <
0.05. Pie charts and bar charts were generated in Origin 2022 (Origin
Lab Inc., Northampton, MA, USA). For beta diversity analysis,
non-metric multidimensional scaling (NMDS) was performed using the
Bray-Curtis dissimilarity index, which is appropriate for ecological data
characterized by high-dimensionality and nonlinear relationships. For
the results of the NMDS analyses, the R values (reflecting the relative
magnitude of between-group and within-group differences) and corre-
sponding p values were calculated via analysis of similarities (ANOSIM)
to test whether these differences were significant. NMDS and ANOSIM
were performed using the vegan package in R 4.2.2.

To examine the relationships between species within the bacter-
ioplankton community, molecular ecological network analyses (MENSs)
were performed via genus-level relative abundance data for each
sampled taxon. Only genera with a relative abundance greater than 0.1
% were considered. Significant correlations between bacterioplankton
species were identified via Spearman correlation coefficients, consid-
ering only those with coefficients >0.7 or <—0.7. The significance of
these correlations was assessed via the Benjamini—Hochberg method to
adjust p values (Pagjust < 0.05) to control for the frequency of false
discoveries. Gephi (0.10.1) was used to visualize the MENs, and the
igraph package in R 4.2.2 was used to calculate network topological
parameters such as node (n), edge (L), degree, eigenvector centrality,
average neighbor degree, and betweenness centrality in R 4.2.2. (Csardi
and Nepusz, 2006).

Core nodes in molecular ecological networks (MENSs) are character-
ized on the basis of their within-module connectivity (Zi) and between-
module connectivity (Pi). The connectivity metrics of the network nodes
are calculated using the igraph package in R 4.2.2. The Zi-Pi plot function
from the ggplot2 package is subsequently used to visualize and cate-
gorize the topological roles of nodes into four different categories,
following the methodology outlined by Zheng et al. (2024). Specifically,
Zi > 2.5 and Pi ( 0.62 indicate that module hubs exhibit substantial
connectivity within a module. Zi < 2.5 and Pi ) 0.62 indicate that con-
nectors are significantly connected between two modules. Zi > 2.5 and
Pi > 0.62 indicate that network hubs have elevated connectivity
throughout the entire MEN, whereas Zi < 2.5 and Pi < 0.62 suggest that
peripherals lack significant connectivity within a module or between
modules.

We selected the top 500 relative abundances of cyanobacteria and
non-cyanobacterial bacteria to construct interaction networks using
microbial behavioral network (MBN) models (Jiang et al., 2019), which
classify interactions into four types: mutualism, antagonism, aggression,
and altruism. The detailed methods for constructing these models are
available in Supplementary Information Text S4.

To investigate the co-expression of functional genes in planktonic
bacterial communities and identify their core functions at different
temperatures and phosphorus concentrations, we performed WGCNA
using the WGCNA package in R4.2.2 (Langfelder and Horvath, 2008).
The detailed methods used for WGCNA can be found in Supplementary
Information Text S5. Core functions were identified on the basis of the
KEGG annotation and WCGNA results. Differential gene and enzyme
testing and visualization of the screened hub metabolic pathways were
performed on the Majorbio cloud platform (www.majorbio.com). The
enzymes and genes involved in the metabolic pathways were examined
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using a t-test between multiple groups of samples to analyze the sig-
nificance of differences between groups. The abundances of the path-

ways and test results are then marked on the pathway map.

3. Results

3.1. Dynamics of the bacterioplankton community

During the entire experimental cycle, microscopic data on the algal
densities of R. raciborskii revealed that R. raciborskii bloom events
occurred in all the treatment groups, but there were significant
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differences in the density of R. raciborskii among the treatment groups
with different temperatures and phosphorus concentrations at the mid-
bloom (MB) and late-bloom (LB) stages (P < 0.05, Fig. 1a). Specifically,
the HL and LH groups presented moderate blooms, with maximum algal
densities of 4.72 x 107 cells/L and 1.52 x 107 cells/L, respectively,
whereas the LL and HH groups presented milder blooms, with maximum
densities of 8.16 x 10° cells/L and 3.49 x 10 cells/L, respectively.
Three-way ANOVA (Table S2) revealed significant effects of tempera-
ture (P < 0.001), phosphorus concentration (P < 0.001), and bloom
period (P < 0.001) on R. raciborskii density. Additionally, significant
interactions between temperature and phosphorus concentration were
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Fig. 1. Composition and diversity of the bacterioplankton community in the LL, LH, HL, and HH treatment groups. (a) Algae densities at different bloom stages in the
four treatment groups. The small letters indicate significant differences in the mean algal density among the treatments at the mid-bloom (MB) stage. Similarly, mean
algal densities at the late-bloom (LB) stage were compared across treatments, and capital letters indicate significant differences. No significant differences in algal
density were detected at the pre-bloom (PB) stage (one-way ANOVA, P < 0.05). (b) Interaction effect of temperature and phosphorus concentration on algal density.
The algal density data were subjected to log-transformation (log10). (c-e) Bacterioplankton composition at the phylum level (outer circle) and cyanobacterial

