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ARTICLE INFO ABSTRACT

Keywords: Cyanobacterial harmful algal blooms pose significant threats to global water supplies, ecosystems, and econo-
CyanoHABs mies. Among the harmful cyanobacteria, Planktothrix, a resilient and toxin-producing filamentous cyanobacte-
Planktothrix

rium, has garnered increasing attention. However, an understanding of the entire microbiome, particularly the
phycosphere surrounding Planktothrix blooms, remains largely unexplored. To the best of our knowledge, this is
the first comprehensive study combining 16S rDNA and fungal internal transcribed spacer amplicon sequencing
and shotgun metagenomics to elucidate Planktothrix bloom microbiomes and identify potential microbial or
functional biomarkers for CyanoHABs. Our observations revealed that a summer bloom in Grand Lake St. Marys
was initiated with Dolichospermum and then shifted to Planktothrix dominance. This transition was associated
with nitrogen metabolism genes, suggesting that nitrogen plays a key role in bloom persistence through in-
teractions among nitrogen-fixing bacteria, ammonia-oxidizing archaea, anammox bacteria, and denitrifiers.
Additionally, metagenomic data revealed a strong positive correlation of toxin concentration with carbohydrate-
nitrogen-sulfur-fatty acid associated metabolic pathways and a strong negative correlation with pollutant
degradation pathways. Intriguingly, diazotrophic methane-related microbes were detected, which opens dis-
cussion on potential symbiosis that couples nitrogen and carbon metabolism. Toxin-degrading bacteria, such as
Polynucleobacter and Acidovorax, were positively correlated with fungi like Vishniacozyma, proposing their
cooperative roles during bloom events. Notably, Rhodobacter, a photosynthetic purple non-sulfur bacterium,
showed strong negative correlations with both Planktothrix and the toxin-producing gene mcyE, positioning it as a
promising biomarker for early bloom detection. Overall, this study advances the understanding of Planktothrix-
dominated bloom ecology and highlights microbial signatures for proactive CyanoHAB management in fresh-
water systems.

Grand Lake St. Marys
Microbial dynamics
Metagenomics

1. Introduction threaten drinking water supplies and recreational activity, causing sig-
nificant negative impact in local and regional economies (Cheung et al.,

The occurrence of cyanobacterial harmful algal blooms (Cyano- 2013; Mishra, 2023; Otten and Paerl, 2015). Various cyanobacterial
HABs)' is increasing in frequency and duration worldwide (Huisman genera, including Microcystis, Planktothrix, Dolichospermum (formally
et al., 2018; Paerl et al., 2011). Freshwater cyanobacterial blooms Anabaena), Aphanizomenon, and Cylindrospermopsis are known to cause
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blooms in freshwater and produce toxins (Carmichael, 2001; Foysal
etal., 2024). Among these, Planktothrix is of particular concern due to its
relatively greater resilience compared to other cyanobacterial species
(Kurmayer et al., 2016; Viaggiu et al., 2004). Its adaptability and
persistence pose an increasing threat to freshwater ecosystems and
water management strategies globally (Foysal et al., 2024; Toporowska
et al., 2020).

Planktothrix is a non-nitrogen-fixing filamentous cyanobacterium
(McKindles et al., 2022) that forms dense surface bloom in temperate
lakes (Briand et al., 2008). Unlike Microcystis which tends to form sur-
face scums, Planktothrix thrives at greater depths, creating blooms that
are less visible but still present significant risks to aquatic environments
and water quality. Together with phosphorus, inorganic nitrogen is a
key nutrient that influences the growth, proliferation, and toxin pro-
duction by Planktothrix (Gobler et al., 2016). Its ability to uptake and
store nitrogen through synthesizing cyanophycin granules has been
known to give Planktothrix an advantage during nitrogen-deficient
period (Hampel et al., 2019; McKindles et al., 2022). Buoyancy,
light-harvesting capacity, shade tolerance, and physiological adaptation
capabilities also enable it to dominate throughout the water column
(Kurmayer et al., 2016). Additionally, Planktothrix produces secondary
metabolites, including hepatotoxic heptapeptide microcystins
(Kurmayer et al., 2015) and protease inhibitors (McKindles et al., 2022),
which may act as chemical defenses against antagonistic microbes,
influencing surrounding aquatic biota and thereby shaping the bloom
niche (Kurmayer et al., 2016).

Previous studies have explored various factors affecting Planktothrix-
dominated blooms, including neighboring microbial diversity, physi-
cochemical conditions, and parasitic-predatory interactions (Briand
et al.,, 2008; Zhang et al., 2021). Wagner et al. (2023) explored in-
teractions with parasitic fungi or cyanophages highlighting biotic in-
fluences. Steffen et al. (2012) employed metagenomics to study
environmental factors and nitrogen assimilation genes driving bloom,
while studies on genome variations examined differences in carbon,
nitrogen, and sulfur metabolism across Planktothrix strains (Zhang et al.,
2020). Nutrient acquisition and metabolic pathways related to Plank-
tothrix have also been explored using genomic and qPCR analyses
(McKindles et al., 2021b, 2022). While valuable, these studies are
limited to brief seasonal or monthly timescales and focus on cyano-
bacterial shifts driven by abiotic factors (Zhang et al., 2021) rather than
the broader microbiome that underpins and sustains these blooms. A
comprehensive understanding of the entire microbiome, particularly the
phycosphere surrounding Planktothrix blooms, remains largely unex-
plored, since diverse groups of microbes (bacteria including cyanobac-
teria, archaea, eukaryotes, fungi, and viruses) interact through
competition, synergism, and parasitism. Moreover, key microbial taxa
that could act as biomarkers of bloom dynamics are understudied,
despite their potential to influence bloom stability and toxin production.
This gap underscores the need for a more focused investigation into the
microbiome’s role in supporting and sustaining cyanobacterial blooms,
especially through long-term monitoring.

Accordingly, the overall objectives of this study were to (i) investi-
gate microbial community dynamics within Planktothrix-dominated
blooms, (ii) identify key metabolic interactions among bacterial, fungal,
and archaeal communities, and (iii) discover microbial or functional
biomarkers indicative of shifts in bloom dynamics. Grand Lake St. Marys
(GLSM), the largest inland lake in Ohio, USA, was selected as a model
ecosystem due to its history of persistent Planktothrix blooms (Gorham
et al., 2017) and high toxin production (Filbrun et al., 2013). Thus, we
hypothesized that (i) neighboring microbes will have positive and/or
negative association with the bloom-forming Planktothrix and associated
physicochemical variables, (ii) potential symbiotic and/or competitive
interactions among the microbial community will be identified as tar-
gets for experimentation to further understanding the course and dy-
namics of the Planktothrix bloom, and (iii) there will be microbial and/or
functional signatures available that can serve as early warning
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biomarkers in GLSM. Through next-generation sequencing and qPCR
analyses, the current study investigated bacterial, archaeal, and fungal
dynamics along with functional indicators of nutrient-driven meta-
bolism during blooms. Additionally, microbial signatures were also
identified as potential biomarkers for detecting changes in the microbial
dynamics of Planktothrix-dominated CyanoHABs.

