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Editorial on the Research Topic
Ecology and molecular biology of bloom-forming cyanobacteria

Given the worldwide expansion of cyanobacterial harmful algal blooms (cHABs), this
Research Topic seeks to highlight the threats that bloom events pose to environmental
and human health. As many studies link severity of cHABs to a warming climate and
changing precipitation patterns, such events are expected to grow, with cHABs increasing in
distribution, duration and frequency, contributing to unbalanced and degraded ecosystems.
Addressing this global concern, research is aimed at understanding the environmental
factors contributing to bloom formation and decline, toxin and metabolite synthesis, bloom
ecology, and cHAB mitigation. This Research Topics collection of papers, largely drawn
from contributions to the 12th International Conference on Toxic Cyanobacteria, aims to
showecase the state of the science related to cHABs, which may point to potential solutions to
this growing threat to our freshwater resources.

Several papers contributed to the Research Topic addressed community structure
and the ecology of blooms. Whereas colonial Microcystis has become synonymous with
blooms, there is increased recognition of community diversity between bloom locations
and even within a bloom itself. In part, this is attributed to more widespread adoption of
metabarcoding and genomics approaches as evidenced by each of the studies highlighted
here. Beyond methodological advances, community structure often reflects environmental
gradients to which communities are exposed. One such gradient is the fluvial-lacustrine
continuum. Surveying bloom-forming regions of the Laurentian Great Lakes, Crevecoeur
et al. identified a clear shift in dominance of the cyanobacterial communities between river
and lake, yet also noted strong connectivity and dispersal of taxa within the system as a
whole. Elsewhere, seasonality can play a role in shaping community structure. In Florida’s
Lake Okeechobee, Lefler et al. showed that cyanobacterial communities within the lake are
significantly different between the wet and dry seasons. Also noted from this study was
that the dominant cyanobacterial bloom formers in this lake maintain distinct bacterial
associations that may confer competitive advantages across spatial and temporal scales.

In many cases, underlying environmental gradients are nutrients, the parameter
conventionally recognized as dominant in the “bottom-up” control of cHABs. The important
role of nutrients in shaping community structure was assessed in several of the contributing
articles. Chen et al. frame the role of nutrients in a management framework, noting that
closed-lake management practices adopted to control nutrient loading in the Taihu Basin
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River Network were successful at mitigating blooms of Microcystis.
Using a metagenomic approach to compare the taxonomic and
functional structure of the bacterioplankton community between
open and closed lakes, differences were detected at fine taxonomic
resolution (genus and species), but not extending to functional
genes maintained by keystone taxa. In another managed system,
Feng et al. assessed seasonal variability of microbial community
composition in a subtropical reservoir following completion of a
multi-year ecological restoration project aimed to reduce nutrient
loading from adjacent tributaries. Their study showed negligible
variability in community structure related to seasonality; however,
the surveys showed enrichment of cyanobacterial communities in
benthic samples pointing to possible internal loading as a nutrient
source. Finally, Kim et al. examined microbial community structure
and the presence of cyanotoxins in aerosols generated from wind-
driven wave action in South Korea’s Nakdong River. There is
increased recognition of the potential threat of aerosols as a vector
for cyanotoxin exposure, a concern reinforced by this study that
showed toxigenic Microcystis to be one of the dominant genera in
the aerosol microbiome.

Three articles in this Research Topic investigated diverse
aspects of natural control of cyanobacterial blooms, ranging
from the role of cyanophages and chytrids on cyanobacteria
and the viral influence on phytoplankton community dynamics.
McKindles et al. focused on understanding the diversity and role
of cyanophages in bloom control in Sandusky Bay, revealing the
molecular characterization of Planktothrix specific cyanophages.
Transcriptomic analysis revealed only low levels of viral gene
expression despite the highly abundant cyanophages over the
course of multiple years. The study also aimed to design monitoring
methods for bloom lysis events, where potentially toxins are
being released. Wagner et al. explored the dynamics of chytrid
(Rhizophydium sp.) infections in Planktothrix agardhii blooms,
with modified environmental conditions in mesocosms to explore
infection prevalence. The results identified temperature and
water flow as crucial factors in chytrid prevalence. The study
provides valuable insights into control measures to reduce blooms.
Lastly, Peng et al. investigated viral influences on phytoplankton
community succession in the Three Gorges Reservoir, emphasizing
the multiple roles viruses play in summer bloom dynamics. The
viral lysis of eukaryotes and increase of nutrients due to the
lysis of bacterioplankton appeared to be beneficial for the success
of cyanobacteria. Together, these studies provide comprehensive
insights into the complex interactions shaping cyanobacterial
blooms, offering valuable knowledge for developing effective
control strategies and safeguarding water ecosystems.

Concluding the Research Topic, three papers present data
on metabolites that include both the synthesis of the common
cyanotoxin, microcystin, as well as other products that arise
in concert with bloom events. Extending prior work on
the temperature dependence of microcystin accumulation in
Microcystis sp. at lower temperatures, Roy et al. showed that a wild
type Microcystis toxin-producing strain, has a growth advantage
over its AmcyB (nontoxic) mutant strain at both low (20°C)
and high temperature (30 and 35°C), and that cellular quotas of
soluble microcystins are lower at higher temperature. However,
higher temperature yields a shift in the intracellular toxin pool.
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This paper helps provide a better understanding of the role of
microcystins in adaptation of Microcystis sp. to long-term and diel
temperature shifts.

The papers by Zhou et al. and Lee et al. examined other
metabolites and factors associated with blooms that may also affect
environmental and human health. Zhou et al. have studied exudates
of Microcystis aeruginosa that can be inhibitory to aquatic life,
and in this paper, they employed LC/MS to characterize exudates
from non-toxic and toxic Microcystis strains during exponential
and stationary phases of growth. Whereas the toxin-producing
strain produced a higher diversity of exudate compounds, the non-
toxic strain produced higher concentrations of potentially ecotoxic
metabolites. This work demonstrated that even non-toxic bloom
formers can produce compounds that degrade ecosystem health.
The paper by Lee et al. raises awareness of both disinfection
byproducts by water treatment of cHABs, and of potential
pathogens (Legionella sp.) and antibiotic resistance genes associated
by blooms. Evidently, bloom biomass may afford multiple threats
to health which extend past the well-known consequences of
microcystin exposure.
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microcystin-producing and
microcystin-free Microcystis
aeruginosa strains

Yuan Zhou'?, Jun Xu?, Hugh J. Maclsaac'?, Robert Michael
McKay?, Runbing Xu?, Ying Pei?, Yuanyan Zi*3, Jiaojiao Li*, Yu
Qian' and Xuexiu Chang>**

'School of Ecology and Environmental Science, Yunnan University, Kunming, China, 2Department
of Ecology and Environment of Yunnan Province, Kunming Ecology and Environment Monitoring
Station, Kunming, China, *Great Lakes Institute for Environmental Research, University of Windsor,

Windsor, ON, Canada, “College of Agronomy and Life Sciences, Kunming University, Kunming,
China

Cyanobacterial harmful algal blooms (cHABs) dominated by Microcystis
aeruginosa threaten the ecological integrity and beneficial uses of lakes
globally. In addition to producing hepatotoxic microcystins (MC), M.
aeruginosa exudates (MaE) contain various compounds with demonstrated
toxicity to aquatic biota. Previously, we found that the ecotoxicity of MakE
differed between MC-producing and MC-free strains at exponential (E-phase)
and stationary (S-phase) growth phases. However, the components in
these exudates and their specific harmful effects were unclear. In this study,
we performed untargeted metabolomics based on liquid chromatography-
mass spectrometry to reveal the constituents in MaE of a MC-producing and
a MC-free strain at both E-phase and S-phase. A total of 409 metabolites
were identified and quantified based on their relative abundance. These
compounds included lipids, organoheterocyclic compounds, organic acid,
benzenoids and organic oxygen compounds. Multivariate analysis revealed
that strains and growth phases significantly influenced the metabolite profile.
The MC-producing strain had greater total metabolites abundance than
the MC-free strain at S-phase, whereas the MC-free strain released higher
concentrations of benzenoids, lipids, organic oxygen, organic nitrogen and
organoheterocyclic compounds than the MC-producing strain at E-phase.
Total metabolites had higher abundance in S-phase than in E- phase in both
strains. Analysis of differential metabolites (DMs) and pathways suggest that
lipids metabolism and biosynthesis of secondary metabolites were more
tightly coupled to growth phases than to strains. Abundance of some toxic
lipids and benzenoids DMs were significantly higher in the MC-free strain
than the MC-producing one. This study builds on the understanding of MaE
chemicals and their biotoxicity, and adds to evidence that non-MC-producing
strains of cyanobacteria may also pose a threat to ecosystem health.
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Introduction

Cyanobacterial harmful algal blooms (cHABs)- often
dominated by Microcystis spp. are increasing in frequency and
severity globally, with further increases predicted coincident with
climate change (Harke et al., 2016; Paerl et al., 2016; Huisman
etal, 2018; Ho etal., 2019). Cyanobacteria are renowned for their
negative impacts on aquatic ecosystems, largely owing to the
noxious and harmful, secondary metabolites that they produce
and release upon cell lysis (Carmichael and Boyer, 2016; Janssen,
2018; Jones et al., 2021). The ecotoxic effects of cHABs directly and
indirectly impact other bacterioplankton, phytoplankton, and
zooplankton (Zhang et al., 2009; Chen et al., 2016; Ger et al., 2016;
Dias et al., 2017; Wang et al., 2017; Wituszynski et al., 2017; Xu
etal., 2019). Toxic effects are also reported in animals and humans
(Carmichael and Boyer, 2016; Papadimitriou et al., 2018; Zi et al.,
2018; Breinlinger et al., 2021; Cai et al., 2022).

While more than 5,000 studies have been published on
production and toxicity of microcystins (MCs; Janssen, 2018),
cyanobacteria also produce a wide range of other organic
compounds that vary in concentration and toxicity (e.g.,
aeruginosin, anabaenopeptin, cyanopeptolin, microginin,
microviridin, aerucyclamide and retinoic acids; Janssen, 2018;
Huang and Zimba, 2019; Yeung et al., 2020). Research on these
other toxic compounds of cyanobacteria has been far more limited
than that on MCs (Ma et al., 2015; Racine et al., 2019; Jones
etal., 2021).

Microcystis strains may be characterized as ‘Microcystin-
producing’ (MC-producing strain) or ‘Microcystin-free’ (MC-free
strain; Davis et al., 2009). It is known that MC-producing strains
often coexist with MC-free strains in nature, and their proportions
change seasonally (Kurmayer and Kutzenberger, 2003; Lorena
et al,, 2004; Hu et al., 2016; Islam and Beardall, 2017; Fernanda
etal,, 2019). Moreover, previous laboratory research suggests that
both MC-producing and MC-free strains can be harmful-eliciting
damage to mitochondrial function by altering the membrane
potential-and that the latter strain may be more toxic than the
former (Xu, 2021). Histopathological observations indicate that
both MC-free and MC-producing Microcystis aeruginosa induce
liver cellular impairments in medaka fish, possibly in association
with toxic metabolites (Manach et al., 2018). However, information
on other toxic metabolites of MC-free strains is lacking.

Microcystis aeruginosa is one of the most common Microcystis
species (Harke et al., 2016). Exudates produced and released by
M. aeruginosa (MaE) have a greater impact on other organisms
than extracts (derived from freeze-thaw treatment or
lyophilization) prepared from cultures. For example, MaE have
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higher, more estrogenic potential than extracts from cells
(Sychrova et al., 2012). The aquatic plant Potamogeton malaianus
was significantly more sensitive to MaE than to extracts (Zheng
etal., 2013). Likewise, compared to extracts, MaE had a stronger
effect on the structure of the biofilm microbial community on
leaves of Vallisneria natans (Jiang et al., 2019). MaE also has
adverse effects on aquatic animals, such as estrogenic effects in
Daphnia magna (Xu et al,, 2019), and embryonic heart failure and
neurotoxicity to early-life stages in fish (Zi et al., 2018; Cai et al,
2022).The synthesis and release of MaE can be influenced by many
factors, including different growth stages. Typical growth phases
of cyanobacteria include lag, exponential, stationary and decline
phases, and toxicity may vary by phase. For example, MaE from
exponential growth phase (E-phase) cultures disrupted
photosynthesis and induced oxidative stress in submerged
macrophytes (Xu et al., 2015), and inhibited growth of green algae
and diatoms much more than MaE from stationary growth phase
(S-phase) cultures (Wang et al., 2017). Notably, MaE obtained
from S-phase cultures had a stronger effect on the mitochondrial
membrane potential of D. magna than that of E-phase (Xu, 2021).

We hypothesize that MaE contains metabolites whose
concentration and toxicity are influenced by strain-type and
culture growth phases. We used untargeted metabolomics based
on liquid chromatography-mass spectrometry (LC-MS) to identify
metabolites coupled with multivariate data analyses to compare
metabolome profiles of MaE of MC-producing and MC-free
strains in cultures at both E-phase and S-phase (Rinschen et al.,
2019; Chen et al., 2020; Zhang et al., 2021). The study was designed
to identify, classify and compare the differential metabolites and
potentially harmful compounds in the E and S-phase MaE of
MC-producing and MC-free strains. We also performed Kyoto
Encyclopedia of Genes and Genomes (KEGG) classification on
these exudates to identify potential biosynthetic pathways.

Materials and methods
Strains cultivation

Microcystis aeruginosa, MC-producing (FACHB-905) and
MC-free (FACHB-526) strains were provided by the Freshwater
Algae Culture Collection of the Institute of Hydrobiology
(FACHB-Collection) at the Chinese Academy of Sciences. The two
strains originated from Dianchi Lake in Kunming and Dong-hu
Lake in Wuhan, respectively. Both Dianchi and Donghu are
eutrophic lakes heavily impacted by cHABs (Liu et al., 2016; Yan
et al,, 2017; Li et al., 2019). Strains were grown in a modified
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HGZ-145 medium at 25+ 1°C at 50 pmol quanta m™2s™', with a
12:12h light-dark cycle, and gently mixed twice daily by hand
(Xu, 2021). Strains were cultured in 1,000 ml of nutrient solution
in 2,000 ml Erlenmeyer flasks with six biological replicates. Initial
inoculation density was 2.0 x 10° cells/ml. One milliliter of each
culture was collected under aseptic conditions daily in order to
develop a growth curve and identify cell growth phase based on
cell density. Culture approaches adopted principles of sterile
technique and routine microscopic examination to verify the low
abundance of heterotrophic microbiome (Fernanda et al., 2019;
Pound et al., 2021).

Experimental design and sample
collection

Microcystis aeruginosa cells were counted daily using a
hemocytometer and an optical microscope (Olympus, BX51,
Japan). E-phase and S-phase cultures of both strains were
harvested on days 3 and 35 for MaE analysis.

To obtain MaE, cultures were clarified by centrifugation at
6,000x g for 10min following which supernatant was filtered
through a 0.22 pm glass fiber filter (MiLiMo separation technology
limited company, Shanghai, China). After filtration, MaE was
flash-frozen using liquid nitrogen, and all samples stored at —80°C
for subsequent metabolomics analysis (Pinu et al, 2018).
We found the cells remained intact under the microscope at two
growth stages, and no turbidity was observed in extracellular
exudate during centrifugation.

Hereafter, we refer to MaE of the MC-producing strain
collected at E- and S-phases as MCE and MCS, respectively, while
that of the MC-free strain are MCFE and MCEFS, respectively.

LC—-MS analysis

To a lyophilized 1ml exudates sample, we added 500 pl
acetonitrile: methanol: H,O (2:2:1, containing isotopically-
labelled internal standard mixture), following which we vortexed
for 305, sonicated for 10 min in an ice-water bath, and incubated
for 1h at —40°C to precipitate proteins. The sample was then
clarified by centrifugation at 10,000 x g for 15min at 4°C. The
quality control (QC) sample was prepared by mixing an equal
aliquot of the supernatants from all the samples. During the
pre-treatment process, samples were added with three
isotopically-labelled internal standards (HPLC purity, Sigma
Aldrich) in each of the positive and negative ion modes for
repeatability and availability.

Supernatant was analyzed by Ultra High Pressure Liquid
Chromatography (UHPLC)-Orbitrap MS (Thermo Fisher
Scientific, MA, USA). UHPLC separation was performed using
ACQUITY UPLC BEH amide column (2.1 mmx 100mm,
1.7 pm). The mobile phase consisted of 25 mmol/l ammonium
acetate and ammonia hydroxide in water (phase A) and
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acetonitrile (phase B). The auto-sampler temperature was 4°C,
and the injection volume was 3 pl. Q Exactive mass spectrometer
(Thermo, Massachusetts, USA) was used to acquire MS/MS
spectra on information-dependent acquisition (IDA) mode in the
control of the acquisition software (Xcalibur, Thermo), and
acquisition from m/z 100 to 1,100. At different collision energy
(10/30/60 NCE), the MS/MS spectra of QC samples were obtained
off the top 10 precursor ions.

Data processing

The acquired raw data were converted to the mzXML format
using ProteoWizard and processed. After raw data pre-processing,
peak detection, extraction, alignment and integration, metabolites
were annotated by an in-house database (Biotree database,
Biotechnology Co., Ltd., Shanghai, China). The database was built
with available commercial standard compounds and existing
public mass spectrometry databases, including HMDB', MoNA*
and METLIN.? Metabolites were identified by strict criteria steps
(Liang et al., 2020; Shen et al., 2020), including comparison of
accurate mass (m/z, 10 ppm), MS/MS spectra similarity score
(considers both fragments and intensities), and isotope
distribution. The identification of compounds met the level land
2 according to the Metabolomics Standards Initiative (Alexandra
et al., 2016; Viant et al., 2017).

Quantitative analysis and relative concentration were
calculated by the internal standard normalization for peak area
method (Sun et al,, 2019). Metabolites were quantified by the
internal standard with the lowest RSD value. Positive and negative
ion mode metabolites were quantitative separately. Retention time
and abundance of internal standard in QC and blank samples
were stable. The data acquisition stability and accuracy of the
method meet the requirements of metabolomic studies
(Supplementary Figure S3; Broadhurst et al., 2018). Metabolite
peaks present in <50% of group samples were removed from the
subsequent analysis, and missing values were imputed with the
minimal peak value of the metabolomics dataset (Sun et al., 2019;
Liu et al., 2021).

Statistical analysis

Student’s t-test was used to compare growth rate of the two
strains. Data were analyzed usingGraphPad Prism 8.0 (GraphPad
Software, Inc., San Diego, CA). Principal component analysis
(PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) were used to visualize the differences between and
within groups. PCA and OPLS-DA were performed using
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SIMCAI14.1 (Sartorius AG, Gottingen, Germany). Differential
metabolites (DMs) were determined by variable importance in
projection (VIP) from the OPLS-DA model and fold change (FC;
VIP score> 1, absolute Log2FC > 1; Wang et al., 2020; Zhang
etal.,, 2021). Hierarchical cluster analysis, Venn and volcano maps
were produced using R version 3.6.3 (pheatmap package,
VennDiagram, ggpubr, ggthemes packages). The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database
(organism-dependent:* M. aeruginosa) was used to search
metabolic pathways. DMs pathways were analyzed according to
the type of KEGG pathway.

4  www.kegg.jp/kegg

10.3389/fmicb.2022.1075621

Results

Growth of MC-producing and MC-free
strains

Growth curves demonstrate that MC-producing and
MC-free strains had the same growth rate and similar cell
density from day 1 to 10 (Figure 1A). The growth rate of the
MC-free strain started to decrease after day 11. By day 35 and
cultures in stationary phase, the MC-producing strain achieved
a greater cell density than the MC-free strain cultures (P<0.05).
Cell density of the MC-producing and MC-free strains at
E-phase (day 3) were 4.12x 10° cells/mL and 4.11 x 10° cells/mL,
respectively, and 3.42x 107 cells/mL and 1.87 x 107 cells/mL at
S-phase (day 35).

FIGURE 1
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Metabolite classification and profiling

In total, 409 metabolites were identified among the four MaE
groups. These metabolites were grouped into 14 categories at the
superclass level with Chemical Taxonomy of HMDB (Figure 1A),
mainly including lipids, organoheterocyclic compounds, organic
acid, benzenoids, organic oxygen, phenylpropanoids, organic
nitrogen, alkaloids, nucleosides, hydrocarbons, organosulfur,
lignans, organohalogen

compounds and homogeneous

non-metals. Detailed information on these metabolites is
highlighted in Supplementary Table S1.

The majority (339) of these compounds overlapped in the four
groups, indicating that 83% of the metabolites were common
(Figure 1B). The relative concentrations of metabolites in MaE in
the four groups are presented in Table 1. In terms of total
metabolite relative concentrations, the MC-free strain was 10.9%
higher than that of the MC-producing strain at E-phase. The
accumulation of some metabolites such as benzenoids,
hydrocarbons, lipids, nucleosides, organic oxygen and
organoheterocyclic compounds were higher in the MC-free strain
than in the MC-producing strain at E-phase. However, at S-phase,
total metabolites of the MC-producing strain were 24.7% higher
than that of the MC-free strain, mainly owing to the higher
content of lipids, organic acids, organic oxygen and
organoheterocyclic compounds. Total metabolites relative
concentration of MaE was higher in S-phase than in E-phase in
both strains.

We identified 50 pathways in the KEGG database for the 409
MaE metabolites in the four groups (Figure 2). These metabolites
were involved in lipid pathways (such as metabolism of
glycerophospholipid, glycerolipid, fatty acid, biosynthesis of
unsaturated fatty acids), carbohydrate metabolism (such as

pentose phosphate pathway, starch and sucrose metabolism,

TABLE 1 Relative concentration of metabolites in MaE.

Relative concentration index

Biochemical

categories MCE  MCFE  MCS  MCFS
Alkaloids 8.38 6.77 8.59 9.36
Benzenoids 342 35.82 44.98 48.58
Hydrocarbons 0.27 0.3 0.29 0.27
Lignans 0.59x107* 0.45x107* 0.072 0.023
Lipids 252 29.07 67.47 45.56
Nucleosides 0.02 0.05 22 0.79
Organic acids 6.99 6.81 19.64 11.89
Organic nitrogen 1.69 1.8 2.54 1.77
Organic oxygen 38.55 48 47.18 40.73
Organoheterocyclic 7.88 8.19 2245 14.31
Organosulfur 0.019 0.017 0.21 0.024
Phenylpropanoids 1.13 1.09 2.96 2.01
Total 124.3 137.9 218.6 175.3

MCE, MC-producing strain at exponential phase; MCFE, MC-free strain at exponential
phase; MCS, MC-producing strain at stationary phase; MCFS, MC-free strain at
stationary phase.
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citrate cycle), amino acid synthesis (such as histidine metabolism,
glycine, serine and threonine metabolism, phenylalanine, tyrosine
and tryptophan biosynthesis, valine, leucine and isoleucine
biosynthesis, arginine and proline metabolism), and secondary
metabolites pathways (such as benzoate degradation via CoA
ligation, folate biosynthesis, carotenoid biosynthesis, terpenoid
backbone biosynthesis, nicotinate and nicotinamide metabolism,
cyanoamino acid metabolism).

Multivariate statistical analysis of
metabolites

Principal component analysis (PCA) of metabolites from
different strains and growth phases revealed that the first and
second principal components PC [1] and PC [2] explained 34.3
and 15.2% of total variation, respectively (Figure 3A). PCA results
demonstrated that metabolites of the two strains overlapped
almost completely during E-phase, but were clearly separated
during S-phase, indicating metabolic shifts during growth in both
strains. Variation between replicates was greater for S-phase
cultures than that observed with E-phase cultures.

Hierarchical cluster analysis (HCA) revealed differences in
metabolite profiling between strains and growth phases (Figure 3B).
Regardless of strain, metabolites from E-phase and S-phase clustered
together, indicating greater homogeneity among growth phases than
among strains. Further, most metabolites exhibited higher relative
concentrations in stationary than exponential growth phase.

The orthogonal partial least squares discriminant analysis
(OPLS-DA) was performed to reveal the differential metabolites
(DMs) for the different strains at the same phase and the same
strain at different phases (Supplementary Figure S1). Values of R*Y
and Q* from the permutation test for the OPLS-DA model were
higher than their original values, indicating good quality of each
supervised model without overfitting (Supplementary Figure S2).

Differential metabolites identification
and analysis

DMs of different strains in the same growth
phase

There were 10 DMs in exponential cultures MCFE vs. MCE
(5 each up-regulated and down-regulated, Figure 4A), and 38
DMs in stationary cultures MCES vs. MCS (10 up-regulated and
28 down-regulated, Figure 4B). Thus, the total number of DMs at
exponential phase was much less than that at stationary phase.
Four DMs of different strains at same growth phase overlapped,
including 7-ketocholesterol, choline, sinapyl alcohol and
[8]-Dehydrogingerdione. 7-ketocholesterol and sinapyl alcohol
in the MC-free strain were significantly higher than those of the
MC-producing strain at both growth phases.

DMs with similar variation trends in concentration were
positioned closer together on the HCA heat map (Figure 5). In
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FIGURE 2
Bubble diagram showing KEGG pathway annotation covered by 409 metabolites. The x-axis indicates the scale of the “Rich factor” (the ratio of the
number of metabolites in the corresponding pathway to the total metabolites annotated by the pathway detection) of the pathway in topological
analysis, while the y-axis presents individual pathways. The color of the bubble indicates the p value of enrichment analysis with darker colors
having a lower p value and greater enrichment. Size of the bubble is proportional to the number of metabolites in this pathway.

terms of clustering between groups, the similarity of the two
strains in E-phase was greater than that in S-phase. Relative
concentration of most DMs in stationary phase was higher than
that in E-phase for both strains.

DMs of same strain in different growth phases
There were 50 DMs in MCS vs. MCE (45 up-regulated and 5
down-regulated, Figure 4C), and 36 DMs in MCEFS vs. MCFE (33
up-regulated and 3 down-regulated, Figure 4D). The total number
of DMs of the MC-producing strain were greater than those of the
MC-free strain. Growth phase significantly affected metabolites, as
most lipids, organoheterocyclic compounds, benzenoids, organic
acids, phenylpropanoids and nucleosides were significantly
up-regulated in the S-phase. Secondary metabolites, such as
flavonoids, phenylpropanoids, benzene and substituted derivatives,
indoles and lactones were significantly up-regulated in S-phase
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cultures. Nine DMs overlapped and displayed the same change
trend, that was up-regulated during the S-phase for both strains,
including 1,3,5-trihydroxybenzene, 2-hydroxyethanesulfonate,
3-hydroxyanthranilic acid, adenine, adenosine, kynurenic acid,
mesna, pyrrole-2-carboxylic acid and sinapyl alcohol. We putatively
identify these overlapped metabolites as key growth phase-related
metabolites of M. aeruginosa. Detailed information on DMs is
provided in Supplementary Table S2.

Metabolic pathway analysis of DMs

DMs pathway of different strains in the same
growth phase

Differential metabolites were linked to metabolic pathways
in the KEGG database. In the MCFE vs. MCE group, DMs
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FIGURE 3

Principal component analysis (PCA) of metabolic profiles in all
samples, with six replicates per treatment (A); Cluster heatmap of
metabolite content in different samples (B). The x-axis represents
six replicate cultures of each of the four treatment groups, the
y-axis represents individual metabolites of the groups. Color
blocks represent the relative concentration of metabolites at the
corresponding positions. MCE, MC-producing strain at
exponential phase; MCFE, MC-free strain at exponential phase;
MCS, MC-producing strain at stationary phase; MCFS, MC-free
strain at stationary phase.

mapped to six pathways (Figure 6A), including biosynthesis of

secondary metabolites, glycine, serine and threonine
metabolism, glycerophospholipid metabolism, ABC transporters
and aromatic amino acid biosynthesis. In the MCFS vs. MCS
comparison, DMs were mapped to 13 pathways (Figure 6B),
including pyrimidine metabolism, purine metabolism, lipids and
amino acid metabolisms, and benzoate degradation via

CoA ligation.

DMs pathway of same strain in the different
growth phases

In the MCS vs. MCE group, DMs mapped into 22 pathways
(Figure 6C), including biosynthesis of secondary metabolites,
amino acid metabolism, pyrimidine and purine metabolism and
lipid metabolites. In the MCFS vs. MCFE group, the DMs were
mapped to 11 pathways (Figure 6D), including biosynthesis of
secondary metabolites, amino acid metabolism, purine
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metabolism, folate biosynthesis, lipid metabolism and benzoate
degradation via CoA ligation.

At different growth phases, the MC-producing strain had 11
more DMs pathways than the MC-free strain. These pathways
were mainly involved in lipids and amino acid metabolism. To
further highlight the changes in the metabolic pathway induced
during growth stage and strain, a metabolic pathway map was
generated based on the DMs (Figure 7). DMs pathways were
mainly focused on lipids biosynthesis and their downstream
pathways, biosynthesis of secondary metabolites, and amino acids
biosynthesis pathways.

Discussion

Cyanobacteria produce many more potentially harmful
metabolites aside from the classic toxins such as microcystins
(Huang and Zimba, 2019; Ferreira et al., 2021). In this study,
we found that exudate mixtures of M. aeruginosa contain a large
number of lipids, organoheterocyclics, organic acids, benzenoids,
organic oxygen compounds, phenylpropanoids and organic
nitrogen metabolites. Amongst lipid and organoheterocyclics
compounds detected were a number whose toxicologic effects
have been established (Table 2). Some organic oxygen
compounds, such as carbonyl compounds and ethers, are also
toxic. For example, carbonyl compounds were potential
mutagens and carcinogens (Vilma et al., 2006), and ethers had
antibacterial activity and neurotoxic characteristics (Suyama
et al., 2010). Alkaloids (harmala and tropane alkaloids) have
pharmacological and therapeutic effective (Moloudizargari et al.,
2013; Kathrin and Oliver, 2019). Zi et al. (2022) screened nine
neurotoxic compounds, including lysoPC (16:0), 2-acetyl-1-
alkyl-sn-glycero-3phosphocholine, egonol glucoside,
polyoxyethylene monoricinoleate, and phytosphingosin from
MaE by using machine learning and molecular docking
methods. Toxic effects of MaE on organisms are likely to result
from the combined effect of these mixtures (Dias et al., 2017;
Manach et al., 2018).

We observed an orchestrated elevation of some differential
metabolites (DMs) in a MC-free strain compared with a
MC-producing strain, including 7-ketocholesterol, sinapyl
alcohol, myristoleic acid and diethyl phthalic acid. Xu (2021)
revealed that MaE was toxic to mitochondrial membranes in
D. magna, and the MC-free strain was more toxic to
mitochondrial membrane than a MC-producing strain, and
toxicity effects were stronger in S-phase than E-phase cultures.
Additionally, metabolic pathways associated with benzenoids
(e.g.,
degradation via CoA ligation) were significantly up-regulated
in the MC-free strain (Table 1; Figure 7). We suspect that these
chemicals in the MC-free strain are linked to mitochondrial

biosynthesis phenylalaine  biosynthesis,benzoate

membrane damage. 7-Ketocholesterol can activate apoptosis,
autophagy and induced mitochondrial damage (Gabriella et al.,
2006; Lee et al,, 2007; Ghzaiel et al., 2021), in turn causing

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1075621
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhou et al.

10.3389/fmicb.2022.1075621

MCFS vs MCS
8 : : °
i
6 i
o
'; : ® Down
S 47 P Not
rie e Up
o0 o0 4 °
Y
2 ° T °
° °
A o Ov’} _________________ )
0 2
T T T
-10 0 10
log2FC
MCFS vs MCFE
10.0 : : °
L
757 |
P ® Down
- 1 1@
50 i ee Not
‘u :‘ [ ) e Up
- ‘ :. (_J
25 ., . 0o °
e
i imm e .I"l’ .- _.
0.0 L
T T T T
-5 0 5 10
log2FC

MCFE vs MCE
T a
o
9 i %
0; : °
o 64 v ® Down
S 1 1 Not
» o Up
31 P
log2FC
c g
MCS vs MCE
6 P i%
)
V! L
[
4 a
a e % ® Dowry
S L Not S
; °
° ’.. ... e Up
2+ it o ®
dleye g
K 1P Q%0
i
0 .
T T T T T
-10 -5 0 10 15
log2FC

FIGURE 4

Differential metabolites in pairwise comparison among four MaE groups: volcano plots of differential metabolites in MCFE vs. MCE (A); MCFS vs.
MCS (B); MCS vs. MCE (C); MCFS vs. MCFE (D). MCE, MC-producing strain at exponential phase; MCFE, MC-free strain at exponential phase; MCS,
MC-producing strain at stationary phase; MCFS, MC-free strain at stationary phase.

cellular damage via multiple stress-response pathways
(Anderson et al., 2020). Sinapyl alcohol exhibited significant
cytotoxic activities against human tumor cell lines (Zou et al,,
2006; Lee et al., 2015). Myristoleic acid as one of the cytotoxic
components, induces mixed cell death of apoptosis and necrosis
in LNCaP cells (Kazuhiro et al., 2001). Diethyl phthalic acid
belongs to the group of phthalates which are widely applied as
plasticizers and solvents in the chemical industry. Phthalates
can be endocrine disrupting chemicals and they exhibit both
toxicity and bioaccumulation (Sun et al., 2012). Phthalates are
also produced by marine algae, with abundance varying among
species (Chen, 2004; Namikoshi et al., 2006).

Despite the same culture conditions and initial cells density,
MC-producing cultures accumulated more cells and higher
concentrations of most primary and secondary metabolites than
the MC-free cultures at S-phase (Table 1). Compared to the
E-phase, both strains in S-phase had higher numbers and
(DMs) of lipid,
organoheterocyclic compounds and benzenoids compounds,

abundance of differential metabolites

indicating that growth phase significantly affects metabolites
more than strain type. The dynamic accumulation of metabolites
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is largely determined by growth processes, as is variation in
secondary metabolites (Zhang et al., 2021; Guo et al., 2022).
Results of the analysis of DMs and pathways suggest that lipid
metabolism and biosynthesis of some amino acids correlate
more closely with growth phase than by strain (Figure 6),
suggesting that some secondary metabolites—such as alkaloids,
sulfide and benzenoids derived from tyrosine metabolism,
taurine and hypotaurine metabolism and phenylalaine
metabolism, respectively—accumulated during the S-phase
(Tiago et al., 2017; Cao et al.,, 2020). An understanding of the
metabolites accumulated in MaE and the dynamic changes in
metabolites during exponential and stationary growth phases is
essential for assessing the toxicity of compounds and would also
provide a basis for subsequent research on M. aeruginosa of
MC-producing and MC-free strains. Microcystis colony
formations and other ecological factors, could differ between
laboratory and field conditions (Xiao et al., 2018), thus
we propose further attention be given to cyanobacterial
compounds in relation to biotic and abiotic factors in the field.
At the same time, we propose that water quality monitoring
guidance consider the different growth stages that may occur in
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cyanobacterial blooms as well as potential ecological risks
associated with MC-free strains and the toxic compounds that
they produce.

Conclusion

Microcystis aeruginosa exudates (MaE) contain a large
number of lipids, organoheterocyclics compounds, organic
acids, benzenoids, organic oxygen compounds,
phenylpropanoids and organic nitrogen metabolites. Clear
distinctions existed between metabolites of different growth

phases, which clearly exceeded differences amongst strains.
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Some metabolites such as benzenoids, lipids, organic oxygen
and organoheterocyclic compounds were higher in the
MC-free strain than the MC-producing strain at E-phase. The
MC-producing strain reached higher cell density and
accumulated more total metabolites than the MC-free strain
at S-phase. Some metabolites with known cytotoxicity,
apoptosis-inducing effects, neurotoxicity and reproductive
toxicity were detected in both strains. This study expands
awareness of the metabolites and toxicity of M. aeruginosa at
different growth phases and across strains, and adds to
growing recognition that cyanobacteria can produce
numerous compounds with potentially harmful effects on
aquatic life.
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TABLE 2 Main compounds identified and their toxicologic effects.

Name Target Toxicity type Mode of action References

Pelargonic acid Broadleaf and grass weeds Growth inhibition - Webber and Shrefler (2006)

Goyaglycoside Cancer cells Cytotoxicity - Wang et al. (2012)

Phloroglucinol Pathogenic fungi, bacteria Growth inhibition - Haas and Keel (2003); Abdel-
Ghany et al. (2016)

Geranic acid Phytopathogen Antifungal - Mi et al. (2014)

Gingerol Mammary carcinoma Growth inhibition Apoptosis Bernard et al. (2017)

Phyto-sphingosine Watermelon Fusarium oxysporum  Growth inhibition -

CNE-2 cells

Li et al. (2020)

Cytotoxicity Mitochondria-mediated apoptosis Li et al. (2022)
3-Amino-1,4-dimethyl-5H-

pyrido[4,3-b] indole

Rat Splenocytes Cytotoxicity Apoptosis and Necrosis Hashimoto et al. (2004)

Nicotine Nerve, blood vessel Neurotoxicity, atherosclerotic = Autonomic imbalance, endothelial Adamopoulos et al. (2008)
lesions dysfunction and coronary blood flow
dysregulation
3-Hydro-xyanthranilic acid ~ THP-1 and U937 cells Apoptosis Morita et al. (2001)
Palmitic acid Multiple myeloma cells Growth inhibition Apoptosis Nagata et al. (2015)
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Lake Erie is subject to recurring events of cyanobacterial harmful algal blooms
(cHABs), but measures of nutrients and total phytoplankton biomass seem to
be poor predictors of cHABs when taken individually. A more integrated approach at
the watershed scale may improve our understanding of the conditions that lead to
bloom formation, such as assessing the physico-chemical and biological factors that
influence the lake microbial community, as well as identifying the linkages between
Lake Erie and the surrounding watershed. Within the scope of the Government of
Canada’s Genomics Research and Development Initiative (GRDI) Ecobiomics project,
we used high-throughput sequencing of the 16S rRNA gene to characterize the
spatio-temporal variability of the aquatic microbiome in the Thames River—Lake St.
Clair-Detroit River—Lake Erie aquatic corridor. We found that the aquatic microbiome
was structured along the flow path and influenced mainly by higher nutrient
concentrations in the Thames River, and higher temperature and pH downstream in
Lake St. Clair and Lake Erie. The same dominant bacterial phyla were detected along
the water continuum, changing only in relative abundance. At finer taxonomical level,
however, there was a clear shift in the cyanobacterial community, with Planktothrix
dominating in the Thames River and Microcystis and Synechococcus in Lake St. Clair
and Lake Erie. Mantel correlations highlighted the importance of geographic distance
in shaping the microbial community structure. The fact that a high proportion of
microbial sequences found in the Western Basin of Lake Erie were also identified
in the Thames River, indicated a high degree of connectivity and dispersal within
the system, where mass effect induced by passive transport play an important role
in microbial community assembly. Nevertheless, some cyanobacterial amplicon
sequence variants (ASVs) related to Microcystis, representing less than 0.1% of relative
abundance in the upstream Thames River, became dominant in Lake St. Clair and Erie,
suggesting selection of those ASVs based on the lake conditions. Their extremely low
relative abundances in the Thames suggest additional sources are likely to contribute
to the rapid development of summer and fall blooms in the Western Basin of Lake
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Erie. Collectively, these results, which can be applied to other watersheds, improve
our understanding of the factors influencing aquatic microbial community assembly
and provide new perspectives on how to better understand the occurrence of cHABs
in Lake Erie and elsewhere.

aquatic microbiome, cyanobacteria, Lake Erie watershed, harmful algal blooms, genetic

connectivity

1. Introduction

Cyanobacterial harmful algal blooms (cHABs) represent a major
threat to waterbodies worldwide and are increasing in frequency,
magnitude, and duration (Taranu et al., 2015; Huisman et al., 2018; Ho
etal, 2019). cHABs are a major concern for lake management because,
beside greatly impairing water quality for recreational and fisheries
purposes, compromising the safety of drinking water, they can also
produce toxins and secondary metabolites (Paerl and Otten, 2013) that
may cause fatalities or serious health issues for humans and animals in
contact with the contaminated water (Carmichael, 2001; Martinez
Hernandez et al., 2009; Backer et al., 2013). Therefore, identifying the
principal factors that cause and mitigate cHABs is a high priority need
for assessing ecosystems current and future health.