composition at the genus level (inner circle) for the different treatment groups. The genera of cyanobacteria in the inner circle are annotated in the upper right corner
of each circle. (f-g) a-Diversity of bacterioplankton. (i) NMDS ordination based on the Bray-Curtis distance for different treatments.
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detected (P < 0.001). Under low-phosphorus conditions, elevated tem-
peratures promoted algal growth, whereas under high-phosphorus
conditions, increased temperatures inhibited algal growth (Fig. 1b).

A total of 159 phyla, 265 orders, 475 orders, 999 families, 4094
genera and 59,159 species were identified through taxonomic annota-
tion of species through the Nonredundant Protein Sequence Database
(NR). At the phylum level, taxa differed significantly among the LL, LH,
HL and HH groups, with relative abundances greater than 1 % for each
(Fig. 1c-f). Except for the HL group, which consisted of 8 phyla, the
other groups consisted of the same 9 phyla, with Proteobacteria and
Actinobacteria ranking highest in terms of relative abundance (Figs. 1c,
d, and f). In the HL group, cyanobacteria had the highest abundance,
followed by proteobacteria, whereas actinobacteria were absent
(Fig. le).

The relative abundance of cyanobacteria was 7.06 %, 4.58 %, 29.70
%, and 2.90 % in the LL, LH, HL, and HH groups, respectively, with
R. raciborskii being the most abundant species in the LL and HH groups
and Planktothrix dominating in the LH and HL groups (Fig. 1c—f). The
relative abundances of R. raciborskii in cyanobacteria and bacter-
ioplankton were 30.79 % (LL), 22.72 % (LH), 5.30 % (HL) and 25.02 %
(HH) and 2.17 % (LL), 1.04 % (LH), 1.57 % (HL) and 0.73 % (HH),
respectively. Species diversity (F = 5.35, P < 0.01) and richness (F =
7.33, P < 0.001) in the HL group showed significant differences
compared to other treatment groups (Fig. 1g and h), which was sup-
ported by the NMDS and ANOSIM results (P < 0.05, Fig. 1i, Table S3).

3.2. Bacterioplankton interaction networks

In the symbiotic network of bacterioplankton, which simulates var-
iations in temperature and phosphorus, the numbers of nodes and edges
varied among the treatment groups (Fig. 2). Specifically, the LH and HH
groups presented greater numbers of nodes and edges than did the LL
and HL groups, with the LH group having the highest number of nodes
and edges (n = 520 and L = 15,467), which increased by 20.65 % and
89.25 %, respectively, compared with the LL group, which had the
fewest number of nodes (n = 460), and the HL group, which had the
fewest number of edges (L = 8173). Proteobacteria exhibited the highest
relative abundance in the LH and HH groups, whereas cyanobacteria
were most abundant in the LL and HL groups. Additionally, the LL and
LH groups presented slightly higher percentages of positive correlations
for potential bacterioplankton interactions than did the HL and HH
groups. Linear fit analysis revealed that network degree was signifi-
cantly positively correlated with eigenvector centrality, average
neighbor degree, and betweenness centrality (log) (P < 0.001, Fig. S3).

A total of 22 hub species, including 5 module hubs and 17 connec-
tors, were identified across the networks (Fig. 2, Table S4), which
belonged to Acidobacteria (1 species), Chloroflexi (1 species), Cyano-
bacteria (6 species), Planctomycetes (1 species), Proteobacteria (8 spe-
cies), unclassified_d_bacteria (1 species), and Verrucomicrobia (4
species). Specifically, all 5 module hubs were present only in the HL
group, and all belonged to cyanobacteria.