2. Materials and methods
2.1. Sample collection and processing

During the continuous biweekly surveillance period from May 2021
to the end of July 2022, 1 L samples were collected from Grand Lake St.
Marys at the Celina water treatment plant intake, (lat/long 40.54278;
—84.57139) (Fig. S1) in HCl-washed opaque plastic bottles. Bottles were
rinsed with raw water three times. Samples were stored in ice packs and
shipped overnight to the lab at the University of Toledo.

2.2. Nutrient and physicochemical parameter measurement

Water quality parameters [pH, conductivity, dissolved organic car-
bon (DOC), dissolved nitrogen (DN), dissolved phosphorus (DP), and
total phosphorus (TP)] were measured using standard methods (EPA
365.3), total nitrogen (TN) was measured using HACH (TNT826) kit.
The particulate forms of nitrogen and phosphorus (PN and PP, respec-
tively) were calculated by subtracting the dissolved concentrations from
the total concentration, reflecting the cellular portion of these nutrients.
Twenty mL samples were filtered through 0.45 um PES filters. The
filtrate was used to analyze DOC and DN using a TOC analyzer (TOC-
Vepu,/cpn, Shimadzu Corporation, Japan), and DP and TP were analyzed
using 0.45 um filtered and unfiltered samples followed by 1 hour of
digestion at 100°C using HACH (TNT843) kit, respectively. Pigments
(chlorophyll-a, dissolved phycocyanin, and total phycocyanin) were
measured following filtration and extraction. Ten mL of samples were
filtered through 0.45 um glass fiber filter (GFF), and the filtrate was used
to measure the dissolved phycocyanin. Twenty mL of samples were
passed through 0.7 um GFF, and the filter was stored at —80 °C in dark
for preservation. Later the filter was chopped into half, and each of the
halves were used for chlorophyll-a and phycocyanin extraction with
DMSO and phosphate buffered saline, respectively. Protocols and
methods are outlined in supplementary materials (Supplementary Text
$1). Both pigments were quantified by using a spectrophotometer (RF-
6000, Shimadzu Corporation, Japan).

2.3. Nucleic acid extraction

Two hundred and fifty mL water samples were passed through 0.2
um cellulose nitrate membrane filters. The filters were stored at —80°C
for DNA extraction. The filters were processed for microbial DNA
extraction using commercially available DNA extraction kit (Qiagen
Power Soil Pro Kit, ref. 47,014, Qiagen GmbH, Germany). The concen-
tration of DNA was measured with a Nanodrop ND-1000 spectropho-
tometer (Thermo Scientific, USA).

2.4. Amplicon sequencing and metagenomic sequencing

Extracted DNA was sent to the Genomics facility at the Biodesign
Institute in Arizona State University for sequencing through NextSeq
Illumina sequencing platform. 16S rRNA gene (rDNA) and fungal in-
ternal transcribed spacer (ITS) sequencing were performed using
primers 515F-806R (516F: GTGCCAGCMGCCGCGGTAA; 806R: GGAC-
TACHVGGGTWTCTAAT) (Caporaso et al., 2011) and primers ITS1{-ITS2
(ITS1f: CTTGGTCATTTAGAGGAAGTAA and ITS2:
GCTGCGTTCTTCATCGATGC) to amplify 16S rDNA V4 region and
16S-23S ITS rDNA, respectively (Smith and Peay, 2014; White et al.,
1990). Following sequencing, we analyzed the 16S rRNA and fungal ITS
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gene sequencing data using Quantitative Insights Into Microbial Ecology
(QIIME2) (Bolyen et al., 2019). Out of a total of 3,801,953 sequence
reads following quality trimming, 3,434,743 forward 16S rDNA reads
were analyzed for bacterial community analysis, and 1,663,213 forward
reads out of 1,869,992 fungal ITS sequences were used for fungal
community analysis. Average quality scores were selected above 30 for
the sequence analysis, and the Greengenes (DeSantis et al., 2006) and
Unite (version 9) (Nilsson et al., 2019) classifiers were used for bacterial
and fungal taxonomic annotation, respectively. Metagenomic sequences
were analyzed using the HMP Unified Metabolic Analysis Network
(HUMAnNNS3) pipeline (Beghini et al., 2021). Forward reads from the
shotgun metagenomic sequences were analyzed for identification and
sequential phylogenetic profiling to species level using ChocoPhlAn
(Beghini et al., 2021), followed by assignment of functional level
through alignment of sequences with reference databases. Bowtie2 was
used for accelerated nucleotide level search, Diamond for translated
searches, and the Uniref protein database for protein followed by
aligning with MetaCyc (Caspi et al., 2014) for gene families and path-
ways. Gene and pathway abundances were normalized as copy per
million for further analysis. To assess bacterial metabolism in the tran-
sition to Planktothrix-dominated bloom, shotgun metagenomic sequen-
ing reads were assigned to KEGG Orthology (KO) values and mapped
them in Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa and Goto, 2000).

2.5. Quantitative real-time PCR (qgPCR)

We diluted the DNA 1:10 to nullify the effect of inhibitory agents in
the DNA elution, then performed qPCR analysis targeting the cyano-
bacterial 16S rRNA gene, microcystin producer (mcyE) gene, and
microcystin degrader (mlrA) genes using the specific primers and probes
outlined in Table 1 and methods described in supplementary materials
(Supplementary Text S2).

2.6. Toxin extraction and analysis

The total microcystin concentration in water samples was measured
at the Celina Water Treatment Plant using the Ohio EPA Microcystin-
ADDA ELISA method (Ohio, 2015).

2.7. Statistical analysis, network plotting and heatmaps

Statistical analyses were performed using python (v2.7), and visu-
alizations were created using R studio (4.2), Gephi, OriginPro, and
Biorender. Spearman correlation was used in all cases of correlation and
network analysis, and p values under 0.05 were accepted as significant
after being corrected using the Benjamini-Hochberg protocol. Among
the microbial isolates, bacterial archaeal, and fungal taxa identified up
to the genus level were selected based on total relative abundance for
network and heatmap creation.