Nutrient loads, especially phosphorus (P), have been identified as
the main cause of cyanobacterial blooms in most inland waters
(Downing et al., 2001; Stumpf et al., 2012; Michalak et al., 2013; Scavia
et al.,, 2014). However, there is increasing evidence that abiotic factors
alone do not explain and predict the occurrence of cHABs (Paerl et al.,
2016; Woodhouse et al,, 2016). Indeed, a decrease in external P loading
to impaired waterbodies does not always result in the disappearance of
cHABs, and often results in hysteresis with recurrent outbreaks of these
blooms (Berthold and Campbell, 2021). Intense eutrophication often
results in a regime shift and legacy of nutrient-rich sediments, which can
act as an internal source and continue to fuel blooms despite efforts to
reduce external loading (Matisoff et al., 2016). Nutrient stoichiometry
(e.g., N:P) can also plays a role in bloom size, composition and toxin
content, and low N:P ratios in eutrophic lakes have been associated with
increased toxin concentration in blooms (Zastepa et al., 2017). While
the idea of dual nutrient management is gaining traction (Paerl et al.,
2016), a recent provocative claim that P-only management will lead to
more toxin production (Hellweger et al., 2022), has been challenged for
not taking into account in situ lake processes and responses of
phytoplankton communities (Huisman et al., 2022; Stow et al., 2022).

Lake Erie has experienced multiple cHAB events during the last few
decades and still suffers from human impact despite the implementation
of remediation action plans (Watson et al., 2016). Severe eutrophication
of Lake Erie dates back to the 1950s, and the lake experienced major
lake-wide blooms in the 1960s and 1970s (Allinger and Reavie, 2013).
These were dominated by eukaryotic algae (notably diatoms,
chlorophytes, with  N-fixing
(Aphanizomenon and Dolichospermum) and non N-fixing cyanobacteria

and dinoflagellates) together
(notably Planktothrix, Microcystis, and Pseudanabaena; Munawar et al.,
2008; Allinger and Reavie, 2013). High external point-source inputs of
P were identified as the primary cause of these events, and in 1972, a
binational effort was established under the Canada-USA Great Lakes
Water Quality Agreement (GLWQA), which successfully reduced
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loading to meet phosphorus reduction targets and resulted in a
significant decline in Lake Erie blooms (Scavia et al., 2014). However,
since the mid 1990’, there has been a significant increase in diffuse
loading - notably of highly bioavailable forms of P and N. Furthermore,
lake-wide colonization by dreissenid mussels has, despite increasing
water transparency, radically altered the nearshore-offshore nutrient
exchange by excreting and enhancing P input directly around the
substrate they colonized (Watson et al., 2016). These factors have been
linked with a resurgence of blooms, and shift in dominance toward
toxin-producing ¢cHABs - notably, species of non-diazotrophic
Microcystis and Planktothrix (Davis et al., 2014; Harke et al., 2016;
Davenport et al., 2019), and diazotrophs such as Dolichospermum
(Michalak et al., 2013). However, modeling and forecasting still lead to
substantial uncertainties related to cHABS extent and variability in Lake
Erie (Obenour et al., 2014), which suggests that the functioning of the
ecosystem as a whole is not well understood and that an integrated
approach is needed to understand how the lake ecosystem will respond
to future changes.

The ‘lake as a microcosm’ (Forbes, 1887) is a fundamental concept
in limnology, which contributes to our understanding of in-lake
biological and physico-chemical interactions. However, this is an overly
simplistic representation of lakes (and many other waterbodies), which
are in fact integrated within watersheds and are thus influenced by large-
scale processes such as climate perturbations (Adrian et al., 2009),
hydrology (Martin and Soranno, 2006), and land-use allocation (Walsh
etal., 2003). The connection between the lake and watershed processes
means that management action on land and/or in tributaries will have
repercussions on the downstream lake ecosystem. For example, nutrient
loads from Lake Erie’s watershed directly and indirectly impact in-lake
nutrient concentrations (Maccoux et al., 2016), that have the potential
to support cHABs (Guo et al., 2021). However, the role(s) of microbial
communities in mediating drainage inputs - and how they affect
downstream events of cHAB - are poorly understood. Therefore, there
is a need to assess the spatio-temporal variability of the aquatic microbial
communities (i.e., aquatic microbiome) within the Lake Erie watershed
in order to better understand the biological and ecological contexts
underlying cHAB occurrences. Additionally, the role of the co-occurring
microbes is often overlooked when studying cHABs (Mou et al., 2013;
Pound et al., 2021), despite their key involvement in carbon and nutrient
cycling (Falkowski et al., 2008), and in bloom and toxin degradation
(Shao et al., 2014; Dziga et al., 2019; Salter et al., 2021).

In this study, we took an integrated approach and used high-
throughput sequencing of the 16S rRNA gene to characterize spatio-
temporal variation of the aquatic microbiome in Lake Erie and its
connectivity with watershed components from the upstream Huron-
Erie corridor, focusing on the Canadian side. We also examined the
structure of the cyanobacterial community to gain insight on the
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factors influencing the development of cHABs. Watershed integration
involved sampling the Thames River, Lake St. Clair, Detroit River, and
Lake Erie, which altogether represent a more than 500km long
hydrological continuum spanning a strong environmental gradient,
reflecting land wuse. The Thames River transports elevated
concentrations of nutrients, draining 6,000 km? of agricultural land
in southwestern Ontario (Leach, 1980). Amongst Canadian tributaries
to Lake St. Clair and Lake Erie, the Thames has the highest discharge
and is the largest contributor of P (Maccoux et al., 2016; Kao et al.,
2022). With this framework, we aim to uncover the spatial and
environmental factors shaping the microbial community within Lake
Erie watershed, and assess the role of selection or dispersion and
passive transport of cells from upstream to downstream.
We hypothesized that, despite the extended geographic distance and
gradient in environmental variables, upstream watershed input can
be an important source of recruitment for Lake Erie’s microbial and
cyanobacterial communities.

2. Methods

2.1. Study sites and physicochemical
variables

A total of 285 water samples (93 in the Upper Thames River, 47 in
the Lower Thames, 70 in Lake St. Clair, 14 in the Detroit River, and 61 in
Lake Erie) were collected between January 2016 and October 2019
(sampling frequency detailed in Supplementary Table S1). Samples were
taken repeatedly at the same sites over the years and seasons
encompassing different systems defined as the Upper and Lower Thames
River, Lake St. Clair, Detroit River, and the Western, Central and Eastern
basins of Lake Erie (Figure 1). Surface samples were collected in
triplicate using a Niskin bottle in a rosette configuration for Lake Erie,
a Van Dorn bottle for Lake St. Clair and the Detroit River, and from the
shore or from a bridge with a pole holding sterile bottles for the Thames
River. All samples were kept in a cooler on ice and filtered within 24h
on board the Canadian Coast Guard Ship (CCGS) Limnos for Lake Erie
and in the lab for the other systems. Temperature (Temp), specific
conductivity (Cond), pH, and dissolved oxygen (DO) were measured at
each site with a SBE 25plus Sealogger (Seabird) on board the CCGS
Limnos, and with a Quatro Pro (YSI Inc.) in Lake St. Clair, Detroit and
Thames Rivers. Water samples for total phosphorus (TP), total dissolved
phosphorus (TDP), total nitrogen (TN), total dissolved nitrogen (TDN),
and particulate organic carbon (POC), were submitted to Environment
and Climate Change Canada’s National Laboratory for Analytical
Testing (NLET, Burlington, Ontario) and prepared following their
Standard Operating Procedures for filtration and preservation.
Chlorophyll a  (chla)
spectrophotometrically after extraction in acetone following the NLET
method (NLET, 1997; Table 1).

Estimates of mean daily discharge from 2016 to 2019 were calculated

concentrations  were  determined

from data available from the Water Survey of Canada' for the Thames
River and from the U.S. National Water Information System?” for the
Maumee, Sandusky, St. Clair, and Detroit Rivers.

1 https://wateroffice.ec.gc.ca/
2 https://waterdata.usgs.gov/nwis
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2.2. DNA sampling and amplicon sequencing
processing

From 250 to 300ml of water for DNA extraction was filtered in
triplicate through 0.2 pm Polyethersulfone filters (Fisher Scientific) and
stored at —80°C until further processing. All genomic procedures were
carried out following a standard approach for genomic research
conducted by the government of Canada (Edge et al., 2020). DNA was
extracted using the Qiagen DNAEasy PowerSoil DNA isolation Kkits
following instructions from the manufacturer. The V4-V5 hyper-
variable regions of the 16S rRNA gene were amplified with primers 515F
(GTGCCAGCMGCCGCGGTAA) and 926R
(CCGYCAATTYMTTTRAGTTT). Libraries were prepared in the
Energy, Mining and Environment Biotechnology Research Center of the
National Research Council of Canada (Montreal, Quebec). All triplicate
samples were sequenced on an Illumina MiSeq platform at the National
Research Council (Saskatoon, Saskatchewan). The 16S rRNA gene
sequences were analyzed in R Core Team (2018) following the dada2
pipeline (Callahan et al., 2016), using the high-performance computing
environment of Shared Services Canada in Dorval, Quebec (Edge et al.,
2020). First, non-biological sequences of the primers were removed with
cutadapt (Martin, 2012). Then, for each sequencing plate, raw read
quality profiles were assessed and the low-quality bases at the end of the
read were trimmed with a truncQ score of 11, as suggested for large
datasets. Sequences with a maximum expected error (maxEE) greater
than 2 were removed and high-quality sequences were merged in an
amplicon sequence variant (ASV) table. Chimeras were removed with
the ‘removeBimeraDenovo’ command and taxonomy was assigned with
the Silva database version 128 released in 2016 (Yilmaz et al., 2014).
Additionally, a Barcode of Life Data System (BOLD) reference database
that was developed using sequences of cyanobacterial and algal cultures,
was used to classify sequences belonging to the Cyanobacteria phylum
(Ivanova et al., 2019). Sequences corresponding to Archaea,
Chloroplasts, and Eukaryotes were removed from the ASV table and
identical sequences that only varied in length were collapsed with the
‘collapseNoMismatch’ command in dada2. The ASV table was rarefied
a hundred times at 10,000 reads per sample with the ‘rarefy_even_depth’
command available in the package phyloseq version 1.36.0 (McMurdie
and Holmes, 2013), and the average read counts of the 100 tables was
used for downstream analyses. This process discarded 383 ASV's out of
68,230 and 50 samples, which when taking into account the number of
samples that were collected and sequenced in triplicate, represented a
loss of only 9 biological samples.

2.3. Statistical analyses

Dispersion plots for visualizing variation across systems, seasons,
and years were generated with the ‘betadisper’ function available in the
R package vegan version 2.6.2 (Oksanen et al., 2019). Non metric
multidimensional scaling (NMDS) was generated using the command
‘metaM DS’ available in the R package vegan (Oksanen et al., 2019) and
based on Bray-Curtis distances on the squared-root ASV table. To
examine how environmental variables correlated with the community
ordination, we selected the environmental variables measured in all
systems (i.e., Cond, pH, temperature, TP, TDP, TN, TDN, POC, and
chla) based on the following: a matrix of Spearman correlations among
all environmental variables was calculated and those with high
correlation (p>0.8 and p <0.01) with more than one other variable were
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FIGURE 1
Location of the sampling sites colored by systems (Upper and Lower Thames Rivers, Lake St. Clair, Detroit River and Lake Erie). Map created with R using
the open-access databases “worldHires” (https://www.evl.uic.edu/pape/data/WDB/) and river line downloaded from the Government of Canada Open Data
Portal (http://open.canada.ca/en/open-data) and the National Weather service (https://www.weather.gov/gis/Rivers). Estimates of mean daily discharge
from 2016 to 2019 were calculated from data available from the Water Survey of Canada (https://wateroffice.ec.gc.ca/) for the Thames River and from the
U.S. National Water Information System (https://waterdata.usgs.gov/nwis) for the Maumee and Sandusky Rivers. Estimates of mean TP loads from 2016 to
2019 were calculated from the data available from ErieStat (https://www.blueaccounting.org/).

removed. Hence, TDP and TN were removed for downstream analyses.
The remaining environmental variables were projected onto the NMDS
ordination using envfit function available in package vegan (Oksanen
etal., 2019). Significant differences in microbial community composition
as a function of the system sampled or the season were tested with
PERMANOVA (Adonis with
999 permutations.

function in package vegan)

Mantel correlations were used to assess correlations between
geographic distances and structure of the microbial and cyanobacterial
communities. Community matrices were first Hellinger transformed
with the decostand command in vegan and then detrended (Borcard
et al., 2018). Distances between each sampling site coordinate were
calculated with the ‘pointDistance’ function available in R package
raster version 3.6.3 (Hijmans, 2020) while accounting for the flow
direction (from the most upstream to the most downstream site).
Additionally, a variation partitioning analysis was employed to
disentangle the proportion of variation observed in the microbial
community that was due solely to environmental variables or spatial
variability. This analysis was performed using the ‘varpart’ function
and by transforming geographic coordinates into principal coordinates
of neighbor matrices (PCNM) with the ‘pcnmy’ function (both are
available in the R package vegan; Oksanen et al., 2019). PCNM allows
for the detection of any type of spatial patterns and is not restricted to
linear ones (Borcard and Legendre, 2002). For this analysis, only
environmental variables that were measured in all systems were used
(Cond, pH, temperature, TP, TDP, and TDN), and samples containing
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missing data were removed (Table 1). All environmental variables and
PCNMs were selected with the forward.sel function in the adespatial
version 0.3.19 package (Dray et al., 2018) prior to being included in
the variation partitioning analysis. Consequently, the analysis was
performed on 231 samples (85 from the Upper Thames, 40 from the
Lower Thames, 38 from Lake St. Clair, 12 from Detroit River, and 56
from Lake Erie).

Stacked bar plots of the microbial and cyanobacterial community
composition, merged as a function of the system to improve plot clarity,
were drawn with ggplot2 version 3.3.6 (Wickham, 2016). Sparse
Correlations for Compositional data (SparCC) at the phylum level
between the relative abundance of cyanobacterial and the most
abundant bacterial groups, were produced with the sparcc command in
the package SpiecEasi version 1.1.2 (Kurtz et al., 2022). Shared taxa
across seasons and systems were represented with and upset plot from
the UpSetR package version 1.4.0 (Gehlenborg, 2019).

A phylogenetic analysis of the 15 most abundant cyanobacterial
ASVs was performed with sequences from the BOLD database (Ivanova
et al, 2019) and from GenBank release 239 (Benson et al., 2018). Two
Escherichia coli 16S sequences were used as outgroup (accession
number HG917881 and HF584705). Sequences were first aligned with
MUSCLE algorithm available in the software megall. The best
molecular model was tested with mega and a consensus neighbor-
joining tree was then built, based on 1,000 trees, with associated
bootstrap values using the best fit model Kimura 2 with
gamma parameter.
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TABLE 1 Average (SD in brackets) of the environmental variables for each ecosystem and across seasons: pH, temperature (Temp), dissolved oxygen (DO),
conductivity (Cond), total phosphorus (TP), total dissolved phosphorus (TDP), total nitrogen (TN), total dissolved nitrogen (TDN), chlorophyll a (Chla).

Season pH Chla Cond TP TDP
(pgL™) (uSecm) (pgL™) (ngL™)
Upper Winter 82(02)  29(18) 1.9 (1.1) 479 (168) 151 (144) 112 (103) 9(1.8)
Thames Spring 82(02) | 12.3(7.3) 18.7 (7.8) 593 (115) 93 (38) 51 (30) 7.9 (1) 7.4 (1.7)
Summer 83(0.3)  21.2(27) 11.6 (20.9) 707 (113) 90 (60) 49 (32) 49(22) 5.5(2.5)
Fall 83(0.3)  152(2.5) 100.1 (203) 679 (137) 159 (136) 41(27) 53(1.2) 4.5 (1.6)
Lower Winter 82(0.1)  25(1.9) 1.1 (0) 576 (86) 188 (99) 88 (26) 7.9 (0.8)
Thames Spring 82(0.3) | 15.1(6.7) 48.7 (41.7) 589 (110) 242 (174) 66 (50) 7.4(0.3) 6.1(1)
Summer 8.1(0.3)  233(24) 7.6 (7.5) 676 (108) 127 (91) 44 (27) 49(1.2) 4.1(13)
Fall 8.4(0.3) 15.9 (3) 16.6 (7.8) 696 (61) 103 (36) 32(17) 3.8 (0.6) 3.4(0.8)
Lake St. Clair ~ Winter ® ® ® ® ® ® ® ® ®
Spring 82(0.3)  19.6 (2.6) 9.9 (=) 15.3 (18.4) 356 (157) 57 (65) 23 (37) 2.7 (2.6) 2.6 (2.5)
Summer 8.5(0.4)  232(26) 7(L.1) 10.5 (8.5) 326 (156) 40 (26) 10 (14) 1.3 (14) 1.1(1.3)
Fall 79(0.5)  17.2(3.7) 3.8(0.9) 6(8.1) 288 (89) 71 (88) 28 (43) 0.7 (0.4) 0.5(0.3)
Detroit River | Winter ® ® ® ® ® ® ® ® ®
Spring 8.1(-) 17.6 (=) 10 (=) 1.4 (=) 194 (-) 11(-) 2(-) 0.6 (-) 0.6 (—)
Summer 8.6(0.5)  223(22) 8.2 (1.5) 1.9 (1.5) 217 (16) 14(2) 4(2) 0.6 (0.1) 0.5(0.1)
Fall 8.3(0.2) 18 (0.8) 5.5 (=) 1.5 (0) 201 (2) 18 (12) 6(5) 04 (=) 0.4 (=)
Lake Erie WB ~ Winter
Spring 8.2(0.1) 11.8 (5) 10.4 (1.1) 23(1) 260 (26) 24 (23) 8(9) 1.3 (0.6) 0.8 (0.7)
Summer 8.6(0.3) | 23.6(L5) 8.1(0.9) 6.1(6.1) 231 (26) 18 (9) 6(9) 0.5 (0.1) 0.4 (0.1)
Fall 8.4(03)  199(L1) 8.2(1.2) 5.2(3.3) 228 (19) 19 (10) 6 (4) 0.4 (0.1) 0.3 (0.1)
Lake Erie Winter 8.2 (=) -1(=) 1(=) 215 (-) 15 (=) 10 (-) 04 (=) 0.4 (=)
C&EB Spring 83(02)  67(L6) 2.9 (3.4) 284 (15) 13 (6) 5(2) 0.4(0.1) 03(0.1)
Summer 8.6 (0.1) 23 (1.4) 1.9(1.7) 272 (5) 7(2) 3(0.6) 0.4 (0.1) 0.3 (0.1)
Fall 8(0.1) 18.9 (0.6) 6.2 (4.3) 274 (5) 19 (13) 6(4) 0.4 (0) 0.3 (0)

Absence of value is either because the data was not measured for the sample (—) or because the sample was not taken (®).

Generalized additive models (GAMs) were used to assess the
relationship between the proportion (from 0 to 1) of cyanobacterial
genera relative abundance (arcsine and squared-root transformed) and
the following environmental variables: temperature, pH, log-transformed
TP, TDP, TN, TDN, and the ratio between TN and TP. GAMs have the
advantage of mixing linear model terms with a smoothed and flexible
model term and are therefore best suited for non-linear relationships
because they can fit non-linear models to data (Hastie and Tibshirani,
1990). GAMs where constructed in R using the gam function in the mgcv
version 1.8.36 package (Wood, 2011) and drawn with ggplot2.

3. Results
3.1. Physico-chemical parameters

The pH level tended to be highest during the summer in Lake St.
Clair and Lake Erie (Table 1), and reached a maximum value of 10 in the
Western Basin during the summer of 2017. Temperature and DO were
more variable across seasons than systems, and temperature was, on
average, the highest in Lake Erie surface water during the summer.
There was a gradient of decreasing Cond and nutrient concentrations
along the water continuum. In particular, the Thames River had higher
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average TP compared to the rest of the sampled systems, especially in
winter for the Upper Thames and in spring for the Lower Thames
(Table 1). The highest TP concentration was measured in January 2018
at the most upstream site of the Thames River, reaching 519 pgL™". TP
decreased downstream in Lake St. Clair and averaged below 25 pgL™" in
Lake Erie, even in the Western Basin, which experiences annual
cyanobacterial blooms and normally corresponds to a mesotrophic
state. However, a brief peak of 79.3 pgL™" TP was measured during
spring 2017 in the Western Erie Basin. In fact, the average TP
concentration in the Western Basin was only marginally higher than
observed in the two other basins during the sampling period. A similar
trend was observed for TDP, where concentrations were on average
higher in the Thames River than in the rest of the aquatic continuum.
No TN data were collected in the Thames River from 2016 to 2018, so
reported values are only based on 2019 sampling. This showed a clear
gradient of decreasing TN and TDN concentrations from the Thames
River to Lake St. Clair and Lake Erie, where concentrations were on
average one order of magnitude lower than in the Thames River
(Table 1).

Chla, which can be used as a proxy for algal biomass, was on average
higher in the Thames River and Lake St. Clair during the spring, and
decreased in summer and fall in all systems. Maximum levels of chla
were found in the Upper Thames River during the fall. In Lake Erie, chla
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levels were on average always higher in the Western Basin compared to
the Central and Eastern basin.

3.2. Microbial and cyanobacterial
community structure and composition

The bio-informatics analysis recovered 67,847 ASVs present in 276
samples (85 in the Upper Thames, 55 in the Lower Thames, 62 in Lake
St. Clair, 14 in Detroit River, and 60 in Lake Erie). Since there was a
strong overlap among the centroids for the 4 years in dispersion plots
(Supplementary Figure S1A), all further analyses were performed using
the collated data for the 4 years.

Microbial community composition was significantly different
among the different systems (PERMANOVA R*=0.21, p<0.01) and
presented a longitudinal dissimilarity gradient along the
hydrological continuum, as pointed out by two different multivariate
ordinations (Figure 2A; Supplementary Figure S1B). Samples from
the same system were more similar to each other with dissimilarity
increasing from the Upper Thames River to Lake Erie’s Western
Basin. The Central and Eastern Basins marginally clustered with the
rest of the Lake Erie samples (Figure 2A). Cond, pH, Temp, POC,
TP, and TDN were significantly correlated with the community
spatial structuring (p <0.01 for all variables). Our analyses indicated
that the Thames River microbial community was influenced by
higher nutrient concentrations, while those of Lake St. Clair and
Lake Erie appeared to be mediated by higher pH, Cond, and
temperature. Across the whole aquatic continuum, the microbial
community showed distinct patterns across seasons (PERMANOVA
R*=0.15, p<0.01), although there seemed to be more overlapping
across season than system, for example, between summer and fall
(Figure 2B; Supplementary Figure S1C).

The microbial and cyanobacterial communities showed the same
type of spatial patterns, as inferred by the Mantel correlations, which
suggested that both were significantly correlated with spatial extent.
Both communities showed the highest positive and significant spatial
autocorrelation across samples that were less than 7km apart (Table 2).
Spatial autocorrelation stayed positive and mostly significant for samples
within a geographic distance of less than 79 km, suggesting that within
this distance, communities were more similar to each other than by
chance. Beyond this ~79km radius, the Mantel r became negative,
indicating that beyond this distance, communities were more distinct
from each other than by chance. Variance partitioning analysis was used
to disentangle the influence of spatial vs. environmental variables.
Environmental variables that were measured in every system (TDN,
Cond, Temp, TDP, pH, TP) and the 12 PCNM axes representing the
spatial variation were selected by the forward selection as significant
explaining factors (p<0.01 for each variable) for the variation
partitioning analysis. This analysis explained 35% of the microbial
community composition, and attributed 24% (p <0.01) of the variance
in microbial community to the environmental and 23% (p <0.01) to the
spatial variables, with a 12% intersection between the two. This indicates
that 12% (p<0.01) of the variation was solely due to the measured
environmental variable and 11% (p <0.01) solely to the geographic
location. Sixty-five percent of the variation was left unexplained.

The following proportions of phyla, genera, and ASVs represent
average relative abundances of the 4years of sampling with the
standard deviation in parentheses. The phylum Proteobacteria
dominated the Upper Thames River, representing 53% (9%) of the
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winter microbial community, and then decreasing in relative
abundance through the water continuum as observed in each season
(Figure 3A). A similar trend was observed for the Bacteriodetes,
whereas the Actinobacteria and Cyanobacteria seemed to follow the
opposite trend and increased in relative abundance from the Upper
Thames River to Lake Erie. Cyanobacteria were further observed to
be more abundant during summer and fall than in winter and spring.
Here, the different cyanobacterial genera were classified using the
BOLD database constructed with species representing a diverse array
of cyanobacteria (Ivanova et al., 2019). Taxonomic assignment
remained problematic for sequences corresponding to the genera
Anabaena, Aphanizomenon, and Dolichospermum, which were then
classified as the Anabaena-Aphanizomenon-Dolichospermum
complex (AAD complex). During winter, the relative abundance of
cyanobacteria was very low and only reached 0.3% of the microbial
community in Lake Erie (only one winter sample available) and was
mostly composed of Synechococcus and the AAD complex (60 and
40% of the cyanobacterial community, respectively; Figure 3B), while
Planktothrix was dominant in the Upper and Lower Thames River
(50% and 65% of the cyanobacterial community, respectively). In
spring, the relative abundance of cyanobacteria reached a maximum
of 1.4% (2%) in the Lower Thames River (Figure 3A), and was mostly
composed of a mix between the genera Planktothrix and
Synechococcus along the entire water continuum (Figure 3B). In
summer, cyanobacterial relative abundance increased in the whole
water continuum, reaching up to 17% (11%) in the Western Basin of
Lake Erie (Figure 3A), and was mostly composed of the genera
Synechoccocus and Microcystis, which increased in relative abundance
from the Upper Thames River to the Western Basin of Lake Erie. At
this season, Synechoccocus represented 57% of the cyanobacterial
community in Lake St. Clair, 40% in the Detroit River, 50% in the
Western Basin of Lake Erie, and 68% in Lake Erie Central and
Eastern Basin, while Microcystis was the second most abundant
genus with 25% of the cyanobacterial community in Lake St. Clair,
39% in the Detroit River, and 23% in Lake Erie Western Basin
(Figure 3B). Microcystis was poorly represented in the central and
eastern basin of Lake Erie, which were mostly dominated by
Synechococcus. In contrast, Planktothrix was the most abundant
cyanobacterial genus in the Upper Thames River, reaching 55% of
the cyanobacterial community. During the fall, the cyanobacterial
community stayed relatively abundant reaching 18% (14%) of the
Lake Erie’s Western Basin, with Microcystis as the dominant
cyanobacterial genus (ca. 45% of the cyanobacterial community),
while Pseudanabaena dominated in the Central and Eastern Basins.
Planktothrix was dominant in Lake St. Clair composing 32% of the
cyanobacterial community.

3.3. Microbial connectivity within the
watershed

The genetic connectivity was assessed amongst part of the system
that were closely connected from upstream and downstream, and
because of their poor connection with the rest of the water continuum,
notably highlighted by the NMDS analysis (Figure 2A), Lake Eries
Central and Eastern Basins were removed from subsequent analyses.

The highest number of ASVs was found in the Thames River,
followed by Lake St. Clair (including the Detroit River) and Lake Erie
(Western Basin; Figure 4). In each system, the number of ASV's was the
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FIGURE 2
Non-metric multidimensional scaling (NMDS) of the microbial community based on Bray-Curtis distance, colored as a function of the system sampled
overlaid with the significantly correlated environmental variables (A) and colored as a function of the season (B). WB stands for Western Basin and C&EB for
Central and Eastern Basin, respectively.

TABLE 2 Mantel r value for the whole microbial and cyanobacterial
community as a function of the geographic distances with corresponding
value of p <0.05 (¥), < 0.01 (**) and<0.001 (¥*%*),

Distance (km) Mantel r
Microbial Cyanobacterial
community community
7 0.137%5% 0.14735%
22 —0.001 ~0.002
36 0.02% 0.02%*
50 0.05%* 0.06%*
65 0.03%* 0.03%*
79 0.007 ~0.0002
94 —0.03%* —0.03%*
108 —0.08%* —0.09%%
123 —0.05%* -0.01

highest during the summer, but overall, few were shared among systems
and seasons. The data showed a ‘core microbiome’ of 287 ASV's shared
across all systems and seasons, which represented less than 1% of all the
67,847 ASVs identified. The relative abundance of this ‘core microbiome’
varied from 10% of the community during the winter in the Upper
Thames, to 77% during the spring in the Detroit River, and was
composed of the same dominant phyla identified in Figure 3. Amongst
those, the proportion of the cyanobacterial phyla in this core was from
0.04% of the microbial community during the winter in both Upper and
Lower Thames, to 13% of the community during the fall in the Lower
Thames. During spring and summer, the greatest number of ASV's were
unique to the Thames River system and not found elsewhere along the
water continuum. A smaller number of ASVs seemed to be specific to
downstream Lake Erie Western Basin, and this number was the highest
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during spring (1823). The summer community in Lake Erie’s Western
Basin had more ASVs in common with the summer community of Lake
St. Clair and the Thames River or the fall community of Lake Erie than
with the Western Basin of Lake Erie spring community.

The composition of the microbial community in Lake Eries
Western Basin was highly connected to the rest of the watershed in
terms of a high proportions of the reads (Figure 5A). A smaller
proportion of ASVs (Figure 5B) in Lake Erie’s Western Basin were also
detected in the upstream systems. The same pattern was observed for
the cyanobacterial community (Figures 5C,D). In all seasons, the
Thames River contributed the highest proportion of reads in the
Western Basin of Lake Erie for both the whole microbial and the
cyanobacterial community followed by Lake St. Clair and Lake Erie,
while the contribution of the Detroit River was minimal. On the other
hand, the greatest proportion of the bacterial and cyanobacterial ASV,
at least in spring and fall, were first and only identified in the Lake Erie’s
Western Basin.

Genetic connectivity within the watershed was further explored for
the 15 most abundant cyanobacterial ASVs using a phylogenetic
analysis. Those ASVs clustered with the genera Microcystis, Gloeocapsa,
Planktothrix, Aphanizomenon, Anathece and Synechococcus (Figure 6A).
Three ASVs (# 2, 5, and 10), clustering with representative of the genus
Microcystis, seemed to dominate in different parts of the aquatic
continuum and at different times (Figure 6B), and could generally
be detected along the water continuum. During summer, ASV 2 started
to become dominant in Lake St. Clair and reached 3.4% (3.8%) of the
microbial community, followed by 3.7% (3.2%) in the Detroit River and
2.2% (2.5%) in Lake Erie’s Western Basin, it only accounted for less than
0.01% of relative abundance in the Upper Thames River. On the other
hand, the other two ASVs clustering with Microcystis (ASV 5 and 10)
seemed to become more abundant in Lake Erie during the fall, reaching
5% (8.3%) and 1.8% (1.4%) of the microbial community, respectively,
but stayed in lower relative abundance in Lake St. Clair. ASV 12 clustered
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with the culture representative’ identified as Gloeocapsa, which peaked
in relative abundance in the Western Basin during summer but
represented only 0.5% (0.7%) of the microbial community. The next
cluster in the phylogenetic tree contained two ASVs of the genus
Planktothrix (ASV 1 and 3) that both dominated in the Thames River
during summer and fall, especially ASV 1 which accounted for 9.9%
(10.3%) of the microbial community in the Lower Thames River during
fall. ASV 4 clustered closely with the sequence of the culture
representative Aphanizomenon flos-aquae that was more abundant in the
Thames River, reaching 4.4% (7.6%) of relative abundance in the Lower
Thames during the fall. This ASV was also present in Lake St. Clair and
Erie, although in lower relative abundance. Finally, the last cluster of the
phylogenetic tree gathered sequences of 6 different ASVs clustering with
the genus Synechococcus and two with the genus Anathece, both genera
belonging to the Order Synechococcales. Those ASVs started to become
more abundant in Lake St. Clair, followed by the Detroit River, and Lake
Erie during summer and fall, and some were not detectable at all in the
Upper Thames River (ASVs 7, 15 and 6).

3.4. Influence of environmental variables on
cyanobacterial dynamic

Because of the non-linear nature of the relationships, Generalized
Additive Models (GAMs) were used to test those correlations, and,
although all the relationships presented here were significant (p<0.01),
the explanatory power of the R? remained relatively low (from 0.02 to
0.47), and no clear pattern was observed between the set of selected
environmental variables and the relative abundance of dominant
Cyanobacteria (Microcystis, Synechococcus, and Planktothrix). Compared
to Planktothrix, both Microcystis and Synechoccocus genera seemed to
peak at lower nutrient (N and P) concentrations which corresponded to

3 http://www.boldsystems.org/
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concentrations found in Lake Erie in comparison to the Thames River
(Supplementary Figure S2). It was noteworthy that across all sites, the
relative abundance of both Microcystis and Synechoccocus tended to
decrease as nutrient concentrations increased. Although significant and
positively correlated, temperature had an extremely low R? for Microcystis
(R*=0.02) compared to Synechococcus (R*=0.3). No clear relationship
was observed between cyanobacterial relative abundance and pH. Finally,
the relative abundance of Microcystis seemed to peak at a TN/TP mass
ratio > 30, which generally corresponds to the multi-annual average TN/
TP mass ratio (35) of Lake Erie’s Western Basin, while the other systems
had higher average TN/TP mass ratio values (Central and Eastern Basin
of Lake Erie=47, Lake St. Clair=40, Detroit River=41, Lower
Thames=48, and Upper Thames=_80). However, no clear trend was
observed between Synechoccocus or Planktothrix relative abundances and
nutrient mass ratios.

4. Discussion

Here we showed how geographic distance and seasonal variations,
as well as environmental variables, are shaping the microbial
communities in the Thames River-Lake St. Clair-Lake Erie continuum,
and found a high degree of connectivity between upstream and
downstream systems, despite the extended geographic distance.
We found support for our hypothesis that upstream watershed can be a
source of recruitment for Lake Erie’s microbial and cyanobacterial
communities, though stronger for microbial than cyanobacterial
communities, and not excluding other tributaries or sediments as more
proximal sources of microbial communities. Overall, our results provide
support for the importance of watersheds (and associated land use
activities) as a major influence for Lake Erie’s communities.

The Thames River-Lake Erie continuum represents a strong
gradient of environmental conditions reflecting change in land use and
urbanization. Amongst Canadian tributaries to Lake St. Clair and
western Lake Erie, the Thames River contributes greatest to P loading
consistent with elevated discharge draining a watershed dominated by
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row crop agriculture (Van Rossum and Norouzi, 2021; Kao et al., 2022).
Amongst all tributaries discharging into Lake Erie, the Thames River
ranks 3 behind the Maumee and Sandusky Rivers in contributing TP
and SRP to Lake Erie (Maccoux et al., 2016; Figure 1). Although the
largest annual hydrological loads to Lake St. Clair come from the St.
Clair River (average 2016-2019 discharge of 6,122 m®/s), which flows
directly from Lake Huron, the Thames River has a disproportionate
effect on the TP load, to the extent that P reduction in the Thames River
basin will be more effective in reducing the P export from Lake St. Clair
than from the equivalent in-flow Sydenham or Clinton Rivers (Bocaniov
etal, 2019). Lake St. Clair has a water residence time of ~9 days, and due
to it shallow depth, is subjected to frequent vertical mixing, yet nutrient
loads from its tributaries are not homogeneously mixed and vary
seasonally and spatially (Bocaniov et al., 2019). Lake St. Clair has also
been shown to be a sink for nutrients retaining up to 20% of the TP load
(Bocaniov et al.,, 2019; Scavia et al., 2019), but altogether with loads from
Canada and the US still contributes up to 41% of the annual TP load to
Lake Erie’s Western Basin via the Detroit River (average 2016-2019
discharge of 6,383 m?/s), which is the second in importance after the
Maumee River which contributes up to 48% (Scavia et al., 2016).

4.1. Microbial and cyanobacterial
community structure and composition

We observed longitudinal and seasonal changes in the aquatic
microbiome within the Lake Erie watershed from the Upper Thames
River to Lake St. Clair and Lake Erie. We observed a low relative
abundance of cyanobacteria in winter and spring, followed by an
increase in their relative abundance during summer and fall which is
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similar to observations elsewhere when cyanobacterial blooms tend to
occur due to higher temperature optima and preference for strong
stratification (Paerl and Huisman, 2009). Nevertheless, PERMANOVA
analyses suggested that the spatial pattern was more influential than the
seasonal pattern on the microbial community structure. While part of
the same water continuum, the aquatic systems sampled here represents
a gradient of environmental conditions and trophic status, with the
Thames River draining nutrients from its predominantly agricultural
watershed, which are gradually diluted downstream in Lake St. Clair and
Erie. Lake Erie itself represents a longitudinal gradient in trophic status
where its Western Basin is mesoeutrophic while the Central and Eastern
Basins trend to oligomesotrophic (Dove and Chapra, 2015). The spatial
directional pattern observed for the microbial community composition
has already been observed in previous meta-community studies on
boreal inland waters (Ruiz-Gonzalez et al., 2015), Arctic systems
(Crump et al., 2012; Comte et al., 2018), and across the Great Lakes
(Rozmarynowycz etal., 2019; Paver et al., 2020). Those studies, together
with our findings on the most important tributary on the Canadian side,
highlighted the importance of hydrological processes in shaping the
microbial community structure in aquatic continuums.