The MBNs revealed that the LH and HH groups had significantly
more nodes and edges than the LL and HL groups did (Fig. 3). The re-
lationships within communities were predominantly altruistic, although
there were differences among the groups (Fig. S4). Proteobacteria and
cyanobacteria were typically the taxa with the highest relative abun-
dances among the four relationships. Proteobacteria were usually the
dominant taxon for mutualism and antagonism (except for HL, which
was the dominant taxon for mutualism, Fig. 3c), whereas cyanobacteria
were the dominant taxon for aggression and altruism. Interestingly, in
the LL and HH groups, cyanobacteria were more engaged in aggression
(Fig. 3a and d), whereas non-cyanobacteria were more active in other
relational behaviors in the LH and HL groups (Fig. 3b and c¢). Tracking
the hub species via Zi-Pi analysis revealed that almost all the genes were
classified as altruistic, except for one module hub in the HL group
belonging to Raphidiopsis, which was simultaneously classified as
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mutualism, antagonism, and altruism (Table S4).

To further elucidate the detailed interaction process and intensity
between cyanobacteria and non-cyanobacterial bacteria at different
temperatures and phosphorus concentrations, dMBNs were recon-
structed for different treatment groups (Fig. 4). The results revealed that
mutualistic and antagonistic relationships among all the treatment
groups were dominated by Proteobacteria and Cyanobacteria
(Fig. 4a—c), except for the HH group, where Bacteroidetes also played a
significant role alongside proteobacteria (Fig. 4d). Notably, the relative
abundance of non-cyanobacteria under both mutualistic and antago-
nistic conditions was consistently greater than that of cyanobacteria in
the LL, LH, and HL groups and was significantly greater in the HH group.
(Fig. 4d).

Furthermore, in the aggression and altruism networks, although
proteobacteria and Cyanobacteria nodes presented the highest degrees,
significant differences in degree, in-degree, and out-degree were
observed between cyanobacteria and non-cyanobacteria in all the
treatments (Fig. 4a—d Bottom stacked bar chart of MBNs). In aggressive
interactions, non-cyanobacteria consistently showed higher relative
abundance and in-degree than did cyanobacteria (more than 79 %).
Conversely, with the exception of the HL group, cyanobacteria demon-
strated higher out-degrees, indicating a more prominent role in
aggressive behavior in all the treatments. Notably, cyanobacteria also
displayed altruism toward both non-cyanobacterial bacteria and them-
selves in all the treatments. Specifically, cyanobacteria showed altruism
towards non-cyanobacteria as well as toward themselves (HH > LL > LH
> HL) under all the treatments (Fig. 4a—d bottom stacked bar chart of the
MBNs). Proteobacteria in the LL, LH and HH groups and Proteobacteria
and Actinobacteria in the HL group were all major beneficiaries
(Tables S5 and S6).

3.3. Gene expression of bacterioplankton

Our results revealed significant enrichment across all treatment
groups for six primary KEGG metabolic pathways, with notable differ-
ences in the read counts for each classification (Fig. S5). (Fig. S5).
WGCNA segregated all the bacterioplankton genes into eight modules at
a soft power (p value) of 14 and a merged cutoff height of 0.25 (Figs. 5a
and S6). Significant correlations were detected between the functional
genes and these modules across the four treatments (Fig. 5b), with the
LL, LH, HL and HH treatments being significantly positively correlated
with brown (R = 0.407, P < 0.05), yellow (R = 0.524, P < 0.01), tur-
quoise (R = 0.853, P < 0.001) and black (R = 0.441, P < 0.05) colors,
respectively (Fig. 5¢). These findings were supported by module mem-
bership and gene significance (MM-GS) analysis (Fig. 5d).

Visual network analysis linked these four pivotal modules to the
metabolic pathways specific to each treatment group (Fig. 5e). The LL
group was enriched for replication and repair, cell growth, and death-
related tertiary pathways, including DNA replication, base excision
repair, homologous recombination, nucleotide excision repair,
mismatch repair, etc. The LH group was enriched for metabolic path-
ways related to oxidative stress, such as glutathione metabolism,
oxidative phosphorylation, etc. The HL treatment affects photosynthesis
and energy metabolism pathways, including photosynthesis, photosyn-
thesis - antenna proteins, ubiquinone and other terpenoid quinone
biosynthesis, lipoic acid metabolism, starch and sucrose metabolism,
etc. The HH treatment was significantly related to cell signaling meta-
bolic pathways, such as lysosomes, the sphingolipid signaling pathway,
Janus kinase signal transducer and activator of transcription, etc.
(Tables S7 and S8).