Table 1
qPCR primers and probes for target gene analysis.
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3. Results and discussion
3.1. Monitoring chlorophyll-a and phycocyanin dynamics

From May 2021 to July 2022, we conducted bi-weekly surveillance
in GLSM to analyze chlorophyll-a and phycocyanin pigment levels,
representing phytoplankton (algae and cyanobacteria, respectively).
While Zepernick et al. (2024) highlighted the challenges of defining a
bloom under varying aquatic condition, we adopted a standard criterion
recommended by the Ohio Environmental Protection Agency (Ohio
EPA) to classify bloom severity based on chlorophyll-a concentration.
According to this criterion, a minor bloom is defined when chlorophyll-a
levels are between 2 and 5 ug/L, a moderate bloom when levels range
from 5 to 50 pg/L, and a severe bloom when chlorophyll-a exceeds 50
pg/L (Dewine and Stevenson, 2020). During the surveillance period, a
continuous bloom was observed, except on 09/07/2021, based on the
bloom criteria set by the Ohio EPA (Dewine and Stevenson, 2020)
(Fig. 1A). The bloom reached moderate intensity (5-50 pg/L
chlorophyll-a) for a large portion of the surveillance period (13 out of 33
occasions). It frequently progressed to high intensity (>50 ug/L
chlorophyll-a) on 13 out of 33 occasions. This unceasing bloom in GLSM
throughout the seasons has been extensively documented since 2011
(Dumouchelle and Stelzer, 2014), while the evidence of water quality
deterioration and cyanobacterial dominance was recorded even earlier
in 1970s (Filbrun et al., 2013; Jacquemin et al., 2023). There was a
strong and significant correlation between chlorophyll-a and the total
phycocyanin concentration (r = 0.94, p < 0.001), indicating the bloom
in GLSM was primarily driven by cyanobacteria rather than eukaryotic
algae (Berry et al., 2017). Meanwhile, we observed a spike in dissolved
phycocyanin levels on 7/13/2021 (up to 250 pg/L in Fig. 1A), sug-
gesting the possibility of cell lysis and the release of intracellular ma-
terial from cyanobacteria.

Throughout the period, we also monitored cyanobacterial toxin
levels using ELISA. The total microcystin concentration was found in the
range from < 0.3 pg/L to 23.8 ng/L (Fig. 1B) and was significantly
correlated with the level of cyanobacterial pigments: total phycocyanin
(r =0.56, p < 0.001) and chlorophyll-a (r = 0.57, p < 0.001). The total
microcystin concentration also showed a positive correlation with the
absolute amount of the mcyE, a gene encoding an enzymatic step in
microcystin biosynthesis (r = 0.51, p = 0.0025). The amount of the mcyE
gene exhibited a similar pattern to that of the cyanobacterial 16S rRNA
gene (16S_Cyn) abundance quantified by qPCR (Fig. 1C). The mirA gene,
responsible for degrading microcystin, followed a trend similar to the
measured microcystin concentrations (Fig. 1B, C). The physical and
water quality parameters of lake water were also monitored to under-
stand their contribution to the bloom in GLSM (Table S1 and Fig. $2).
TP ranged from 0.034 mg/L to 0.699 mg/L, DN varied from 0.16 mg/L
to 3.50 mg/L, and DOC varied from 5.0 mg/L to 19.3 mg/L (Fig. $2).
Historically, GLSM has been hypereutrophic, with a record of external
nutrient input (both nitrogen and phosphorus) (Filbrun et al., 2013;
Steffen et al., 2014) and we also observed a TP concentration > 0.1 mg/L
(0.7 mg/L on average) throughout the study period.

Target Group Oligonucleotides

Sequences (5'—3") Ref.

16S_Cyn* 16SF AGCCACACTGGGACTGAGACA (Al-Tebrineh et al., 2010)
16SR TCGCCCATTGCGGAAA
16SP FAM-CCTACGGGAGGCAGCAGTGGG-BHQ1

mcyE/ndaF mcyF + flap AATAAATCATAATTTAGAACSGGVGATTTAGG (Al-Tebrineh et al., 2012)
mcyR + flap AATAAATCATAACGRBTVADTTGRTATTCAATTTCT
mcyP FAM-AATCAAGTTAAGGTVAATGGYTATCG-BHQ1

mirA F-primer AGCCCKGGCCCRCTGC (Hoefel et al., 2009)
R-primer ATGCCARGCCCACCACAT
Probe FAM-TGCCSCAGCTSCTCAAGAAGTTTG-BHQ1

" cyanobacterial 16S rRNA gene.
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Fig. 1. Bloom observation using temporal dynamics of pigments, cyanobacterial species, and target genes. Changes in (A) pigment levels of total/dissolved
phycocyanin and total chlorophyll-a, (B) the abundances of cyanobacterial species measured by 16S rRNA gene sequencing and quantitative real-time PCR (qPCR)
targeting cyanobacterial species through years 2021-2022 in Grand Lake St. Marys, and (C) a graphical trend of microcystin (ELISA_MC) concentration with the level
of cyanobacterial 16S rRNA, mcyE, and mirA genes by qPCR (unit: log gene copy/ml).

3.2. Initial bloom of Dolichospermum transitioning to Planktothrix

We first investigated the dynamics of the cyanobacterial blooms in
GLSM by 16S rRNA gene amplicon sequencing analysis. During the
sampling period, a total of 1,030 operational taxonomic units (OTUs)
were observed, with 34 OTUs classified into 18 different cyanobacteria
at the genus level. In 2021, the cyanobacterial bloom started with
Dolichospermum (the relative abundance based on 16S rRNA amplicons,
6.4 %) on 06/01/2021. Its relative abundance was relatively low, but
the bloom was severe based on an absolute amount of cyanobacteria by
qPCR (>10° gene copies per mL, a severe bloom according to Ohio EPA
(Dewine and Stevenson, 2020)). It is unexpected to observe that non--
Planktothrix cyanobacteria initiated the bloom, as Planktothrix has been
the dominant cyanobacterial species reported in GLSM over the last
decade (Jacquemin et al., 2023). Planktothrix was the only dominant

cyanobacterial genus in GLSM, since Steffen et al. (2014) reported a
switch between Planktothrix and Microcystis in 2010. After a brief
coexistence of Dolichospermum (5.4 %) and Synechococcus (5.1 %) on
06/15/2021, Planktothrix (7.2 %) emerged on 06/29/2021 and gained
dominance within two weeks (up to 57.1 %) on 07/13/2021, out-
numbering Synechococcus (2.0 %) and Dolichospermum (1.0 %) (Fig. 1B).
The Planktothrix bloom persisted in GLSM for most weeks, with inter-
mittent declines in fall 2021 (late September to early October) and
winter 2022 (early February) (Fig. 1B). The relative abundance of
Planktothrix was significantly correlated with the absolute abundance of
cyanobacteria measured by qPCR (r = 0.71, p < 0.001), confirming the
quantitative dominance of Planktothrix in the bloom. The dominance is
also supported by its strong positive correlations with all pigments: total
chlorophyll-a (r = 0.59, p < 0.001), total phycocyanin (r = 0.58, p <
0.001), and dissolved phycocyanin (r = 0.61, p < 0.001) (Fig. 2A).
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Fig. 2. Correlation analysis of Planktothrix relative abundance with water quality parameters and key genes. (A) Correlogram of Planktothrix relative abundance,
between the water parameters and several genes of interest, (B) correlation between Planktothrix and total phosphorus concentration and (C) correlation between

Planktothrix and dissolved organic carbon concentration.