The mantel correlations showed that, for both microbial and
cyanobacterial communities, the highest spatial autocorrelation
occurred within a radius of 7km (Table 2). At a wider spatial scale,
within a 79km radius, communities remained more similar than by
chance, indicating a certain degree of selection of the microbial
community within similar types of system. This radius matches the limit
of each system sampled (Upper and Lower Thames, Lake St. Clair,
Detroit River and Lake Erie’s Western Basin), where the greatest distance
between two samples of a similar system was 54km between the two
most distant Lower Thames samples. Beyond 79km, a distance-decay
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pattern started to appear, which indicate dispersal limitation and system
filtering as observed in other aquatic ecosystems (Logares et al., 2018).
Even within Lake Erie, where despite having the shortest residence time
of all the Great Lakes (ca 2.7 years; Quinn, 1992), there was a distinction
in the microbial and cyanobacterial community structure between the
Western Basin and the rest of the lake, probably driven by the difference
in trophic status and hydrology. Collectively, the results indicated that
both microbial and cyanobacterial community structures were
significantly correlated with the spatial distances and that, beyond a
threshold of 79 km which also corresponded to samples within the same
system, communities switched from being more similar to more
dissimilar than by chance.

Environmental variables including conductivity, temperature, pH,
particulate organic matter and nutrients (TP and TDN) have been
identified as variables which significantly influenced microbial community
structure. Water chemistry parameters often shape aquatic system due to
their direct impact on microbial metabolism. Nutrients, and by extension,
trophic status, have a prime effect on microbial community structure
(Lindstrom, 2000) and diversity, with higher richness associated with
more eutrophic lakes (Kiersztyn et al., 2019), yet richness tends to decrease
with N fertilization (Schulhof et al., 2020). As an integrator of landscape
properties, pH is often identified as one of the main factors influencing
microbial community structure (Lindstrom et al., 2005; Fierer and
Jackson, 2006; Logue and Lindstrom, 2008; Nifio-Garcia et al., 2016).
However, variance partitioning analysis of our data indicated that
environmental variables per se only explained 12% of the variation
observed within the microbial community, and this proportion reached
35% when accounting for both environmental and spatial patterns. This
relatively low explanatory power is not uncommon when investigating
factors that influence aquatic microbiomes (Marmen et al., 2020), and
highlights the importance of examining other factors that can play key
roles in microbial community assembly, for example, by including a more
complete characterization of the hydrological properties of the systems,
including the lag time (Lindstrom et al., 2005; Marmen et al., 2020), and
taking into account the biotic interactions with co-occurring microbes or
with higher and lower trophic levels (Louca et al., 2016).

The rest of the aquatic microbiome community interacts extensively
with cyanobacteria, notably through mutualistic interactions (Eiler and
Bertilsson, 2004; Woodhouse et al., 2016; Berg et al., 2018), toxin
degradation (Mou et al., 2013), or predation (Rashidan and Bird, 2001);
and bloom events may create a disturbance to this microbiome (Berry
et al,, 2017). The typical dominant freshwater bacterial phyla, i.e.,
Proteobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia, are
often found associated with cyanobacterial blooms (Eiler and Bertilsson,
2004; Bagatini et al., 2014; Tromas et al., 2017; Li et al., 2020), while
Proteobacteria have been associated with two strains of cultured
cyanobacteria (Microcystis and Cylindrospermopsis; Bagatini et al., 2014).
However, in our case, Proteobacteria’s relative abundance was weakly
and negatively correlated with cyanobacterias (SparCC p=-0.05,
p<0.01), and Proteobacteria were found in higher relative abundance in
the Thames River compared to the downstream systems. Zhu et al.
(2019) also noticed a significant negative correlation between the two
phyla relative abundances, suggesting a potential competitive
interaction. Negative correlations have been observed between
cyanobacteria and Actinobacteria’s relative abundances (Ghai et al.,
2014; Matson et al, 2020), with Actinobacteria occurrence being
associated with less eutrophic systems (Haukka et al., 2006), although
actinobacterial clades were abundant in eutrophic Lake Taihu (Tang
etal, 2017). Yet, some taxa affiliated with the Actinobacteria phylum
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co-occur with cyanobacterial blooms (Woodhouse et al., 2016) or
having the relative abundance of certain clade strongly correlated, either
positively or negatively, to bloom occurrence (Berry et al., 2017). In our
case, Actinobacteria’s relative abundance was positively correlated with
cyanobacteria’s (SparCC p=0.4, p<0.01) and were found in higher
relative abundances in the downstream Lakes St. Clair and Erie. Some
taxa belonging to the Verrucomicrobia have been shown to display a
higher diversity in the presence of cyanobacteria (Parveen et al., 2013)
and are known to degrade algal polysaccharides and organic matter
(Bagatini et al., 2014; Woodhouse et al., 2016). However, in our dataset,
there was no significant relationship between relative abundances of
Verrucomicrobia and Cyanobacteria. Bacteroidetes have also been
shown to increase in absolute and relative abundance during or after a
cyanobacterial bloom, especially the Sphingobacteria and Flavobacteria
classes (Newton et al., 2011; Bagatini et al., 2014). However, we observed
a weak but negative correlation between Bacteroidetes and
Cyanobacteria’s relative abundances (SparCC p=—0.07, p<0.01), which
suggests that other factors not investigated in this study are important.
In contrast, the relative abundance of Planctomycetes and Cyanobacteria
were positively correlated (SparCC p=0.5, p<0.01), consistent with
other reported associations between Planctomycetes and phytoplankton
blooms (Eiler and Bertilsson, 2004). Because of their involvement in
nutrient cycling, the aquatic microbiome is likely to play a crucial role
in bloom occurrence and duration, and it has already been highlighted
that the rest of the aquatic microbiome could be a better predictor of
cHAB events than environmental factors (Tromas et al., 2017). More
studies are needed to explore those interactions in further detail, notably
by including eukaryotic microbes, and unveiling the mechanisms
underlying these interactions.

Microscopy and molecular tools have been found to identify the
same predominant taxa of cyanobacteria, with the exception of pico-
cyanobacteria which are underestimated by microscopy (MacKeigan
et al.,, 2022). Here, molecular tools allowed detection of Synechococcus
as one of the dominant genera of cyanobacteria in Lake Erie’s watershed,
along with Microcystis, Planktothrix, and Aphanizomenon, which were
already identified in Lake Erie using microscopy (Millie et al., 2009;
Chaffin etal., 2011; Allinger and Reavie, 2013; Davis et al., 2015). Other
studies based on meta-barcoding results also identified Microcystis,
Planktothrix, Synechococcus, Aphanizomenon, and Dolichospermum as
dominant genera of cyanobacteria in river mouths (Sandusky and
Maumee) and in the Western and Central Basins of Lake Erie (Berry
et al,, 2017; Salk et al., 2018; Jankowiak et al., 2019; Rozmarynowycz
et al., 2019; Matson et al., 2020). Synechoccocus and Microcystis were
found to co-occur as dominant genera in Lake St. Clair, Detroit River,
and Lake Erie (Figure 3B), and this co-occurrence was already observed
in Lake Erie (Berry et al., 2017; Rozmarynowycz et al.,, 2019) and in Lake
Taihu (Ye et al, 2011). Synechococcus also initiated the 2014
cyanobacterial bloom in the Western Basin of Lake Erie and stayed
abundant until the end of the bloom (Berry et al., 2017). In the Thames
River, sequences corresponding to the genera Planktothrix and
Aphanizomenon were found in high relative abundances (Figure 6B). To
date, very few blooms have been reported in the Thames River, although
there is increasing evidence that the river experiences recurrent blooms
Molina
Supplementary Figure S3). A bloom reported in the lower portion of the

(Crevecoeur, and Watson, pers. communication,
river around Chatham and identified by microscopy was dominated by
Aphanizomenon flos aquae and Planktothrix agardhii (McKay et al,
2020), which is consistent at the genus level with what we found in our

genomic data from 2016 to 2019. However, our data also suggest the
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presence of ASVs clustering with Planktothrix rubescens and P. suspensa
(Figure 6A). As a comparison, Plantkothrix has also been reported as
abundant on the US side of Lake Erie, specifically in the Sandusky Bay
(Davis et al., 2015; Salk et al., 2018; Jankowiak et al., 2019). These
observations suggest that Microcystis and Synechococcus might be well
adapted to lake conditions and Planktothrix to more turbid river-type
conditions. Our data also highlight the existence of complex assemblages
of different strains of cyanobacteria that successively dominate the water
continuum through space and time. Further investigation is needed to
determine if these different strains and ASVs respond in the same way
to environment triggers for toxin production.

4.2. Microbial connectivity within the
watershed

While the connectivity between Lake Erie and its tributaries has
been clearly identified in terms of P loading (Maccoux et al., 2016), the
connectivity of the aquatic microbiome and the contribution of riverine
Bacteria to the lake microbiome remain uncertain. The Thames River
holds a high proportion of microbial taxa that were only identified in
the upstream river but not in any of the downstream systems (Figure 4).
Lake St. Clair appeared to act as a filter and is also influenced by other
sources not taken into account here, such as the upstream Huron
corridor. In summer and fall, there were more taxa shared between Lake
Erie and the rest of the watershed than between Lake Erie in the spring.
This highlights the seasonal succession and change in aquatic
microbial community.

Within a watershed, the most commonly observed patterns of
microbial community assembly are mass effect, i.e., massive advection
of numerically dominant microbes by passive transport, and species
sorting (Lindstrom and Bergstrom, 2004; Zhao et al., 2021). In our case,
the majority of microbial reads found in the Western Basin of Lake Erie
were likewise identified from the Thames River (Figure 5). This
observation allows to unveil the impact of dispersal within the watershed
in general, but this does not rule out other sources, notably amongst
other more proximal tributaries, or with higher discharge, and/or the
sediment, as ASV's can be shared across multiple watersheds (Urycki
et al., 2022). Other studies have classified reads and ASVs as a function
of the system in which they were first detected (Crump et al., 2012; Ruiz-
Gonzalez et al,, 2015; Matson et al., 2020), and our data clearly indicated
that mass effect played an important role in the downstream microbial
community assemblage. This phenomenon is prevalent when dispersion
is high due to elevated levels of connectivity between the upstream river
community and the downstream lake (Adams et al, 2014; Ruiz-
Gonzalez et al,, 2015). However, in lake systems, where water flow
generally decreases and residence time increases, species sorting occurs
(Zhao etal.,, 2021). Indeed, our data showed that certain cyanobacterial
ASVs, mainly ASVs 2, 5 and 10, clustering with Microcystis isolates, were
found in low relative abundance in the Upper Thames River, but became
dominant in the Western Basin of Lake Erie (Figure 6), suggesting the
lake conditions were selecting these cyanobacterial ASV's to become
dominant. This genetic connectivity between upstream and downstream
has already been highlighted for microcystin producers such as
Microcystis, Planktothrix, and Anabaena in Lake Erie, Lake St. Clair, and
Lake Ontario based on the mcyA gene responsible for microcystin
production (Davis et al., 2014). Our data suggest that this connectivity
extends beyond the Great Lakes to the upstream tributaries, and also
across different seasons. As to whether Lake Erie Microcystis-dominated
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harmful blooms are seeded from the river, based on our data it seems
unlikely that the Thames River is the sole source for those Microcystis
ASVs given the extremely low relative abundance in which they were
recovered. Additional sources likely contribute to the rapid development
of summer and fall blooms in the Western Basin of Lake Erie, for
example, recruitment from the sediment (Kitchens et al., 2018), or other
tributaries (Maumee, Sandusky, and St. Clair Rivers), which still need to
be investigated as both evidences supporting (Bridgeman et al., 2012) or
refuting (Kutovaya et al.,, 2012) riverine seeding from the Maumee River
have been documented.

4.3. Influence of environmental and spatial
patterns

In our study, no clear pattern was observed between cyanobacteria
relative abundance and nutrient concentrations, although our results
suggested that Planktothrix relative abundance peaked at higher N and
than
(Supplementary Figure S2). Planktothrix also dominated in an

P concentrations Microcystis  and  Synechococcus
experiment with nutrients (N, P) addition while, under the same
conditions, Microcystis decreased in relative abundance (Jankowiak
et al,, 2019). A similar observation was made by Harke et al. (2016)
based on shipboard incubations of samples collected from a bloom site
on Lake Erie’s Western Basin. These authors found that Microcystis
abundance significantly decreased with P enrichment, while Planktothrix
and Dolichospermum (formerly Anabaena) dominated samples collected
from the high P environment near the mouth of the Maumee River. On
the other hand, Planktothrix dominance has also been observed in the
Sandusky river plume, where it’s capacity to accumulate N through
cyanophycin compounds provided a competitive advantage under N
limiting conditions (Hampel et al., 2019).

Microcystis seems to be more efficient at scavenging P, giving it an
advantage to dominate at lower nutrient concentrations (Gobler et al.,
2016; Harke et al., 2016), but it is also more adapted to stable water
conditions because of its ability to regulate its buoyancy (Dokulil and
Teubner, 2000). In contrast, Synechococcus is generally dominant in
oligotrophic lakes (Ruber et al., 2016). It has been argued that the ability
of some cyanobacteria to fix N provides a competitive edge in eutrophic
systems with low N:P ratios (Smith, 1983), however this tenet has been
debated (Downing et al., 2001). Our data showed generally negative
correlations between N concentrations and the relative abundance of
some non-diazotroph genera like Microcystis and Synechococcus, which
N:P
(Supplementary Figure S2). These genera could be complemented by

showed higher relative abundances at lower ratios
the presence of diazotrophic cyanobacteria and Proteobacteria (Davis
et al., 2015; Li et al., 2020). Therefore, the presence, for instance, of
N2-fixing Aphanizomenon and Cylindrospermopsis along the water
continuum, could play a role in promoting the growth of Microcystis
and Synechococcus. More investigations are needed to address those
questions but molecular tools have the potential to provide more
insight into the role of the entire microbiome, often overlooked in
early studies.

Increasing temperature and longer warmer periods likely to happen
due to climate change will also have an effect on cHABS, because a more
stable thermocline and reduction in epilimnion mixing can lead to
better light competition outcomes for cyanobacteria due to their ability
to adjust their buoyancy. For instance, when nutrient concentrations are

high enough to sustain bloom formation, climatic variables may become
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crucial for predicting bloom onset and duration, as was observed by
Zhang et al. (2012), who found that increasing temperature, hours of
sunshine, and reduction of wind speed in Lake Taihu lead to earlier
onset and longer bloom duration. However, Taihu is a subtropical lake,
and because Lake Erie has a temperate climate, the variables influencing
its microbiome might be very different. Since our study was conducted
across different seasons, we were likely to identify an effect of
temperature. The relationship was positive and significant for
Microcystis, Synechoccocus, and Plantkothrix, but the R* of the GAMs
were very low for Microcystis and Planktothrix (0.02 and 0.11,
respectively); hence it is difficult to draw conclusions regarding the link
between cyanobacteria relative abundance and temperature. However,
climate projections predict that Lake Erie will have longer and more
stable periods of stratification, which are likely to lead to increasing
frequency and worsening impact of cHABs (Paerl and Huisman, 2008).

5. Conclusion

Here we used an integrated approach at the watershed scale to
better understand the biological and ecological context shaping Lake
Erie’s microbiome, with a special focus on the cyanobacterial
community given Lake Erie’s long history of harmful algal blooms. This
study showed how spatial and temporal variations, as well as
environmental variables, are shaping the microbial communities in the
Thames River-Lake St. Clair-Lake Erie continuum. In terms of
community composition, gradual changes along the water continuum
were observed for the whole microbial community. On a finer
taxonomical level, distinct communities of cyanobacteria developed in
the Thames River, mostly dominated by Planktothrix, compared to
Lake St. Clair and Lake Erie, which were dominated by Microcystis and
Synechococcus, notably during the summer. The high proportion of
microbial reads shared between the Thames River and the Western
Basin of Lake Erie suggested a high degree of connectivity and dispersal
within the watershed in general, which probably extend to other
tributaries, and where mass effect seemed to be an important driver of
microbial community assembly. Nevertheless, distance-decay patterns
of the Mantel correlations indicated some selection pressure within
similar systems as it was notably observed for some cyanobacterial
ASVs related to Microcystis. Despite being found in low relative
abundance in the upstream river, Microcystis ASVs were selected by the
conditions in the Western basin of Lake Erie, where they became
progressively dominant. Genetic characterization of the community
also showed that the dominant genera of cyanobacteria in Lake Erie
watershed (Microcystis, Synechococcus, Planktothrix) were in fact
composed of an assemblage of different ASVs becoming dominant at
different times. These data further suggested that the two most
abundant cyanobacterial genera in Lake St. Clair and Lake Erie,
Microcystis and Synechococcus, stayed relatively abundant even at lower
N and P concentrations than Planktothrix, which dominated in the
higher nutrient regimes of the Thames River. Overall, there was still a
large proportion of the variation observed in the microbial community
structure that was not explained by spatial and environmental factors,
demonstrating the importance of unexplored drivers of microbial and
cyanobacterial community structure such as biotic interactions and
hydrodynamics. The high connectivity and level of dispersion between
the upstream, riverine and Lake Erie microbial and cyanobacterial
communities highlight the need for watershed scale management to
improve the water quality conditions in Lake St. Clair and the Western
Basin of Lake Erie.
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Yongfeng Liu?, Lei Ou?, Zixin Xie!, Miao Wang?, Xue Yin?, Xin Zhang?,
Yan Li?, Mingjie Luo?, Lidong Zeng?, Qin Yan?, Linshen Xie* and

Lei Sun®*

State Environmental Protection Key Laboratory of Drinking Water Source Management and Technology,
Shenzhen Academy of Environmental Sciences, Shenzhen, China, 2GeneMind Biosciences Company
Limited, Shenzhen, China

The composition of microbialcommunities varies in water and sediments, and changes
in environmental factors have major effects on microbiomes. Here, we characterized
variations in microbial communities and physicochemical factors at two sites in a
large subtropical drinking water reservoir in southern China. The microbiomes of all
sites, including the diversity and abundance of microbial species, were determined
via metagenomics, and the relationships between microbiomes and physicochemical
factors were determined via redundancy analysis. The dominant species in sediment
and water samples differed; Dinobryon sp. LO226KS and Dinobryon divergens
were dominant in sediment samples, whereas Candidatus Fonsibacter ubiquis and
Microcystis elabens were dominant in water. The diversity was also significantly
different in microbial alpha diversity between water and sediment habitats
(p<0.01). The trophic level index (TLI) was the major factor affecting the microbial
community in water samples; Mycolicibacterium litorale and Mycolicibacterium
phlei were significantly positively related to TLI. Furthermore, we also studied the
distribution of algal toxin-encoding genes and antibiotic-resistant genes (ARGs) in
the reservoir. It found that water samples contained more phycotoxin genes, with
the cylindrospermopsin gene cluster most abundant. We found three genera highly
related to cylindrospermopsin and explored a new cyanobacteria Aphanocapsa
montana that may produce cylindrospermopsin based on the correlation through
network analysis. The multidrug resistance gene was the most abundant ARG,
while the relationship between ARGs and bacteria in sediment samples was more
complicated than in water. The results of this study enhance our understanding of
the effects of environmental factors on microbiomes. In conclusion, research on the
properties, including profiles of algal toxin-encoding genes and ARGs, and microbial
communities can aid water quality monitoring and conservation.

KEYWORDS

metagoenomics, trophic level index (TLI), cylindrospermopsins (CYNs), subtropical drinking
water source, multidrug resistance genes
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1. Introduction

Reservoirs are essential for managing imbalances in the supply and
demand for water resources (Wu et al., 2021). In recent decades, the
release of pollutants from river tributaries (e.g., sewage discharge) has
stimulated the accumulation of nutrients and algal growth, leading to
eutrophication and reductions in water quality (Wurtsbaugh et al.,
2019). Blooms of algae, such as cyanobacteria, in reservoirs occur
frequently, and this poses a threat to the safety of drinking water sources
and induces major economic losses (Paerl, 2018). The size, frequency,
and duration of harmful algal blooms are increasing, which has been
driven in part by human activities, such as habitat degradation and
global climate change (Sakamoto et al., 2021). Harmful algal blooms
pose considerable threats to water quality and drinking water security
because they are difficult to predict; gauging the deleterious effects of the
toxins produced by algae during such blooms is also a grand challenge
(Park et al., 2021). Harmful algal blooms affect the composition of
microbial communities and various aspects of the reservoir environment
(Park et al., 2021). Several challenges are associated with studying the
ecotoxicology of reservoirs because they are natural sinks for
contaminants derived from atmospheric fallout (Wiesner-Friedman
etal,, 2021). Reservoirs can also provide a favorable environment for the
reproduction of microorganisms serving as a bioreactor. Thus, it is
important to characterize the composition of microbial communities
in reservoirs.

Yantian Reservoir was built in 1976 (22°40’3”N, 114°9'48"E;
altitude 83 m). It lies in a medium-sized subtropical basin at the junction
of the Shenzhen and Dongguan regions of the South China Basin. The
reservoir draws water from the Shima River Basin, a tributary of the
Dongjiang River in the tropical and subtropical regions of Guangdong.
The reservoir has an area of 25.6km” and a storage capacity of 8.99
million m? it provides potable water for residents of the Pearl River
Delta (Wang et al., 2019). The reservoir provides drinking water for 1.3
million people and supplies 350,000 m® of water per day. It also plays an
important role in flood control. Nutrient concentrations in adjacent
inflow rivers have increased because of the rapid development of
township corporations over the last few decades (Wang et al., 2019). The
reservoir’s waters are vulnerable to eutrophication and algal blooms, and
the aquatic ecosystem is deteriorating into simplified food networks
with inferior water quality (Wang et al., 2019). Given this situation, a
10-km” restoration project was initiated in 2015 to remove excess
nutrients and inhibit algal blooms in the eutrophic bay of the reservoir,
which involved stocking fish and increasing areal coverage of submerged
vegetation (Wang et al., 2019). Planting submerged hydrophytes and
stocking herbivorous, planktivorous, and molluscivorous fish enhanced
water quality by stabilizing plankton micro-ecosystems and reducing the
content of nutrients. Although ecological restoration measures of this
pilot project have been completed, the water quality and composition of
microbial communities in this reservoir have not yet been evaluated.
Given that Yantian Reservoir is the most important water supply for the
urban population in the Pear]l River Delta and several ecological
restoration projects have been carried out, the water quality and
structure of microbial communities of the reservoir require evaluation.

Surface water is the primary source of potable water, and the quality
of surface water has considerable human health implications (Long and
Luo, 2020). Algal toxins, antibiotic-resistant genes (ARGs), and
2-methylisoborneol pose major health risks (Van Dolah, 2000). The
abundance of antibiotic-resistant bacteria (ARB) has increased in recent
years because of the widespread use of antibiotics. The ARGs contained
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in ARB have become recognized environmental pollutants. The uptake
of ARGs by pathogens and the development of antibiotic resistance pose
threats to human health. Given that the long-term storage of water in
reservoirs increases the retention and accumulation of ARGs (Dang
et al., 2020), studies of the distribution and diffusion of ARGs in
reservoirs are required to control ARG pollution and mitigate
health risks.

Diverse types of organisms are essential for maintaining the stability
of freshwater ecosystems. Microbial communities are affected by various
environmental factors, and the relationships between microbial
communities and environmental factors are indicators of the function
and structure of aquatic ecosystems (Mucha et al., 2004; Boucher et al.,
2006; Pound et al., 2021). However, changes in microbial communities
in water sources are complicated by upstream water input and reservoir
function (Jiang et al., 2021). For example, microbes can affect the Earth’s
energy fluxes and diverse biogeochemical cycling pathways in lakes and
reservoirs (Sjostedt et al., 2012; Penn et al., 2014; Savvichev et al., 2018;
Bobkov et al., 2021). Next-generation sequencing (NGS), bioinformatics,
and functional genomic studies have revealed a high diversity of
microorganisms in lakes and reservoirs (Qin et al., 2016). Previous
studies have also revealed high similarity in the predominant
microorganisms in various water ecosystems; however, the abundances
of these microorganisms likely vary with water quality (Jiang et al.,
2021). The abundances of dominant species have also been shown to
vary with depth and among sampling locations (Chien et al., 2009).
Here, we used metagenomic sequencing to assess the variation in the
composition of microbial communities in Yantian Reservoir. We also
characterized the distribution of algal toxins and ARGs in Yantian
Reservoir to provide information that could aid water quality
monitoring efforts.

2. Materials and methods

2.1. Collection of water and sediment
samples

Water samples were collected weekly from October 2020 to January
2021 in a subtropical drinking water reservoir in southern China
(Supplementary Figure S1). Samples were collected from two sites: the
center of the reservoir (KZ) and the water intake (QSK). Water samples
were collected using 3-L brown glass bottles at a depth of 0.5 m. They
were then taken to the laboratory and maintained at 4°C. All samples
were filtered via a 0.45-pm polycarbonate membrane (Collins, Shanghai,
China) prior to chemical analysis. Sediments were sampled following
the methods described in a previous study (He et al., 2015), and the
sampling frequency was twice a month from October 2020 to
December 2020.

2.2. Water physicochemical properties

Measurements were taken on the following parameters: water
temperature, pH, dissolved oxygen (DO), transparency, permanganate
index (PI), ammonia nitrogen (NH3.N), total nitrogen (TN), total
phosphorus (TP), and chlorophyll a (Elser et al., 2007). Measurements
of water quality parameters were taken following national standard
specifications (Water quality—Determination of pH—Electrode
method HJ1147-2020, Water quality—Determination of dissolved
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oxygen—Electrochemical probe method HJ 506-2009, Seville disc
method, Water quality-Determination of permanganate index GB/T
11892-1989, Water quality—Determination of ammonia nitrogen—
Salicylic acid spectrophotometry HJ 536-2009, Water quality-
Determination of total nitrogen-Alkaline potassium persulfate
digestion UV spectrophotometric method HJ 636-2012, Water quality-
Determination of total phosphorus-Ammonium molybdate
spectrophotometric method GB/T 11893-1989, and Water quality—
Determination of chlorophyll a—Spectrophotometric method SL88-
2012). The tropic level index (TLI) of water samples was calculated
using TN, TP, permanganate index, transparency, and chlorophyll a
indicators and equations from a previous study (Ding et al., 2021).
There were five trophic levels in the lake: hypereutrophic (TLI>70),
middle eutrophic (60 <TLI<70), mesotrophic (30 <TLI<50), and
oligotrophic (TLI<30).

2.3. DNA extraction and library sequencing

DNA was extracted from membrane filters and frozen sediment
samples by the FastDNA® SPIN Kit for Soil (MP Biomedicals,
United States) according to the manufacturer’s protocols. The NanoDrop
One instrument (Thermo Fisher Scientific, United States) was used to
determine DNA concentrations and purity. Shotgun metagenomic
sequencing of the DNA library was carried out concurrently. In brief, 30
micrograms of DNA was processed to build a library, which was then
sequenced using the GeneLab M sequencing platform.

2.4. Bioinformatics analysis

A total of 26 samples were sequenced (Supplementary Table S1) and
annotated to a database of freshwater algae in China' withmore than 200
freshwater algal genomes to characterize the composition of freshwater
algae in Yantian Reservoir. This database was used to identify algal taxa
in our samples. Reads that could not be mapped to the freshwater algae
genome were aligned to the reference database Kraken2. The Chaol,
ACE, Shannon, and Simpson indices (Edwards et al., 2001) were
computed using the vegan package in R. Principal component analysis
(PCA) was carried out using the FactoMineR package in R. Pearson
correlation coeflicients were calculated to evaluate correlations among
variables. The pheatmap package in R was used to build a correlation
heatmap. The vegan, FactoMineR, and pheatmap packages were all
implemented in R. Differential abundance analysis was performed using
the DESeq2 Bioconductor package (v.1.36.0) in R with default
parameters. Significant species were identified using the following
criteria: p<0.05 and fold change >2 or <1/2. All samples were integrated
into the global network according to the count data. Species that were
present in all samples (total number greater than 50,000) were subjected
to correlation analyses. Correlations were considered significant using
the following criteria: Spearman correlation coefficients (R>0.6) and
(p<0.01). Networks were visualized using Cytoscape software.
Sequences of the 10 most dominant species with log, (fold change) > 1
and p<0.05 were obtained from NCBI. Clean reads were aligned to
these genes using Bowtie2 v2.4.5 to confirm their presence in our
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samples [at least 18 and 34 reads were aligned in sediment samples
(n=9) and water samples (n=17), respectively]. Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of these genes was conducted by
aligning them against the KEGG database using DIAMOND software.
A diagram of the results of the KEGG pathway analysis was made using
the ggplot2 package in R.

2.5. ARG-like and algal toxin gene
abundance calculations

The abundance of ARGs was calculated by ARGs-OAP v2.0
(Yin et al., 2018) based on the sequencing reads. For algal toxins,
16 common algal toxin gene clusters were selected
(Supplementary Table S2) to calculate the abundance. The heatmap
was drawn by standardizing the read counts of the algal toxin gene

cluster as log10 (value*1000000 + 0.001).

2.6. Correlation networks

A transboundary symbiosis network consisting of the algal toxin
genes or ARG and genus was established to assess species’ coexistence
in different habitats and regions. We focused on the ones in all samples
to reduce rare absolute abundance (SAV) in the data set. Robust
correlations with Spearman’s correlation coeflicients (p) >0.8 or <—0.8
and p<0.001 were used to construct networks, which have been
extensively used in the literature and are comparable across studies
(Delgado-Baquerizo et al., 2020). The Gephi interactive platform* was
used to visualize the network.

3. Results
3.1. Physicochemical properties of samples

The physicochemical characteristics of the water samples were
determined (Table 1). Temperature and TLI ranged from 17.4 to
26.5°C and from 48.56 to 58.63 in QSK and from 16.8 to 24.8°C
and from 48.12 to 51.77 in KZ, respectively. The TLI and
temperature were higher in most of the QSK samples than in the
KZ samples (e.g., on November 3 and 23). The pH ranged from 7.89
to 8.74 in QSK and from 7.79 to 9.45 in KZ. The difference in pH
between QSK and KZ samples was small. Over the study period,
TLI and chlorophyll a increased (>20), and the Secchi disc depth
gradually decreased (<0.5m). Generally, differences in the
physicochemical properties of samples among months were not
pronounced. Because Shenzhen features a subtropical to tropical
oceanic climate, temperature differences between October 20 and
January 21 are not substantial. High temperatures are more
conducive to the reproduction of algae and bacteria, which poses
major risks to drinking water safety. The TLI values of QSK samples
were higher than those of KZ samples at the same sampling times,
indicating that algae and bacteria were more abundant in QSK
than in KZ.
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TABLE 1 Value of environmental variables measured in the samples of water.

Temperature Pl Permanganate Ar_nmonia _Total Vel S(ezlicscchl Chlorophyl a
of water (°C) pH oxygen index (mg/L) nitrogen nitrogen phosphorus depth (ug/L) Eutropher
(mg/L) (mg/L) (mg/L) (mg/L) M)

KZ W_KZ201103 24.80 7.97 7.85 1.40 0.02 1.07 0.06 0.51 31 4932 Mesotropher
W_KZ201116 24.30 8.01 7.99 2.60 0.03 1.04 0.07 047 12 50.27  Light eutropher
W_KZ201123 22.50 8.33 8.14 2.10 0.03 111 0.05 041 28 5134  Light eutropher
W_KZ201130 22.90 8.05 8.93 1.30 0.05 1.09 0.07 0.48 22 4871  Mesotropher
W_KZ201207 20.10 8.30 9.48 1.80 0.04 1.24 0.07 045 24 51.17  Light eutropher
W_KZ201214 20.00 8.59 9.90 2.20 0.03 1.24 0.04 0.49 32 50.97  Light eutropher
W_KZ201229 20.80 9.45 11.76 2.30 0.04 1.16 0.04 0.56 14 4812  Mesotropher
W_KZ210104 16.80 8.74 1161 2.60 0.03 1.20 0.05 0.52 28 5177 light eutropher

QSK W_QSK201020 26.50 8.74 9.71 3.30 0.02 0.80 0.14 035 45 57.63  Light eutropher
W_QSK201103 25.70 8.00 7.99 1.90 0.01 0.96 0.09 0.45 36 5260  Light eutropher
W_QSK201116 24.30 7.89 7.90 3.30 0.02 0.90 0.08 047 20 52.88  light eutropher
W_QSK201123 2250 8.52 8.23 2.30 0.01 0.94 0.09 0.43 26 5269  Light eutropher
W_QSK201130 23.00 8.01 8.82 1.30 0.05 111 0.10 045 13 4856 | Mesotropher
W_QSK201207 19.80 8.52 9.58 1.90 0.02 118 0.10 043 28 52.98  light eutropher
W_QSK201229 19.10 8.54 9.78 2.20 0.03 112 0.05 0.53 14 48.68  Mesotropher
W_QSK210104 17.40 8.62 10.75 2.70 0.04 1.23 0.05 0.55 16 50.21  Light eutropher
T-test (p value) 0.19 0.70 037 0.36 0.18 0.01 0.01 0.26 0.85 0.17
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3.2. Microbial community composition and
diversity

The microbial communities in sediment and water samples differed
(Figure 1A; MRPP: Chance corrected within-group agreement A:
0.4801; observed delta 0.1902 and expected delta 0.3659; significance of
delta: 0.001). No differences were observed in samples collected at
different times and sampling sites (Figure 1B). Shannon alpha diversity
values did not differ among sediment samples from different sites nor
water samples from different sites (Figure 1C). The alpha diversity of the
sediment samples was significantly higher than that of the water samples
(p<0.01, Wilcoxon rank-sum test). No significant differences were
observed in the alpha diversity of KZ and QSK in sediment or water
samples (Table 2). Pearson correlation coeflicients revealed weak
correlations between sediment and water samples in alpha diversity;
however, intra-group correlations were high (Supplementary Figure S2).
Sample origin (water vs. sediment) had a greater effect on microbial
alpha diversity than sampling time or the sampling site. This might stem
from the stable climate of Shenzhen, which experiences little variation

10.3389/fmicb.2023.1091818

in water temperatures (21.91+2.89; Table 1). Seasonal shifts did not
significantly decrease or increase water temperature; seasonal variation
thus did not affect microbial alpha diversity. Algae can influence water
quality; we thus analyzed algal alpha diversity. The alpha diversity of
algae was greater in sediment samples than in water samples
(Supplementary Table S3). The diversity of algae was greater in the QSK
than in the KZ. We found that TLI was higher in QSK than in KZ. In
conclusion, obvious differences in microbial communities were
observed between sediment and water samples. Although sampling
location and time did not substantially affect algal alpha diversity, the
algal alpha diversity of QSK was higher than that of KZ.

3.3. Variation in microbial abundance

The relative abundances of microbes were calculated at the species
level (Figure 2). Overall, the composition of microbial communities in
sediment and water samples differed significantly. The dominant species
in the sediment samples were Dinobryon sp_LO226KS, Dinobryon
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TABLE 2 Relative abundance and diversity of all species community.

10.3389/fmicb.2023.1091818

Sample name Observed_species Chaol ACE Shannon Simpson
W_QSK201020 4,304 4,594 4452 435 0.07
W_QSK201207 4,439 4,708 4,610 461 0.05
W_QSK201116 4,351 4,617 4,489 4.46 0.07
W_QSK201123 4,386 4,671 4,547 453 0.06
W_QSK201103 4,333 4,586 4,466 458 0.05
W_KZ210104 4,304 4,552 4,441 477 0.03
W_K7201123 4,384 4,677 4,533 462 0.05
W_KZ201207 4,418 4835 4,603 456 0.06
W_QSK201214 4,366 4,644 4,526 4.72 0.05
W_KZ201214 4,392 4,665 4,543 4.46 0.06
W_KZ201116 4,360 4,635 4,508 445 0.07
W_QSK210104 4,351 4,678 4,504 456 0.04
W_KZ7201103 4,340 4,562 4,472 4.56 0.05
W_KZ201130 4,336 4,655 4472 453 0.06
W_QSK201229 4,338 4,576 4,480 437 0.07
W_QSK201130 4,355 4,630 4,505 450 0.06
W_KZ201229 4311 4,568 4,447 4.49 0.07
S_K7201130 4,597 5,241 4917 625 0.01
S_QSK201020 4,267 4,522 4,415 5.11 0.06
S_K7201229 4,562 5,025 4,829 6.06 0.01
S_QSK201130 4,352 4,643 4,507 5.08 0.04
S_K7201214 4,450 4,875 4,660 5.16 0.03
S_QSK201103 4,396 4733 4,587 5.14 0.04
S_QSK201229 4,526 5,034 4,794 6.15 0.01
S_QSK201214 4,501 4,874 4,705 6.05 0.01
S_K7201103 4,545 5,117 4,837 6.14 0.01

Shannon, Simpson: diversity indice. ACE, Chao: community richness indice.

divergens, Chara braunii, and Mallomonas annulata. Candidatus
Fonsibacter ubiquis, Pseudanabaena yagii, Chara braunii, and Microcystis
elabens were dominant species in water samples. Based on reads, more
bacteria were detected in water samples. For example, Candidatus
Fonsibacter ubiquis and Candidatus Nanopelagicus limne were only
identified in water samples. Little variation was observed in the
composition of the microbial community under different trophic levels;
variation in TLI among samples was also low (mesotrophic 48.68 +0.43
and light eutrophic 52.23+2.05). A total of 14 of the 20 most abundant
species were algae. The abundances of the 20 most abundant algae were
determined. The average relative abundance of algae was higher in water
(DESeq2, p <0.05;
Supplementary Figure S3). Chara braunii and Euglena gracilis were

samples than in sediment samples
dominant in water samples, whereas Haematococcus lacustris and
Snowella sp. were dominant in sediment samples. These findings
reinforce that the composition of microbial communities differed in
sediment and water samples.