Further analysis of the intergroup variations in genes or enzymes
involved in these pathways (Fig. 6) revealed significant enrichment of
DNA replication genes, such as POLA1 and pol, in the LL group, whereas
LH treatment resulted in increased expression of enzymes involved in
glutathione metabolism, such as spermine synthase and 5-oxoprolinase
(ATP-hydrolyzing), ornithine decarboxylase, and other enzymes
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degree of each species at the genus level.

involved in glutathione metabolism. HL treatment upregulated genes
related to photosynthesis, including ferredoxin-NADP+ reductase and
the cytochrome b6-f complex iron-sulfur subunit (psbP, psb27, psb28,
psb28-2, and petJ). In the HH group, genes related to lysosomes, such as
NEU1, NAGLU, AGA, aspG and other genes, were notably upregulated
(Table S9). Additionally, an analysis of genes related to carbon,

nitrogen, phosphorus, and sulfur cycling revealed that all treatment
groups primarily engaged in processes such as the reductive citrate cycle
(Arnon-Buchanan cycle), organic nitrogen metabolism, and transport
and assimilatory sulfate reduction (Figs. S7-S10, Tables S10-S13).
Notably, the LH treatment resulted in significantly greater gene
expression for pathways involved in anaerobic ammonium oxidation,
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denitrification, nitrogen transport, polyphosphate degradation, and dominated by Proteobacteria, Planctomycetes, Bacteroidetes, Verruco-
both assimilatory and dissimilatory sulfate reduction, with phosphate microbia, and Actinobacteria (Fig. 1), which is consistent with previous
transporter expression markedly greater in LL (P < 0.05, research (Te et al., 2023). Increasing evidence suggests that Proteo-
Tables S14-S17). bacteria and Bacteroidetes are major components of the bacterial com-
munities of the freshwater phycosphere (Smith et al., 2021). In our

4. Discussion multivariate analysis, we found that the effects of temperature and
nutrient loading on microbial communities are reflected not only in

4.1. Temperature and nutrient loading alter microbial communities relative species abundance, but also in changes in community structure
and function through altered interactions among different species. For

Metagenomic annotation of planktonic bacteria revealed that during example, network analysis indicated that Proteobacteria and Cyano-
the bloom period, heterotrophic microbial communities were bacteria were the taxa with the highest relative abundances among the
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Fig. 5. WGCNA of bacterioplankton genes. (a) Module cluster dendrogram; (b and c) correlation between modules and features; (d) MM-GS analysis; (e) modular

visualization of the co-occurrence network.

four treatment groups (Fig. 2). The networks of mutualism and antag-
onism were influenced primarily by Proteobacteria, whereas those of
aggression and altruism were dominated by Cyanobacteria (Figs. 3 and
4). These findings highlight the adaptability of Proteobacteria, Bacter-
oidetes, and Cyanobacteria to diverse habitats (Du et al., 2022) and their
responsiveness to changes in climate and nutrient loading, which
significantly alters aquatic bacterioplankton composition and reduces
biodiversity (Ryan et al. 2017), most notably by driving the occurrence
of harmful algal blooms (Gobler, 2020). Notably, Cyanobacteria, espe-
cially R. raciborskii, are known for their adaptability to various envi-
ronmental conditions and their competitive advantage over other
phytoplankton species (Wu et al., 2022). Cyanobacteria such as
R. raciborskii can efficiently use existing resources, withstand adverse
conditions and form algae blooms more easily in freshwater (Bai et al.,
2014; Briand et al., 2002; Burford et al.,2016). Because R. raciborskii can
adapt to low temperatures by regulating metabolic pathways, growth
morphology or akinete production (Huisman et al., 2018; Zheng et al.,
2023), when the total phosphorus concentration in the water column
reaches 0.02 mg 1, these conditions significantly promote R. raciborskii
overgrowth and can trigger a bloom event (Burford et al., 2016).
Therefore, in this study, significant differences in the density of