Interestingly, there was an initial spike in dissolved phycocyanin levels
at the onset of the Planktothrix bloom on 7/13/2021 (Fig. 1B). The
second major peak in dissolved phycocyanin was followed on
11/2/2021, coinciding with the beginning of the second wave of the
Planktothrix bloom. These abrupt increases in dissolved phycocyanin
levels may reflect a consequence of competitive dynamics when Plank-
tothrix gained dominance against neighboring microbes. Metagenomic
sequencing analysis also confirmed the dominance of Planktothrix at the
species level, revealing Planktothrix agardii was the most abundant (89
%) followed by Planktothrix rubescens (8 %) (Fig. $3). This observation is
consistent with previous findings that identified P. agardii as the most
predominant species in GLSM (Schmidt et al., 2013; Wagner et al.,
2023). Ecologically, P. agardii has been categorized as the codon S1 that
thrives in turbid, mixed, and light-deficient environments (Padisak
et al., 2009; Reynolds et al., 2002), characteristics that align well with
the conditions of shallow GLSM. Thus, the ecophysiology and cyano-
bacterial interactions in GLSM appear to be primarily driven by
P. agardii.

The transition from a Dolichospermum to a Planktothrix bloom after
06/29/2021 could be attributed to changes in environmental conditions
and/or nutrient availability (Reinl et al., 2023; Zhang et al., 2021). First,
we observed a sudden increase in temperature on 06/29/2021

(Fig. $2D), coinciding with an increase in the relative abundance of
Planktothrix. In late fall 2021, the relative abundance of Planktothrix
decreased and then returned in spring 2022, along with increases in
water temperature. An increase in turbidity levels in June 2021
(Fig. S2C) also corresponded to the emergence of Planktothrix, and its
relative abundance was found to have a significant correlation with
turbidity (Fig. 2A, r = 0.37, p = 0.03). Planktothrix sp. (e.g., P. agardhii
and P. rubescens) are known to thrive under self-shading conditions,
leading to an increase in turbidity and perennial blooms in eutrophic
and hypereutrophic conditions (Kurmayer et al., 2016; Riicker et al.,
1997). In addition, nutrient availability may explain the switch from a
Dolichospermum to a Planktothrix bloom. Planktothrix was positively
correlated with nutrient levels of TP (r = 0.60, p < 0.001) and DOC (r =
0.60, p < 0.001). Its correlation with nitrogen levels were relatively
weak (DN, r=0.39, p < 0.05; TN, r = 0.41, p < 0.05) but significant. The
Dolichospermum bloom was followed by a decrease of DN:DP and TN:TP
ratio on 05/17/2021 (Fig. S2L-M). The DN:DP ratio captures short-term
bioavailable nutrient conditions in surrounding environment of cells
and often aligns with bloom toxicity patterns, especially when phos-
phorus becomes limiting (Chaffin and Bridgeman, 2014; Ma et al.,
2015). Whereas, the TN:TP ratio is the most widely applicable and
integrative metric for evaluating nutrient limitation in eutrophic
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systems. It reflects long-term nutrient loads and correlates with cyano-
bacterial dominance, particularly when the TN:TP falls below critical
thresholds—commonly <16:1 atomic or <29:1 by weight (Howarth
et al., 1988; Paerl et al., 2001; Smith, 1983). Therefore, the low DN:DP
and TN:TP conditions both falling below around 20 by mass ratio
(Fig. S2L, M) indicate nitrogen limitation and favors the growth of a
nitrogen-fixing cyanobacterium like Dolichospermum (Moisander et al.,
2003). Fixed nitrogen, such as ammonia, could be released and available
for Planktothrix during its initial emergence in June in response to
increased dissolved and total phosphorus levels (Fig. S2J, K), since
Planktothrix has been shown to be an effective scavenger of ammonium
(Hampel et al., 2019). Then, the growth of Planktothrix was enhanced
when additional external nitrogen became available in August 2021
(Fig. S2H, I). Similarly, the growth of nitrogen-fixing cyanobacteria
preceding non-nitrogen-fixing cyanobacterial blooms has been reported
in other lake systems. Wang et al. (2021) observed that nitrogen-fixing
cyanobacteria initiated a bloom in Lake Harsha, while nitrogen levels
were still high. This was followed by a bloom of non-nitrogen-fixing
species like Microcystis and Planktothrix during nitrogen limitation.
Beversdorf et al. (2013) also demonstrated how nitrogen limitation
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favors nitrogen-fixing cyanobacteria.