Benthic cyanobacteria can be a nuisance because of their potent
toxins, as well as tastes and odours they can impart to the water. The
dominant taxa of benthic cyanobacteria have changed little over time
(Supplementary Figure S4), suggesting that seasonal change had less

impact on these taxa in Yantian Reservoir. Additionally, all sediment
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samples exhibited a similar dominating genera Oscillatoria, Cyanobium,
Leptolyngbya, and Microcystis.

Differences in the abundances of species between water and
sediment were determined. Significant differences in the abundance of
species were detected for 2,411 species (Supplementary Table S4). The
average abundance of most species was greater in water samples than in
sediment samples (61.47%). We focused on species with high abundance
and with significant differences in abundance between water and
sediment samples. Snowella sp., Comamonadaceae bacterium B1, and
Scenedesmus sp. PABB004 best met these criteria in sediment samples;
Candidatus Fonsibacter ubiquis, Candidatus Nanopelagicus limnes, and
Limnohabitans sp. 103DPR2 best met these criteria in water samples.
We conducted KEGG analysis to characterize functional differences
between water and sediment samples (Supplementary Figure S5).
Differences in KEGG pathways were observed between water and
sediment. The main KEGG pathways in the water samples were related
to photosynthesis and pigment synthesis, whereas, in sediments, the
main KEGG pathways were related to flagella formation. Candidatus
Fonsibacter ubiquis and Candidatus Nanopelagicus limnes were dominant
in water samples, and Snowella sp. was dominant in sediment samples.
These findings suggest that sediment and water samples might mutually
affect each other. Therefore, we constructed a network based on
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FIGURE 2
Histogram of relative abundances at the species level. The 20 most abundant species are shown, and “Other” indicates species with relative abundances

less than 0.6% across all samples.

suggests that they might be weakly positively correlated. The relationship
between water physicochemical factors and species was explored. The
number of species that were strongly positively correlated with
temperature and TLI was greater than the number of species that were
negatively correlated with temperature and TLI (Figure 6). The

abundance differences and correlation coefficients (Figure 3). In the
network analysis of dominant species, we found that Pseudanabaena sp.
ABRGS5.3 occupies a key position in the entire network, Pseudanabaena
sp. ABRG5.3 is positively correlated with numerous species in water

samples and negatively correlated with Scenedesmus sp. PABB004, and
Scenedesmus sp. PABB004 is a key specie in the sediment samples and
positively correlated with species in sediment samples, such as Snowella
sp. These findings indicate that the abundances of dominant species in
water and sediment samples mutually influence each other.

abundances of Mycolicibacterium litorale and Mycolicibacterium phlei
were significantly positively correlated (p <0.01), and alpha-
proteobacterium HIMB59 was significantly negatively correlated with
TLI (p <0.001). We also analyzed correlations of these species with other
environmental factors to provide information for follow-up studies

(Supplementary Figure S6). Species were significantly positively or
negatively correlated with TP and PI. By contrast, only species
significantly negatively correlated with ammonia-N and TN could

3.4. Effect of water physicochemical factors
be found. This might indicate that ammonia-N negatively

on microbial communities

TLI is widely used to evaluate the magnitude of eutrophication of  affects biodiversity.

rivers, reservoirs, and lakes in China (Ding et al., 2021). We found that
changes in the TLI in KZ were similar to changes in the Shannon index;
exceptions to this general pattern were only observed at two time points
(2020-11-03 and 2020-12-29; Figure 4). This suggests that TLI might
be a key environmental factor affecting species diversity. The relative
abundance of Microcystis elabens gradually decreased over time,
consistent with the changing trend of water temperature. RDA was
performed to identify the key environmental factors affecting microbial
diversity. The amount of variation in the data explained by RDA1 and
RDAZ2 was similar (Figure 5). The long length of the arrow for TLI
indicates that it was most strongly correlated with microbial
communities, followed by temperature and DO. Temperature and TLI
were nearly perpendicular to each other, meaning they were not
correlated. The angle between DO and TLI was less than n/2, which

3.5. Algal toxin gene clusters

The relative abundances of algal toxin gene clusters were identified
from reservoir samples. Three classes of five algal toxin gene clusters
were detected, and the abundances of these gene clusters were higher in
water samples than in sediment samples (Supplementary Table S2 and
Supplementary Figure S7). The abundances of algal toxin gene clusters
were highest in November 2020. The relative abundance of
cylindrospermopsin (CYN) gene clusters was the highest among all algal
toxin gene clusters and comprised 98% of mapping reads. Two CYN
gene clusters EU140798.1 and JN873921.1 were found to be prevalent
among all the water samples and they were strongly correlated with
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Network analysis of dominant species with significant differences among samples. The thickness and thinness of the lines indicate strong and weak
correlations, respectively. Orange lines indicate positive correlations, and gray lines indicate negative correlations. Blue circles indicate taxa with higher
abundances in water samples, and green circles indicate taxa with higher abundances in sediment samples.

three genera,
Aphanocapsa (Figure 7 up). The absolute abundances of these three

including Cylindrospermopsis, Raphidiopsis and

genera and algal toxins were calculated to analyze the likely source
species of algal toxins (Figure 7 down). It revealed the changes in the
abundance of Raphidiopsis curvata, Cylindrospermopsis raciborskii,
Cylindrospermopsis curvispora, and Cylindrospermopsis sp. CR12 were
consistent with the changes in the abundance of the two CYN gene
clusters. The sample W_KZ201214 had the highest abundance of gene
cluster. Few studies have indicated that Aphanocapsa montana contains
the algal toxin gene cluster EU140798.1 while a sequence similar to the
algal toxin gene cluster EUI40798.1 was found to be present in the
genome of A. montana (Supplementary Table S5). The TLI of these
samples was also high, except the sample W_KZ201130, suggesting that
a high TLI might promote algal growth and lead to a rise in the
abundance of algal toxin genes in water.

3.6. Abundances of ARGs

In recent years, a growing number of reservoir-related studies have
examined ARGs (Li et al., 2015; Dang et al., 2020). In the present

Frontiers in Microbiology

investigation, the distribution of ARGs in sediment and water samples
was similar (Supplementary Figure S8). The three most abundant types
of ARG genes—multidrug resistance (MDR), macrolide-lincosamide-
streptogramin, and beta-lactam ARGs—accounted for over 70.5% of all
ARGs. More than 95% of all the ARGs were derived from Proteobacteria,
Actinobacteria, and Firmicutes. The relative abundance of ARGs carried
by Firmicutes was 4.11% lower in water samples than in sediment
samples; the relative abundance of ARGs from Actinobacteria was
20.54% higher in water samples than in sediment samples. Multidrug
(—0.36%) and beta-lactam (+0.22%) ARGs were the most common
Actinobacteria-derived ARGs. The multidrug-resistant bacteria were
mainly in the family Enterobacteriaceae (relative abundance over 53%).
To explore the potential hosts of ARGs, we investigated the correlation
between ARGs and bacterial genera. The results indicated that the
network relationship in sediment samples was far more complex than in
water (Figure 8). Under the same screening criteria, there were more
interspecies connections in the sediment samples, and more species and
ARG types were present. Polynucleobacter in sediment samples was
positively correlated with multiple multidrug resistance genes such as
mdtB and mdtC. Likewise, Paenalcaligenes in water samples was
positively associated with multiple drug-resistance genes.
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Redundancy analysis ordination diagram of all communities and
environmental variables. Circles correspond to samples.

4. Discussion

Clarifying associations between microbial communities and water
quality is essential for enhancing the understanding of reservoir
characteristics. In this study, the structure of microbial communities was
explored through continuous monitoring of the water and sediment of
drinking water reservoirs at two locations in southern China over a
4-month period. We found that the dominant species in sediment
samples and water samples differed, which is consistent with the results
of previous studies (Yang et al., 2012; EI Najjar et al., 2020; Nwosu et al.,
2021). We also found that the composition of microbial communities in
the reservoir was not significantly affected by seasonal factors, which
might stem from the lack of variation in the water temperature of
Yantian Reservoir among seasons. On the one hand, a relatively stable
water temperature can facilitate the study of the effects of other
environmental factors, such as TLL, TP, and TN on the composition of
microbial communities in reservoirs. On the other hand, the growth of
many microorganisms is enhanced when reservoir water temperatures
are maintained above 18°C, increasing the health risks posed by algal
toxins and ARGs. MDR genes were the most abundant ARGs in water
and sediment samples. Algal toxin genes were more abundant in water

Frontiers in Microbiology

samples than in sediment samples.
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A four-year ecological restoration project was initiated at Yantian
Reservoir in October 2014, and completed in December 2017. During
this period, a 10,000-m* ecological restoration area was constructed to
reduce nutrient loading and mitigate the consequences of eutrophication
and to provide food and habitat for fish and mollusks (Wang et al.,
2019). Fish were harvested to maintain system stability. Despite project
completion, changes in water quality and the composition of microbial
communities following the partial restoration of Yantian Reservoir have
not been investigated. This study details the results of data collected over
several years on the microbial communities in this reservoir, as well as
various environmental factors. No pre-ecological restoration project
samples were obtained; thus, no comparisons before and after ecological
restoration are possible. However, data were obtained on the water
quality and composition of microbial communities in Yantian Reservoir
4years after ecological restoration measures had been completed. These
data are essential for evaluating the effects of the ecological restoration
project on water quality.

Water quality is a major environmental priority for modern
society (Alcamo, 2019). Regular water quality monitoring is
essential for ensuring the safety of drinking water, an adequate food
supply, and the health of human populations. Basic field kits with
multiple fluorescence,

Sensors, spectrophotometric, and

Frontiers in Microbiology

microscopic-based mobile technologies have been used to
characterize the composition of microbial communities and
estimate water quality. These can be used to detect microbes
(bacterial concentrations) and chemicals (Grossi et al., 2013), fecal
coliforms, pathogenic parasites, heavy metals, and pesticides
(Acharya et al., 2020). However, these methods only provide
preliminary insights into the composition of microbial communities
in water. NGS permits more comprehensive characterizations of the
water microbiome. Metagenomic approaches permit real-time
quantification of microbial hazards in sewage (Aarestrup and
Woolhouse, 2020). Therefore, the use of metagenomic techniques
for monitoring water quality merits further study. The excessive
growth of cyanobacteria because of eutrophication is becoming
increasingly widespread, leading to deterioration in water quality
(Huisman et al., 2018). The health threats posed by algal toxins
have raised concerns among health organizations and water
authorities (Van Dolah, 2000). Microcystin, a well-known algal
toxin, might be associated with developing irritant reactions,
hepatic diseases, and the progression of tumors (Tamele and
Vasconcelos, 2020). CYN can impair the liver, heart, kidney, and
thymus (Terao et al., 1994) by inhibiting protein synthesis (Froscio
et al., 2008) and glutathione metabolism (Runnegar et al., 1995).
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CYN is also a potential carcinogen that inhibits pyrimidine
nucleotide synthesis (Reisner et al., 2004) and induces DNA strand
breakage (Bazin et al., 2012). Although we detected algal toxin gene
clusters, such as CYN and microcystin, in Yantian Reservoir in this
study, the association between algal toxins and species could not
be accurately quantified because we did not attempt to detect
chemical substances in the samples. In future studies, we plan to
monitor the relationships between phycotoxins and algal species.
In this study, species from genera, Cyanobium, Leptolyngbya,
Microcystis, and Oscillatoria predominated in all sediment samples.
Species of these four genera are reported to produce algal toxins

Frontiers in Microbiology

(Frazao et al., 2010) and benthic cyanobacteria can cause taste and
odour concerns in the water (Frazio et al., 2010; Casero et al., 2019;
Entfellner et al., 2022). Thus, monitoring benthic cyanobacteria
should be added to monitoring programs advocating drinking
water safety (Izaguirre et al., 2007; Gaget et al., 2017, 2020).
Although the health risks posed by ARGs are a worldwide
concern, research in this field is lacking (Hu et al., 2021). Increases
in the abundance of ARGs in reservoirs affect the safety of drinking
water and the efficacy of clinical antibiotics therapy (Ghai et al.,
2014; Nnadozie and Odume, 2019; Dang et al., 2020). Previous
studies of reservoirs in eastern China have revealed that high
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concentrations of ARGs can be detected in the water after being
transported over long distances (Hu et al., 2018; Hu and Lin, 2018).
We also identified ARGs in Yantian Reservoir, and the most
abundant ARGs were MDR genes, which is consistent with the
results of a previous study of Danjiangkou Reservoir (Dang et al.,
2020). Firmicutes, which are dominant intestinal microorganisms,
were the second largest source of ARGs of all microbial phyla in
Yantian Reservoir; their presence in large numbers indicates that
the water quality of Yantian Reservoir poses serious human health
risks. The problem of drug resistance in MDR pathogens has

Frontiers in Microbiology

48

attracted clinical attention because these pathogens result in
mortality,  especially  in
2022).
Enterobacteriaceae was the primary source of MDR genes in a
previous study (Dang et al., 2020). The occurrence and spread of

multidrug-resistant Enterobacteriaceae pose public health threats

increased  morbidity  and

immunocompromised populations (Catalano et al,

because available treatment options are limited, and the
development of new antimicrobial agents is historically slow
(Cerceo etal,, 2016; Chen et al., 2019). The widespread occurrence
of MDR genes in reservoirs poses major threats to human health.
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5. Conclusion

Metagenomic approaches were used to characterize the composition
of microbial communities and environmental factors in water and
sediment samples in Yantian Reservoir across seasons at two different
locations. Seasonal changes and sampling location did not have major
effects on the composition of microorganisms in Yantian Reservoir;
however, sample origin (water vs. sediment) had a substantial effect on
the composition of microorganisms. The distribution of algal toxins and
ARGs was analyzed as were the source species of algal toxins. The
distribution of algal toxins and ARGs in Yantian Reservoir was also
studied, and then based on correlation analysis, the potential sources
species of algal toxins and ARGs were identified. This study revealed a
new potential source of cyanotoxins through the colonial cyanophyte
Aphanocapsa montana. The study also found that TLI is a key factor
affecting the composition of microbes in Yantian Reservoir and
identified the species most strongly correlated with TLI.
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The occurrence of cyanobacterial blooms in summer are frequently accompanied
by the succession of phytoplankton communities in freshwater. However, little is
known regarding the roles of viruses in the succession, such as in huge reservoirs.
Here, we investigated the viral infection characteristics of phytoplankton and
bacterioplankton during the summer bloom succession in Xiangxi Bay of
Three Gorges Reservoir, China. The results indicated that three distinct bloom
stages and two successions were observed. From cyanobacteria and diatom
codominance to cyanobacteria dominance, the first succession involved different
phyla and led to a Microcystis bloom. From Microcystis dominance to Microcystis
and Anabaena codominance, the second succession was different Cyanophyta
genera and resulted in the persistence of cyanobacterial bloom. The structural
equation model (SEM) showed that the virus had positive influence on the
phytoplankton community. Through the Spearman’s correlation and redundancy
analysis (RDA), we speculated that both the increase of viral lysis in the eukaryotic
community and the increase of lysogeny in cyanobacteria may contributed to
the first succession and Microcystis blooms. In addition, the nutrients supplied
by the lysis of bacterioplankton might benefit the second succession of different
cyanobacterial genera and sustain the dominance of cyanobacteria. Based on
hierarchical partitioning method, the viral variables still have a marked effect
on the dynamics of phytoplankton community, although the environmental
attributes were the major factors. Our findings suggested that viruses played
multiple potential roles in summer bloom succession and may help the blooms
success of cyanobacteria in Xiangxi Bay. Under the background of increasingly
serious cyanobacterial blooms worldwide, our study may have great ecological
and environmental significance for understanding the population succession in
phytoplankton and controlling the cyanobacterial blooms.
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1. Introduction

Cyanobacterial blooms have increased in frequency around the
world in recent decades (Huisman et al., 2018) and are likely to
become more severe as a consequence of eutrophication, rising CO,
levels and accelerating global warming (Verspagen et al., 2014; Chapra
et al., 2017). Moreover, cyanobacterial blooms can cause major
problems, such as toxin production, hypoxia generation, and food web
disruption, leading to the loss of ecosystem services (Verspagen et al.,
2014; Chapra et al,, 2017). However, some mechanisms underlying the
ecological success of cyanobacteria remain unclear, which makes it
difficult to deal with cyanobacterial blooms (Wilhelm et al., 2020).

In summer, cyanobacterial communities occur widely in
freshwater by displacing eukaryotic algae, which generally includes
diatom and green algae (Ke et al., 2008; Zepernick et al., 2021). In
addition, the succession of phytoplankton among different
cyanobacterial genera also occurs frequently (Moustaka-Gouni et al.,
2006; Chun et al., 2020; Tanvir et al., 2021). Various factors, including
nutrients, predation, temperature, light, pH, antibiotics, and water
turbulence, have been found to influence these successions and the
ecological success of cyanobacteria (Steffen et al., 2015; Reavie et al.,
2016; Huisman et al., 2018; Wang et al., 2021; Xu et al., 2021; Zepernick
et al., 2021). Given the complexity of cyanobacterial blooms, the
drivers of cyanobacterial dominance and succession are still being
explored (Wang et al., 2021).

Cases in past decades have shown that viruses are becoming
more pronounced in phytoplankton community regulation (Suttle
et al., 1990; Fuhrman, 1999; Brussaard, 2004; Knowles et al., 2016;
Pound et al., 2020). As suggested by negative frequency-dependent
selection, the “Kill-the-Winner” (KtW) model of lytic infection
predicts that abundant prokaryotic types will be exposed to strong
viral pressure for maintaining high prokaryotic richness (Winter
etal., 2010). Many studies on phytoplankton blooms showed direct
viral control and provided empirical support for the KtW model
(Bratbak et al., 1993; Hewson et al., 2001; Baudoux et al., 2006).
Under a modified KtW model, Pound et al. (2020) found that
viruses may suppress the competition of eukaryotic community and
allow for the cyanobacterial bloom. Recently, infection strategy of
the “Piggyback-the-Winner” (PtW) model has been proposed in
which lysogeny predominates at high microbial abundance and
growth rates (Silveira and Rohwer, 2016). Several studies also
supported the PtW model (Knowles et al., 2016; Coutinho et al.,
2017). However, these different viral infection strategies could
be favored depending on environmental conditions (Bongiorni
et al., 2005; Payet and Suttle, 2013). Viral lysis and lysogenic
infection also contribute to bacterioplankton community. Similar
to phytoplankton, high viral lysis pressure will apply to dominant
and fast-growing bacteria, which has been confirmed to have a
major impact on bacterial diversity and the community structure,
i.e., the “Kill-the-Winner” model (Winter et al., 2010). Besides,
lysogeny also has been previously hypothesized to be a preferable
survival strategy for both the virus and bacterioplankton (Paul,
2008). Notably, viral lysis predominantly channels particulate
organic carbon and nutrients away from higher trophic levels,
which was called “viral shunt” (Wilhelm and Suttle, 1999). Nutrients
released by viral lysis of heterotrophic bacteria can be efficiently
remineralized and transferred to phytoplankton (Weinbauer et al.,
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2011; Shelford and Suttle, 2018). Currently, the accumulated
scientific evidence about the role of viruses is growing fast, but the
information about the roles of viruses in bloom succession is
still limited.

Cyanobacterial bloom succession has occurred frequently in
several tributaries of the Three Gorges Reservoir (TGR), the
world’s largest hydroelectric power project, since the initial water
impounding in 2003 (Zhou et al, 2019). And the summer
phytoplankton population succession in Xiangxi Bay of TGR in
2010 was in order as follows: diatom, green algae, cyanobacteria,
and the main factors of were water temperature, water stability,
and mixed layer depth (Fang et al., 2013). It also has been revealed
that nutrients, temperature, light, and hydrodynamic regimes are
the key environmental factors affecting the outbreaking and
succession of blooms (Fang et al., 2013; Yang et al., 2022). As for
viruses in reservoirs, Kopylov and Zabotkina (2021) investigated
the distribution of viruses, the frequency of visibly infected cells
of heterotrophic bacteria and autotrophic picocyanobacteria and
their virus-induced mortality in six reservoirs along the Volga.
The viral infection rate of picocyanobacteria in mesoeutrophic
reservoir was higher than that in mesotrophic reservoir (Kopylov
et al., 2010). Although a large number of reservoirs have been
built worldwide, there have been very few studies on the ecological
effects of viruses in these manipulated aquatic ecosystems
in-depth, especially when the bloom occurs.

In the present study, we investigated the viral lysis and lysogeny of
phytoplankton and bacterioplankton in the Xiangxi Bay (the largest
tributary of the TGR, China) during a bloom succession event from
July 18 to August 29. The abiotic environmental factors were also
monitored to compare how they differ from the effects of viral factors
during bloom succession. The results revealed that viruses played
multiple potential roles in summer bloom succession in Xiangxi Bay
of TGR and may facilitate the bloom success of cyanobacteria. These
findings

provide a foundation for further understanding

phytoplankton succession and controlling the cyanobacterial blooms.

2. Materials and methods

2.1. Sampling and physicochemical
variables

Xiangxi Bay is the largest tributary close to the Three Gorges Dam
in Hubei Province, China. The main stream of Xiangxi Bay is 94km
with a basin area of 3,099 km® The study site is located in the middle
reaches of Xiangxi Bay (Figure 1), which is affected not only by the
main stream of the TGR but also a typical bloom area (Yang
etal., 2018).

To monitor viral and environmental parameter variations in
summer blooms, water samples at 0.2 m below the water surface were
collected at 10am every 2 days from July 18th to August 29th, 2017.
The total nitrogen (TN), total phosphorous (TP), PO,*~, permanganate
index (COD,y,), dissolved silicate (D-Si), chlorophyll a (Chl-a), and
water temperature (T) were determined as described by Nwankwegu
etal. (2020). One liter of water samples were fixed with Lugol’s iodine
solution (2% final concentration) and allowed to settle for 48h.
Phytoplankton species were identified according to Paerl et al. (2015).
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FIGURE 1
Location of the sampling site in Xiangxi Bay of Three Gorges
Reservoir.

For the counting of microbial abundances, 5mL of water samples were
firstly fixed with 25% glutaraldehyde to a final concentration of 0.5%
for 15-30 min at 4°C, then the samples were flash frozen and stored at
—80°C until analysis. Ten liters water samples were collected and put
into a polyethylene pot, and then the viral lysis and lysogenic fraction
experiments were carried out within 1 h.

2.2. Microbial abundances

Viruses and bacterioplankton were counted simultaneously by
epifluorescence microscopy (Steele et al, 2007). Briefly, 1mL
sub-samples from the glutaraldehyde-fixed samples vacuum-filtered
onto an Anodisc 25mm 0.02-pm filter (Whatman, Middlesex,
United Kingdom) for epifluorescence microscopy. When necessary for
accurate enumeration, samples were diluted with 0.02 pm-filtered
water prior to filtration. The filter was stained for 15min with SYBR
green I solution (1:400) in the dark. After being dried, the filter was
placed on a glass slide and mounted with an antifade mounting
solution. For each filter, a minimum of 200 bacteria and 200 viruses
were counted in random fields of view. Analyses were performed
under 1,000 x magnification with an epifluorescence microscope
(Leica DMR, Wetzlar, Germany) equipped with a 100 W high-pressure
mercury lamp and using light filters for blue excitation (450-490 nm
wide bandpass).

Phytoplankton was analyzed without staining, but by using their
natural autofluorescence. Briefly, 2 ml water samples were filtered onto
0.22pm pore size cellulose acetate layer sheets (Xinya, Shanghai,
China). Then, phytoplankton were counted by their orange and red
autofluorescence (that is, Chl a, present in all phytoplankton; Parésys
et al.,, 2005) under blue excitation light (450-490 nm wide bandpass)
using a Leica DMR microscope. To obtain reliable estimates of
abundance of phytoplankton, at least 200 phytoplankton were counted
in random fields per sample under a 200 x magnification.
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2.3. Viral lysis rate

Phytoplankton community is controlled by viral induced lysis of
phytoplankton directly and also influenced by the viral induced lysis
of bacterioplankton indirectly (Weinbauer et al., 2011; Biggs et al.,
2021). The modified dilution approach was used to determine the viral
induced mortality on both phytoplankton and bacterioplankton
(Parvathi et al., 2014; Tsai et al., 2015a). First, sampling water was
gently passed through a 200pum mesh, 0.2pm membrane (Pall,
Dreieich, Germany), and a 30kDa tangential flow filtration system
(Sartorius Stedim Biotech, Gottingen, Germany) to create
mesoplankton-free whole water, grazer-free water, and virus-free
water, respectively. Then, the mesoplankton-free whole water was
mixed with 0.2 pm diluent or 30kDa ultrafiltrate in proportions of
100, 70, 40, and 20%, to gradually decrease the mortality impact with
increasing dilution. All experiments were performed in triplicate in
0.5L clear polycarbonate bottles. After preparation of the two parallel
dilution series, a 3 ml subsample was taken for phytoplankton and
bacterioplankton enumeration as specified in section 2.2. And the
bottles were incubated for 24 h in situ. After the 24-h incubation, a
second phytoplankton and bacterioplankton count was executed.
Apparent phytoplankton and bacterioplankton growth rates (p, d™')
of 0.2pm and 30kDa diluent series (i.e., 100, 70, 40, and 20%) are
calculated from the changes in abundance during the incubation using
the equation:

ﬂ=1n(Pt/P0)/l

where P, and P, are the final and initial measured phytoplankton
and bacterioplankton abundance, respectively, and ¢ is the duration of
the experiment.

Linear regression analysis of apparent growth rates against
fraction of water is applied to each of the dilution experimental series
(0.2 pm and 30kDa diluent series). The grazing rates of phytoplankton
and bacterioplankton were estimated from the regression coefficient
of the apparent growth rate for the 0.2pm series, whereas the
combined rate of viral induced lysis and grazing was estimated from
the regression for the 30kDa series. Viral mortality of phytoplankton
and bacterioplankton were determined from the corresponding
significant difference between the two regression coeflicients of 0.2 pm
and 30kDa series (as tested by analysis of covariance; Kimmance
etal., 2007).

2.4. The percent of lysogeny

Lysogeny in particular is assumed to be a beneficial life strategy
for both hosts and viruses under unfavorable conditions (Weinbauer
et al, 2003). The lysogenic fractions of phytoplankton and
bacterioplankton were determined using the mitomycin C method
(Williamson et al., 2002). One hundred milliliters of mesoplankton-
free whole water (the sampling water filtered with 200 pm mesh) was
filtered through a 0.2pm filter (Pall, Dreieich, Germany) using a
47 mm filtration apparatus to reduce the volume to approximately
5ml. Then, 100 ml of virus-free water (the sampling water filtered with
30kDa membrane) was added back to the remaining 5ml of the
0.2 pm filtered sample, and the volume was once again reduced to
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approximately 5ml through filtration. The filtration and resuspension
processes were repeated three times. Subsequently, virus-reduced
samples were either added to a final concentration of 1ug/mL
mitomycin C (Sigma-Aldrich, St. Louis, United States) or left
untreated as controls. All samples were incubated at room temperature
in the dark for 24h and counted using the method as described in
section 2.2 to obtain the abundances of phytoplankton and
bacterioplankton after 24 h. The frequency of lysogenic cells (FLC) of
phytoplankton and bacterioplankton were calculated according to the
following equation:

(Coa—T4)
Caa

FLC = x100%

where, C,, and T,, are the number of phytoplankton or
bacterioplankton enumerated in the control and induced samples at
24h, respectively.

2.5. Statistical analysis

The taxonomic compositions of the phytoplankton communities
were analyzed at the species level (for these with relative abundance
>1%) and visualized using the R (v4.2.2) package “ggplot2”. To display
the succession of phytoplankton community composition, hierarchical
cluster analysis (HCA) and principal coordinate analysis (PCoA) were
carried out using Bray-Curtis distance based on the relative
abundance matrices of phytoplankton species. Permutational
multivariate ANOVA (PERMANOVA, n=999) was then used to
examine the statistical significance of differences among the bloom
stages (Anderson, 2001). According to the bloom stages defined by
HCA, a box plot of viral lysis rate and the percent of lysogeny was
constructed and one way ANOVA was performed to test the difference
among the bloom stages.

To understand the relationship between viral factors and
phytoplankton community succession, the structural equation
modeling (SEM) was used to test the pathway that the virus changed
the phytoplankton community. All variables were transformed by
log10 (x+1) before SEM and we determined the latent variables first.
To support a conclusion that virus shaped the blooms succession (i.e.,
the change of phytoplankton community), the latent variable
“Phytoplankton” was determined as a proxy for phytoplankton
community change. As for other latent variables which have close
relation with latent variable phytoplankton community, we concluded

»

as “Virus”, “Nutrient”, and “Physical factor” in our study. We next
chose the observed variables to each latent variable. Spearman’s
correlation analysis was performed to examine the relationships
among all variables, and variables were filtered with high correlation
to simplify the modeling. Then, we took the most likely paths in
consideration and checked the suitability of the estimated parameters.
The SEM was finally established after the remove of some observed
variables. And the SEM fitness was examined on the basis of a
non-significant chi-square (y?) test (p >0.05), the comparative fit index
(CFI>0.95), and the root mean square error of approximation
(RMSEA <0.05; Jonsson and Wardle, 2010; Shen et al., 2019).
Spearman’s correlation analysis was also used to identify the
correlations between the phytoplankton community and viral
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factors (including viral abundance, viral-induced lysis rate of
phytoplankton, viral-induced lysis rate of bacterioplankton,
frequency of lysogenic phytoplankton, and frequency of lysogenic
bacterioplankton) using the R package “psych”. As for phytoplankton
community, relevant indicators include abundance of different
species of phytoplankton, Shannon Wiener index, PCol (principal
component score in axis 1 of PCoA) and PCo2 (principal
component score in axis 2 of PCoA). Only statistically significant
correlations (p <0.05) are shown. Due to the result of the longest
gradient lengths obtained by detrended correspondence analysis
(DCA) were <3, we further performed redundancy analysis (RDA)
to examine the effect of environmental factors (including viral
factors) on the succession of summer blooms using “vegan” package
of the statistical language R. Hellinger transformation of
phytoplankton abundance was carried out before performing RDA
to minimize the effect of zeroes in the community data, and
environmental factors were transformed with logl0 (x+1) to
approximate a normal distribution. To obtain the parsimonious
model, environmental variables were selected by calculating
variance inflation factors, and environmental variables with
variance inflation factors >8 were removed. Then, a Monte Carlo
test (999 permutations) based on the RDA was used to assess the
significance of RDA model and each selected variable (p <0.05;
Brener-Raffalli et al., 2018; Hao et al., 2020). And we further
determined the explanation effect of each selected environmental
factor on the RDA results based on the hierarchical partitioning
method using the “rdacca.hp” package in R (Lai et al.,, 2022).

3. Results
3.1. Dynamics of bloom characteristics

According to the HCA (Figure 2) and PCoA (Figure 3), three
significant (p<0.05) summer bloom stages were observed: Bloom
I (18th July—30th July), Bloom II (30th July—17th August), and
Bloom IIT (17th August—29th August). There was an increasing trend
in the mean concentrations of Chl a, which were 23.27, 29.18, and
45.50 pg/L, respectively (Table 1). Both Microcystis sp. (Cyanophyta)
and Melosira granulata var. angustissima (Bacillariophyta) were
dominant in Bloom I. However, only Microcystis sp. dominated in
Bloom II. Microcystis sp. and Anabaena circinalis (Cyanophyta) were
the main species in Bloom III. Corresponding to the three stages,
there were two successions, including the first succession from
eukaryotic algae to cyanobacteria (Bloom I-Bloom II) and the second
succession among different cyanobacterial genera (Bloom II-
Bloom III).

There was an increase in the abundance of viruses and a decrease
of bacterioplankton along the bloom succession (Table 1). For the
abiotic characteristics (Table 1), the TN concentrations were 1.78,
1.77, and 1.26 mg/L, respectively, which decreased markedly in Bloom
III. The TP concentration decreased gradually with succession
proceeded and was 0.12, 0.11, and 0.10 mg/L along the three bloom
stages. The concentrations of PO,*~ and D-Si first decreased and then
increased. In addition, the average water temperature first increased
slightly and then decreased to 28.00, 28.52, and 26.50°C, respectively.
Temporal variation of environmental characteristics in the summer
bloom succession was shown in Supplementary Table S1.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1112590
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Peng et al. 10.3389/fmicb.2023.1112590

7118 [] [

7120 []

7122 [] |

724 ] |

726 L] | [C] Anabaena azotica

728 ] [l Anabaena circinalis

7130 [ [[] Ceratium hirundinella

8/01 Il & Chlorella vulgaris
B Chroomonas acuta

8/03 [] O Cryptomonas erosa

8/05 [[] B Cryptomonas sp.

8/07 |[] Cyclotella sp.
[ Fragilaria brevistriata

8/09 I [[] Melosira granulata var.angustissima

8111 [ ] ] Microcystis sp.

8113 || B Navicula minima
[] others

8/15 I:l B Phacus sp.

8117 [l B Phormidium tenue

819 [l

821 []

823 [l

825 [

827 [] |

829 || -

I 1 T T 1 I T T T T 1
0 25 50 75 100 0 05 1 15 2 25
Relative abundance(%) Total dispersion
FIGURE 2

Temporal trends in phytoplankton community composition at the species level (relative abundance of >1%) and hierarchical cluster analysis (HCA) were
applied to identify the succession of phytoplankton compositional change based on Bray—Curtis dissimilarity matrices.
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FIGURE 3

Variation in beta diversity visualized using principal coordinate
analysis (PCoA). Different color regions represented the 95%
bootstrapped confidence ellipses of each bloom stage. The
PERMANOVA test determined that phytoplankton communities
diverged significantly in these three stages (p=0.001).

3.2. Viral lysis and lysogeny

To assess influence of viruses on phytoplankton community,
we quantified the viral lysis to the mortality of phytoplankton
and bacterioplankton by conducting 22 modified dilution assays
during the summer blooms (see Supplementary Table S2 for
details). And prophage induction by mitomycin C was also
applied to quantify the percent of lysogenic phytoplankton
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and bacterioplankton (see Supplementary Table S2 for
details).

The viral lysis rates of phytoplankton and bacterioplankton in the
three bloom stages were significantly different (p <0.05; Figure 4). The
viral lysis rate of phytoplankton (VLP) in Bloom I, II, and III first
decreased and then increased (Figure 4A). The mean VLP was the
highest (0.251d™") in Bloom I and the lowest (0.124d™") in Bloom
I1. The viral lysis rate of bacterioplankton (VLB) increased gradually
during the summer blooms and reached up to 0.312 d™! in Bloom III
(Figure 4C).

The frequency of lysogenic phytoplankton and bacterioplankton
in the three bloom stages were also significantly different (p <0.05;
Figure 4). The frequency of lysogenic phytoplankton (FLP) first
increased and then decreased, with the highest mean FLP (38.52%) in
Bloom II (Figure 4B). The frequency of lysogenic bacterioplankton
(FLB) were observed to decrease gradually from Bloom I to Bloom IIT
(Figure 4D).

3.3. Effects of viruses on phytoplankton
community succession

A structural equation model was successfully established
(*=0.719, p=0.698, CFI=1.0, GF1=0.987, RMSEA = 0; Figure 5). In
the final SEM, Shannon Wiener index was used to model the latent
variable “Phytoplankton” as a proxy for phytoplankton community
change. The SEM analysis showed that Virus, Nutrient, and Physical
factor all had influence on the phytoplankton diversity, and Virus and
Nutrient had higher path coefficient than Physical factor. In latent
variable “Virus’, VLP was the only important factor, and VLB, FLP,
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TABLE 1 Mean (+SD) microbial and environmental characteristics of the
summer bloom succession in Xiangxi Bay from 18th July to 29th August
2017.

Bloom | Bloom Il Bloom Il

mean+SD mean+SD mean+SD
Viral abundance 0.29+0.10 0.67+0.79 0.71£0.32
(107 VLPs/mL)
Bacterial 1.90£0.80 1.43+0.47 1.45+£0.43
abundance (10°
cells/mL)
Phytoplankton 4.84+2.42 26.62+51.88 8.36+6.56
abundance (10°
cells/L)
Bacillariophyta 1.73£1.77 0.15+£0.13 0.58+0.54
(10° cells/L)
Dinoflagellata 0.03+0.04 0.02+0.02 0.01+0.01
(10° cells/L)
Cyanophyta (10° 2.67+1.18 26.41+51.73 7.63£6.01
cells/L)
Euglenophyta 0.01£0.01 0.00 0.00
(10° cells/L)
Chlorophyta (10° 0.28+0.44 0.03+£0.02 0.02+0.02
cells/L)
Cryptophyta (10° 0.13+£0.13 0.02+0.02 0.07+0.07
cells/L)
TN (mg/L) 1.78£0.24 1.77+0.49 1.26£0.53
TP (mg/L) 0.12+0.14 0.11+0.07 0.10£0.03
CODy, (mg/L) 2.13+0.22 2.09+1.66 2.54+0.41
PO/~ (mg/L) 0.006+0.003 0.001+0.001 0.004+0.001
D-Si (mg/L) 8.42+5.66 4.93+1.14 5.10+0.25
Temperature (°C) 28.00+0.50 28.52+0.81 26.50+0.37
Chla (pg/L) 23.27+9.47 29.18+£36.92 45.50+21.44

VLPs, virus like particles; TN, total nitrogen; TP, total phosphorus; D-Si, dissolved silicate;
and Chl a, chlorophyll a.

and FLB were deleted in SEM adjustments. Besides, TN and N:P were
important to model the latent variable “Nutrient”, and PO,*~, COD,,
D-Si were also deleted in SEM adjustments. Similarly, T was the only
important factor to model the latent variable “Physical factor”

The Spearman rank correlation analysis also showed strongly
association between viral infection characteristics and phytoplankton
community composition. Specifically, there was significant positive
correlation between the VLP and Bacillariophyta, Euglenophyta as
well as Chlorophyta (p<0.05; Figure 6). PCoA results for the
phytoplankton communities are shown in Figure 3. As the indexes of
phytoplankton community structure, the first PCoA axis (PCol)
explained 46.31% of the total variance, and the second was 27.03%.
And both the Shannon index of phytoplankton community and the
values of axis 2 (PCo2) of PCoA exhibited significant correlations with
the FLP (p <0.05). The FLB had a significant negative correlation with
the values of axis 1 (PCol) of PCoA (p<0.05).