R. raciborskii were observed among the different treatment groups (P <
0.05, Fig. 1a), especially in the HL group.

The species diversity and species richness in the HL group were
significantly different compared to those of other groups (Fig. 1g and h).
This indicates that high cyanobacterial abundance typically decreases
biodiversity (Zhang et al., 2021), which weakens the complexity and
stability of microbial networks (Widder et al., 2014). Our network
analysis also revealed a significant increase in the complexity and sta-
bility of the networks under warming conditions (Yuan et al., 2021;
Zheng et al., 2024), particularly in the LH and HH treatment groups,
where the number of nodes and edges exceeded those in the LL and HL
treatment groups (Figs. 2 and 3). A possible reason is that greater species
diversity under high-temperature conditions (Fig. 1g) increases the
stability of the network (Lezcano et al., 2017; Zhang et al., 2021). The
distribution of 22 key species identified as connectors and module hubs
through Zi-Pi analysis revealed significant variability across treatments,
with four module hubs belonging to Raphidiopsis, particularly in the HL
group, where bloom intensity was greatest (Fig. S3). These keystone
species, which serve as critical nodes within and between network
modules, are pivotal in sustaining cyanobacterial bloom events (Ling
et al., 2016). Our NMDS and ANOSIM analyses further validated the
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significant influence of temperature and phosphorus changes on the
bacterioplankton community composition (P < 0.05, Fig. 1i, Table S3),
which is similar to the findings of Rigosi et al. (2014), who reported that
climate warming and eutrophication altered cyanobacterial biomass and
varied depending on the trophic state and microbial taxa of the lake.
These results support our Hypothesis H1.

4.2. The synergistic effect of temperature and nutrient loading alters
R. raciborskii blooms

Cyanobacterial blooms have become an important problem affecting
the health of aquatic ecosystems (Du et al., 2022), and their occurrence
is closely linked to climate change and water nutrient loading (Huisman
et al., 2018). Excessive inputs of nutrients, such as phosphorus and ni-
trogen, are major contributors to outbreaks of cyanobacterial blooms
(Luerling and Faassen, 2012). Although limiting these nutrients can
effectively control and prevent cyanobacterial blooms (Shatwell and
Kohler, 2019; Wang et al., 2018), our experiments indicate that
R. raciborskii blooms occurred under both high- and low-phosphorus
conditions (Fig. la). This finding is consistent with the findings of
Reinl et al. (2021), who reported that reducing nutrient loading was not
effective in reducing cyanobacterial blooms. Wu et al. (2012) and Pos-
selt et al. (2009) reported that increased phosphorus concentrations
favor the formation of R. raciborskii blooms, noting the ability of
R. raciborskii to utilize organic phosphorus sources efficiently and thrive
under phosphorus-deficient conditions (Bai et al., 2014; Bonilla et al.,
2012). R. raciborskii is considered a characteristic species of the tropics
and subtropics (Neill et al., 2002). Elevated temperatures can promote
the spread of R. raciborskii or outbreaks of cyanobacterial blooms
(Briand et al., 2002; Wiedner et al., 2007). However, Jia et al. (2021)
reported that R. raciborskii can still form blooms in West Lake in Yunnan
at 15 °C. Our results revealed R. raciborskii blooms in all the treatment
groups (Fig. 1a), partially supporting previous results.