3.3. Metabolic pathways and role of nitrogen metabolism in bloom
progression and toxicity

Nutrient and cyanobacterial dynamics discussed above suggest that
nitrogen-fixing cyanobacteria possibly contributed to the growth and
dominance of Planktothrix. To assess how nitrogen metabolism might be
involved in the transition to a Planktothrix-dominated bloom, shotgun
metagenomic sequence analysis was performed as described in the
Materials and methods section. When the sequence reads were assigned
to KO values and mapped in KEGG, two ammonia-producing enzymes,
nitrogenase and nitrilase, were found to be abundant right before and at
the time Planktothrix emerged as the dominant cyanobacterial species on
7/13/2021 (Fig. 3). Nitrogenase is the enzyme responsible for nitrogen
fixation to ammonia (Fig. 3A), and the genes associated with nitroge-
nase were found in Anabaena, Aphanizomenon, Cylindrospermopsis,
Dolichospermum, and Limnohabitans (Fig. 3C) and in both Aphanizomenon
and Dolichospermum at the gene level (Fig. S5). The enzyme nitrilase
converts nitrile to ammonia (Fig. 3C), and our metagenomic analysis
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Fig. 3. Outline of nitrogen metabolism, metabolic pathways relating to nitrogen metabolism and pathways relating toxin concentration- identified through meta-
genomic sequencing. KEGG pathway showing the assimilatory nitrogen metabolism (performed by enzymes 1.7.7.1 and 1.7.7.2) which were found strongly asso-
ciated with Planktothrix relative abundance caused the dominance of Planktothrix bloom in GLSM: (A) the nitrogen metabolism pathways and contributing enzymes,
EC numbers and respective genes coding those enzymes. Green arrow indicates nitrogen fixation whereas the sky-blue color indicates assimilatory nitrogen meta-
bolism by Planktothrix, purple color indicates nitrilase or alternative nitrogen metabolism activities, and red color indicates denitrification, (B) heatmap of nitro-
genase gene producers abundance, (C) heatmap of nitrilase producing gene abundance in different species, (D) heatmap of gene abundance of nitrogen metabolism
related genes in Planktothrix. Units are shown in log gene copies per million (CPM) units. (E) Time series line plot showing cyanotoxin concentrations (ELISA_MC) in
GLSM integrated with heatmap showing top 46 bacterial pathways having significant correlation (|r| > 0.58 and g < 0.002 through Spearman correlation analysis)
with ELISA_MC. Here, the legend colors indicate correlation types and pathway types.
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suggested that Flavobacterium, Flavobacteria, and Microcystis contained
the genes associated with nitrilase (Fig. 3B). When genes for nitrogenase
and nitrilase were abundant, the abundance of Planktothrix genes asso-
ciated with assimilatory nitrate reduction and denitrification increased
(Fig. 3D). Although further transcriptomic analysis is essential to
confirm it, Planktothrix may potentially have responded to the avail-
ability of nitrogen via nitrate reductase, denitrogen reductase,
ferredoxin-nitrite redutase, and nitric-oxide reductase (Fig. 3D). In
addition, the cyanophycinase enzyme-coding gene (Fig. 3D) was
detected in Planktothrix, implying the capability of utilizing cyanophy-
cin as the nitrogen reserve compound. In a previous study (Hampel
et al., 2019), expression of the cyanphycinase gene was reported during
nitrogen-limited periods. Planktothrix, a non-diazotrophic cyanobac-
teria, may take advantage of the nitrogen fixation by diazotrophic cya-
nobacterial groups, subsequently outcompeting them when external
nitrogen is available in GLSM.

Cyanobacterial proliferation depends on phosphorus and nitrogen
levels (Barnard et al., 2021; Ferber et al., 2004; Gobler et al., 2016), with
ongoing discussions regarding whether one or both nutrients are
limiting factors for their growth, diversity, and toxin production. The
nitrogen to phosphorus (N:P) molar ratio often serves as a measure to
assess the nutrient status and limitation (Paerl et al., 2001), which may
drive both bloom formation and toxin production (Wagner et al., 2021).
We found that the abundance of nitrogen-fixing gene was concomitant
with a decrease of the DN:DP ratio (Fig. S2L) but not much related with
the PN:PP ratio (Fig. S2M). While the PN:PP ratio often indicates
nutrient limitation within algal cells, Ma et al. (2015) emphasized the
DN:DP ratio as a better indicator of nutrient availability. This is because
only dissolved forms of nitrogen and phosphorus are readily accessible
to phytoplankton, not the particulate forms. Regarding toxin levels,
positive correlations were observed with individual DP and DN levels (p
< 0.05), but toxin levels were negatively correlated with the DN:DP and
TN:TP ratios (r = —0.39 and —0.42, respectively; p < 0.05) but not with
the PN:PP ratio (p > 0.05) as shown in Fig. 2. Typically, higher nitrogen
levels are associated with higher toxin levels, but our observation sug-
gests that toxin production by Planktothrix agardhii could be more
closely linked to phosphorus availability, especially when nitrogen is in
relative excess.

To better understand the metabolic underpinnings of cyanobacterial
bloom dynamics and toxin production, we conducted Spearman corre-
lation analyses between 270 bacterial pathway abundances derived
from metagenomic functional profiling and microcystin concentrations
measured by ELISA (ELISAMC in Fig. 3E). Among 156 microbial
pathways significantly correlated with ELISA_MC (p < 0.05, as shown in
Fig. S4), the top 46 significant microbial pathways (|r| > 0.58, ¢ <
0.002) encompass core metabolic functions such as carbohydrate
metabolism, nitrogen assimilation, sulfur cycling, amino acid and lipid
biosynthesis, and detoxification processes (Fig. 3E and Table S2). First,
carbohydrate metabolism was prominently represented among posi-
tively correlated pathways, including glycolysis IV (PWY-1042),
glycogen biosynthesis I (GLYCOGENSYNTH-PWY), sucrose degradation
(PWY-621), and the Rubisco shunt (PWY-5723). These functions may
support enhanced carbon flux during bloom events, providing energy
and biosynthetic precursors for the rapid growth of cyanobacteria and
their toxin production. Previous studies have shown that Planktothrix
agardhii and other bloom-forming cyanobacteria possess highly efficient
carbon fixation systems and central metabolic pathways—including the
Calvin-Benson-Bassham cycle and carbonic anhydrases—which enable
them to thrive under varying CO> conditions (McKindles et al., 2022;
Zhang et al., 2020). These pathways also serve as metabolic branch
points, channeling intermediates into secondary metabolism through
the shikimate, methylerythritol phosphate (MEP), and tricarboxylic acid
(TCA)-linked biosynthetic pathways that is known to drive the produc-
tion of microcystin and other peptide toxins (Babele et al., 2023).

Nitrogen-related pathways, such as ethanolamine utilization
(PWY0-1477) and pyrimidine deoxyribonucleotide phosphorylation
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(PWY-7197), were also part of the cluster containing pathways that were
positively correlated with microcystin levels (Fig. 3E). These pathways
likely represent adaptive strategies employed by bloom-forming cya-
nobacteria to exploit organic nitrogen sources when nitrate is limited,
since ethanolamine and polyamines were utilized as nitrogen sources
with the nitrogen stress and assimilation genes (such as glnA, relA, spoT,
and phoX) expressed in situ under nutrient-limited conditions (Krysenko
and Wohlleben, 2022; Li et al., 2023). This metabolic flexibility and
ability to utilize diverse nitrogen sources—including ethanolamine,
polyamines, and internally stored nitrogen may facilitate bloom inten-
sification even under low dissolved inorganic nitrogen conditions,
commonly associated with elevated microcystin levels (Beversdorf et al.,
2013; Li et al., 2023; Krysenko and Wohlleben, 2022).