Redundancy analysis was another method to explore the
importance of viruses to the phytoplankton community. Monte Carlo
test revealed that the RDA model was significant (p <0.01), and also
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FIGURE 4

Boxplot of the viral-induced lysis rate of phytoplankton (VLP) (A),
viral-induced lysis rate of bacterioplankton (VLB) (C), frequency of
lysogenic phytoplankton (FLP) (B), and frequency of lysogenic
bacterioplankton (FLB) (D) in three bloom stages. * and ** indicate
significant differences among the three stages at p < 0.05 and

p < 0.01, respectively.

showed that the explanatory variables (TN, T, PO,*~, VA, VLP, VLB,
and FLP) selected by variance inflation factors were contributed
significantly (p <0.05) to the RDA model (Table 2). The first two axes
of the RDA (Figure 7) explained 32.05 and 19.22% of the variation in
the data, respectively. This variation was closely related to the viral
factors. For example, the eukaryotic algae, such as M. granulata var.
angustissima, Chlorella vulgaris, Chroomonas acuta, Cryptomonas
erosa, and Cryptomonas sp., were positively correlated with the VLP
and were negatively correlated with the FLP (Figure 7). Besides, a
positive relationship of the VLB, VA with A. circinalis, Anabaena
azotica, and Fragilaria brevistriata were found (Figure 7). Hierarchical
partitioning analysis demonstrated that viral factors (VA, VLP, VLB,
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FIGURE 5

The structural equation model (SEM) of the effects of virus, nutrient, and physical variable on phytoplankton community. Measured variables are
indicated with rectangles, latent (unmeasured) variables with ovals. Numbers beside each arrow indicate the standardized path coefficient. (TN, total
nitrogen; N:P, TN/TP ratio; T, water temperature; VLP, viral-induced lysis rate of phytoplankton; H, Shannon Wiener index).

and FLP) had obvious effect on the phytoplankton composition
among the seven selected significant explanatory variables (Table 2)
included in RDA model [total R? (adj) =0.433], which was lower than
that independently explained by environmental factors (i.e., PO,*,
TN, and T).

4. Discussion

In the present study, three stages of summer bloom succession
were observed (Figures 2, 3; Table 1) and this phenomenon occurs
frequently in Xiangxi Bay of the TGR (Fang et al., 2013). Both phyto-
and bacterioplankton lytic and lysogenic infection characteristics were
significantly different in these three stages (Figure 4) and may have
influenced the succession of summer blooms by different ways from
the analysis of SEM, Spearman rank correlation, RDA, and
Hierarchical partitioning (Table 2; Figures 5-7). And these effects of
viruses in summer bloom succession may further have helped the
success of cyanobacterial bloom.

To explore the causation between virus and the phytoplankton
community succession, the biodiversity of Shannon Wiener index (H)
was used as the observed variable of phytoplankton in SEM. The path
coeflicient between H and latent variable “phytoplankton” was 1.0,
which showed that the SEM could explain the most of the variation of
H. Nutrient, virus, and physical factor are the factors influence the H,
but Nutrient and Virus are more important. Many other studies also
have shown that nutrient was more important than climate change for
phytoplankton community change (Yan et al., 2019; Zhang et al,,
2021). As for virus, VLP was the only important factor and showed
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positive influence on H, which is similar to the “Kill-the-Winner”
(KtW) model for maintaining high prokaryotic richness (Winter et al.,
2010). Besides, VLP may be suppressed under a higher temperature
for the adaption of virus to the adverse environment (Tsai et al., 2015b;
Stough et al., 2017), which was also reflected in SEM (Figure 5). And
there are reports with similar feature that nutrient had positive
influence to VLP (Kopylov et al., 2010; Payet and Suttle, 2013).
Opverall, the established SEM has high credibility, and results showed
that virus had obvious influence on phytoplankton diversity.

From Bloom I to Bloom 11, the first successional shift was from
cyanobacteria-diatom (Microcystis sp. and M. granulata var.
angustissima codominance) to cyanobacteria (Microcystis sp.
dominance) blooms, which can be described as the succession of
different phyla. The roles of viral infection may include photosynthetic
eukaryotic community suppression and cyanobacterial enhancement,
and they were both likely to be work positively for the first succession
and helped the success of cyanobacterial bloom.

In our speculation that the suppression of photosynthetic
eukaryotic community in the first succession, the VLP was higher
in Bloom I (Figure 4A) and also exhibited significant positive
relationships with eukaryotic algal species (Figures 6, 7), which
showed the potential control of eukaryotic community. Kopylov
etal. (2010) found that mesoeutrophic reservoir have higher viral-
induced mortality than mesotrophic one. In our study, water with
high nutrient levels in Bloom I may contribute to result of the
higher VLP. In Lake Taihu, Pound et al. (2020) also observed that
the viral lysis may suppresses the eukaryotic community during the
Microcystis bloom and regarded that the virus-mediated transition
from diatoms to cyanobacteria could be explained within the
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TABLE 2 Percentage and significance of the seven selected explanatory
variables to the summer phytoplankton community composition change.

Variables Individual l. Perc p value®
importance (VAR

™~ 0.0580 13.39 0.0290

PO, 0.2097 48.43 0.0001

T 0.0724 16.72 0.0001

VA 0.0143 3.30 0.0229

VLP 0.0294 6.79 0.0447

VLB 0.0060 1.39 0.0491

FLP 0.0432 9.98 0.0191

Total 0.433 100

“Individual effects as a proportion of total corrected R%.
®p value for the permutation test based on 999 randomizations.

context of a modified version of the KtW model. However, different
from the relatively stable hydrological conditions in Lake Taihu,
the hydrological conditions in Xiangxi Bay were much more
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complex due to the reservoir operation (Xu et al., 2011). These
hydrodynamic changes shaped the abiotic environments
significantly and affected the algal bloom in Xiangxi Bay (Yang
etal.,, 2018). Unavoidably, the hydrodynamic conditions (including
tide, thermal stratification, flow velocity changes, and water
vertical mixing) can strongly affect the virus-host interactions
(Auguet et al., 2005; Barros et al., 2010; Sawstrom and Pollard,
2012; Chen et al., 2019). Although hydrodynamic conditions in
Xiangxi Bay are susceptible to human manipulation and may affect
viral infection, there was still obvious viral lysis suppression on
eukaryotic algal community in Xiangxi Bay, which is similar to the
role of viruses in Lake Taihu (Pound et al., 2020). The summer
hydrodynamic conditions in Xiangxi Bay (including stable
stratification, low surface mixing layer depth, and velocity) that
created similar with shallow lakes may contributed to this result
(Zhao etal., 2012; Yang et al., 2018). However, it is regrettable that
potential effect of hydrodynamic changes on the bloom dynamics
cannot be discussed due to the lack of monitoring data. In addition,
silicon limitation has been found to facilitate the viral infection
and mortality of marine diatoms in marine environments (Kranzler
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FIGURE 7

Redundancy analysis (RDA) ordination plot describing the phytoplankton community composition (response variables, in red) in relation to viral and
environmental variables (explanatory variables, in blue). (S1, Cyclotella sp.; S2, Navicula minima; S3, Fragilaria brevistriata; S4, Melosira granulata var.
angustissima; S5, Ceratium hirundinella; S6, Microcystis sp.; S7, Phormidium tenue; S8, Anabaena azotica; S9, Anabaena circinalis; S10, Phacus sp.; S11,
Chlorella vulgaris; S12, Chroomonas acuta; S13, Cryptomonas erosa; S14, Cryptomonas sp.; and S15, Others).

et al.,, 2019). And silicate concentration was significantly reduced
in the first bloom succession (Table 1), which may also act as the
constraining nutrient that causes the collapse of diatoms and
provides opportunities for the later cyanobacterial bloom.

As for cyanobacterial enhancement, there was an increasing
abundance of Microcystis sp. during the first succession (Table 1) and
the highest FLP in Microcystis bloom (Figure 4B). The infection
characteristic of FLP may also have influenced the phytoplankton
composition. Specifically, the Shannon diversity index of the
phytoplankton community decreased with increasing FLP (Figure 6).
The second component in the PCoA, which captured the second-most
amount of variance in the phytoplankton communities (Figure 6),
showed a positive correlation with FLP. Previous studies have shown
that Microcystis can resist viral lysis through high number of
restriction modification systems (Zhao et al., 2018), and may also
minimize losses by forming a lysogenic state (Stough et al., 2017).
Knowles et al. (2016) found that the viral densities were more
consistent with temperate than lytic life cycles with increasing
microbial abundance and growth rates, which was the infection
strategy of the PtW model. The potential for Microcystis to resist viral
lysis and increase dominance by forming a lysogenic state could
be another important factor that allows for cyanobacterial dominance
and the first succession.

From Bloom II to Bloom III, the second succession was the bloom
of different cyanobacterial genera (Microcystis sp. dominance to
Microcystis sp. and A. circinalis codominance). VLB, which has
significant contribution in RDA model (Table 2), showed a positive
relationship with different species (e.g., A. circinalis and A. azotica;
Figure 7). Nutrients released by viral lysis of heterotrophic bacteria
may help the second succession and contribute to the continued
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success of cyanobacterial bloom. And indeed, there exist a decline of
bacterioplankton along the succession (Supplementary Table S1) and
an increase of PO,*~ in Bloom III (Table 1). In Bloom II and III, TN/
TP ratios were 16.1 and 12.6, respectively. And there was the lowest
TN in Bloom III (Table 1). Tian et al. (2012) also found the decrease
of nitrate in summer bloom of Anabaena in Xiangxi Bay and N
limitation was considered as an important cause. Besides, the
heterocytes existed in the morphological features of Anabaena in
Bloom III during the phytoplankton species identification, which is a
typical characteristic for nitrogen fixation (Golden and Yoon, 1998).
And there was a high concentration of TN in Bloom I, which
Anabaena was not dominant during this period. Hence, there was
high possibility of N limitation in Bloom III, which may cause the
replacement of non-N,-fixing Microcystis sp. by N,-fixing A. circinalis.
Previous studies showed a competitive advantage of Microcystis at low
P concentrations because of its ability to rapidly uptake and store
inorganic P, which also caused P deficiency to other coexisting
phytoplankton species in Bloom II (Wan et al., 2019). During the
second succession, the PO,*~ concentration in Xiangxi Bay was still
low, but an increase in Bloom IIT (Table 1), which might be caused by
the increase of the VLB, and may help the growth of N,-fixing species.
Importantly, N, fixation, a metabolically expensive process, is
controlled by P availability (Wang et al., 2018). Vanderhoef et al.
(1974) found the increased algal growth and nitrogen fixation are
correlated with higher phosphate concentrations. Weinbauer et al.
(2011) found that the abundant regenerative nutrients required for
Synechococcus growth were adequately provided due to the viral lysis
of heterotrophic bacteria. Tsai (2020) emphasized the importance of
the viral shunt of bacteria and quantified the P nutrient released by the
viral lysis to be approximately 597.6ngPL™" d™' in coastal waters.
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From Bloom II to Bloom III, the VLB followed a rising trend, the
average size increasing from 0.211 to 0.312 d™' (Figure 4), which may
also contribute to the increase of PO,’~ concentration from 0.001 mg/L
in Bloom II to 0.004 mg/L in Bloom III (Table 1) and finally help the
growth of N,-fixing species.

This study found that the variation of phytoplankton communities
during summer bloom successions was closely associated with the
changes in abiotic environmental factors (i.e., T, TN, and PO,*") and
viral factors (i.e., VA, VLP, FLP, and VLB; Table 2; Figures 6, 7).
Hierarchical partitioning method has been widely used to estimate the
individual importance of each explanatory variable (Li et al., 2022;
Pecuchet et al., 2022). Based on the hierarchical partitioning analysis,
the viral variables still have a marked effect on the dynamics of
phytoplankton community, although the environmental attributes
were the major factors (Table 2). Studies on the estimate of the viral
lysis in bloom succession are scarce, so the importance of viruses
compared to other factors remain uncertain. However, our results
quantified the size of the viral infection characteristics of
phytoplankton and bacterioplankton, and showed that viruses may
play an important role in summer bloom succession (Figures 5-7).
Moreover, our findings were consistent with other studies which
showed that viruses were important in bloom control (Jacquet et al.,
2002; Du et al., 2020). In general, viruses may play vital roles in
phytoplankton community regulation, but these roles may be ignored.
And our results highlighted the need for understanding viral infection
dynamics in realistic environmental contexts to better predict their
biogeochemical consequences (Mojica et al., 2016; Zimmerman
et al., 2020).

5. Conclusion

The roles of viruses in cyanobacterial blooms and taxa succession
have yet to be well elucidated in aquatic ecosystems, including the
world largest hydropower reservoir, TGR. In this study, viral infection
characteristics monitoring during the summer bloom successions was
conducted to determine the effects of viruses on cyanobacterial bloom
in Xiangxi Bay of TGR. The main conclusions were drawn as follows:

1. Viruses may promote the cyanobacterial blooms and work by
multiple and complex ways, including the enhanced lysis of
eukaryotic community, the increase of lysogeny in
cyanobacteria, and the nutrients supplied from the lysis
of bacterioplankton.

2. Multiple potential roles of viruses were found during the bloom
succession, highlighting the complexity of viral regulation in
helping the summer cyanobacteria bloom success in Xiangxi
Bay. Neither the KtW model nor the PtW model can fully
explain the roles of viruses in summer bloom succession of
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Abundance trade-offs and
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stability of the bacterioplankton
community underlying Microcystis
blooms
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Dianpeng Li'?, Xin Leng'? and Shuging An%2*

!School of Life Science and Institute of Wetland Ecology, Nanjing University, Nanjing, China, ?Nanjing
University Ecology Research Institute of Changshu (NJUecoRICH), Changshu, China

Microcystis blooms are an intractable global environmental problem that pollute
water and compromise ecosystem functioning. Closed-lake management
practices keep lakes free of sewage and harmful algae invasions and have
succeeded in controlling local Microcystis blooms; however, there is little
understanding of how the bacterioplankton communities associated with
Microcystis have changed. Here, based on metagenomic sequencing, the phyla,
genera, functional genes and metabolic functions of the bacterioplankton
communities were compared between open lakes (underlying Microcystis blooms)
and closed lakes (no Microcystis blooms). Water properties and zooplankton
density were investigated and measured as factors influencing blooms. The
results showed that (1) the water quality of closed lakes was improved, and the
nitrogen and phosphorus concentrations were significantly reduced. (2) The
stability of open vs. closed-managed lakes differed notably at the species and
genus levels (p<0.01), but no significant variations were identified at the phylum
and functional genes levels (p>0.05). (3) The relative abundance of Microcystis
(Cyanobacteria) increased dramatically in the open lakes (proportions from 1.44
to 41.76%), whereas the relative abundance of several other dominant genera of
Cyanobacteria experienced a trade-off and decreased with increasing Microcystis
relative abundance. (4) The main functions of the bacterioplankton communities
were primarily related to dominant genera of Proteobacteria and had no
significant relationship with Microcystis. Overall, the closed-lake management
practices significantly reduced nutrients and prevented Microcystis blooms,
but the taxonomic and functional structures of bacterioplankton communities
remained stable overall.

abundance trade-offs, bacterioplankton, Microcystis, closed-lake management,
dominant taxa

1. Introduction

Over the past decades, there has been a rise in the frequency and distribution of
cyanobacterial blooms worldwide (Paerl, 2014; Almanza et al., 2019), and the extensive
propagation and decay of algae has reduced the dissolved oxygen content of water, compromising
ecosystem health (O’Boyle et al., 2016; Zhao et al., 2019). In particular, the public has become
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aware of Microcystis, a genus of Cyanobacteria synonymous with
harmful algal blooms (HABs). For example, a drinking water crisis
caused by toxic Microcystis aeruginosa led directly to 2 million people
unable to safely access municipal water for more than a week in May
2007 in Wuxi, Jiangsu Province, China (Qin et al., 2010). In August
2014, more than 400,000 people were subject to a ‘do not drink
advisory’ for nearly 48 h because of contamination by microcystins in
Toledo, Ohio, United States (Steffen et al., 2017). Since that time,
numerous investigations and experiments have analysed the organic
matter and genotypic structure of Microcystis and cyanobacteria
blooms (Chen et al., 2018), long-term bloom changes (Zhang M. et al.,
2021), and environmental driving forces of blooms (Zhang J. et al.,
2021). However, cyanobacterial blooms are a largely unresolved global
environmental problem (Ho et al., 2019; Wilhelm et al., 2020).

Wetland construction provides essential protection and
management of many small shallow lakes through sewage discharge
control and aquaculture implementation to improve water quality
(Zhu et al, 2014) and tourism development control to enhance
biodiversity (Li et al., 2010). For instance, by building sluices to isolate
lakes from rivers, small lakes in Taihu National Wetland Park were
constructed to prevent periodic local cyanobacterial outbreaks (Wang
etal., 2020). Similarly, in a study of closed-lake management practices,
Xiao et al. (2019) studied the Donghu Lake area (Wuhan, China),
which is closed off by tunnel construction, based on 16S rRNA gene
sequencing and found that Cyanobacteria abundance in the closed
lake area was much lower than that in open lake areas. This represents
a new perspective that closed-lake management practices may be a
powerful precautionary strategy for preventing HABs. In contrast,
Wang et al. (2020) compared the bacterioplankton communities in 3
types of closed ponds based on 16S rRNA gene sequencing and found
that slight eutrophication in closed ponds led to an increase in
Cyanobacteria. To further investigate the ecological effects of closed-
lake management practices, it is necessary to consider changes in both
cyanobacteria and Microcystis (Berg et al., 2018), as well as responses
to the associated planktonic microbiome (Shi et al., 2010; Pound
etal., 2021).

Recently, high-throughput sequencing has been used to explore
the dynamics of the bacterial community (Chen et al., 2018), also to
examine the consequences of cyanobacterial blooms on both the
cyanosphere and the wider bacterioplankton community. Louati et al.
(2016) surveyed a recreational lake and found that changes in the
composition of cyanobacterial species led to significant changes in the
bacterial communities associated with bloom-forming freshwater
cyanobacteria. Similarly, Shen et al. (2019) compared lakes with
different nutrient states and found that the functional structure of the
bacterioplankton community was significantly different from that of
other communities dominated by Cyanobacteria. Liu et al. (2019) also
found that the biomass of Cyanobacteria during a bloom strongly
affected the community composition of microeukaryotic plankton in
a reservoir. In contrast, an enclosure experiment showed that aquatic
bacterial communities were resilient and therefore generally stable in
the face of disturbance (Shade et al., 2011). Although these 16S rRNA
gene sequencing methods are useful, they have limitations in terms of
identifying species. It is necessary to implement metagenomic
methods for further analysis, which are better suited for identifying
both species and functional genes (Shen et al, 2019; Yancey
etal., 2022).

Here, we used metagenomic analysis to compare the taxonomic
and functional structure of bacterioplankton communities of open
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lakes (Microcystis blooms) and artificially closed lakes (no Microcystis
blooms) along the Wangyu River. The study reinforced the ecological
effects of closed-lake management practices on controlling nutrient
loading and mitigating Microcystis blooms.

2. Methods
2.1. Study area and sampling

The Wangyu River (31°39'N, 120°38’E), a major tributary of
Taihu Lake, is used to divert water from the Yangtze River. In the
Taihu Basin river network, the open lakes, which are connected to
the river, are subject to direct influence from the water diversion
project’s navigation and fisheries efforts. On the other hand, the
closed lakes were formed as a part of a wetland development
initiative and are not directly connected to the river. Hence, we have
selected 2 closed lakes with the same closed-lake management and
2 adjacent open lakes for our research. Sites at 3 locations away
from immediate influence of large aquatic plants were selected for
sampling in each lake (Figure 1).

In July 2021, cyanobacterial blooms continued to occur in the
open lakes for a month but did not occur in the closed lakes. At each
sampling site, surface water (<0.5m) was collected using a 5L water
harvester. Using individual filter units (Nalgene, United States), 1L
water was passed through 47mm, 0.22pm hydrophilic nylon
membranes (Merck Millipore, Germany), which were then separately
packed into centrifuge tubes and stored on dry ice (—80°C) for
metagenomic sequencing. In addition, 100 mL of surface water was
collected using sterile bottles (3 replicates), and approximately 1 mL
of dilute sulphuric acid was added to acidify the water to a pH<2 and
stored away from light for nutrient analysis.

Zooplankton collection involved two methods: the protozoan and
rotiferan samples were placed in plastic bottles to which 1L of surface
water with 5mL Lugol solution was added; the cladoceran and
copepod samples were collected by passing 20L of surface water
through a 64 um mesh diameter plankton net and 5 mL formaldehyde
solution was added for fixation.

2.2. Biotic and abiotic factor analysis

Temperature, oxidation-reduction potential (ORP), pH, salinity,
dissolved oxygen (DO) and electrical conductivity (EC) were
measured in the field with an AP-800 handheld metre (Aquaread,
United Kingdom). Total phosphorus (TP), labile phosphate (labile P),
total nitrogen (TN), total oxidised nitrogen (TON) and ammonium
nitrogen (ammonium N) were analysed using an auto discrete
analyser Cleverchem-200 (DeChem-Tech, Germany). Chemical
oxygen demand (COD) was analysed using TNT-821 kits and a
DR-3900 instrument (HACH, United States). The zooplankton species
were identified using a 1mL counting plate under an optical
microscope at 100-400 x magnification.

2.3. Metagenomic analysis

Microbial community genomic DNA was extracted from the
freshwater samples using the FastDNA® SPIN Kit (Omega Bio-Tek,
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Wetland Park and Nanhu Provincial Wetland Park).

Map of sampling stations. A total of 12 stations were set up, including in open lakes (Chaohu Lake and Ehu Lake) and closed lakes (Shanghu National

Norcross, GA, United States) following the manufacturer’s
instructions. The DNA extract was checked on a 1% agarose gel, and
DNA concentration and purity were determined with a
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, DE, United States; Zheng et al., 2022). On an Illumina
Genome Analyser IIx, metagenome sequencing was performed and
yielded >8 GB per library (>50 M reads, 150 bp paired-end reads,
insert size=500bp). Quality trimming was performed in Fastp
v0.20.0, and reads <20 bp were discarded. After filtering, we used
Multiple Megahit v1.1.2 (Li et al., 2015) to assemble the
metagenomics data. CD-HIT software (Fu et al., 2012) was used to
cluster a nonredundant gene catalogue (90% identity, 90%
coverage). The taxonomic annotation and functional analysis were
performed based on the NR (Non-Redundant Protein Sequence
Database) and KEGG (Kyoto Encyclopedia of Genes and Genomes),
respectively.

2.4. Statistical analysis

The bacterioplankton community stability was evaluated by
average variation degree (AVD), which is calculated using the
deviation degree from the mean of the normally distributed relative
abundance of species (genus, phylum or functional gene) between
open and closed lakes. Lower AVD value indicates higher
bacterioplankton community stability (Xun et al., 2021).

The variance inflation factor (VIF) was used to filter the
autocorrelated environmental factors, and these factors were filtered
several times until the VIF values corresponding to the selected
than
multidimensional scaling analyses (NMDS) were used to reduce and

environmental factors were all less 10. Nonmetric
rank species and functions to directly characterise the degree of
differences between sampling stations. Distance-based redundancy
analysis (db-RDA) used Bray—Curtis distance calculations to analyse
the relationship between species or functions and environmental
factors. The Wilcoxon rank-sum test was used to analyse the species/
function differences between the two groups of samples. Correlation
network analysis was calculated to construct the correlation network
of species and function.

Statistical analyses were performed in R 4.0.3 and Python 3.11.
Origin 2021 was used to create figures. The geographic and

connectivity variables were calculated in ArcGIS 10.8.
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3. Results

3.1. Diversity and stability of
bacterioplankton communities

To determine the differences in the bacterioplankton communities
between the open and closed lakes, we first aimed to determine the
taxonomic and functional diversity of the bacterioplankton
communities through metagenomic sequencing. A total of 650.07
million high-quality sequence reads with an average length of 126 bp
were obtained from 12 sampling sites. A total of 4,487 distinct
bacterioplankton taxa were detected across all sampling sites, covering
53 phyla, 1,509 genera and 511 families. The majority of
bacterioplankton reads belonged to Cyanobacteria, Proteobacteria
and Actinobacteria, accounting for 48.53%, 19.81%, and 19.04% of the
total bacterioplankton reads, respectively (Figure 2A). The dominant
genera were Microcystis (32.58% of reads), Actinomycetes (7.29% of
reads), Clavibacter (5.39% of reads), Prochlorothrix (3.51% of reads),
and Acidimicrobium (3.00% of reads; Figure 2A).

There were 6,695 KEGG orthologues, and 70.77% of the sequences
belonged to the metabolism group. In the metabolism group, the
“global and overview maps” subgroup accounted for 39.83% of the
reads, representing metabolic pathways, biosynthesis of secondary
metabolites, amongst others. In addition, amino acid metabolism,
carbohydrate metabolism and energy metabolism were the main
metabolism types, accounting for 11.00%, 10.70%, and 9.53% of the
reads, respectively (Figure 2B).

In general, there were no noteworthy discrepancies observed in
the stability of the two lake types at the phylum and functional genes
levels (p>0.05), as depicted in Figures 2E,F There was a significant
discrepancy observed at the species and genus levels (p <0.01), with
closed lakes exhibiting lower ASV indices and higher stability
(Figures 2C,D).

3.2. Comparison of taxonomic and
functional structures of bacterioplankton
communities between open and closed
lakes

To compare the community structure differences from the
perspective of taxonomy and function, the components with the

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1181341
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chen et al.

10.3389/fmicb.2023.1181341

A 6
5.5x10
L - 6x10°H
p—
)
. 2 2 5x10°
I E ) 6 == *
0~ - 2x10° 3
£ g E
£ 2 5.0x10°1 w 5 1x10° i
= » - =
= w T & = %
2 2 1.0x10° gz 0~
) ~ . . . ; . : .
$ & B FFF&F TS
[ & & &S ’@ \o‘ QO e &
&\60 @60 -&\60 @9\0 c’,\é & & © ~b$o &
OIS ~ © s
5.0x10° . Y QY S A% QP 4@(@ WS
B
Global and overview maps - |
Amino acid metabolism
Carbohydrate metabolism A
~_
2, £ Energy metabolism
< © . o
E . Metabolism of cofactors and vitamins -
w E Nucleotide metabolism
- . . "
o e Glycan biosynthesis and metabolism
0= Lipid metabolism
=3 . . .
¥ g Metabolism of terpenoids and polyketides |
e Metabolism of other amino acids{ |
Biosynthesis of other secondary metabolites ||
Xenobiotics biodegradation and metabolism 4|
T T T T
2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x107
Reads number
Cc D F
Species level Genus level Phylum level KEGG functional genes
R= 0.5, P= 0.007 R= 0.472, P = 0.004 R= 0.067, P= 0.25 R= 0.096, P= 0.18
S g ¥k 8§y —x g 8- ns §g{ DS
< < < — =
3 [ -3 [
el T 84 T 5e{ T T | §s
° k-] k-] ! -]
c [ [ [
S S S ]
£ 91 T | £ 91 | E = £ 9
g g g 8
& = $ s & R . R .
o 4 odl/— —_ ol 4 1 o
T T T T T T
Closed Open Closed Open Closed Open Closed Open
lakes lakes lakes lakes lakes lakes lakes lakes
FIGURE 2
(A) Genus and phylum relative abundance variation box plot for the most abundant genera and phyla as determined by read relative abundance.
Genera are coloured by their respective phylum. (B) The relative abundance of metabolic functional genes in the KEGG database. (C—F) Comparison of
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largest proportion were selected, and their significance was tested. In
addition, the similarity pattern of all sample communities was visually
displayed by NMDS analyses (Figure 3). The bacterioplankton
community structures of the open and closed lakes showed little
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difference at the phylum level or at a functional gene level
(Figures 3A,D) but showed obvious differentiation at the genus and
species levels (Figures 3B,C). At the phylum level, the relative
abundances of the top 4 phyla, such as Cyanobacteria and
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Proteobacteria, did not differ significantly between the open and
closed lakes (Figure 3A). Only the relative abundance of Bacteroides
showed fluctuations, and the NMDS pattern showed that the phylum-
level community structures at most sampling stations were very
similar (Figure 3A). At the same time, the functional gene patterns
were not significantly different between the open and closed lakes,
with little difference in the dominant functional genes (Figure 3D).

At the genus level, Microcystis was highly abundant in open lakes
(proportion=41.76%) and directly accounted for the differentiation
in community taxonomic structures; in contrast, other genera of
Cyanobacteria, such as Prochlorothrix, Cyanobium and Leptolyngbya,
occurred at significantly higher proportions in the closed lakes
(Figure 3B). Furthermore, at the species level, Figure 3C shows that
the key cyanobacterial bloom species were Microcystis aeruginosa,
Microcystis flos-aquae and Microcystis wesenbergii, whilst Microcystis
aeruginosa accounted for the primary differences in the communities
between the open and closed lakes. In addition, the genus
Acidimicrobium of Actinobacteria was significantly more abundant
(p<0.01) in the closed lakes than in the open lakes (Figure 3B), and
Acidimicrobium also contributed more to functional genes in the
closed lakes than in the open lakes (Figure 4B).

3.3. Dominant taxa driving functional
differences in bacterioplankton
communities

Metagenomic approaches allow structural and functional
correlations to be analysed at different levels (Figure 4), reflecting
how species composition drives functional composition. At the
genus and phylum levels, the species contributions to different
functional genes were approximately the same, but there was a
significant difference between the open and closed lakes
(Figures 4A,B). At the phylum level, the top three phyla with the
highest 24),
Proteobacteria and Actinobacteria, were primarily responsible for

relative abundance (Figure Cyanobacteria,
the metabolic functions of the bacterioplankton communities
(Figure 4A). At the genus level, the dominant genera had different
responses to the different lake types: Microcystis, the most abundant
genus, contributed significantly more to the metabolic functions in
the open lakes; the contribution of Prochlorothrix, Cyanobium, and
Leptolyngbya of Cyanobacteria to metabolic functions decreased
significantly in the open lakes and the other genera were not
obviously responsive to lake type (Figure 4B).

Figure 4C shows the correlations between the bacterioplankton
phyla and metabolic functional genes: Cyanobacteria and Chlorobi
were positively correlated with the dominant functional genes
(Spearman correlation coeflicients > 0.601, p <0.05), and Bacteroidetes
were only positively correlated with carbon metabolism (Spearman
correlation coefficients =0.587, p<0.05). However, Actinobacteria
generally had strong negative associations with these dominant
functional genes (Figure 4C). Figure 4D shows the correlations
between the dominant genera and dominant functional genes: both
Limnohabitans and Polynucleobacter of Proteobacteria had strong
positive associations with the dominant functional genes (Spearman
correlation coefficients >0.615, p <0.05), especially carbon metabolism
(Spearman correlation coefficients > 0.776, p<0.01) and oxidative
phosphorylation (Spearman correlation coeflicients > 0.748, p<0.01).
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3.4. Correlations between bacterioplankton
communities and biotic or abiotic factors

In general, the closed lakes demonstrated significantly lower levels
of nitrogen and phosphorus compared to the open lakes, as evidenced
by a noticeable reduction across TP, labile P, TN and TON (Figure 5E;
Supplementary Figure 2). At the same time, the density of zooplankton
did not vary between open and closed lakes.

As mediators of the effects of closed-lake management practices on
bacterioplankton, water properties and zooplankton density were used
to explain community differences (Figure 5). In the db-RDA models
(Figures 5A-C), although the current 8 biotic and abiotic indicators
only explained 38.77% to 47.26% of the variation in bacterioplankton
community structures, they did reflect the community differences
between the open and closed lakes. At different taxonomic levels, there
were correlations between zooplankton density and bacterioplankton
community structures. For example, Cladocera and Rotifera were
correlated with the genera of the bacterioplankton community
structure (R*=0.539, p<0.05; R?=0.503, p<0.05).

On the other hand, the water properties affected the community
structures of the bacterioplankton communities (Figures 5A-C). For
example, salinity directly affected the bacterioplankton community
structure at the species level (R°=0.512, p<0.05) and KEGG
functional genes (R?=0.543, p<0.05). In contrast, although biotic and
abiotic indicators can affect the bacterioplankton community
taxonomic structures, they did not further significantly affect the
functional gene structures (Figure 5D); for example, salinity and
Cladocera had no significant effect on the functional gene structures
(R?=0.275, p=0.239; R?=0.493, p<0.05).

4. Discussion

Although the relationship between cyanobacterial blooms and the
bacterial community has been frequently investigated in previous
studies (Chen et al, 2018; Liu et al, 2019), few studies have
investigated the taxonomic and functional structures of
bacterioplankton communities based on metagenomic sequencing. In
this study, to assess the ecological effects of closed-lake management
practices, the taxonomic and functional structures of bacterioplankton
communities were compared; furthermore, correlations between
species and function were revealed and the main taxa that drove
community taxonomic and functional structures were identified.

Our study found strong associations between Microcystis and 4
major community metabolic functions (Figure 4B), but there was
no significant association between Microcystis and functional genes
(Figure 4D). At the same time, two genera of Proteobacteria
accounted for the most abundant functional genes (Figure 4D), and
Steffen et al. (2012) also found that metabolic functional genes were
mainly related to Proteobacteria in Taihu Lake. Does this suggest
that Polynucleobacter and Limnohabitans of Proteobacteria have a
more dominant influence on maintaining the stability of functional
gene structure compared to Microcystis? The concept of keystone
taxa has helped in understanding the changes in community
function; keystone taxa determine the main function of a
community regardless of their abundance (Banerjee et al., 2018).
For example, Chen et al. (2018) found that although Microcystis

occurred at the highest proportion in the lake, Proteobacteria were
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associated with metabolic functional genes. Similarly here, the
Microcystis with the greatest relative abundance had no significant
correlation with major functional genes (Figure 4D). Thus,
compared with the dominant taxa, keystone taxa may also be a
contributor to the relatively conserved functional structure.
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On the other hand, Cyanobacteria were dominant in this study,
mainly driving aerobic respiration, nitrogen assimilation, nitrogen
mineralisation, assimilatory sulphate reduction and other metabolic
pathways (Figure 4C), whilst Actinobacteria and Proteobacteria
potentially mediated these metabolic processes (Shen et al., 2019).
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Although Cyanobacteria are not directly involved in many functions,
the cyanosphere is critical to the associated heterotrophic bacterial
communities. For instance, Shi et al. (2010) stressed that the bacteria
in the cyanosphere were likely specifically related to Cyanobacteria.
Subsequently, Xie et al. (2016) sequenced a stable community in the
laboratory and found a mutually beneficial relationship between the
bacteria and Microcystis: all heterotrophic bacteria were dependent
upon Microcystis for carbon and energy, whilst Microcystis was
dependent upon the heterotrophic bacteria for the vitamin B-12
required for its growth. Furthermore, Smith et al. (2021) isolated
single Microcystis colonies via droplet encapsulation and found that
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differences between Microcystis strains may impact community
composition of the Microcystis phycosphere.

In our study, despite significant cyanobacterial blooms in the open
lakes, there was no significant difference in cyanobacterial relative
abundance between the open and closed lakes (Figure 3A). Specifically,
although the relative abundance of Microcystis was extremely high in
the open lakes, the relative abundance of the other dominant
Cyanobacteria genera was significantly reduced (Figure 3B). One
possible reason for this result was that the members of Cyanobacteria
share a very similar niche (Zhao et al., 2016). Similarly, during a
cyanobacterial bloom in the Baltic Sea, Berg et al. (2018) stressed the
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exceptionally strong biotic driving forces of cyanobacterial blooms on
associated microbial communities, but the post-bloom microbial
community still re-established a comparable status in terms of
diversity to that of the pre-bloom status. In addition, the functional
structures of Cyanobacteria did not differ generally between the open
and closed lakes (Figure 4A), abundance trade-off may had resulted
in a functional structure trade-off in the phylum of Cyanobacteria
(Figure 4B). Consistent with these findings of a functional structure
trade-off, Steffen et al. (2012) compared the microplanktonic
communities amongst Lake Erie (North America), Taihu Lake
(China), and Grand Lake St. Marys (United States) and found that
despite the variation in the phylogenetic assignments of the bloom-
associated organisms, the functional potential remained relatively
constant between systems. Our results are consistent with those of
previous studies that have found bacterioplankton community
structures to be resistant to cyanobacterial blooms.

Unlike Xiao et al. (2019), who found that resource and predator
factors play an important role in changes in bacterioplankton
communities in Donghu Lake, there were no obvious ecological driving
forces of bacterioplankton communities in this study. Specifically,
although significantly higher levels of TON were associated with
Microcystis, the changes in overall community structure were not well
explained by biotic and abiotic factors. One possible explanation is that
zooplankton have experienced many coevolutionary adaptations; for
example, Daphnia may feed on Microcystis, whilst Microcystis may
intoxicate Daphnia (DeMott et al., 2001; Lemaire et al., 2012), and
Daphnia have a limited ability to graze on cyanobacterial blooms (DeMott
etal., 2001). Furthermore, the hydrological connectivity of the open lake
may have played a direct role in the accelerated proliferation of invasive
algae (Zhang et al., 2022), thereby impeding or concealing the influential
impact of zooplankton.

However, the relationship between zooplankton and cyanobacteria
varies widely (Huisman et al., 2018). During a cyanobacterial bloom in
open lakes, Jiang et al. (2016) revealed the rapid evolution of tolerance
in two cladoceran grazers (Daphnia pulex and Simocephalus vetulus) to
toxic Microcystis, and Sadler and von Elert (2014) showed that
cladoceran daphnia can successfully inhibit bloom formation. Consistent
with this information, Xiao et al. (2019) found that closed-lake
management practices resulted in a significant increase in cladoceran
species, and cladocerans, as mainly predators, had a significant positive
association with bacterioplankton. In general, water quality and
zooplankton abundance are not a good explanation for cyanobacterial
blooms. On the other hand, a recent study in the Wangyu River based
on the ASV structure in eDNA metabarcoding analysis showed that the
Microcystis in the Wangyu River were different from those in Taihu Lake
and the Yangtze River and might act as a potential source of Microcystis
(Zhang et al., 2022). eDNA metabarcoding can be a powerful tool to
reveal habitat-specific biodiversity in lentic systems (Westfall et al.,
2020), and the combination of metagenomic sequencing and eDNA
metabarcoding can help to more comprehensively reveal the causes of
differences in community structure.