The interaction between temperature and nutrient salts plays a
crucial role in modulating the tolerance of cyanobacteria to varying
nutrient conditions (Galvanese et al., 2019; Thrane et al., 2017), sug-
gesting that the combined effects of these factors might differ from the
effects of each individual factor. Multivariate analysis shows that tem-
perature and phosphorus concentration have significant main effects on
the density of R. raciborskii, in addition to an interaction effect between
these two factors (Fig. 1b, Table S2). From an ecological perspective, this
confirms that the growth of this cyanobacterium is highly sensitive to
environmental temperature, consistent with its tropical origin and
known thermal preference (Neill et al., 2002). The significant interac-
tion between phosphorus and temperature suggests that nutrient avail-
ability modulates the effect of temperature. This is crucial, as in natural
systems, temperature increases due to climate change could intensify
nutrient-driven eutrophication, potentially leading to more intense or
frequent cyanobacterial blooms. Our results are consistent with a wide
range of ecological research showing that temperature and nutrient
levels are fundamental factors controlling algal population dynamics
(Huisman et al., 2018). In our study, R. raciborskii presented a relatively
high relative abundance in both the LL and HH groups (Fig. 1c and e).
On the one hand, higher temperatures generally favor cyanobacteria,
particularly toxin-producing genera known for forming dense blooms in
freshwater (Joehnk et al., 2008), with R. raciborskii deriving more
benefits from elevated temperatures than other cyanobacteria do
(Mehnert et al., 2010). On the other hand, studies have shown that low
phosphorus and low temperature are more favorable and allow
R. raciborskii to successfully compete with other microorganisms (O’ Neil
et al., 2012; Zheng et al., 2023). A similar result was confirmed by the
transcription of functional genes, with significantly more phosphorus
transporters in the LL treatment groups than in the other treatment
groups (P < 0.05, Table S16). These findings suggest that R. raciborskii
might have a competitive advantage over the other cyanobacteria or
bacterioplankton in the LL and HH groups.
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Eutrophication (Beaulieu et al., 2013) and global warming (O’Neil
et al., 2012; Paerl and Huisman, 2008) have long been recognized as
significant drivers of cyanobacterial bloom occurrences, which is
consistent with our findings that temperature, phosphorus, and their
interactions significantly affect the growth of R. raciborskii (Table S2).
However, Richardson et al. (2019) reported that the combination of
elevated temperatures and high nutrient levels actually reduced cya-
nobacterial abundance. In our study, under low-phosphorus conditions,
elevated temperatures promoted algal growth, whereas under
high-phosphorus conditions, increased temperatures inhibited algal
growth (Fig. 1b). Moreover, R. raciborskii blooms were an order of
magnitude greater in the HL group than in the HH group (Fig. 1a),
suggesting that cyanobacteria are more susceptible to blooms in
low-temperature eutrophic waters because of their flexible adaptive
strategies (Reinl et al., 2021 and 2023). Interestingly, these findings
contradict the results of most studies, which indicate that high tem-
peratures and high phosphorus levels favor the occurrence of blooms
(Carey et al., 2012; Paerl and Huisman, 2008; Taranu et al., 2012).
Several factors may explain this discrepancy. Richardson et al. (2019)
suggested that this discrepancy may be related to the high productivity
in mesocosms caused by high nutrient loadings, with eutrophication and
warming exacerbating the depletion of soluble inorganic carbon and
carbon limitation in the water column reducing the abundance of cya-
nobacteria. Ryan et al. (2017) argued that much of the evidence for
these results comes from observations or physiological measurements
based on individual cultures, ignoring interspecies interactions. We
believe this may also be related to the fact that eukaryotic algae are not
counted. For example, Ryan et al. (2017) reported that green algae are
more productive than cyanobacteria under high-temperature and
high-phosphorus conditions. In summary, our results not only support
our hypothesis (H2) but also further revised and supplemented it. The
synergistic effect of temperature and nutrient loading increased the
competitive advantage of R. raciborskii in the community for dominance,
and the antagonistic effect of temperature and nutrient loading pro-
moted the occurrence of R. raciborskii blooms.

4.3. Mechanisms of R. raciborskii blooms caused by temperature and
nutrient loading

In aquatic ecosystems, algal blooms are typically associated with
complex microbial interactions that are highly sensitive to environ-
mental changes (Amin et al., 2015; Tanabe et al., 2023; Faust and Raes,
2012). Using a microbial behavioral ecology model, we investigated the
symbiotic patterns between R. raciborskii and planktonic bacteria under
various environmental conditions and their impact on bloom dynamics
(Figs. 3 and 4). The results revealed a dominance of altruistic in-
teractions (Fig. S4), consistent with findings by Du et al. (2022), which
also highlighted the diversity of interactions between cyanobacteria and
microbial communities. In the treatment group with the highest
R. raciborskii bloom intensity (HL), cyanobacteria presented the greatest
relative abundance in the mutualistic and antagonistic networks but the
lowest relative abundance in the aggression networks (Fig. 3). This re-
flects their strategy of maintaining high growth rates and competitive-
ness through resource exchange and defense mechanisms, suggesting
that microbes may exploit mutualistic relationships to obtain essential
nutrients while protecting resources through antagonistic behaviors.
Conversely, a reduction in aggressive behaviors indicates the estab-
lishment of ecological dominance through stable interactions, reducing
the reliance on direct attacks as a strategy (Gerphagnon et al., 2015).
Under the lowest bloom intensity conditions (HH), an imbalance in
relative abundance between cyanobacteria and non-cyanobacteria
likely led to resource competition and forced species to rely on aggres-
sive survival strategies. This is a benign interaction and is influenced by
environmental factors (Smith et al., 2021).