Sulfur metabolism, particularly assimilatory sulfate reduction
(SO4ASSIM-PWY), was significantly enriched during bloom peaks
(Fig. 3E). This pathway synthesizes sulfur-containing amino acids
(cysteine and methionine) and detoxification cofactors like glutathione,
which are vital for maintain cellular redox balance and oxidative stress
tolerance in cyanobacterial blooms (Babele et al., 2023; Kharwar and
Mishra, 2023; Takahashi et al., 2011; Zhang et al., 2020). Enhanced
sulfur-related activity supports adaptation to nutrient limitation and
stress, conditions linked to increased microcystin production in
bloom-forming cyanobacteria including Planktothrix (Kurmayer et al.,
2016; McKindles et al., 2022). Lipid and amino acid biosynthesis path-
ways—including palmitate biosynthesis (PWY-5971), fatty acid
biosynthesis initiation (FASYN-INITIAL-PWY), and dTDP-l-rhamnose
biosynthesis (DTDPRHAMSYN-PWY)—were also strongly correlated
with microcystin concentrations (Fig. 3E). These pathways support
membrane remodeling, energy storage, cellular integrity, and produc-
tion of extracellular polymeric substances (EPS), facilitating bloom
persistence, and stress tolerance (Babele et al., 2023; Kahn et al., 2023;
Ren et al., 2024; Wang et al., 2022).

In contrast, pathways associated with detoxification, envelope
biosynthesis, and organic pollutant degradation were negatively corre-
lated with ELISA_MC (Fig. 3E). These include lipid A biosynthesis
(NAGLIPASYN-PWY), formaldehyde assimilation (RUMP-PWY), and
CMP-3-deoxy-d-manno-octulosonate biosynthesis (PWY-1260). The
suppression of lipid A and CMP-KDO biosynthesis pathways suggests
compromised membrane integrity and cell viability in Gram-negative
bacteria such as Limnohabitans during blooms (Kasalicky et al., 2013).
Similarly, decreased formaldehyde assimilation via the RuMP pathway
in Candidatus Methylopumilus planktonicus indicates reduced capability
for organic pollutant degradation and carbon cycling (Salcher et al.,
2015). Such metabolic inhibition likely reflects competitive exclusion or
toxicity from bloom-forming cyanobacteria (Briand et al., 2008). Path-
ways with strong correlations with ELISA_MC and Planktothrix agardii
are outlined in Table S2 and S3, respectively.

The metagenomic analysis above highlighted the metabolic interplay
underlying Planktothrix dominance, emphasizing its potential reliance
on nitrogen fixation by other cyanobacteria and subsequent nitrogen
assimilation pathways under nutrient-limited conditions. Additionally,
strong correlations between key microbial metabolic functions—such as
carbohydrate metabolism, nitrogen and sulfur assimilation, and amino
acid and lipid biosynthesis—and microcystin concentrations underscore
the metabolic flexibility and adaptive strategies driving bloom intensi-
fication and toxin production. Conversely, suppression of detoxification
and pollutant degradation pathways in other microbes reflects
competitive pressures exerted by Planktothrix during bloom events.

3.4. Bacterial dynamics and potential biomarkers of Planktothrix-Bloom

Overall bacterial dynamics were further investigated to identify
microbial species that were noticeable during the shift in cyanobacterial
bloom. Right before the onset of the Planktothrix bloom, Proteobacteria
was the most abundant phylum (31.2 %) followed by Bacteroidetes
(23.6 %), Actinobacteria (21.9 %), and Verrucomicrobia (20.7 %)



M. Siddiquee et al.

Relative Abundance (%)

Water Research 283 (2025) 123683

Phyla

Others
Firmicutes
Chlorobi
Chloroflexi
Planctomycetes
Verrucomicrobia
Actinobacteria
Bacteroidetes
Proteobacteria
Cyanobacteria

Relative Abundance (%)
o
o

Polaromonas
Candidatus.Rhodoluna
Acidovorax
Dolichospermum
Rhodobacter
Rhodoferax
Sediminibacterium
Polynucleobacter
Luteolibacter

Fluviicola

Aquirestis
C.

Flavobacterium
Planktothrix

e O
AN aNNIIIIINNN Y
CO0O0O0000000000O0OOO
SAIINIININNNNNNNNNNN
SRrUOORCORTBONBOTD
BTSN NSNGNSST TR NT

B OORNDID OrOrrraN«T

SRR

4/19/2022

5/3/2022
5/17/2022
5/31/2022
6/14/2022
6/28/2022
7/12/2022

7/26/2022

Fig. 4. Microbial community diversity changes over the time at (A) phylum and (B) genus level. Phyla having a total relative abundance over 15 % and genera
having a total relative abundance over 10 % was shown in the graphs at phylum and genus level, respectively; rest of the phyla and genera were summed up and

shown as others.

(Fig. 4A). With the progression of the bloom, the abundance of Cyano-
bacteria increased from 0.9 % up to 92.5 % at its highest peak. All the
other major bacterial phyla showed strong negative correlations with
the phylum Cyanobacteria: Proteobacteria (r = —0.98. p < 0.001),
Bacteroidetes (r = —0.93. p < 0.001), Actinobacteria (r = —0.88. p <
0.001), and Verrucomicrobia (r = —0.84. p < 0.001), that suggests in-
verse relationship with them. At the genus level, after Planktothrix, the
most abundant bacterial genera were Flavobacterium, Aquirestis, Fluvii-
cola, Sediminibacterium (phylum Bacteroidetes), Candidatus Xiphinema-
tobacter,  Luteolibacter = (Verrucomicrobia), and Polynucleobacter
(Proteobacteria) (Fig. 4B).

A network analysis was performed to identify a potential ecological
position of Planktothrix and its neighboring bacteria. In both 2021 and
2022, Planktothrix showed strong negative correlations with multiple
bacterial genera, including Sediminibacterium, Flavobacterium, Methyl-
otenera, Acidovorax, Polynucleobacter, Fluviicola, and Rhodobacter
(Fig. 5AB). Guo et al. (2021) reported potential inhibition of cyano-
bacteria (Microcystis) by Sediminibacterium. However, its capability to
form aggregated flocs consortia (Velichko et al., 2015) may protect
cyanobacteria from opportunistic colonizers by providing microhabitat
and nutrient supply (Sethuraman et al., 2022). These contradictory
studies suggest the possibility of a complex relationship between Sed-
iminibacterium and cyanobacteria that warrants further investigation.
Flavobacterium is known to prey on cyanobacteria (Tromas et al., 2017).
The growth of Flavobacterium could be facilitated by extracellular ma-
terials such as carbohydrates and biomolecules (Ozbayram et al., 2020)

released from cyanobacteria (Kim et al., 2020), which often appear as a
symptom of the post bloom stage. Pedobacter was also negatively
correlated with either the absolute amounts of cyanobacteria (shown as
16S_Cyn in Fig. 5A) in 2021 or the relative abundance of Planktothrix in
2022. The algaecidal effect of Pedobacter (Berg et al., 2009) might lead
to the increased release of cyanotoxins, potentially promoting the
growth of microcystin degraders like Methylotenera, Acidovorax, and
Polynucleobacter in GLSM (Massey and Yang, 2020).