5. Conclusion

Our findings support the concept that bacterioplankton community
structures are resistant to cyanobacterial blooms. In open lakes,
Microcystis blooms were accompanied by significant reductions in the
proportions of several other Cyanobacteria genera, showing a
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proportional trade-off amongst Cyanobacteria. At the same time, different
species contributions to metabolic functions also showed similar trade-
offs, which had important implications for higher levels of stability and
resistance. On the other hand, both this trade-off and the presence of
dominant taxa reflect community stability, suggesting that although
closed-lake management practices improve water quality, the focus of
success in controlling cyanobacterial blooms is to cut off the biological
invasion pathway. Our study further suggests that there are some
dominant taxa associated with many important community functions
and provides a reference for controlling cyanobacterial blooms and
monitoring and managing lakes. This study highlights the importance of
closed-lake management practices in controlling cyanobacterial blooms.
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Grand Lake St. Marys (GLSM) is a popular recreational lake located in western
Ohio, United States, generating nearly $150 million in annual revenue. However,
recurring algal blooms dominated by Planktothrix agardhii, which can produce
harmful microcystin toxins, have raised concerns about water safety and
negatively impacted the local economy. Planktothrix agardhii is host to a
number of parasites and pathogens, including an obligate fungal parasite in the
Chytridiomycota (chytrids). In this study, we investigated the potential of these
chytrid (Rhizophydium sp.) to infect P. agardhii blooms in the environment by
modifying certain environmental conditions thought to limit infection prevalence
in the wild. With a focus on temperature and water mixing, mesocosms were
designed to either increase or decrease water flow compared to the control
(water outside the mesocosm). In the control and water circulation mesocosms,
infections were found infrequently and were found on less than 0.75% of the
Planktothrix population. On the other hand, by decreasing the water flow to
stagnation, chytrid infections were more frequent (found in nearly 3x as many
samples) and more prevalent, reaching a maximum infection rate of 4.12%. In
addition, gPCR coupled with 165-18S sequencing was utilized to confirm the
genetic presence of both host and parasite, as well as to better understand the
effect of water circulation on the community composition. Statistical analysis of the
data confirmed that chytrid infection was dependent on water temperature, with
infections predominantly occurring between 19°C and 23°C. Additionally, water
turbulence can significantly reduce the infectivity of chytrids, as infections were
mostly found in stagnant mesocosms. Further, decreasing the water circulation
promoted the growth of the cyanobacterial population, while increasing water
agitation promoted the growth of green algae (Chlorophyta). This study starts
to explore the environmental factors that affect chytrid pathogenesis which can
provide valuable insights into controlling measures to reduce the prevalence of
harmful algal blooms and improve water quality in GLSM and similarly affected
waterbodies.

Chytridiomycota, Planktothrix agardhii, harmful algal blooms, food web, microcystin,
mesocosms
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1. Introduction

Cyanobacterial blooms are increasing with global climate and land
use changes. As a result of large-scale land development and conversion
to agriculture, nutrient loading into our waters has increased the size and
duration of cyanobacterial harmful algal blooms (cHABS; Paerl and
Barnard, 2020; Paerl et al., 2020). Furthermore, climate change has
altered weather patterns, creating longer growing periods that, when
coupled with increases in temperatures, favor cHABs (Paerl and
Huisman, 2008). cHABs are of concern due to their ability to produce
toxic compounds, known as cyanotoxins. These toxic metabolites have
led to disruptions in drinking water and recreational uses (Bullerjahn
etal,, 2016). Understanding the mechanisms by which blooms form, are
sustained, and decline are of great importance if bloom events are to
be mitigated in the future.

Planktothrix is a cHAB species that is more competitive at lower
light intensities and over a broader range of growth temperatures than
other dominant cHAB species (Foy et al., 1976; Post et al., 1985).
Planktothrix, with the help of gas vesicles, can adjust their buoyancy in
the water column, allowing them to self-shade (Oberhaus et al., 2007)
and are a filamentous cyanobacterium that is nutritionally inadequate
(Schwarzenberger et al., 2020) to many zooplankton, meaning grazing
pressures may be low. It is also adapt at nutrient acquisition by excreting
alkaline phosphatases, allowing for the use of dissolved organic
phosphorus when phosphate is depleted (Feuillade et al., 1990;
Schwarzenberger et al., 2020), and is an excellent scavenger of nitrogen
(Hampel et al., 2019). Thus, Planktothrix is ideally adapted to thriving
under changes in light, temperature, and nutrient availability.

Whereas mechanisms of bloom decline involve both physical and
biological drivers, fungal parasitism has received less attention in
controlling cyanobacterial blooms compared to physicochemical
factors and zooplankton (Sommer et al., 1986; Kagami et al., 2007).
Chytridiomycota, often referred to as chytrids, is a phylum of fungi
that can be aquatic parasites of phytoplankton. Chytrid infections
during epidemics in freshwater environments may exceed 90% of host
species (Kagami et al., 2006; Gsell et al., 2013b), particularly for hosts
within the Bacillariophyceae. Parasitic chytrid infections within the
Cyanophyta are less frequently linked to epidemics, but can still cause
significant mortality largely because every infection leads to the death
of the host (Rasconi et al., 2012; Gerphagnon et al., 2017; McKindles
etal,, 2021a,b). Parasitic chytrids are of great importance because they
are involved in most trophic links within aquatic food webs and can
contribute significantly to the transfer of carbon and energy between
trophic levels through trophic upgrading of nutritionally important
molecules (Amundsen et al., 2009; Miki et al., 2011; Gerphagnon
et al,, 2019). This transfer of carbon and energy has been observed
with the bloom-forming cyanobacterium Planktothrix and its chytrid
parasite (Frenken et al., 2018), and in other host-chytrid systems
(Agha et al.,, 2016). Moreover, chytrids have the potential to regulate
host populations, maintain host genetic diversity, and affect
community structure (Sonstebo and Rohrlack, 2011; Kagami et al.,
2014; Kyle et al,, 2015). This host-parasite relationship has likely
driven an evolutionary genetic response of the host population to
chytrid infection, leading to strain specific susceptibility and the
resistance to different chytrid isolates (McKindles et al., 2021a, 2023).

Temperature has a large effect on the rate of chytrid infection,
both requiring an optimal temperature in which the host is viable and
susceptible to infection, and an optimal temperature for the chytrid
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parasite to infect. To test this relationship, multiple isolates of
Planktothrix agardhii and its parasite were obtained from the local
water body Sandusky Bay, Lake Erie, United States (McKindles et al.,
2021a). Sandusky Bay has a mean of 24°C during the cHAB season,
so chytrid infection prevalence on P. agardhii was tested under
laboratory conditions at temperatures ranging from 17.1°C-30.1°C
and found the optimal temperature for infection was 21.7°C
(McKindles et al., 2021b). Another study from cold water systems
(average temperature of 8.47°C and 6.30°C) in Norway found also
peak infection on Planktothrix rubescens at 21°C, which was the
highest tested temperature (Rohrlack et al., 2015). While each of these
study systems have different temperature ranges, they both had a
similar infection thermal range, and both noted that there is a
potential for thermal refuges to exist where Planktothrix can grow
without any significant pressure from chytrid pathogenesis.

Chytrid zoospores are relatively small (2-6 pm) but have flagellated
tails that can propel them through the water column in search of a host
(Sime-Ngando, 2012). It has also been thought that chytrids seek out
host through chemotaxis of chemicals released through photosynthesis.
Phytoplankton release molecules creating a phycosphere to protect
them or to aid in gathering resources (Bell and Mitchell, 1972).
Reduced turbulence facilitates the development and establishment of
the phycosphere, enabling the attraction of chemotropic organisms.
In another host-parasite interaction, specifically the diatom
(Coscinodiscus granii) and the parasitoid nanoflagellate (Pirsonia
diadema), it was shown that water turbulence led to endemic infections,
which effectively prevented the development of the host diatom (Kiihn
and Hofmann, 1999). They also noted that turbulent mixing could
increase the chances of a parasite contacting the host, but that the
contact time decreased along with that turbulent mixing (Kithn and
Hofmann, 1999). Planktothrix and chytrid interactions have also been
shown to have a negative relationship between turbulent mixing and
infectivity (McKindles et al., 2021b). Additionally, Planktothrix can
alter its buoyancy within the water column to allow optimal light and
nutrient conditions. This ability to move throughout the water column
coupled with water turbulence makes for an environment which
chytrids may be unable to locate the hosts, despite being chemotactic.

In the light of global climate change there have been many studies
focusing on the interplay of nutrient loading and temperature on the
formation of cyanobacterial harmful algal blooms (cHABs). Fungal
parasitism is an overlooked mechanism that can have effects on
bloom food web dynamics, as well as control the diversity of
cyanobacterial species (Gerphagnon et al., 2015). The goals of this
study are to examine how environmental conditions can control and
drive fungal parasitism in a natural setting, examining factors
influencing endemic chytrid/Planktothrix interactions in a large,
temperate freshwater reservoir.

2. Materials and methods

2.1. Large scale batch infection of
Chytridiomycota on Planktothrix agardhii

2.1.1. Planktothrix and chytrid maintenance and
culturing conditions

To establish if Chytridiomycota infections on Planktothrix
agardhii could be scaled up for mesocosm testing and to test the effects
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of water agitation on chytrid infection rates, preliminary
experimentation was performed in lab in 15L glass carboys. P. agardhii
isolate 1,031 was grown as a unialgal, non-axenic batch culture
(McKindles et al., 2021a). Rhizophydiales sp. isolate C02 were
maintained on a variety of host strains to ensure no adaptations were
developed before inoculation. Host and chytrid cultures were
maintained in a Caron plant growth chamber (Marietta OH,
United States), set at 22°C and 12:12h light:dark cycles with cool
fluorescent lights set to 15pmol photons m™ s™'. Cultures were
maintained in Jaworski’s Medium (JM; Culture Collection of Algae
and Protozoa).

2.1.2. Large scale batch cultures

Two 15L glass carboys were filled with 10L of sterilized JM and
set within a growth box that contained a halo bulb (Sylvania FP24/841/
HO/ECO) that gives off approximately 100 pmol photons m™s™" of
cool white light. To lower the light intensity, a mesh filter was placed
between the light and the carboy until the irradiance was
approximately 10 pmol photons m™s™" at the surface. The experiments
occurred at room temperature (20°C-22°C). One carboy was kept
stagnant, while the other had a small submersible water pump
(Mountain Ark, Eagle UT, United States) attached to tubing to
introduce water turbulence, which was estimated to have a circulation
rate of 240 Lh™". Stagnant water carboy was treated as the control, as
this experiment was testing the effect of water movement on infection
on a large scale which previously had an inhibitory effect on infection
prevalence in smaller lab cultures. Planktothrix was added to each
carboy at an initial concentration of 100 filaments mL~" which were
allowed to grow and acclimate for 7 days. During this same time, the
Rhizophydiales sp. isolate C02 (McKindles et al., 2021a) was infected
on each host to familiarize the chytrid to its new host. After the week,
the host was quantified as a measure of filaments mL™" and the chytrid
was quantified as a measure of infected filaments mL™', where infected
filaments contained one or more visible sporangia at either terminus
(Gsell etal., 2013a; McKindles et al., 2021a). Additionally, to assess the
densities of chytrids, sporangia per filament were counted and then
used as a proxy for parasite density. The chytrid culture was added to
the glass jar to reach an initial infection prevalence of 10%
infected filaments.

Sample collection occurred right after chytrid introduction and
continued approximately every 2 days for 20 days. Water samples were
collected through a neoprene tube (Tygon S3 E-3603) to minimize
disturbance of the culture and allowed for depth specific sampling,
which included the settled population at the bottom of the jar and the
suspended population toward the top of the vessel. Sample analysis
included infection prevalence and both total and dissolved microcystin
production, as described below.

2.2. Amplification of chytrid infection on
Planktothrix sp. in mesocosms

2.2.1. Grand Lake Saint Marys study site

Grand Lake St. Marys (GLSM) is a reservoir located in western
Ohio and is utilized for recreation, boating, fishing, and swimming. It
has a mean depth of 1.6m, a surface area of 5,000ha, it is
hypereutrophic, and has a long East to West wind fetch of 16km
(Figure 1; Welch et al.,, 2017). GLSM is known for its large blooms of
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Anabaena, Aphanizomenon, Microcystis, and Planktothrix with
summer chlorophyll and total phosphorus (TP) averaging >100 ug L™
(Hoorman et al., 2008; Filbrun et al., 2013; Steffen et al., 2014; Welch
et al., 2017). Mesocosms were installed at the dock on the Lake
Campus of Wright State University (lat/lon 40.543889, —84.507778).
The dock is set into a manmade cove and was surrounded by the
Wright State campus on the west side and the east side a farm field.
The only access to the lake was from the south.

2.2.2. Mesocosm design

A total of six mesocosms were installed off the dock. Each
mesocosm is a 1.8m x 28cm (110L volume) diameter clear
polycarbonate cylinder open at the top and bottom and imbedded in
the bottom sediment (Supplementary Figure 1). The mesocosms were
filled with the natural community present in the water column at the
start of the experiment. A cage was installed above the top opening to
protect them from falling debris. The mesocosms were split into two
treatments; three mesocosms had solar-powered water pumps to
maintain water circulation at a rate of 240 Lh™!, and the other three
were left stagnant. Each week the mesocosms were assayed using a YSI
EXO2 sonde to measure physiochemical parameters. Samples were
taken from the top and bottom of each of the mesocosms for
microscopy for infections, DNA extraction, chlorophyll extraction,
microcystin concentration via ELISA, and nutrient analysis. After the
sampling on 24 September 2021, the mesocosms were pulled from the
sediment and replaced on the same site to allow for nutrient
replenishment and to reset the physiochemical properties back to
ambient fall weather lake conditions. This was done by lifting each of
the mesocosms out of the sediment and allowing time for the sediment
cloud to dissipate then resubmerging them into the water and setting
them in the sediment. Additionally, samples were collected by Silvia
Newell and Stephen Jacquemin in the open waters of the lake to
provide a broader community analysis sites are indicated on Figure 1.

Samples for analysis were also collected outside of the mesocosms
for use as a control to determine the impact the mesocosms were
having on the general water quality parameters, and the measurements
within each mesocosm were used to compare the differences between
replicates and treatments. All measurements were taken both inside
the mesocosms and immediately outside.

2.3. Sample processing and analysis

2.3.1. Chytrid infection prevalence

Prevalence was calculated using a Sedgewick-Rafter counting
cell. Each sample was counted under 100x magnification using the
grids on the Sedgewick-Rafter as a reference. Samples were counted
to 300 filaments or 15-1pL grid squares with a minimum of 5
squares counted. Long filaments that were partially in the field of
view were also counted by moving the microscope slide until the
end of the filament was found. Prevalence was calculated by
dividing the number of infected filaments over the total number of
filaments inspected. Infection was determined by counting
P. agardhii filaments with 1 or more sporangia attached to either
terminus since infections only occur on the filament ends and
infections are lethal (McKindles et al,, 2021a,b). Prevalence of
infection was reported as a percent infection of the total
filaments mL™".
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FIGURE 1
Sampling and mesocosm location for Grand Lake Saint Marys. The inset map shows the location of the lake in Ohio. Sites were Celina Lighthouse
(40.54296079 and—-84.57090855), Wright State University Beach and dock (40.54383316 and—84.50821996; 40.544115 and—84.507835, respectively),
and west beach (40.54383316 and—84.42721725).

2.3.2. Particulate and dissolved microcystin toxin
analysis

Microcystin samples were collected for both particulate and
dissolved fractions during the duration of the experiment. The
dissolved fraction was filtered through a 0.2 um PTFE filter into glass
vials and samples were frozen at —20°C until processed. The
concentrations of particulate and dissolved microcystin toxins were
measured using the Ohio EPA-approved Abraxis Microcystins-ADDA
ELISA immunoassay (Abraxis LLC; Warminster, PA; EPA
Method 546).

2.3.3. DNA extraction, sequencing, and gPCR

DNA was taken at each time point at both the top (0.5m) and
bottom (1 m) depths. 200 mL of water was filtered through a 0.22 pm
Sterivex filter (Millipore) on site and then stored in lab at —80°C until
extraction. Samples from the 1 m depth at each time point were then
extracted using a DNeasy PowerWater Kit (Qiagen, Germantown,
MD, United States). Sample filter cartridges were cut open using a pipe
cutter and the filter was removed prior to extraction per the
manufacturer’s instructions. Each sample was quantified using a
NanoDrop one microvolume UV-Vis spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, United States) to determine if the
samples were appropriate for amplification and sequencing. Samples
that had a concentration of at least 20 ng pL™" were selected for further
analysis and stored at —80°C. Samples were sent to HudsonAlpha
Discovery Life Sciences (Hudson, AL, United States) for sequencing.
Amplicon sequencing and QC was performed by HudsonAlpha
Discovery Life Sciences using an Illumina MiSeq V3 with 600 cycle
flow cells and up to 15Gb/25M reads.

Real-time PCR was performed as outlined in McKindles et al.
(2021D). In brief, the same volume of each extracted sample and
400 nM of each primer were run with PowerUp SYBR Green Master
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Mix (Thermo Fisher Scientific, Waltham, MA, United States) as
described in McKindles et al. (2021b). Each sample was run under the
same conditions multiple times using the different primer sets, as each
reaction was a singleplex run. After an initial activation step at 50°C
for 2min and a denaturing step at 95°C for 2min, 40 cycles were
performed as follows: 15s at 95°C, 30s at 55°C and 60 at 72°C. The
efficiency of the rpoCl primer set is 97.1% and the efficiency of the
chytrid ITS primer set is 91.5% as described in McKindles et al.
(2021b).

2.3.4. Chlorophyll-a extraction

Chlorophyll-a was measured following filtration onto 0.2 pm
polycarbonate membranes (Millipore) and extraction with Dimethyl
sulfoxide (DMSO) at room temperature. After a 30's sonification, each
sample was left to extract overnight, followed by a centrifugation and
measurement by fluorometry on a Turner TD-700 fluorometer
(Turner Designs, Sunnyvale, CA) calibrated with a solid standard.

2.3.5. Nutrient analysis

Nutrient samples were taken as whole water for total nutrients and
filtered through a 0.22 pm Sterivex filter (Millipore) which was used
as part of the DNA extraction protocol for the dissolved fraction. Both
filtrate and whole water samples were sent for nutrient analysis.
Nutrients were analyzed by analytical services on a SEAL AA3
autoanalyzer at The Ohio State University Stone Laboratory.

2.4. Molecular taxonomy
2.4.1. 16S and 18S rRNA taxonomic assessment

Communities were analyzed targeting the 16S V3-V4 region and
18S V9 region. Amplicon sequence libraries were constructed using
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the dual index approach and the FASTQ files, along with the QC were
then retrieved for further analysis.

Sequences from both 16S and 18S were processed using
RStudio version 2022.07.2 working on R version 4.2.2 (2022-10-
31). The DADA 2 pipeline (Callahan et al., 2016) was used for
filtering, trimming, and taxonomic identification. Following
DADA 2, sequences were added to the phyloseq package for
further analysis. In short, samples were analyzed for quality of
base calls for each sample in the forward and reverse directions.
These QC scores were used to then trim sequencing to a QC
threshold of 28. After trimming the primers and low-quality base
calls, a DADA 2 error rate model was constructed then the
sequences were dereplicated and finally the DADA 2 sequence
error correction algorithm was applied to the sequences. These
sequences were then merged using a 25-base pair and 12-base pair
overlap with no mismatching bases for 16S and 18S, respectively.
After merging, a sequence table was created, and chimeras were
removed. Lastly, the sequence table was then assigned taxonomy
using three separate sequence reference databases for 16S and one
for 18S (Silva version 138.1, RDP trainset 16, GreenGenes version
13.8, and PR2 version 4.14.1). Following taxonomic assignment
alpha diversity plots were constructed and relative abundance
graphs were made to look at the community composition and
relative abundance of taxa in each sample and treatment type.
Finally, two beta diversity plots were constructed using Bray
distances with both PCoA and NMDS methods.

10.3389/fmicb.2023.1197394

2.5. Statistical analysis

Data analysis was done using RStudio version 2022.07.2 working
on R version 4.2.2 (2022-10-31). Furthermore packages: Tidyverse
(version 1.3.2), DADA2 (version 1.26.0), Vegan (version 2.6-4),
phyloseq (version 1.42.0), and stats (version 4.2.2) were used for all
data processing, statistical analysis, and graphing. Statistical
significance was measured using two-way ANOVA and multiple
pairwise comparisons were coupled with Tukey’s post hoc. Community
relative abundances were compared using ADONIS and was corrected
using the Benjamini Hochberg protocol.

3. Results

3.1. Large scale batch culture of chytrid
infections on a toxin producing
Planktothrix agardhii

For the batch culture trial, a microcystin toxin-producing
Planktothrix agardhii strain (strain designation 1,031) was used, and
infected with chytrid isolate C2. A water pump was used to simulate
natural water movement. The water circulation batch culture infection
prevalence was 0-1.5% while the stagnant batch culture ranging from
1.20% to 83% (Figure 2A). Sporangia were counted as a proxy for
chytrid abundances which were significantly different between the two
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The effect of water circulation on chytrid isolate C2 pathogenesis on a toxin producing Planktothrix agardhii 1031. Batch culture experiment
comparing water circulation and stagnant cultures. (A) Chytrid infection prevalence measured as percent of infected Planktothrix filaments over the
total number of Planktothrix agardhii filaments. (B) Estimated number of sporangia. (C) Estimated number of total Planktothrix agardhii filaments. Error
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cultures (p=1.03E — 02; Figure 2B). There was no significant
difference between the top and the bottom of the batch culture
(Supplementary Figure 2). Infection prevalence were significantly
different between the stagnant and the water circulation (p=1.15E —
06; Supplementary Table 1). Because a microcystin producing
P, agardhii strain was used, the dissolved fraction of toxin was tested
to assess if chytrid infection increased toxin release in large cultures.
Dissolved microcystin concentrations were consistently below 1 ug L™
and concentrations between the water circulation and stagnant
batch cultures were significantly different (p=2.87E — 03;
Supplementary Table 1). Looking at microcystin per filament of
Planktothrix revealed differences between the two treatments
(p=1.05E — 08; Supplementary Table 1) and throughout the
experiment (p=2.47E — 06).

3.2. Physiochemical data for GLSM

To better understand the environment in which chytrid infections
would occur, physiochemical data was collected within each
mesocosm tube as well as in the cove waters for a period of 8 weeks,
from 27 August 2021 to 22 October 2021. During this time, water
temperatures ranged from 14.24°C to 27.83°C and had averages of
20.9°C+4.21°C, 20.7°C +4.24°C, and 20.7°C+4.18°C for control,
stagnant, and circulation treatments, respectively (Figure 3A).
Furthermore, over the 8-week period, temperatures were between
20°C and 22°C for about 25% of the time. The pH ranged 8.52-10.77
with stagnant water having the greatest fluctuations during the

10.3389/fmicb.2023.1197394

experiment (Figure 3B). Conductivity ranged 295.00-491.10 uS cm™,
again with the stagnant water mesocosms having the greatest range
(Figure 3C). Lastly, Secchi disk measurements as a proxy for light
attenuation had an average of 21 cm for all mesocosms during the
experiment and ranged from 10 to 62 cm with the highest depth
values taken in the water circulation mesocosms. During peak
chlorophyll-a measurements, the stagnant water mesocosms
developed a film of cyanobacteria, which decreased Secchi disk
measurements for these samples (Supplementary Figure 4).

3.3. Nutrients

Nutrient samples were obtained throughout the experiment at
the control site and in the mesocosms to track nutrient availability
to the community. Nutrient concentrations during the experimental
period were 4.09-33.05 pmol L™ for total phosphorus and 138.24-
694.16 pmol L™ for total nitrogen (Figures 4H,F). Treatments had
large differences between the replicate mesocosms causing high
standard deviation (Supplementary Table 1). Interestingly, stagnant
mesocosms had large spikes in ammonium, dissolved reactive
phosphorus and total kjeldahl nitrogen (Figures 4A,B,E) while the
water circulation treatment had large spikes of nitrate and nitrite
early in the experiment (Figures 4C,D). These spikes could
be caused by changes in pH and changes in dissolved oxygen
(Supplementary Figure 5). Additionally, the spikes in the water
circulation mesocosms could be caused by the circulation which
could allow for nutrient resuspension. Total phosphorus and total
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FIGURE 3
Abiotic parameters for Grand Lake Saint Marys and the mesocosms. (A) Temperature, (B) pH, and (C) conductivity measurements taken weekly. The
black vertical line between 24 September 2021 and 01 October 2021 indicate the mesocosm reset point. Error bars indicate standard deviation.
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nitrogen were significantly different between the treatments
(p=6.40E — 06 and p=2.92E — 02 respectively). There were some
differences between other individual nutrients during the
experiment, see Supplementary Table 2. Furthermore, the spikes
seen at date 24 September 2021, and leading up to that time
correspond to a period when dissolved oxygen was low in both
treatments of 2.54+136mgL™" and
1.60£0.36 mg L' for stagnant and water circulation, respectively,
on 24 September 2021 (Supplementary Table 3).

with an average

3.4. Chlorophyll-a analysis

Chlorophyll-a concentrations have been used as a proxy of
productivity within a water body. Extractive chlorophyll
concentration ranged from 24.77 to 896.5 ugL™" and had an average
0f356.6+62.23pgL™", 376.5+236.8 pgL™!, and 347.2 £304.9 pg/LL™!
for control, stagnant water, and water circulation, respectively
(Figure 5). This high standard deviation is due to a large amount of
variability between the six mesocosms and there was a cold spell
where air temperatures dropped from 28.3°C to 13.4°C during the
day and at night it went from 13.9°C to 7.8°C which caused the
mesocosms to drop from an average of 24.53°C to 14.58°C across
both mesocosm treatments and the control (Figure 3A). Stagnant
mesocosm concentrations were significantly higher than the water
circulation (p=4.57E — 09) and the control treatment (p=3.76E

10.3389/fmicb.2023.1197394

— 02) but water circulation was not significantly different from
the control (p=6.33E — 02; Supplementary Table 4). There was a
noticeable decline in chlorophyll during the beginning part of the
experiment, with an increase on 01 October 2021, when the
mesocosms were reset, and a subsequent decline for the rest of the
experiment until the mesocosms were removed on 22
October 2021.

3.5. Microcystin toxin concentrations

Microcystin toxin concentrations were measured during the
experiment to look for the potential increase in the dissolved fraction
as a response to increasing cell breakage from chytrid infections. The
World Health Organization (WHO) has set a recreation exposure
guideline to 10 and 1.5 pug L™ for drinking water. Both particulate and
dissolved were measured by mixing the three mesocosms for each
treatment into one sample for analysis. Dissolved concentration
averaged 0.58 £0.32ugL™" and particulate concentrations averaged
4.87+2.86ugL™". All samples from the particulate fraction were
diluted 10-fold (Figure 6). Two-way ANOVA resulted in significant
differences between all treatments and dates in particulate fraction
(p=7.79E — 08 and p=5.90E — 06, respectively). The dissolved
fraction was not significant between treatments and dates (p=3.98E
— 01 and p=3.97E — 01, respectively). While particulate toxins were
significantly different total toxins (both particulate and dissolved) was
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FIGURE 4
Mesocosms nutrient concentrations from 27 August 2021 to 22 October 2021. (A) Ammonium, (B) dissolved reactive phosphorus (DRP), (C) nitrate,
(D) nitrite, (E) total kjeldahl nitrogen (TKN), (F) total nitrogen (TN), (G) TN:TP ratios as molar mass, and (H) total phosphorus (TP). The black vertical line
between 24 September 2021 and 01 October 2021 indicate the mesocosm reset point. Please see Supplementary Table 3 for the complete data set
(with standard deviations).
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not significantly different between treatments and dates

(Supplementary Table 5).

3.6. Microscopy infection counts

Infection prevalence was quantified using microscopy for the
duration of the experiment. Infections reached a max of 4.12%
infection with an average of 0.27%+0.76% over all samples and dates
(Figure 7). There were infections in 25% of the samples examined
(n=112), with more infections occurring in the stagnant samples vs.
the other two treatment types. There were trends within the data that
suggest that 9.1-9.4 and 10.3-10.6 pH, 19°C-23°C, and 316-412 puS
cm™! were ideal for infections but due to the low number of samples
with infections we could not statistically show significance.
Furthermore, there was a significant difference between infections in
the three treatment groups (p=38.85E — 07, Supplementary Table 6)
with the stagnant treatment being different from both the control
(p=1.05E — 03) and water circulation treatment (p=1.72E — 06;
Supplementary Table 7). There was no statistical difference in infections
between the control and the water circulation treatment (p=9.94E —
01). Temperatures between 19°C and 23°C had the highest percent of
the counted filaments infected (Figure 7) and infections within this
range were significantly higher than outside of the range (p=1.52E —
05; Supplementary Table 8). Samples were taken at both top and
bottom of each mesocosm and the control with no apparent difference
between the two depths, as was seen as the in vitro experiments.

10.3389/fmicb.2023.1197394

3.7. Community analysis

3.7.1.16S

In addition to the mesocosms, three sites (designated “open
water”) were added along the north shore of GLSM for community
analysis: West beach, Wright State University beach, and the
lighthouse near the Celina water treatment plant intake (Figure 1).
Phylum level relative abundance revealed that the stagnant water
mesocosms and the open water sites were dominated by
Cyanobacteria, apart from the Celina lighthouse (Figure 8). On the
other hand, the water circulation mesocosms had less cyanobacteria
over the course of this experiment and had higher abundances of
Proteobacteria and Bacteroidota than all other treatments (Figure 8).
Furthermore, the control for the mesocosms showed higher
abundance of Verrucomicrobiota than the mesocosms, and less
cyanobacteria than the open water and stagnant water mesocosms
(Figure 8). Similar relative abundances and community composition
were found between the water circulation treatment, control, and the
Celina lighthouse. More specifically, the cyanobacteria were almost
exclusively dominated by Planktothrix agardhii in all treatments
including the open water samples. While many treatments were
dominated by Planktothrix agardhii there were a few other
cyanobacteria worth noting: Cylindrospermopsis raciborskii (1.2%—
2.0%), Aphanizomenon gracile (1.3%-7.4%), Dolichospermum circinale
(1%-1.4%), and Limnothrix (1.3%; Supplementary Figure 6).
Additional information regarding the alpha and beta diversities of the
16S and 18S community is in Supplementary material.
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FIGURE 7
Calculated percent of infection at a given temperature separated by the treatment type control being the cove outside the mesocosms, stagnant the
stagnant mesocosms, and the water circulation being the treatments with a water pump circulating water. The number of samples that had at least
one identified chytrid infection within a temperature range are displayed as (n).
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3.7.2.18S

The division level relative abundance data that was collected in
this study highlights some differences between the eukaryotic
communities of the different mesocosm treatments. Ciliophora and
Fungi dominated the stagnant mesocosms with 8.8% and 12.4%
relative abundance respectively, whereas Chlorophyta was more
prevalent in the water circulation mesocosms with 14.9% relative
abundance (Figure 9). The open water and control samples, on the
other hand, were both dominated by Metazoa, with 19.7% and 8.5%,
respectively (Figure 9). Furthermore, the specific genera of fungi that
were identified in the control, open water, and stagnant mesocosms
provide additional insight into the microbial communities present in
each treatment. The domination of Rhizidium, Rhizophydium, and
Rhyzophidiales_X (Supplementary Figure 7) in the control, open
water, and stagnant mesocosms, respectively, could be due to the high
abundance of P. agardhii as these genera have several species known
to be parasitic on the cyanobacterial host. Additionally, there are
several groups of ciliates (Ciliophora) that are known to consume
P agardhii including the species Urotricha, Vorticella and Coleps
(Supplementary Figure 8). All three of the taxa listed here were found
in abundances between 1% and 70% of the total ciliate abundances.

3.7.3. Quantitative PCR

Quantitative polymerase chain reaction (QPCR) was used to
confirm microscopic trends in the abundances of chytrids
(Rhizophydiales) and Planktothrix during this experiment. A total of
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100 samples were tested for the genetic signatures for both Planktothrix
and Rhizophydiales; of those samples, 86% of them detected
Rhizophydiales and 100% of them detected Planktothrix (Figures 10A-
C). Regardless of treatment, both chytrid and Planktothrix abundances
mirrored each other with some occasional lag time (Figures 10A-C).
There was statistical difference in abundances of chytrid (p=2.99E —
02) Planktothrix genetic signatures (p=9.54E — 03) between all the
treatments including the open water samples (Supplementary Table 9).
Pairwise analysis showed that Planktothrix was statistically different
in the mesocosms vs. the control samples (Supplementary Table 10),
but Planktothrix abundances between the mesocosm treatments were
not significantly different (Supplementary Table 10). Chytrid
abundances were only significantly different between the water
circulation and stagnant water treatments (p=3.65E — 02;
Supplementary Table 10).

4. Discussion
4.1. Large scale batch culture experiments

In vitro batch cultures were utilized to help predict the dynamics
of in situ mesocosm experiments by controlling for all factors except
for water agitation. Agitation using a water pump maintained similar
levels of biomass between the stagnant and water circulation carboy
and indicated that water movement could significantly reduce chytrid
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infections on P. agardhii (Figure 2). Additionally, Planktothrix growth
under moving water and stagnant water conditions are different.
In batch culture water movement increased the growth rate of
Planktothrix. This could be due to the introduction of CO, from the
movement on the surface layer of water or from the lack of parasite
infectability. This confirmed previous work that suggested water
agitation would reduce chytrid infections in the wild, either by
preventing zoospores from finding their host through signal
disruption or by preventing swarming and attachment (McKindles
etal., 2021a,b).

The presence of microcystin, a toxin of great concern, was also
evaluated, as it was previously suggested that chytrid infection could
cause the cells to release high concentrations of microcystin into the
dissolved fraction. However, the batch culture experiment showed that
even when the chytrid infection prevalence reached 40%-60%, there
was almost no detectable dissolved microcystin presence (0.06 to
0.6 ugL™"). Therefore, chytrid infections may not have a significant
impact on microcystin production by Planktothrix, which support
data in another recent study (Agha et al., 2022).

4.2. Grand Lake St. Marys mesocosms

The main goal of this work was to build upon previous studies
looking at the environmental effects on chytrid infection on
Planktothrix agardhii within the context of a real environment. The
mesocosms were accessing an environment without amendment.
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Most studies have been conducted in laboratory-controlled
conditions, which are important to get an estimation of what is
possible, but in situ studies like the one conducted here can confirm
lab observations and identify other potential factors that may
constrain or maximize chytrid pathogenesis. Our 16S and 18S
community analysis showed a population shift following installation
of the mesocosms. GLSM has a dominant Planktothrix bloom
through many months of the year (Steffen et al., 2014), meaning it
would be an ideal study location.

Physiochemical measurements during the sampling period
indicated that both temperature and conductivity were well suited for
chytrid pathogenesis as found in previous studies (McKindles et al.,
2021b). In lab studies using local to Ohio isolates of both host and
parasite indicated that infections were most prominent at 0.226-0.426
mS cm™! (McKindles et al., 2021b), which was consistent with the
conductivity range of our study site at GLSM (0.246-0.491 mS cm™;
Figure 3). Temperature was also indicated to have a significant effect
on infection prevalence, with an optimal infection temperature of
21°C (McKindles et al., 2021b). Similarly, our mesocosm had the
highest precent of infections between 19°C and 22°C (Figure 7).
During the sampling period, the mesocosm were exposed to a wide
range of water temperatures, from 14°C to 28°C (Figure 3). Infections
could occasionally be identified at these extreme temperatures, but
they were infrequent and not at a high prevalence (Figure 7), further
suggesting the significance of thermal refuges for chytrid infections.
Previous work looking at infection dynamics of Chytridiomycota and
Planktothrix species has identified these thermal refuges in which the
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host is able to grow at temperatures which are limiting to the parasite.
In controlled laboratory studies, Rohrlack et al. (2015) identified a
lower thermal refuge for Planktothrix rubescens at temperatures below
11.6°C, while McKindles et al. (2021b) identified an upper thermal
refuge for Planktothrix agardhii at temperatures above 27.1°C. To date
many of the experiments looking into chytrid-host interactions have
been laboratory based and have reported infection rates that are not
seen in the environment. More real-world experimentation like what
is being done here should be done to elucidate what factors are
preventing chytrid pathogenesis in the environment.

Nutrients in Grand Lake Saint Marys have been an ongoing topic
of concern (Jacquemin et al., 2018). During the 8weeks that the
mesocosms were in total nitrogen in the control ranged from 138.24-
694.16 pmol L' (Figure 4F) and the total phosphorus ranged from
4.091-33.05 pmol L™ (Figure 4H). In the water circulation mesocosms,
there was a spike of nitrate (Figures 4C,D) causing a high TN:TP ratio
which could have allowed for Planktotrhix to be less competitive
(Figure 4G). These spikes on 20 September 2021 and leading up to that
time correspond to a period when dissolved oxygen was low in both
treatments (Supplementary Figure 5). One possible explanation for
the increase could be the decreasing temperature or the large rain
event that dropped nearly 12.7 cm of rain, reducing phytoplankton
production and thus relieving the use of these nutrients causing the
spike. Interestingly, stagnant mesocosms had large spikes in
ammonium, dissolved reactive phosphorus and total kjeldahl nitrogen
(Figures 4A,B,E) this was also during the time when temperatures
were low and right after the rain event. Ammonium plays a key role
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in sustaining Planktothrix blooms (Hampel et al., 2019), despite this,
chlorophyll-a declined on 24 September 2021 and did not fully recover.

By reducing the water flow and creating a stagnant environment
with the untreated mesocosm, both the bioactivity and cyanobacterial
toxin production increased. Measurements of chlorophyll-a were used
a proxy for bioactivity for each treatment, with significantly higher
values in the stagnant water mesocosms compared to the water outside
of the mesocosms, which was higher still than the water circulation
mesocosm (Figure 5). The increased chlorophyll-a measurements for
the stagnant water mesocosms were due to an increase in abundance
of cyanobacteria, particularly Planktothrix species (Figure 8;
Supplementary Figure 6). Due to Planktothrix being a fast migrating
buoyant cyanobacteria, it is able to take advantage of stable, stagnant
water column by adjusting its depth for optimal light conditions (Carey
et al, 2012). This increase was also reflected in the increases in
microcystin total toxin concentrations (Figure 6). In the batch culture
experiment, the stagnant water treatment had a reduced Planktothrix
carrying capacity, whereas in the mesocosms, Planktothrix was more
prevalent in the stagnant condition than the water circulation
treatments despite having more parasite pressures. This is likely because
in the environment the Planktothrix community is more diverse than
a single strain that is known to be susceptible to infection like in the
batch culture. In other studies where they look at mixed populations of
both host and parasite they find that mixed cultures leads to a decline
in infection prevalence (McKindles et al., 2023). While McKindles et al.
utilized smaller benchtop experiments more lab experiments with
mixed cultures would likely be necessary to see if non-susceptible
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strains of Planktothrix present in the stagnant water of the batch culture
could then thrive as seen in the environmental mesocosms. While the
cyanobacterial population dominated in the stagnant water
mesocosms, it was replaced by a Chlorophyta population in the water
circulation mesocosm (Figure 8; Supplementary Figure 11), perhaps
indicating other environmental factors are involved population shifts
besides parasitic pressure.