Studies by Shi and Falkowski (2008) demonstrated that environ-
mental shifts influence microbial structure and function, initiating
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adaptive changes in gene expression and metabolite synthesis (Kashtan
et al., 2014). Specifically, in the HL group, there was a significant
enrichment of enzymes and genes related to energy metabolism;
photosynthesis; and the carbon, nitrogen, phosphorus, and sulfur cycles
(Figs. 6C and S8-S10, Tables S7-S9 and S12-S15). These factors play
crucial roles in maintaining cellular energy metabolism, redox balance,
and normal cell function, thereby promoting cyanobacteria growth and
exacerbating R. raciborskii blooms (Rohmer, 1999; Du et al., 2022).
Under high-phosphate and high-temperature conditions (HH), the
enrichment of lysosomal and related genes helps cope with cellular
stress (Fig. 6d, Tables S7-S9), maintaining cellular homeostasis but at
the expense of energy, possibly generating toxic byproducts through
processes such as autophagy and metabolite degradation, ultimately
suppressing cyanobacterial growth and reproduction (Lawrence and
Zoncu, 2019; Settembre et al., 2013; Nakashima et al., 2006; Demuez
et al., 2015). Therefore, changes in adaptive gene expression and opti-
mized nutrient cycling reflect the self-regulation of planktonic bacteria
under the dual pressures of climate change and nutrient loading (Shi and
Falkowski, 2008; Kashtan et al., 2014). Our results not only support our
hypothesis (H3), but also demonstrate the dynamic interaction between
temperature and phosphorus in influencing the growth of R. raciborskii
through multivariate analysis. From an ecological perspective, this
interaction suggests that the influence of nutrient and temperature
fluctuations on bloom dynamics is not static but varies over time,
perhaps related to seasonal changes or episodic events, such as nutrient
pulses from rainwater runoff. This result highlights the importance of
considering temporal variability when predicting bloom occurrences
(Cottingham et al., 2020). These results deepen our understanding of
microbial ecological adaptation in complex environments and provide
important insights and guidelines for the prevention and ecological
restoration of algal blooms. We can develop more targeted strategies to
prevent and control harmful cyanobacterial blooms, particularly in the
context of global climate change and eutrophication.

5. Conclusion

This study reveals the effects of temperature and nutrient loading on
R. raciborskii blooms through a comprehensive analysis of microbial
communities. The synergistic effects of climate and nutrient variations
enhance the competitive dominance of R. raciborskii within the cyano-
bacterial community, promoting aggressive behaviors among cyano-
bacterial species. The antagonistic effects of climate and nutrient
changes particularly favor R. raciborskii bloom outbreaks, especially in
eutrophic water bodies at approximately 20 °C. In addition, warming
and increased species diversity enhance network complexity and sta-
bility. Proteobacteria and cyanobacteria are highly abundant in bacte-
rial networks and behavioral ecological models. Proteobacteria are
usually the dominant taxa in mutualistic and antagonistic relationships,
whereas cyanobacteria are the dominant taxa in aggressive and altru-
istic relationships; in particular, Raphidiopsis in the Cyanobacteria
phylum is the key hub species of the bacterial community. Altruism,
dominated by Cyanobacteria, plays a leading role in microbial in-
teractions, and various bacterial taxa contribute to the formation of
bloom events through interspecies cooperation, with non-
cyanobacterial bacteria playing an important role in this process. Mi-
croorganisms can adapt to environmental changes by regulating meta-
bolic pathways and gene expression to achieve self-regulation in
response to the dual pressures of temperature and nutrient loading.
These findings are very important for the prevention and ecological
restoration of aquatic blooms. In future research, integrating multivar-
iate analyses to study the combined effects of complex microbial and
environmental factors may reveal key mechanisms to address global
climate change and provide new approaches to tackle related ecological
challenges.
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