Some of these bacteria listed above also showed strong negative
correlations with water parameters and/or bloom indicators in 2021 (r
< —0.6, p < 0.05): Sediminibacterium (dissolved Phycocyanin, DOC,
16S_Cyn, mcyE, and ELISA_ MC), Flavobacterium (TP, DOC, and ELI-
SA_MC), and Fluviicola (DOC and ELISA_MC). However, none of these
bacteria showed consistent associations in 2022, making them unsuit-
able as candidate biomarkers. Notably, however, the relative abundance
of Rhodobacter consistently showed strong and negative correlations
with Planktothrix and bloom indicators (the absolute amounts of mcyE,
mlrA, and cyanobacterial 16S rRNA genes) in both 2021 and 2022
(Fig. 5). Rhodobacter, a purple non-sulfur phototroph, possesses the
capability to degrade cyanotoxins (Pineda-Mendoza et al., 2020) and
has been associated with Microcystis blooms in freshwater (Bagatini
et al., 2014). Rhodobacter species are also known to accumulate phos-
phorus (Hiraishi et al., 1991) and fix atmospheric nitrogen (Klipp et al.,
1988). Although we did not identify the genes associated with Rhodo-
bacter in our metagenomic analysis, its versatile metabolic properties
may give Rhodobacter an advantage under phosphorus and
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Planktothrix and Rhodobacter, showing inverse growth pattern across 2021-2022.

nitrogen-limited conditions. Given the apparent inverse correlations
with Planktothrix appeared in Fig. S5E, the decline in the relative abun-
dance of the genus Rhodobacter could serve as a potential biomarker for
the upcoming emergence of Planktothrix-dominating CyanoHABs.

3.5. Fungal and archaeal dynamics along with cyanobacteria

Fungi are essential counterparts to bacteria in aquatic habitats,
either through mutualistic or parasitic interactions (Laezza et al., 2022).
Although less studied than neighboring bacteria, the ecological position
of fungi in CyanoHABs has garnered increasing attention due to the
potential antifungal properties of cyanobacteria or parasitic relation-
ships with cyanobacteria (McKindles et al., 2021a). By sequencing ITS
rRNA genes, we identified 350 fungi at the genus level across all 33
samples. To explore potential symbiosis and competition in GLSM, a
time series heatmap and a co-occurrence network were generated with
the most abundant bacterial (n = 30), fungal (n = 30), and archaeal (n =
9) genera (Fig. 6AB). Two major clusters of fungi were observed,
centered around the genera Lachum (Cluster 2) and Vishiniacozyma
(Cluster 4, Fig. 6A). Intriguingly, Dolichospermum showed significant
and strong negative correlations with Lachnum (r = —0.67, p < 0.001)
and Vishniacozyma (r = —0.71, p < 0.001), whereas no fungal genera
were significantly correlated with Planktothrix. Compared to Plankto-
thrix, Dolichospermum might be more susceptible to a group of fungi, as
species-specific fungal interactions with cyanobacteria can vary
depending on the particular fungus involved (do Amaral et al., 2023).
According to the network analysis (Fig. 6B), Vishniacozyma might have a
mutualistic ecological position in GLSM, as it served as a hub between
cyanotoxin-degrading bacteria (Polynucleobacter, Acidovorax, and
Polaromonas) and the epicenter of the fungal network. Vishniacozyma, a
psychrophilic fungi, may also have ecological advantages in winter
(Perini et al., 2019) and may contribute to EPS production
(Rusinova-Videva et al., 2022) and phosphate solubilization (da Silva
et al., 2022), enhancing nutrient availability for surrounding microbes.
The algaecidal bacterium Pedobacter was also positioned between
Planktothrix and cyanotoxin-degrading bacteria (Fig. 6B). Fungi might

benefit from the lysis of cyanobacteria by algaecidal bacteria, and the
degradation of toxins may provide fungi with additional sources of
nutrient, such as nitrogen or carbon. In fact, previous studies reported
that fungi often thrive during the decline of cyanobacterial blooms,
decomposing cyanobacterial cell components (Zhou et al., 2018).
Meanwhile, in previous studies on GLSM, fungal Rhizophydium sp.
(phylum Chytridiomycota) was shown to infect Planktothrix (McKindles
et al., 2021b; Wagner et al., 2023). Although it was detected only once
on 06/01/2021, fungal parasite chytrids (phylum Chytridimycota) were
detected in 27 occasions of sampling out of 33 occasions. Although
chytrids did not show a strong correlation with the relative abundance of
Planktothrix in this study, they may still have a role in the community
through predation on cyanobacteria.

Interestingly, archaea and several other bacteria associated with
nitrogen and carbon cycles were identified in GLSM and clustered
together in the heatmap and/or network (Fig. 6A and 6B, respectively).
As shown in Cluster 1 (Fig. 6A), methane-producing archaea (Meth-
anosaeta, Methanolinea, Methanobacterium, Methanospirillum, Meth-
anocorpusculum, and Methanosarcina) and ammonia-oxidizing archaea
(Candidatus nitrososphaera) were present in spring and early summer.
Methane-oxidizing bacteria (Methylocaldum) (Bodrossy et al., 1997) also
appeared when Dolichospermum and Synechococcus were dominant
cyanobacterial species (Fig. 6A). These methanogens and methano-
trophs may contribute to the carbon cycle via methane in the water
column of GLSM, even under oxygen-rich environments (Grossart et al.,
2011). In addition, Methanobacterium, Methanosarcina, and Methyl-
ocaldum are known for their nitrogen fixation capability (Dos Santos
et al.,, 2012; Leigh, 2000), suggesting their potential association with
cyanobacteria like Synechococcus as shown in the network (Fig. 6B). The
network analysis also revealed a potential association between anaer-
obic ammonium-oxidizing (anammox) bacteria (Planctomycete) and
methanotrophic bacteria (Methylosinus) in the context of HABs (Fig. 6B),
although anammox bacteria are observed ubiquitously in lake systems
(Xue et al., 2017). This uncovers the potential role of methanogens and
anammox bacteria through carbon-nitrogen exchange and cycling, of-
fering additional insights in deciphering microbial dynamics (Fig. 7).
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between carbon and nitrogen cycles.