Within the stagnant water mesocosms, Planktothrix proliferated
and so did the organisms that could lead to their demise. 18S reads
indicated that the stagnant mesocosm was dominated by Ciliophora,
Dinoflagellata, and Fungi. Ciliates are an important group of
microorganisms in freshwater ecosystems, playing key roles in
controlling algal populations and nutrient cycling and can therefore
play an important role in mitigating the negative impacts of algal
blooms. Many of the taxa within the Ciliophora and Fungi division
were ones that have been reported to consume (Filip et al., 2012;
Combes et al., 2013; Farthing et al., 2021) or parasitize Planktothrix
species (Kagami et al., 2007; Agha et al., 2016; Frenken et al., 2017;
McKindles et al., 2021a,b). Combined with the measures of diversity
provided by the 16S and 18S data, this study reveals the importance of
water movement in structuring the phytoplankton population. Overall,
water movement suppresses Planktothrix dominance, despite the
reduction of chytrid parasitism by coexisting Rhizophydiales.
Combined with the fact that infections were rarest at 23°C and 25°C,
the effects of climate change and lake warming may further reduce
chytrid success. Consequently, the role of chytrid pathogenesis has
limited impact in this system, despite the potential importance of
trophic upgrading to grazers in the food web (Gerphagnon et al., 2019).

5. Conclusion

Fungal parasitism is an overlooked mechanism that can have effects
on bloom food web dynamics, as well as control the diversity and relative
abundances of cyanobacterial species. Chytrid pathogenesis reached a
maximum of 4% with infections mostly occurring in the stagnant
mesocosm. Temperature coupled with water movement factors limiting
or restricting chytrid pathogenesis in temperate lakes. As more systems
are receiving anthropogenic nutrient additions, understanding the
mechanisms that control bloom severity is of great importance as chytrid
pathogenesis also may play an important role in trophic upgrading and
nutrient recycling within the ecosystem.
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Introduction: Planktothrix agardhii is a microcystin-producing cyanobacterium
found in Sandusky Bay, a shallow and turbid embayment of Lake Erie. Previous
work in other systems has indicated that cyanophages are an important natural
control factor of harmful algal blooms. Currently, there are few cyanophages that
are known to infect P. agardhii, with the best-known being PaV-LD, a tail-less
cyanophage isolated from Lake Donghu, China. Presented here is a molecular
characterization of Planktothrix specific cyanophages in Sandusky Bay.

Methods and Results: Putative Planktothrix-specific viral sequences from
metagenomic data from the bay in 2013, 2018, and 2019 were identified by
two approaches: homology to known phage PaV-LD, or through matching
CRISPR spacer sequences with Planktothrix host genomes. Several contigs were
identified as having viral signatures, either related to PaV-LD or potentially novel
sequences. Transcriptomic data from 2015, 2018, and 2019 were also employed
for the further identification of cyanophages, as well as gene expression of select
viral sequences. Finally, viral quantification was tested using gPCR in 2015-2019
for PaV-LD like cyanophages to identify the relationship between presence and
gene expression of these cyanophages. Notably, while PaV-LD like cyanophages
were in high abundance over the course of multiple years (QPCR), transcriptomic
analysis revealed only low levels of viral gene expression.

Discussion: This work aims to provide a broader understanding of Planktothrix
cyanophage diversity with the goals of teasing apart the role of cyanophages
in the control and regulation of harmful algal blooms and designing monitoring
methodology for potential toxin-releasing lysis events.

cyanophage, Planktothrix agardhii, PaV-LD, metagenome, metatranscriptome, qPCR

1. Introduction

Cyanobacterial harmful algal bloom (cHAB) prevalence is increasing worldwide due to a
combination of nutrient pollution and climate change (O'Neil et al., 2012; Wurtsbaugh et al.,
2019; Gobler 2020). These blooms are of concern due to their ability to impact human health,
ecosystem processes, and regional economies. cHABs can produce multiple toxins and secondary
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metabolites which have been linked to neurotoxicity, respiratory
distress, cancers with prolonged exposure, and death of livestock and
pets (Codd et al., 2020; Metcalf et al., 2021; Wang et al., 2021; Mchau
etal, 2022). They can grow so dense that they block light penetration
in aquatic ecosystems, leading to a reduction in the diversity and
abundance of other species (Sunda et al., 2006). Further, cHABs can
cause significant economic losses in affected regions by reducing the
value of aquatic products, reducing tourism, and reducing home values
(Hoagland et al., 2002; Sanseverino et al., 2016; Guillotreau et al., 2021;
Heil and Muni-Morgan, 2021; Wolf et al., 2022).

Planktothrix agardhii can form blooms inhabiting eutrophic
freshwaters worldwide (Kurmayer et al., 2015). P. agardhii is of
particular concern in the Laurentian Great Lakes region due to annual
recurrence in Sandusky Bay, a drowned river mouth draining into the
open waters of Lake Erie (Davis et al., 2015; Hampel et al., 2019).
Unlike Microcystis which dominates in the western basin of Lake Erie,
Planktothrix grows at a broader temperature range (Foy et al., 1976;
Post et al., 1985), is adapted to lower light levels (Oberhaus et al., 2007)
and can scavenge ammonium more effectively (Hampel et al., 2019),
all of which allow it to thrive in turbid Sandusky Bay, in which
nitrogen can become limiting due to high rates of denitrification (Salk
etal., 2018).

Previous work has sought to better understand the dominance of
Planktothrix agardhii in Sandusky Bay through metagenome and
metatranscriptome analysis (Hampel et al., 2019; McKindles et al., 2022).
Part of this characterization included an analysis of the host foreign DNA
defense response, the CRISPR-cas system, which was used to aid in the
identification of viral signatures (McKindles et al., 2022). This study
noted that only a small percentage of spacer sequences could be identified
as previously isolated cyanophage sequences, indicating the presence of
heretofore unexplored viral diversity.

Part of the issue of identification of cyanophages is the lack of
available reference sequences due to a low success rate in cyanophage
isolation. Currently, there is only one isolated cyanophage that is
known to target P. agardhii: PaV-LD (Gao et al., 2009). This virus
belongs to the Podoviridae and was isolated from Lake Donghu (East
Lake), China, with a burst size of 340 viral particles per cell and an
incubation period of 6-8 days (Gao et al., 2009). PaV-LD contains a
double-stranded DNA genome of 95.3 kbp and approximately 142
open reading frames (Gao et al., 2012a). Notably, the phage does not
cause complete lysis of the host in the lab, which could be a
combination of viral infection strategies and host defense response.
Indeed, infections varied depending on stage of host growth, leading
to the hypothesis that infections in stable environments were limited
due to more stable cell wall structures and more robust host restriction
(Gao et al., 2012b).

Despite these studies, there has been little progress to understand
the geographical distribution of related Planktothrix specific
cyanophages in regions where Planktothrix-dominated blooms are
common, nor is it well known what kind of cyanophage diversity is
found in these same regions. To address this, methodology was
utilized similar to Morimoto et al. (2020) to identify novel viral
signatures in metagenomic data sets from local Planktothrix agardhii
CRIPSR-cas spacer sequences and then to utilize metatranscriptomics
to confirm viral gene expression. Further, PaV-LD major capsid
protein (ORF073) primers were utilized to evaluate PaV-LD-like
cyanophage presence over the course of 5 bloom seasons in Sandusky
Bay, showcasing the high frequency in which viral signatures can
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be found over the course of a bloom and the consistency in host to
virus gene copy ratio across years in the host assocated fraction.

2. Materials and methods
2.1. Sampling sites and processing

At the southeast region of the western Lake Erie is the shallow
(mean depth, 2.6 m), hourglass-shaped Sandusky Bay, which is divided
into an outer bay (eastern half) and an inner bay (western half)
(Figure 1). In coordination with the Ohio Department of Natural
Resources, biweekly water quality surveys of Sandusky Bay were
conducted from 2015-2019. In brief, samples were collected during
the bloom season (May to October) from three sites between 2015 and
2017 (ODNR4, ODNRI1, and EC1163) with the addition of a fourth
site, the Edison Bridge, in 2018 and 2019.

Samples were collected in the field from a constant depth of I m
and biomass was concentrated onto 0.22 pm Sterivex cartridge filters,
which were immediately flash-frozen on dry ice. Once in the lab, the
filters were stored in a—80°C freezer until nucleic acids were
extracted. In addition to sampling for planktonic biomass,
physicochemical data were measured at each site using a model 600
QS water quality probe (YSI Inc., Yellow Springs, OH) capturing
surface water temperature, dissolved oxygen concentration, and
conductivity (Bullerjahn and McKay, 2020a,b).

During the field season of 2018 and 2019, samples were also
collected to measure extracellular PaV-LD presence. One liter of
unfiltered water was used in the filtration protocol to collect
extracellular phage particles as detailed by Haramoto et al. (2005).
Briefly, the whole/unfiltered water was split into two 500-ml duplicate
portions for each date and prefiltered through a Whatman 4 filter (GE
Healthcare Bio-Sciences, Pittsburgh, PA) to remove large particles. A
0.45-pum pore size S-Pak membrane filter (MilliporeSigma, Burlington,
MA) was charged with 250mM AICl; and placed on a vacuum
filtration apparatus. The filtrate from the first step was passed through
the charged S-Pak membrane filter, with the aluminum promoting
retention of the cyanophage present in the sample. The filter was
washed with 0.5mM H,SO, to remove remaining aluminum ions
prior to phage elution with 10mM NaOH, and neutralization with
100x TE buffer [1M Tris-HCl, 100mM EDTA (pH 8.0)]. Viral
concentrates were stored at —80°C until undergoing DNA extraction.

2.2. DNA and RNA extraction

DNA was extracted from Sterivex cartridge filters with the
DNeasy PowerWater Sterivex DNA (Qiagen,
Germantown, MD) following the manufacturer’s instructions. DNA

isolation kit

quantity was checked using a Quantus Fluorometer (Promega,
Madison, WTI) and the associated QuantiFluor ONE dsDNA System
kit (Promega), per manufacturer’s instructions. RNA was extracted
from Sterivex cartridge filters using the Qiagen RNeasy PowerWater
Kit by first removing the Sterivex filter from the cartridges under
sterile conditions in a laminar flow hood, then following the
manufacturer’s instructions.

The xanthogenate-SDS extraction method used for viral filtrate
DNA extractions was outlined by Tillett and Neilan (2000) to extract the
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FIGURE 1

Map of sampling locations in Sandusky Bay. The inset shows the location of Sandusky Bay in relation to the western basin of Lake Erie. Sites were
chosen to provide representation of the width and depth of the bay. Sites were ODNR4 (41453333, —82.960767), Edison bridge (41.480156,
—82.834328), ODNR1 (41477367, —82.739783), and EC1163 (41.469000, —82.715000).

DNA from environmental samples containing cyanobacteria and was
later modified by Yoshida et al. (2006) for use on Microcystis cyanophages.
Concentrated viral filtrate (200 uL) was added to 750 pL of XS buffer [1%
potassium ethyl xanthogenate, 100mM Tris-HCl (pH 7.4), 20mM
EDTA (pH 8), 1% sodium dodecyl sulfate, 800 mM ammonium acetate]
and incubated at 70°C for 30min, vortexing every 10min. After
incubation for 30 min on ice, isopropanol was added to each tube to 50%
(vol/vol). The tubes were incubated at room temperature for a minimum
of 10min followed by centrifugation to pellet the DNA at 12,000 x g for
10min. DNA was washed with 70% ethanol and then air dried for 24h
before resuspension in TE buffer [10mM Tris-HCl, 1 mM EDTA (pH
8)]. Once the DNA was extracted, it was stored at —80°C for later use.

2.3. Monitoring of PaV-LD presence by
quantitative PCR

Quantification of Planktothrix agardhii occurred as described in
McKindles et al. (2021). In brief, Planktothrix agardhii species-specific
primers rpoC1_Plank_F271 and rpoC1_P_agardhii_R472 were used
(Churro et al., 2012; Table 1), which have a primer efficiency of 0.971.
The g-block standard was also previously described, generating a
standard curve range of 38.66-3.866 x 10° copies pL™".

To quantify the presence of PaV-LD related cyanophages, primers
were generated based on the major capsid protein gene sequence
(PaVLD_ORF073R; YP_004957346.1). The capsid gene sequence was
uploaded to the primer designer web application (OligoPerfect Primer
Designer; Thermo Fisher Scientific, Waltham, MA). Selected primer
sets were then analyzed by BLASTn against the nonredundant (nr)
database to assess possible spurious hybridization and ensure that the
primers were specific to the template, and no other sequences in the
nr database could be amplified by the primer sets (Ye et al., 2012).
Once tested, the region inclusive of the primer set and extra base pairs
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in either direction was extracted to create external standards
(Supplementary Table S1). External standards were used to determine
copy numbers of each qQPCR target by creating a 10-fold dilution series
of G-block gene fragments (Integrated DNA Technologies, Coralville,
IA). G-blocks were diluted to 10ngpL™" stocks, and the total copy
number of G-block fragments was calculated using the formula:
number of copies (molecules)=(A ngx6.0221x10* molecules
mole™) / (Nx660g mole™) x1x10°ngg™"), where A is the amount
of amplicon in ng, N is the length of the dsDNA amplicon, and 660 g
mole™ is the average mass of 1 bp dsDNA (Prediger, 2013). The range
for the PaV-LD capsid standard was 20.56-2.056 x 10° copies pL™".

Real-time PCR was performed using 5 pL of each extracted DNA
with the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific)
and 400nM of each primer (Table 1). Each sample was amplified
under the same conditions multiple times using the different primer
sets, as each reaction was a singleplex run. After an initial activation
step at 50°C for 2min and a denaturing step at 95°C for 2min,
40 cycles were performed as follows: 15s at 95°C, 30s at 55°C, and 60's
at 72°C. A melt curve was also performed to ensure a single gPCR
product was formed, going from 50°C to 95°C at an increase of 0.5°C
per cycle. The program was run on a 4-channel Q Real-Time PCR
thermocycler (Quantabio, Beverly, MA) along with the Q-qPCR
v1.0.1 software analysis program (Quantabio), which was used to
determine the sample concentrations as compared to a standard
curve. The efficiency of the PaV-LD major capsid protein primer set
i8 99.66% (Table 1).

2.4. Metagenome sequences for
identification of cyanophage genomes

Two cell faction samples with high viral loads (ODNR4 on June
28,2017, and ODNRI on June 26, 2018) were chosen based on qPCR
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TABLE 1 Primers sets and g-block standards for Planktothrix agardhii and PaV-LD.
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quantification of PaV-LD for metagenome sequencing. Samples were
sequenced at the University of Michigan Advanced Genomics Core
(Ann Arbor, MI) on a NovaSeq 6,000 sequencing system (Illumina,
San Diego, CA). Once sequenced, FASTA files were imported into
CLC Genomics Workbench v.20.0.2 software (Qiagen, Redwood City,
CA) with the default quality settings following Steffen et al. (2017).
Failed reads were discarded during import. Paired-end reads for both
samples were trimmed for quality prior to being combined for
assembly into contigs (minimum length of 2,000 bp) using the CLC
Genomics Workbench de novo assembly function that also mapped
reads back to the generated contigs. Contigs generated from ODNR 4
on June 28, 2017 were denoted with the data set number 140939 while
contigs generated from ODNRI on June 26, 2018 were denoted with
the data set number 140938.

To supplement these two samples, metagenome generated contigs
were obtained from a SPAdes analysis project (Ga0209229) from JGI
Gold Biosample ID Gb0059903, a Sandusky Bay metagenome study
dated June 11, 2013.

2.5. Identification of PaV-LD like
cyanophage genes

To identify PaV-LD like cyanophage genes, the genomic sequence
of PaV-LD (NC_016564) was obtained from NCBI and imported into
CLC Genomics Workbench v.20.0.2 software (Qiagen, Redwood City,
CA). Gene annotations were extracted using the Extract Annotated
Regions 1.4 tool, which was used as a BLASTn database for
metagenome generated contigs using standard parameters, except for
an increased word size of 50. Positive BLASTn hits were filtered using
a Lowest E-value of 0.00, Greatest identity % > 85, and Greatest bit
score of >1,500. The resulting hit sequences were exported to
Geneious Prime (Biomatters Ltd., Auckland, NZ) version 2020.2.3 as
a sequence list. Confirmation of relatedness was determined by
mapping the contigs to the reference sequence PaV-LD (NC_016564)
using Geneious mapper set to Dissolve contigs and re-assemble, Low
Sensitivity, and Iterate up to 5 times. The rest of the parameters were
kept standard. Regions of mapped coverage were extracted and
re-aligned using MUSCLE 3.8.425 to determine percent identity
between the viral genes of known function and the contigs. The DNA
sequences were translated using the Translate tool and standard
genetic code. Protein sequences were re-aligned using the Geneious
Alignment tool with Global alignment and Blosum90 cost
matrix selected.

2.6. Identification of novel Planktothrix
agardhii cyanophage contigs

Metagenome generated contigs from 2017 and 2018, along with
the downloaded contigs from 2013, were analyzed by BLASTn against
Sandusky Bay P agardhii isolate CRISPR spacer sequences as
generated in McKindles et al. (2022). BLASTn parameters were
modified to accommodate small sequences as follows: Match/
Mismatch and Gap Costs were at Match 2, Mismatch 2, Existence 5,
and Extension 2, Expectation value was set to 10.0, and Word size set
to 25. Contig sequences with multiple hit regions were checked for full
P. agardhii CRISPR-cas cassettes and were extracted if they contained
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novel spacer sequences. These new spacer sequences were added to
the spacer sequence database generated previously and are described
in Supplementary Table S2. All contigs were then re-analyzed by
BLASTn against the newly generated full CRISPR spacer sequence
database with the same BLASTn parameters as before. Any hit contigs
with CRISPR-cas casettes and/or CRISPR spacer repeat sequence were
removed and the remaining contig sequences (71 sequences) were
exported as FASTA files for the detection of virus-associated sequences
using VirSorter 1.0.3, with the “virome” option (Roux et al., 2015).
Suspected prophages (no sequences) and contigs with no viral
signatures (47 sequences) were then excluded from further analysis,
leaving 24 contig sequences as possible viral sequences. A list of
contigs that had CRISPR positive hits but did not pass the VirSorter
viral signature analysis can be found in Supplementary Table S3.
Several of these contigs were identified as viral homologues against
PaV-LD but may not have contained the viral signatures that are
searched for using the VirSorter database.

The 24 punitive viral contig sequences were imported in VIPtree
(Nishimura et al., 2017) for the generation of a proteomic relatedness
tree (generation of genomic similarity scores) and to annotate viral
genes with tBLAST function. This tree was used to group similar
sequences for in depth analysis of gene function, but given the short
length of the viral fragments, may not accurately represent different
viral sequences or families.

2.7. Metatranscriptome analysis from
Sandusky Bay in 2015, 2018, and 2019

Extracted RNA was sent to Discovery Life Sciences (Huntsville,
AL), where the samples were treated to reduce rRNA using TruSeq
Stranded Total RNA with Ribo-Zero Plant kit (Illumina, San Diego,
CA). RNA was sequenced on an Illumina HiSeq 2,500 platform with
paired-end reads of 50 base pairs (2015) or 150 base pairs (2018, 2019).

The metatranscriptome reads were analyzed using the CLC
Genomics Workbench v.20.0.2 software (Qiagen, Redwood City, CA).
The raw reads were filtered through quality control where failed reads
were removed using the CLC Toolbox, remaining reads were trimmed
with an ambiguous base limit of 2 and automatic read-through adapter
trimming. Reads shorter than 15bp were discarded. The raw reads
were mapped to whole punitive viral contigs generated above, the
whole PaV-LD genome (NC_016564), and the whole genome of
Planktothrix agardhii NIVA-CYA 126/8 (NZ_CM002803) using the
RNA-Seq Analysis feature in the CLC Toolbox with a mismatch cost
of 2, insertion cost of 3, deletion cost of 3, length fraction of 0.8, a
similarity fraction of 0.8, and a maximum number of hits at 10.

2.8. Data availability

Raw read files from ODNR4 on June 28, 2017 (140939), and
ODNRI on June 26, 2018 (140938), were uploaded to the National
Center for Biotechnology Information (NCBI) Sequence Read Archive
(SRA) under Bioproject accession number PRJNA940836. The
Planktothrix viral contigs assembled from the metagenome data sets
(2017 and 2018) were deposited in the NCBI GenBank Database
0Q674116 0Q674125.
Metatranscriptomes from 2015, 2018, and 2019 were also deposited

under  accession  numbers
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in the NCBI SRA under Bioproject accession numbers PRJNA946791
(2015), PRJNA941812 (2018), and PRINA945377 (2019).

3. Results

3.1. Monitoring of PaV-LD presence by
quantitative PCR

The abundance of Planktothrix agardhii in Sandusky Bay was
estimated using the single copy housekeeping gene, rpoClI (Figure 2).
In 2015, P. agardhii rpoCl1 concentrations fluctuated between 186 and
5.76x10° gene copies mL™', with higher average concentrations
occurring in the outer bay (EC1163 and ODNRI1) compared to the
inner bay (ODNR4). All three sites showed a decrease in numbers on
August 11, 2015, which rebounded in both EC1163 and ODNRI. In
2016, P. agardhii concentrations ranged from 62 to 3.44x 10° gene
copies mL™". The low end of this range occurred on July 11, 2016, at
site EC1163, where abundance of 1.49 x 10° gene copies mL™" dropped
rapidly, recovering the next sample date to 2.25x 10* gene copies mL™".
While not as rapid, ODNRI also shows a population dip on July 25
and August 3, 2016. 2017 was the most stable year for P. agardhii
according to genetic quantification. Except for July 31, 2017, at site
ODNR4 where the genetic concentration was the lowest for the year
at 1.59x 10° gene copies mL™, all P. agardhii concentrations were
above 1.1x10° gene copies mL™". The last trip acquiring genetic
information occurred on July 24, 2018, which was correlated with a
population decrease at the Edison Bridge, EC1163, and ODNR1, while
populations remained high in the inner bay at sitt ODNR4. ODNR4 in
2018 had a rapid decline in population early in the season, dropping
from 4.73 x 10° gene copies mL™" to 1.4 x 10* gene copies mL™" before
recovering to 1.58 x10° gene copies mL™". These trends in qPCR
estimation for 2018 were reflected in the Planktothrix biomass cell
count data (Supplementary Figure S1). 2019, the final year of
molecular quantification in Sandusky Bay as part of this study, was the
most distinct. Gene copy numbers started off the season with some of
the lowest values recorded at each site, recovering to more typical
concentrations by August, and ending the season in September with
continually high numbers. Overall, the highest genetic quantification
of P agardhii occurred multiple times in 2018 at sites EC1163,
ODNRI, and ODNR4, while the lowest numbers occurred primarily
at site ODNR 4 in 2015, 2018, and 2019.

Over this period, the presence of PaV-LD and local derivatives of
this cyanophage were monitored by testing for the genetic sequence
coding for one of the two major capsid proteins (Figure 2). In general,
the genetic quantification of the capsid protein mirrored the trends of
the host quantification. If the host population declined rapidly, the
cyanophage genetic signature also declined. In 2015, the proportion
of cyanophage genetic sequence compared to the host genetic
sequence ranged from less than 5% (EC1163, August 11, 2015) to
almost 3 x more prevalent than its host (June 29, 2015, at ODNR4). In
2016, both ODNR4 and ODNRI measured lower viral population
presence compared with its host, but EC1163 showed increased viral
presence mid to late season (July 11, 2016, at 6.9 x more and July 25,
2016, at 2.5 x more). In 2017, cyanophage to host ratios were
consistently between 0.23 and 3.29, further indicating that 2017 was a
stable year. On July 28, 2018, at the Edison Bridge the first instance of
a double-digit virus to host ratio occurred, which was 68 x more
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FIGURE 2
Quantitative PCR of PaV-LD like cyanophages and their host, Planktothrix agardhii, across five bloom-forming years in Sandusky Bay (Table 1).
Planktothrix agardhii was quantified using the single copy housekeeping gene, rpoC1. PaV-LD like cyanophages were quantified using the major capsid
protein gene sequence (PaVLD_ORFO073R). Samples were particulate associated (0.22um filter) or free cyanophage (cation charged filter). Samples
were analyzed as biological duplicates and standard deviation is indicated by the black bars.

cyanophage than P agardhii. Otherwise, ratios were more stable,
where presence was measured at the lowest at 0.14 and up to
5.33xmore abundant. Finally, in 2019, some of the lowest
concentrations of cyanophage genetic signatures were recorded in the
early season, which made up only 0.02-1% of the host population
concentrations. In mid-season, viral concentrations rebounded,
matching the concentration of the host (approximately 1.3 to 3.6 x
more virus than host) and ended the season at even higher ratios at
the Edison Bridge (13.5 x), EC1163 (6.5 x), and ODNRI (9.5 x). Given
the similar patterns of the cyanophage-host abundance as outlined by
this dataset, it becomes clear that these viruses are present and a
prevalent component of cyanobacterial harmful algal bloom ecology.

In 2018 and 2019, extracellular PaV-LD quantification of select
sites was added by concentrating free cyanophages onto a cation
coated filter. In general, this quantification revealed that the free
PaV-LD fraction was lower than the host associated fraction
(Figure 2). The three sites sampled in 2018 showed a free viral fraction
that made up approximately 3+6% of the host associated viral
fraction. On the other hand, 2019 was characterized by higher free
cyanophage loads in the early season (average 11 times higher than
host associated loads), followed by lower free viral percentages the rest
of the year (20 £30%). Note that both free phage and host associated
phage loads increase rapidly at the end of the season.

3.2. ldentification of PaV-LD like
cyanophage contigs

Metagenome generated contigs were mapped to the only known

Planktothrix agardhii specific cyanophage, PaV-LD (NC_016564) to
determine how related the PaV-LD-like cyanophages may be to the
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reference. From three metagenomic data sets, 24 contigs were closely
related (greatest identity % >85) to genes from PaV-LD (Figure 3).
These alignments can be classified as 100% similar (white regions,
Figure 3), or greater than 80% similar (light grey, Figure 3),
corresponding to the presence of conserved regions and genes.
Discordant regions (Dark grey and black regions, Figure 3) are areas
surrounding insertions, deletions, and nucleotide substitutions. These
contigs cover several essential PaV-LD sequences, including both
capsid proteins, the tail tape measure protein and a highly conserved
region including a serine/threonine-protein phosphatase and a protein
kinase (Table 2). In particular, the region encompassing both capsid
proteins had the most coverage, where one capsid protein (ORF073R)
was highly conserved both in nucleotide and amino acid identity, but
the other (ORF071R) was only conserved in 3 out of 5 sequence
contigs (Table 2).

3.3. Identification of novel Planktothrix
agardhii cyanophage contigs

To better understand the cyanophage diversity present in
Sandusky Bay, CRISPR-cas spacer sequences from previously
sequenced Planktothrix agardhii genomes were used to identify
metagenome contigs that were possible foreign genetic material.
Additional curation using viral signatures yielded 24 contigs from
2013 (Ga0209229), 2017 (140939), and 2018 (140938), of lengths
ranging from 2,027-24,459bp (Table 3). The VirSorter Category for
each contig is noted, where category 1 contigs are “most confident
predictions” (significant enrichment in viral-like genes and at least
one hallmark viral gene detected), category 2 contigs are “likely
predictions” (either enrichment in viral-like genes or a viral hallmark
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Coverage is noted using blue.

Contigs with CRISPR-cas identified viral signatures were aligned with the published genome of PaV-LD. 24 contigs were closely related (greatest
identity %>85). White regions indicate 100% similar, light grey regions indicate greater than 80% similar, while both dark grey and black regions indicate
discordant regions (insertions, deletions, and nucleotide substitutions). Reference sequence is highlighted in yellow and includes gene annotations.

gene is detected along with other metrics), and category 3 are “possible
predictions” (neither a hallmark gene nor enrichment in viral-like
genes but significant scores in other metrics) (Roux et al, 2015).
VirSorter output includes a GenBank flat file which contains the
number and location of genes for each contig, as well as predicted gene
product. These annotations along with previous CRISPR spacer
sequence alignments were used to determine the number of CRISPR
spacer hits and the probable viral gene to which the spacers
corresponded. Most of the spacer sequences hit for hypothetical
proteins, some of which have a direct PaV-LD ORF associated with
them. Others are related to phage clusters as defined by VirSorter.
There were several contig sequences that had multiple spacers hit, and
a few contigs that had spacers hit for more than one gene.
Ga0209229_10034259 had the most CRISPR spacer hits at 19, which
were at 4 different regions of the contig alongside each of the 4 genes.
Ga0209229_ 10003398 had the second most hits at 11, which were
focused on a single gene, indicating that this spacer sequence was
common across 11 different Planktothrix agardhii isolates. A list of
contigs that had CRISPR positive hits but did not pass the VirSorter
viral signature analysis can be found in Supplementary Table S3. These
24 contigs were then used to generate a proteomic viral tree to
understand their relationships to one another and to identify novel
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viral genetic signatures (Figure 4). This analysis identified 6 viral
groupings, which mainly represent different gene functionalities. Note
that these groupings are not indicative of all new viruses, and may
represent different parts of the same virus.

3.3.1. Viral contig group 1 (PaV-LD)

Viral group 1 represents all the metagenome generated viral
fragments that cluster on the same proteomic branch as the previously
described Planktothrix agardhii cyanophage PaV-LD (Table 4). Some
of the contigs are highly related to PaV-LD with genomic similarity
(Sg) scores above 0.95 or 95%, including Ga0209229_10004734,
140,939_contig 132, and 140,938_contig_201. Additionally, here are
a few contigs that are partially related to PaV-LD with Sg scores above
0.75 or 75%, including 140,939_contig_131 and Ga0209229_10008255.
Finally, there is a set of 4 contigs that are only loosely related to
PaV-LD with S; scores below 0.75 or 75%, including
Ga0209229_10012861, Ga0209229_10034259, Ga0209229_10003398,
and Ga0209229_10021454. All the contigs in this group have genes
that were originally found in the sequencing of PaV-LD.

The 3 highly similar contigs (Ga0209229_10004734, 140,939_
contig_132, and 140,938_contig_201) all encode for the same region
of PaV-LD between 47 - 52kb which includes the genes
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TABLE 2 Known PaV-LD annotations that are covered by environmental metagenome generated contigs and their relatedness in nucleotide and amino
acid identity.

PaV-LD gene PaV-LD ORF Metagenome contig Nucleotide Amino acid
annotation identity identity
nblA PaVLD_ORF022L Ga0209229_10029639 97.58% 92.73%
Ga0209229_10013247 98.18% 90.91%
Serine/threonine-protein PaVLD_ORF036R 140,939_contig_710 100% 100%
phosphatase 140,938 _contig_91 100% 100%
Ga0209229_10010503 100% 100%
Protein kinase PaVLD_ORF037R 140,939_contig_710 99.15% 99.26%
140,938 _contig_91 99.15% 99.26%
Ga0209229_10010503 99.15% 99.26%
Terminase large subunit PaVLD_ORFO053L Ga0209229_10001486 91.03% 78.13%
Ga0209229_10026891 99.00% 97.20%
Portal protein PaVLD_ORFO057R Ga0209229_10006839 99.35% 99.85%
Ga0209229_10001486 91.23% 96.08%
Capsid protein PaVLD_ORF071R 140,938_contig_201 97.05% 98.03%
140,939_contig_132 97.05% 98.03%
Ga0209229_10004734 96.98% 97.64%
140,939_contig_131 89.58% 92.38%
Ga0209229_10004679 86.15% 89.27%
Capsid protein PaVLD_ORF073R Ga0209229_10004734 98.64% 100%
140,938 _contig_201 98.85% 100%
140,939_contig 132 98.74% 100%
Ga0209229_10004679 92.77% 99.68%
Virion structural protein PaVLD_ORFO081R 140,938_contig_929 93.32% 85.68%
Tail tape measure protein PaVLD_ORF088R Ga0209229_10008835 96.89% 98.75%

PaVLD_ORF070L to PaVLD_ORFO077R. This region is mostly
hypothetical proteins (6 out of 8 genes) but does include both capsid
(PaVLD_ORF071R and PaVLD_ORF073R).
Interestingly, this region of PaV-LD is also covered by the partially
related  contig  140,939_contig 131  and  the  contig
Ga0209229_10004679, which was not picked up in the VirSorter
analysis (Supplementary Table S3). As noted in previous analysis, the
capsid protein PaVLD_ORF071R was covered by two distinct groups
(Figure 5). The main group, including Ga0209229_10004734,
140,939_contig_132, and 140,938_contig_201, are highly similar to
the reference amino acid sequence (~ 97% identity). The other group,
including 140,939_contig_131 and Ga0209229_10004679, show a
95% amino acid sequence similarity to each other, but only an 88%

protein  genes

amino acid sequence similarity to the reference. Interestingly, while
closely related across years, there are some sequence differences
between the 2013 data set (Ga0209229) and the 2018 and 2019
metagenomes, which may represent mutations acquired or lost
over time.

The remaining contigs line up to other portions of PaV-LD
(Table 4). These genes are primarily hypothetical proteins, with the
exception of the tail tape measure protein PaVLD_ORF088R found
in Ga0209229_10003398. Further, the contig gene hits do not have
many conserved domains suggesting function, except for a relative of
PaVLD_ORF116R found in

hypothetical protein
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Ga0209229_10021454, which contains a KGG repeat domain
indicating a possible function in stress response.

3.3.2. Viral contig group 2

Viral group 2 consists of two approximately identical sequences,
Ga0209229_10017258 and Ga0209229_10007918 (S¢=1), which has
a weak similarity to PaV-LD at S;=0.2282. These sequences encode
for 5 genes: a DNA modification methylase (Phage_cluster_4886), an
uncharacterized Tet_JBP domain-containing protein (Phage_
cluster_6254), a nuclease with a partial alignment to PaVLD_
ORF098R (Phage_cluster_4886), a hypothetical protein of unknown
origin, and a hypothetical protein from Planktothrix agardhii
(WP_235754195).

3.3.3. Viral contig group 3

Viral group 3 consists of two different groups of three sequences
each; Group 3A encompassing 140,939_contig_119,
Ga0209229_10002258, and Ga0209229_10001752, while Group 3B
includes 140,939_contig 283, 140,938_contig_27, and
Ga0209229_10001252. Within subgroups, sequences are highly
similar (S;=0.958+0.026) and across the two subgroups, they are
distantly related (Sg=0.725+0.009). Despite this lower level of
proteomic similarity, the functionality of these sequences are similar
across the clades (Supplementary Figure 52). Viral group 3 sequences
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TABLE 3 Characterization of environmental metagenome generated contig with viral signatures, including VirSorter confidence category, number of
Sandusky Bay Planktothrix isolate CRISPR spacers hit to the contig, and the gene annotation of the spacer hit site.

Metagenome VirSorter Proteomic Length (bp) Number of Genome average  Number of CRISPR
contig category viral group genes coverage spacer hits
140,938 _contig_201 1 1 5,399 7 3875.66 2
140,939_contig_131 1 1 5,273 9 1000.5 1
140,939_contig_132 1 1 5113 8 5066.42 2
Ga0209229_10004734 1 1 5,688 9 N/A 2
Ga0209229_10022288 1 1 2,741 4 N/A 1
Ga0209229_10003398 2 1 6,591 4 N/A 11
Ga0209229_10008255 2 1 4,373 4 N/A 1
Ga0209229_10012861 2 1 3,561 9 N/A 10
Ga0209229_10021454 2 1 2,791 4 N/A 9
Ga0209229_10034259 2 1 2,233 3 N/A 19
Ga0209229_10007918 2 2 4,456 6 N/A 2
Ga0209229_10017258 2 2 3,088 6 N/A 2
Ga0209229_10026795 2 5 2,510 4 N/A 1
140,939_contig_107 2 5 2027 5 7256.96 1
140,939_contig_26474 2 6 2,251 6 8.85 2
140,938_contig_37 3 3 12,452 24 1240.89 2
140,939_contig_119 3 3 7,962 14 1669.29 1
140,939_contig_283 3 3 11,630 23 3013.87 2
Ga0209229_10001252 3 3 10,480 18 N/A 2
Ga0209229_10001752 3 3 8,924 15 N/A 1
Ga0209229_10002258 3 3 7,904 12 N/A 1
140,938_contig_1949 3 4 30,690 42 66.42 9
140,939_contig_345 3 4 46,459 74 194.87 9
Ga0209229_10000210 3 4 22,828 35 N/A 9

Genome coverage not available for Ga0209229 data set. Gene annotation for CRIPSR spacer hits can be found in Supplementary Table 54.

generally encode for hypothetical proteins of unknown origin and
hypothetical proteins from various cyanobacterial species (including
Nostoc sp., Trichocoleus sp., and Oscillatoria sp.). Notably, these
sequences also encode for a set of DNA-binding proteins including a
HTH_XRE superfamily protein transcriptional regulator. The
additional genes that are unique to subgroup B sequences include a
NrdG superfamily protein related to the 7-carboxy-7-deazagunanine
synthase QueE found in filamentous cyanobacteria, a PTPS (QueD
superfamily) 6-pyruvoyl tetrahydropterin synthase found in some
Oscillatoriaceae, and a GTP cyclohydrolase I FolE found in some
Nostacales. These three genes are important in the conversion of GTP
into 7-carboxy-7-deazaguanine (CDG) DNA modification.