3.6. Ecological insights into microbial interaction during Planktothrix
bloom

Our study examined the Planktothrix bloom, focusing on the micro-
bial community dynamics and metabolism to identify potential early
warning biomarkers. First, this research suggests that the initial bloom
was triggered by nitrogen fixation from diazotrophic cyanobacteria. The
subsequent input of external nitrogen and phosphorus may have shifted
dominance to non-nitrogen-fixing Planktothrix, and Planktothrix main-
tained its dominance and toxin production until nitrogen availability
declined. Davis et al. (2015) reported that nitrogen supply plays an
important role in toxicity in phosphorus-rich system, which aligns well
with our observation of toxin concentrations during both the initial
bloom and the end phase of the surveillance period. The shift in the
cyanobacterial bloom was investigated the context of
nitrogen-fixation by diazotrophic cyanobacteria; however more intri-
cate interactions among bacteria, archaea, and eukaryotes also seem to
be involved. The presence of diazotrophic methane metabolizers adds
complexity to the dynamics of nitrogen fixation, and carbon dioxide
produced by methanotrophs could contribute the growth of both cya-
nobacteria and ammonia oxidizing archaea as their primary carbon
source. Symbiotic relationships that couple carbon and nitrogen cycles
have been also recognized in various ecosystems such as a wetland for
greenhouse emission (Chen et al., 2020) and an oligotrophic water body
for the cnidarian-algal symbiosis (Radecker et al., 2023). Although not
included in Fig. 7, we also unveiled the potential role of fungi against
cyanobacteria, aligning with algaecidal and microcystin-degrading
bacteria. Activity of algaecidal bacteria, such as Pedobacter, can cause
the release of toxins, providing an opportunity for toxin degraders (e.g.,
Poloromonas, Polynuclobacter, and Acidovorax) and fungi to utilize
cyanobacteria-derived nutrients (Fig. 6B).

Planktothrix is known to adapt to and thrive in different conditions,
but there remain significant knowledge gaps regarding how bloom-
forming cyanobacteria contribute to ecosystems. Scheffer et al. (1997)

in
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reported sudden and intense outbreak of P. agardhii and P. rubescens in
Lake Vrutci and suggested their potential roles as niche constructors that
modify the physiochemical conditions of the water column (Kurmayer
et al., 2016). Planktothrix manipulates its niche and control community
dynamics with secondary metabolites and metabolic property, which
allows it to persist bloom for multiple months (Hamre et al., 2018).
Thus, Planktothrix may act as ecosystem engineers through bioactive
secondary metabolite production and thereby posing either adverse or
beneficial effects to the neighboring microbial groups such as
heterotrophic-toxin degrading bacteria (Kurmayer et al., 2016).

Our findings through DNA-based sequencing data highlights possible
interactions among cyanobacteria, fungi, and archaea in Planktothrix
blooms progression, persistence, and toxicity. However, meta-
transcriptomic analysis, based on actual gene expression, should be
performed to confirm the functional diversity that we observed. We also
underscore the need for 18S rRNA gene sequencing analysis to extend
the dynamics of the eukaryotes beyond fungal community, which also
play significant roles in nutrient cycling and through competition and/
or synergism. The availability of viral DNA sequencing data could shed
light on the role of cyanophages in cyanobacterial predation. As of an
early warning for Planktothrix bloom, Rhodobacter emerged as a prom-
ising candidate biomarker for the Planktothrix-dominated bloom.
Through multiple seasons over two years, the microbial dynamics and
interactions might be affected by the changes of complex physico-
chemical parameters as well as nutrient level fluctuations. In fact, our
beta diversity analysis through unweighted UniFrac metrics showed
clear separation of microbiome even in consecutive 2021 and 2022
(Fig. S6A) and minimal distinct separation across seasons (Fig. S6B).
Nonetheless, the opposing pattern between Planktothrix and Rhodobacter
was consistently significant in both years. This identification would
provide new tools for the early detection and management of harmful
algal blooms, potentially improving water quality protection. Its sig-
nificant negative association with Planktothrix is intriguing, and further
laboratory-scale experiments are warranted to confirm the antagonistic
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relation between Rhodobacter and Planktothrix and verify Rhodobacter’s
functional role within the bloom. Finally, while we employed contin-
uous biweekly sampling during the monitoring period, this approach
may have missed to capture sudden changes in the microbial dynamics
or diel variations. Moreover, the relatively small number of samples per
season (n = 2-7) limited our ability to resolve seasonal patterns and
conduct detailed statistical analyses of bloom dynamics. Future studies
with more frequent sampling effort needs to validate our observation in
shallow, hypereutrophic inland lake, like GLSM.

4. Conclusion

This comprehensive study of Grand Lake St. Marys offers valuable
insights into the dynamics of microbial communities within Plankto-
thrix-dominated cyanobacterial blooms, which adversely affect water
quality and local economies. Our research emphasizes the crucial role of
nitrogen metabolism in regulating the dominance of Planktothrix,
demonstrating that shifts in nitrogen availability significantly influence
bloom dynamics through interactions with nitrogen-fixing bacteria,
ammonia-oxidizing archaea, anammox, and denitrifying bacteria. Dur-
ing the monitoring period, we observed that Planktothrix interacts with a
variety of microbes, including bacteria and fungi with algaecidal prop-
erties, as well as archaea involved in nutrient cycling. Notably, in-
teractions between toxin-degrading bacteria and algaecidal fungi may
indicate a natural regulatory mechanism against harmful algal blooms.
Additionally, metagenomic analyses revealed that bloom-associated
microbial communities exhibit dynamic shifts in metabolic pathways,
including enhanced carbohydrate, nitrogen, sulfur, amino acid, and
lipid metabolism, strongly linked to increased toxin production during
bloom peaks. We also identified potential interactions between the
carbon and nitrogen cycles, involving methane-related bacteria and
archaea with nitrogen fixation potential. This study uniquely identified
Rhodobacter as a signature microbe that may potentially serve as a
biomarker for Planktothrix-blooms, which would be beneficial for
reservoir management and water treatment facilities. Overall, this
research advances our knowledge of microbial ecology in cyanobacterial
blooms and lays the groundwork for future studies aimed at sustainably
managing freshwater resources. By tracing bloom progression and
characteristics using early warning biomarkers, water treatment au-
thorities can make informed decisions to ensure effective toxin removal
and the provision of safe drinking water.
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