3.3.4. Viral contig group 4

Viral group 4 consists of three sequences, one contig from each
year of metagenome data. These sequences are the largest from these
datasets, with the smallest being Ga0209229_10000210 at 22.8 kbp
and the largest being 140,939_contig 345 at 46.4 kbp. These three
sequences are highly related (Sg>0.95) with a common core of ~30
genes, with the greatest difference between them being their size.
While the majority of the open reading frames are hypothetical
proteins of unknown origin, a few have functional annotations,
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including genes encoding an M23 family metallopeptidase (Phage_
cluster_1627_PFAM-Peptidase_M23), a thymidylate synthase
(Phage_cluster_1125_PFAM-Thymidylat_synt), a C39 family
peptidase, a DNA polymerase III subunit beta (Phage_cluster_14685_
PFAM-DNA_pol3_beta), a DUF5895 domain-containing protein, and
areplicative DNA helicase (Phage_cluster_71_PFAM-DnaB_C). One
additional functional annotation can be found in 140,938_contig_1949
and 140,939_contig_345 for a sugar kinase/Hsp70/actin family
protein. As the longest contig, 140,939_contig_345 also has functional
annotations for a DNA-cytosine methylase (DCM) superfamily
protein (Phage_cluster_6007), a Nucleoside 2-deoxyribosyltransferase
(RCL superfamily), a hypothetical protein which BLASTs to a
hypothetical protein found in Vibrio phages and AAA family ATPases
found in Planktothrix sp., a Von Willebrand factor type A (vWFA)
superfamily protein found in some cyanobacteria, and three conserved
domain of unknown function (DUF) containing proteins (DUF3846,
DUF4926, and DUF1825).

3.3.5. Viral contig group 5

Viral group 5 consists of only two short contig sequences, 120939_
contig 107 and Ga0209229_10026795, which are quite similar
(S¢=0.8524). The similarity between these two sequences is primarily
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the result of a single large protein common between them, which
BLASTp identifies as a hypothetical protein in the Nostocales but as a
major capsid protein in other cyanobacteria species. Both also contain
a Helix-hairpin-helix (HhH_5 superfamily) protein next to the
hypothetical/capsid protein. The other open reading frames code for
hypothetical proteins.

3.3.6. Viral contig group 6

Viral group 6 consists of a single short contig, 140,939_
contig_26474. It contains several hits from the genomic DNA of a
freshwater uncultured Caudovirales phage, including a DnaB
Replicative DNA helicase, a hypothetical protein, and a T4

gp41 helicase.

3.4. Metatranscriptome analysis from
Sandusky Bay in 2015, 2018, and 2019

Samples for metatranscriptome analysis were collected in 2015,
2018, and 2019 during Planktothrix-dominated blooms in Sandusky
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Bay. These data sets were then used to analyze the transcriptomic
activity of the cyanophages and foreign DNA identified in this work.
All contigs had reads associated with them, but contigs that displayed
consistently low Reads Per Kilobase Million (RPKM) compared to
Planktothrix agardhii, as determined by a viral RPKM consistently
less than 10% of the host RPKM, were removed. Only viral groups 1,
3, and 5 had contigs that displayed elevated gene expression
(Figure 6).

Viral group 1 was driven by Ga0209229_10004734, 140,939
contig 132, and 140,938_contig 201, the contigs encoding for highly

similar capsid proteins as PaV-LD (~97% amino acid similarity).
These viruses collectively had peak gene expression on June 26, 2018
with a virus:host RPKM ratio of 0.504+0.097 at ODNR4. They were
also seen at elevated expression levels at all three sites in 2015 and
2018 (greater than 0.1, less than the peak of 0.504), but exhibited low
expression in 2019. Only one other viral group 1 contig was found to
have expression values above the threshold; 140,939_contig 131
within the secondary group encoding the variant major capsid protein
of PaV-LD (~88% amino acid similarity). Like the other PaV-LD
contigs, 140,939_contig_131 showed elevated expression levels on
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TABLE 4 Group 1 viral contigs and their genomic similarity to the reference PaV-LD and corresponding alignment to PaV-LD genes.

Group 1 Viral Contig Genomic Similarity (SG) to PaV-LD  PaV-LD region hits
Ga0209229_10004734 0.9864 PaVLD_ORF070L to PaVLD_ORF077R
140,939_contig_132 0.993 PaVLD_ORF070L to PaVLD_ORF077R
140,938 _contig_201 1 PaVLD_ORF070L to PaVLD_ORF077R
140,939_contig_131 0.8672 PaVLD_ORF070L to PaVLD_ORF077R
Ga0209229_10008255 0.7922 PaVLD_ORF078R and PaVLD_ORF079R
Ga0209229_10012861 0.466 PaVLD_ORFO023R to PaVLD_ORF025R, PaVLD_ORF027R
Ga0209229_10034259 0.7238 PaVLD_ORF023R to PaVLD_ORF025R, PaVLD_ORF027R
Ga0209229_10003398 0.6411 PaVLD_ORF084R, PaVLD_ORFO088R, PaVLD_ORF137L
Ga0209229_10021454 0.4704 PaVLD_ORFI111R, PaVLD_ORF114L, PaVLD_ORF116R
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FIGURE 5
Nucleotide comparison of mapped contigs to PaVLD_ORF073R. Reference sequence is highlighted in yellow and includes gene annotations. Black
segments in the non-highlighted sequences indicate points of difference, grey segments indicate similar regions. Identity is displayed at the top of the
figure. Green sites indicate the same residue across all sequences while yellow sites have 30%-100% identity.

June 26, 2018 (ODNR4) at a virus:host RPKM ratio of 0.102, but
peaked on June 8, 2015 (EC1163) at a virus:host RPKM ratio of 0.194.

For viral group 3 contigs, both subgroups saw expression levels
above the threshold. Viral group 3A was represented by
Ga0209229_10002258 and 140,939_contig_119.Ga0209229_10002258
had higher expression levels more frequently, with virus:host RPKM
ratios over 0.1 across 20 site and date combinations. It was most
prevalent in June 2018 in the outer bay of Sandusky (ODNRI1 and
EC1163) at a ratio of 0.46+£0.025 and found across all 3 years above
the threshold. 140,939_contig 119 had less frequent elevated
expression levels, with only 7 site/date combinations above the
threshold, limited to the year 2018. Similar to the viral group 1
sequences, this contig peaked on June 26, 2018, at a ratio of 0.426.
Viral group 3B was only represented by a single contig:
Ga0209229_10001252. Ga0209229_10001252 displayed a similar
trend in expression to viral group 3, clade 1 representative
Ga0209229_10002258 in that it had quantifiable expression levels in
20 site/date combinations and spanned multiple sites across all 3 years.
But unlike the 3A sequence, Ga0209229_10001252 peaked in August
2015, at a RPKM ratio of 0.34. The next highest expression level for
this group occurred in June and July of 2018, averaging 0.27 +0.033 at
sites ODNR4 and EC1163.

The most viral transcript expression was reported from both viral
group 5 contigs (Figure 6). In June 2018, across all three sites, these
two viral contigs had an average virus:host RPKM ratio of 1.45+0.55,
indicating that these genes were expressed approximately 1.5x greater
than the host housekeeping gene of the sampled population. These
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sequences also had elevated expression levels on June 22, 2015
(ODNR) at a ratio of 0.532+0.002, and throughout July 2018 at an
average ratio of 0.498 +0.122. Interestingly, these sequences are the
only ones that show considerable expression levels in 2019, peaking
on July 17" (EC1163) at a ratio of 0.344+0.03. In total, these two
contigs accounted for 57 site and date combinations where their
transcript expression levels were above the threshold.

4. Discussion

Using metagenome and metatranscriptome data sets from the
environment combined with Planktothrix agardhii isolate genomes
from the same region, early work is presented here that identifies
possible cyanophage and other foreign DNA associated with
P. agardhii-dominant cHABs in Sandusky Bay, Lake Erie. Previous
work identified the CRISPR-cas systems of Sandusky Bay P. agardhii
isolates, noting that two of these gene cassettes were common across
all isolates and two previously published reference sequences from
other geographical regions (McKindles et al., 2022). That same study
found that only 14.9% of the CRIPSR spacer sequences from the
isolates and reference sequences could be attributed to PaV-LD,
indicating that there was a hidden diversity of cyanophages and
foreign DNA elements to be uncovered. Using methodology of
Morimoto et al. (2019) for the elucidation of novel Microcystis
cyanophages, some of this hidden diversity was elucidated. In brief, a
non-redundant CRISPR-cas spacer sequence was created as a query
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against punitive viral contigs identified using the program VirSorter
from environmental metagenomic samples as a method to identify
host-virus interactions in the absence of laboratory isolates.

A first analysis using environmental metagenome data sets was to
check for local variants of the already characterized Planktothrix
agardhii cyanophage PaV-LD (Gao et al., 2009, 2012a). Several contigs
were able to map to PaV-LD at a greater than 80% sequence similarity
(Figure 3), indicating that PaV-LD like cyanophages can be present
across geographical regions with region specific variations. While this
is not the first study to identify PaV-LD signatures using ‘omics data
sets, it is the first to confirm the presence of PaV-LD like cyanophages
outside of Lake Donghu, China (Gao et al., 2012a). Watkins et al.
(2015) discovered PaV-LD signatures in Lake Michigan, another of
the Laurentian Great Lakes, but noted that while a BLAST search
identified the hits as PaV-LD, they were likely non-species or
non-virus specific ABC-transporter homologs. Similarly, Potapov
etal. (2022) identified the same ABC-transporter identified as PaV-LD
in Lake Baikal from metatranscriptome data but disregarded the
presence of PaV-LD as the host cyanobacterium (Planktothrix
agardhii) was not known to be found in the lake. The analysis
presented here was also able to identify partial sequences aligned with
this ABC-transporter, but identified it only as part of a larger contig
that covered the PaV-LD region inclusive of ORF033R - ORF037R,
lending multiple gene support to the contig’s identification (Figure 3).
Besides this region, contigs inclusive of PaV-LD specific proteins such
as the terminase large subunit, the portal protein, both major capsid
proteins, and the tail-tape measure protein were identified (Table 2).
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In particular, the terminase large subunit (TerL) is so specific, it has
been used in other studies as a phylogenetic marker for viral
relatedness (Jin et al., 2020; Lin et al., 2020). This region was mapped
by two related but distinct contigs (Table 2), perhaps denoting the
presence of viral evolutionary diversity in response to host diversity.
This trend of two related but distinct contigs was also noted in the
major capsid proteins (PaV-LD ORF071R and ORF073R; Table 2).
PaV-LD has a capsid size of 76 + 6 nm and is genetically distinct when
compared to the major capsid proteins of other cyanophage viral
families (Gao et al., 2009, 2012a). Given the conserved regions of these
genes between PaV-LD and the local contigs, isolates within this
group may have similar characteristics. But the level of conservation
was not the same across all contigs (Figure 5), again leading to the
hypothesis that there may be evolutionarily related cyanophages
present in Sandusky Bay that may be specific to different ecotypes of
Planktothrix agardhii as a response to host diversity. While some
freshwater cyanophage capsid structures have been elucidated by
cryoelectron microscopy (Jin et al., 2019; Cui et al., 2021), without
isolation, capsid structure and assembly of Sandusky Bay PaV-LD like
cyanophages is out of reach.

Besides PaV-LD like cyanophages, the host CRISPR-cas spacer
sequences were used to identify novel viral signatures with the idea of
enhancing understanding of cyanophage diversity as part of an
ecosystem dominated by a freshwater harmful algal bloom. Through
this analysis, 5 proteomic groups were identified with potentially novel
viral signatures (Figure 4). It should be noted that given the short
sequences identified in many of the groups, it is unclear that each

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1199641
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

McKindles et al.

proteomic group represents a different viral family, but that multiple
groups may be fragments of the same novel family or that the group
identifies common viral genes found across multiple viral families.
Despite this caveat, each of the 5 groups presented as part of this study
have gene annotations that support the idea that cyanophage diversity
is quite large despite the limited number of freshwater cyanophage
isolates to date. Group 2 cyanophage contigs (Figure 4) contain a
nuclease and DNA methylase genes which are involved in phage DNA
replication and can be used to counter bacterial defense systems. Both
gene functions can be found in PaV-LD (Gao et al, 2012a) and
represent some of the most common phage orthologous groups
(POGs; Kristensen et al., 2013). Group 3 cyanophage contigs had a
HTH_XRE superfamily gene which may be functionally related to
Cro/CI repressors which act as regulators of the lytic and lysogenic life
cycle switch, as found in other systems (Wood et al., 1990; Basso et al.,
2020; Long et al., 2022). Group 3B cyanophage contigs were longer
than group 3A contigs (Figure 4) and had some additional genes that
were identified as part of a secondary metabolite cassette. This cassette
is important in the conversion of GTP into 7-carboxy-7-deazaguanine
(CDG) for the biosynthesis of all 7-deazapurine-containing
compounds (also known as pyrrolopyrimidine-containing
compounds; McCarty and Bandarian, 2012). While the isolates of
Planktothrix
6-carboxytetrahydropterin synthase and several different copies of
GTP cyclohydrolase I (McKindles et al., 2022), they are not the same

as those found in the viral contig, nor does P. agardhii have the

agardhii  from  Sandusky Bay have a

flanking gene, the 7-carboxy-7-deazagunanine synthase QueE. In
P, agardhii, these genes are part of a pathway to produce Queuosine
(Q), a hypermodified 7-deazaguanosine nucleoside located in the
anticodon wobble position of four amino acid-specific tRNAs (Harada
and Nishimura, 1972; Reader et al., 2004). In some viruses,
7-deazaguanosine is used during DNA modification to protect against
host restriction enzymes (Hutinet et al., 2019). Next, group 4 viral
contig sequences were the longest contigs generated from these
environmental datasets (Figure 4). This group contains three contigs
of variable size, but a core of ~30 genes between them. They have a
M23 metallopeptidase gene, like the one encoded in PaV-LD ORF123,
which has been shown to have bacteriostatic effects, including growth
inhibition and membrane damage (Meng et al., 2022). Additionally,
these contigs have an annotation for a thymidylate synthase, which
can be found in both freshwater and marine double-stranded DNA
viruses (Graziani et al., 2004; Yoshida T. et al., 2008; Huang et al., 2012;
Zhang et al., 2020). Thymidylate synthase can be used by phages for
catalyzing cyanophage-encoded nucleotide biosynthesis and
scavenging of host nucleotides (Graziani et al., 2004; Thompson et al.,
2011; Huang et al,, 2015). Other genes of note in this groups include
a DNA polymerase, helicase, and other enzymes important in the
replication of viral genetic material. Despite being the most active viral
group (Figure 6), group 5 viral contigs possess only two annotations
of note involving a hypothetical capsid protein adjacent to a Helix-
hairpin-helix family protein, which is likely related to non-specific
DNA binding (Shao and Grishin, 2000). Finally, group 6 consists of
only a single contig (Figure 4) which contains genes for a DnaB
replicative DNA helicase and a T4 gp41 helicase, both of which are
necessary to ensure proper regulation of cyanophage DNA replication
initiation and which have been found in Nostoc and marine
cyanophages (Dassa et al., 2009; Sullivan et al., 2010; Chénard
etal., 2016).
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In tandem with the sampling schedule for ‘omics datasets,
PaV-LD-like cyanophages in the environment were quantified using
quantitative PCR methodology. This is the first multi-year data set in
which the presence of a freshwater cyanophage was monitored and
quantified in the environment. Note that this analysis targets the
host-and particle-associated viral fraction, which can include phage
particles attached to the host, phage undergoing active lytic infection,
and lysogenic and/or integrated cyanophages. This analysis also
targets one specific gene, the major capsid protein, using a set of
primers designed from the previously published reference sequence
(Gao et al,, 2012a). Quantification showed that except for a few dates,
the genomic copy numbers of PaV-LD-like cyanophages, as
determined by the major capsid protein PaV-LD ORF073R, mirror
the concentrations of the host genome (Figure 2). Coincident with
changes in host abundance, changes in the viral concentration were
typically observed. This relationship seems to denote a constant
presence of cyanophage which may not affect the duration or intensity
of the bloom. Single year quantification of Microcystis cyanophages in
Singapore showed similar relationships between host cell
concentrations and host-associated viral loads between mid-July and
early-August, noting that despite the high host-associated load, there
was no corresponding high free phage load that would indicate active
Iytic infections (Zhang et al., 2022). Similarly, despite being a log or
two less abundant than its host, Microcystis, Ma-LMMO1
concentrations in the host cell fraction mirrored host concentrations
in a Japanese pond, and high concentrations in the host fraction did
not necessarily signal high concentrations in the free phage fraction
(Kimura et al,, 2012). Both studies suggested that the higher
proportion of host-associated viral loads was due to rapid diffusion of
free phage and the likelihood that viral progeny may be trapped in
host colonies and mucilage. Alternatively, lysogenic genes have been
found during Microcystis dominated blooms, and the shift between
these genes and lytic infections was tied to environmental cues
(Stough et al., 2017). Indeed, Ma-LMMO1-like cyanophages may
utilize lysogeny to replicate during bloom formation in a host that is
rapidly growing and can persist at high densities. Given that the viral
loads as part of the host-associated fraction in this study were similar
to the host concentration, transcriptomics data were assessed to check
the gene expression of the viruses. Despite the elevated qPCR
quantification of the viral genomes, the transcription levels of these
viral genes (Group 1) were not very high (Figure 6). We further
analyze this trend with the 2018 and 2019 free phage fraction, noting
that in 2018, free cyanophage was less than 10% of the host associated
fraction (Figure 2). This may indicate that the viruses could be part of
abortive infections, or even undergoing lysogeny. In 2019, free
cyanophage concentrations were much higher, particularly in the early
season, which may be related to the lower host concentrations found
in the bay.

Whereas the transcriptional activity of PaV-LD-like cyanophages
was low on most sample dates, the environmental transcriptomic
analysis revealed elevated gene expression by group 5 viral contig
genes relative to the host housekeeping gene rpoCl, perhaps capturing
a viral event occurring throughout Sandusky Bay. Elevated
transcriptional activity was found at EC1163 and ODNR4, two sites
that are 25km apart and which represent extreme ends of the
embayment (Figure 6). As discussed above, group 5 has an annotation
for a hypothetical major capsid protein not seen in any characterized
cyanophage before, but since the CRISPR-cas spacer hits for this exact
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gene (Table 2), it is likely that this analysis has identified a novel
Planktothrix cyanophage. Transcriptomics have been utilized to
identify viral events before, which particularly focus on the transcript
levels of capsid proteins as representative of late action viral genes
(virion morphogenesis). The expression of late genes in a lab infection
of Ma-LMMOLI increased gradually until reaching a peak 6h later,
leading to host lysis (Morimoto et al., 2018). Another study noted that
capsid assembly genes were diurnal and typically expressed after dark,
which suggests that synchronized lysis of the host occurs during the
night (Chen and Zeng, 2020). Unfortunately, due to low sample
frequency, many lysis events can be missed, and the nuances of
infection dynamics are lost.

While data are presented here with the goal of better
understanding the relationship between freshwater cyanophages
and their filamentous hosts, there are still many areas that need
further research. It has been suggested that cyanophage infections
can influence the cyanobacterial composition within a cHAB
(Yoshida M. et al., 2008), so future work will examine more
in-depth the transcriptomic data to determine if there was a
Planktothrix shift following the proposed 2018 lysis event. Further,
the proposed new viral genetic signatures could be quantified using
historical DNA samples from the bay and better resolution of the
viral sequences can occur once more metagenomic data sets are
obtained. Finally, more research is needed into the triggers that
promote cyanophages to become lytic to better inform water
treatment plants when a mass lysis event will occur in reservoirs
and waterbodies where these cHABs occur.

In conclusion, this study has found that PaV-LD-like cyanophages
are a constant presence in Planktothrix-dominated cHABs but may
not be regularly undergoing lytic infections. It also identified several
new viral signatures that may be used to identify novel Planktothrix-
specific cyanophages in other metagenomic data sets.
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Toxic blooms of cyanobacteria, which can produce cyanotoxins, are prevalent
in freshwater, especially in South Korea. Exposure to cyanotoxins via ingestion,
inhalation, and dermal contact may cause severe diseases. Particularly, toxic
cyanobacteria and their cyanotoxins can be aerosolized by a bubble-bursting
process associated with a wind-driven wave mechanism. A fundamental question
remains regarding the aerosolization of toxic cyanobacteria and cyanotoxins
emitted from freshwater bodies during bloom seasons. To evaluate the potential
health risk of the aerosolization of toxic cyanobacteria and cyanotoxins, the
objectives of this study were as follows: 1) to quantify levels of microcystin in
the water and air samples, and 2) to monitor microbial communities, including
toxic cyanobacteria in the water and air samples. Water samples were collected
from five sites in the Nakdong River, South Korea, from August to September
2022. Air samples were collected using an air pump with a mixed cellulose ester
membrane filter. Concentrations of total microcystins were measured using
enzyme-linked immunosorbent assay. Shotgun metagenomic sequencing was
used to investigate microbial communities, including toxic cyanobacteria. Mean
concentrations of microcystins were 960ug/L ranging from 0.73 to 5,337ug/L
in the water samples and 2.48ng/m? ranging from 0.1 to 6.8ng/m? in the air
samples. In addition, in both the water and air samples, predominant bacteria
were Microcystis (PCC7914), which has a microcystin-producing gene, and
Cyanobium. Particularly, abundance of Microcystis (PCC7914) comprised more
than 1.5% of all bacteria in the air samples. This study demonstrates microbial
communities with genes related with microcystin synthesis, antibiotic resistance
gene, and virulence factors in aerosols generated from cyanobacterial bloom-
affected freshwater body. In summary, aerosolization of toxic cyanobacteria and
cyanotoxins is a critical concern as an emerging exposure route for potential risk
to environmental and human health.

harmful algal blooms, microcystin, Microcystis, aerosol, Nakdong River, metagenomics,
microbiome
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1. Introduction

Events of harmful algal blooms (HABs) caused by cyanobacteria
in freshwater (e.g., rivers, lakes, and reservoirs) are a critical issue
worldwide (Lu et al., 2020). Climate change may exacerbate the
dangers associated with increased occurrence and severity of HABs
(Lee et al., 2021). Furthermore, human activities, such as agricultural
practice, may create optimal conditions for promoting the growth of
toxic cyanobacteria (Hur et al., 2013). Cyanobacteria are a group of
oxygenic photosynthetic bacteria widely distributed in freshwater and
marine environments (Gongalves et al., 2016). Cyanobacteria, which
do not contain a membrane-bound nucleus, mitochondria, and
chloroplasts, are primitive micro-organisms with an intermediate
structure between bacteria and plants (Hachicha et al., 2022). Despite
formerly being considered algae due to their photosynthetic ability,
cyanobacteria are currently classified as bacteria (prokaryotic) (Oren,
2011; Palinska and Surosz, 2014). Several cyanobacteria can produce
toxic compounds (known as cyanotoxins) that are problematic when
freshwater is used for drinking, agricultural, and recreational purposes
(Wood and Dietrich, 2011). Animals and humans can become
exposed to cyanotoxins, including anatoxins, cylindrospermopsins,
microcystins (MCs), nodularins, and saxitoxins, via inhalation,
ingestion, and dermal contact; in particular, MCs are selectively
hepatotoxic in fish, birds, and mammals (Dawson, 1998). MC
poisoning can cause hepatocyte necrosis and hemorrhage
(Bhattacharya et al., 1997). MCs have also been associated with tumor
promotion over long-term exposure (Ito et al., 1997). Recent studies
focused on human exposure to aerosolized MCs that are significantly
related with proinflammatory response in human airway epithelium
(Orrell, 2022; Laboha et al., 2023). Both toxic cyanobacteria and MCs
either float around the water column or attach to the surface and
subsequently enter the atmosphere when they are undulated by the
wind or introduced by waves, rainfall, and ship traffic. In a study
measuring MC concentrations in the nasal mucosa of residents during
a cyanobacterial bloom in a river in Florida, 115 of 121 participants
(95.0%) had MC concentrations above the detection limit, with an
average concentration of 0.61+0.75pg/L. This result suggests that
aerosolization of cyanotoxins is an important pathway for evaluating
potential health risk (Schaefer et al., 2020). In addition, in a previous
study examining the toxicity of aerosolized MCs to mice, the risk of
inhaled MCs was found to be ten times higher than that of orally
administered MCs (Benson et al., 2005). Furthermore, in the
United Kingdom, respiratory illnesses such as pneumonia have been
reported in many people canoeing in reservoirs where Microcystis
HABs have progressed (Stewart et al., 2006). The results of Sharma
etal. (2007) suggest that inhaling cyanotoxins may have worse effects
than ingesting cyanotoxins. These studies have emphasized the
importance of monitoring cyanotoxins in the air (Olson et al., 2020;
Lad et al., 2022; Vigar et al., 2022; Rogers and Stanley, 2023).

The Nakdong River is the longest river in the Republic of Korea
(hereafter South Korea), with a total length of 525km and a watershed
area of 23.859km? (Ryu et al., 2016). Water from the Nakdong River
has been used as a source of tap water by two metropolitan cities
(Daegu and Busan) and several small cities, for recreational activities,
and for agricultural purpose (Kim et al., 2021). However, the Nakdong
River is afflicted with eutrophication with nitrogen (N) and
phosphorus (P), which are critical factors for triggering occurrence of
HABs (Kim et al., 2021). Furthermore, since 2012, eight large artificial
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weirs have been constructed along a 200 km section of the Nakdong
River. These weirs reduce the flow velocity and artificially alter the
water flow to form stagnant waterbodies, which can lead to the
flourishing of cyanobacteria and occurrence of HABs (Choi et al,,
2002; Lee etal., 2018; Park et al., 2021). HABs caused by cyanobacteria
have occurred frequently in the Nakdong River (Kim et al., 2019). As
the Nakdong River is a major source of drinking water, agricultural
water, and commercial water, HABs that can produce cyanotoxins
pose a serious problem for water use (Park et al., 2021). In particular,
cyanobacteria and their toxins may be aerosolized and exposed to
people through recreational activities, ship operation, and wind
friction (Tesson et al., 2016). However, research on the aerosolization
of toxic cyanobacteria and MCs is insufficient in the context of the
Nakdong River in South Korea.

Furthermore, eutrophication and HABs can impact the aquatic
environment in several ways. Firstly, eutrophication may promote the
survival and proliferation of pathogens in aquatic environments
(Smith and David, 2009). Recently, it has been proposed that HABs,
triggered by eutrophication, could also contribute to the emergence
and dissemination of antibiotic resistance genes in aquatic
environments (Zhang et al., 2020; Li et al., 2021). Therefore, it is
essential to examine the presence of both the pathobiome and the
resistome. The concept of pathobiome refers to the collection of host-
associated organisms associated with potential health risk (Bass et al.,
2019). The resistome refers to all antibiotic resistance genes (ARGs)
and their precursors in both pathogenic and nonpathogenic bacteria.
The resistome serves as a comprehensive overview of ARGs,
accounting for different resistance mechanisms and their potential
evolution within microbial communities (Kim and Cha, 2021). In this
study, metagenomic analysis was used to examine profiles of microbial
communities in water and aerosol samples during HAB events in
Nakdong River, South Korea, with quantification of MCs. In addition,
the relationship between environmental factors (wind speed,
precipitation, air temperature, and humidity) and aerosolization of
toxic cyanobacteria and MCs was examined. We aimed to understand
the microbial communities, including cyanobacterial community,
ARGs, and virulence factors, in aerosols emitted from the Nakdong
River during bloom seasons. This study may also provide evidence of
potential health risk related to aerosolization of toxic cyanobacteria
and cyanotoxins to which humans can be exposed via inhalation.

2. Materials and methods

2.1. Sample collection, meteorological
data, and DNA extraction

Water and aerosol samples were collected from the five sites of
Nakdong River (Daedong Wharf, Samnakdunchi, Hwawon
Amusement Park, Leports Valley, Hapcheon Hakri Reservoir) on
August 30 and September 2, 2022. A sterile mixed cellulose ester
membrane filter (diameter 37 mm, pore size 0.8 pm, Merck Millipore,
Billerica, MA, USA) was used for the aerosol sampling. The filter
paper was placed in an aluminum filter holder with a stainless-steel
support connected with a silicone tube to a vacuum pump (Model
SIP-321L, Sibata Scientific Technology Ltd., Tokyo, Japan). The flow
rate of sampling was adjusted to about 0.02m?*/min and aerosol
samples were collected for a total of 4h (total volume: 4.8 m’). To
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validate the quality control of aerosol samples, additional aerosol
samples were collected in a sterile environment (clean bench) for 8h.
The 16S rRNA and mcyE genes were amplified using polymerase chain
reaction (PCR) method from extracted DNA of the aerosol samples
and the samples of quality control. Gel electrophoresis was performed
to confirm microbial contamination.

Water samples (100 mL per hour for 4h, total volume: 400 mL)
were collected from the surface water of the river using a van dorn
water sampler (depth: 30 cm, PDNN19080900002, Daihan chemlab,
South Korea). For delivering the water and aerosol samples, the
samples were kept at 4°C. In addition, meteorological data (i.e., wind
speed, precipitation, air temperature and humidity) were obtained by
Korea Meteorological Administration (https://www.kma.go.kr/eng/
index.jsp).

In the laboratory (Pukyong National University, Busan, South
Korea), water samples were filtered with a MultiVac 610-MS-T Multi-
Branch Filtration system; each 100mL water sample was filtered
through a sterile 0.22 pm, 47 mm Whatman Nuclepore Hydrophilic
Membrane filter (Wilson, 2022). For extracting microbial DNA from
the filters (water and aerosol samples), the DNeasy PowerSoil Pro kit
(QIAGEN,
manufacturer’s instructions.

Germany) was used according to the

2.2. Measurement of water quality

Water parameters, including conductivity, dissolved oxygen (DO),
and pH, were measured using a water quality meter (AZ-8603, AZ
Instrument, Taiwan). The biochemical oxygen demand (BOD) value
was also examined (Zhao et al., 2019). Concentrations of total nitrogen
(N) and total phosphorus (P) were measured using Hach Digital
Reactor Block 200 (Hach Co., Loveland, CO, USA) following by
Persulfate Digestion Method 10,071, and USEPA PhosVer 3 with Acid
Persulfate Digestion Method 8,190, respectively.

MCs were extracted from the air filters and measured according
to the previous study (Murby et al., 2016; Swe et al., 2021). Briefly, each
sample was conducted with frozen and thawed at three times, and
then the samples were applied with sonicating for 1 min and vortexing
for 30s. For measuring levels of MCs in the water samples, US EPA
Method 546 was used. Briefly, for cell lysing, the samples were
conducted with frozen and thawed at three times. MC concentration
was analyzed in triplicate with an enzyme-linked immunosorbent
assay (ELISA) kit (PN.520011SAES, Eurofins Abraxis, Warminister,
PA, USA) according to the manufacturer’s protocol. The detection
limit of the kit is 0.016 ug/L (detection range: 0.05 to 5ug/L). For
measuring high concentrations of MCs (more than 5pg/L) in the
water samples, the samples were diluted with double-distilled water
and then levels of MCs were re-measured.

2.3. Quantification of MC-producing
Microcystis

Levels of MC-producing Microcystis in water and aerosol samples
were quantified with Quantstudio 1 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) by targeting the mcyE gene that
encodes Microcystis-specific MC production with the set of primers
and PCR conditions from a previous study (Sipari et al., 2010). PCR
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reaction solutions contained TOPreal™ qPCR 2x PreMIX with SYBR
green (Enzynomics, Daejeon, South Korea), 10 uM of each primer
and the extracted DNA (total volume was 20 puL). The thermal cycling
conditions were 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C
for 305, and 62°C for 1 min, and by a melting curve stage of 95°C for
15s and 60°C for 1 min (Lee et al, 2021). The output data were
analyzed by associated software (Design and Analysis Software 2.6.0,
Applied Biosystems, CA, USA). All experiments were performed
in triplicate.

2.4. Library preparation and shotgun
metagenomic sequencing

For the aerosol filtered samples, amplification was conducted
using REPLI-g Single Cell Kit (Qiagen, Germany) according to
manufacturer’s protocol to ensure sufficient concentration of
DNA. DNA concentration and quality were measured using Qubit™
Flex Fluorometer (Thermo Fisher Scientific, USA) and Nanodrop One
spectrophotometer (Thermo Fisher Scientific, USA), respectively. The
sequencing library was prepared using the MGIEasy FS DNA Library
Prep Kit, Circularization Module, and DNBSEQ-G400RS High-
throughput Sequencing Kit PE100 (MGI Tech, China) following the
manufacturer’s instructions. Shotgun metagenome sequencing was
performed at NGS Core facility (Kyungpook National University,
Daegu, Korea). The raw sequences were deposited in the National
Center for Biotechnology Information (NCBI) SRA dataset under
BioProject accession number PRJNA949880 (https://www.ncbi.nlm.
nih.gov/bioproject/PRJNA949880).

2.5. Preprocessing of sequencing raw data
and taxonomy classification

For trimming low quality sequences of raw reads, Trimmomatic
(v.0.39) was performed (Bolger et al., 2014). Reads were scanned with
a 50-base wide sliding window, and average quality per base below 28
were trimmed. Using quality filtered reads, taxonomy classification
was conducted using Kraken2 (Wood et al., 2019). Custom database
was built from NCBI sequences which were include bacterial, fungal,
archaeal, and viral genomes. Additional estimation was performed
using Bracken to accurately predict the abundance of microbial
features at each taxonomic rank based on the resulting output report
(Lu et al., 2017).

2.6. Shotgun metagenome assembly and
annotation of functional genes

Preprocessed reads from all the samples were merged for
co-assembly with MEGAHIT (v1.2.9) (Li et al., 2015). The minimum
k-mer was set to 27 and did not add mercy k-mers. We utilized the
assembled contigs to carry out two processes: taxa identification of
each contigs using Kraken2 and gene prediction. Protein-coding
sequences (CDS) were predicted using Prodigal (v2.6.3), and
redundant protein sequences with more than 95% identity were
clustered using CD-HIT. (v4.8.1) (Li and Godzik, 2006). RPKM (reads
per kilobase of exon per million reads mapped) of each predicted gene
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was calculated using BBMap (Bushnell, 2014). In case of ARGs, the
abundance was calculated by following equation:

ARGs abundance =

Lyeads
" Ni(ARG—Like sequence) * I
Z i( ARG reference sequence)
- Lyeads
! N16Ssequence X—
16S sequence

Ni(ARG-Like sequence) 15 the total number of reads which
predicted to ARG with CARD reference, Li( ARG reference sequence) 1S
each read length of predicted ARG, Lj¢qqs is the average read length
of preprocessed raw read, N16s sequence is the total number of reads
which encoding 16S rRNA gene using SILVA database from
Kraken2 custom database. Lj6s sequence i the average length of the
16S rRNA gene sequence in the database (1,080bp). Gene
annotation for functional analysis was done using DIAMOND
(v2.0.15.153) (Buchfink et al., 2015). For functional analysis, gene
annotation of predicted CDS was carried out using DIAMOND
(v2.0.15.153) with parameters set to 70% identity and 80% query
coverage. The microcystin biosynthetic gene cluster (BGC0001017:
Microcystis aeruginosa PCC 7806) was retrieved from the Minimum
Information about a Biosynthetic Gene Cluster (MIBiG) database,
while the CARD (Alcock et al., 2019) and VFDB (Liu et al., 2022)
databases were utilized for resistome and pathobiome analysis,
respectively.

2.7. Statistical analysis

Statistical analyses and visualization were processed in R studio
(v3.6.3). Importing of microbiome data including taxonomy
information, feature table, and metadata was conducted using
phyloseq package. Diversity analysis and visualized using vegan and
ggplot package, respectively. Bray—curtis dissimilarity was computed
for beta diversity analysis and visualized using principal coordinate
analysis (PCoA). To statistically test the sample distance between
freshwater and aerosol samples, adonis test in the vegan package for
permutational multivariate analysis of variance (PERMANOVA) was
conducted. Alpha diversity indices including Chaol and Simpson
were calculated using the microbiome package. To perform statistical
tests comparing the indices between freshwater and aerosol groups,
the Wilcoxon rank-sum test was conducted. The core microbiome and
genes were filtered using microbiome package to elements that were
found in more than 50% of each group and enriched by more than 1
and 0.001%, respectively.

3. Results

3.1. Quantification of total MCs and
MC-producing Microcystis

Total MCs in the water and aerosol samples were measuring
(Table 1). The mean concentration of MCs in freshwater samples was
approximately 1,158 pg/L. This value was about 48 times higher than
that of the world health organization (WHO) recreational guideline
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TABLE 1 Concentrations of total MCs in the freshwater and aerosol
samples.

Freshwater Aerosols
Site MCs MCs
concentration concentration
(pg/L) (ng/m?)
FW1 15.12 AR1 0.20
FW2 5.20 AR2 0.19
FW3 366.44 AR3 3.68
FW4 70.46 AR4 0.28
FW5 5337.39 AR5-1 2.40
AR5-2 0.10
AR5-3 1.70

TABLE 2 Concentrations of MC-producing Microcystis in the freshwater
and aerosol samples.

Freshwater Aerosols
Site mcyE mcyE concentration
concentration (copies/m?3)
(copies/100mL)

FW1 4.0%107 ARI 9.4x 10"

FW2 1.8x10° AR2 1.4x10°

FW3 1.0x10° AR3 42x10°

FW4 7.8x10° AR4 1.7x10°

FW5 2.8%10° ARS5-1 7.7%10°
AR5-2 1.2x10°
AR5-3 5.8x10°

(24 pg/L). The highest concentration of MCs was the FW5 sample
(5337.39 pg/L). In addition, the mean concentration of MCs in the
aerosol samples was 1.22 ng/m’ (ranging from 0.10 to 3.68 ng/m?).

To reveal concentration of MC-producing Microcystis in water
and aerosol samples, the levels of Microcystis (gene copy/100 mL of
freshwater and gene copy/m?® of aerosol) were measured using the
quantification PCR system targeting the mcyE gene, which is related
with MC-producing genes (Table 2). The mcyE gene was detected in
all freshwater and aerosol samples. The mean concentration of
Microcystis (gene copies/100mL of freshwater) in the water samples
was 9.7 x 10°. The FW5 sample had the highest concentration of the
mcyE gene at 2.8 x 10° copies/100 mL. In the aerosol samples, the mean
concentration of MC-producing Microcystis (gene copies/m’) was
1.7x10". The highest concentration of MCs was detected from the
AR1 sample (9.4 x 10" gene copies m?).

3.2. Microbial compositions of water and
aerosol samples during algal bloom

The freshwater microbiome was dominated by Microcystis, but in
the aerosol microbiome, various organisms, such as eukaryotes and
viruses, were detected (Figure 1; Supplementary Figure S1). The
freshwater microbiome was composed of 99.79% bacteria, which was
composed of 76.65% Microcystis, followed by 0.31% Pseudanabaena,

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1203317
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Kim et al.

10.3389/fmicb.2023.1203317

Genus

. Aspergillus Other

[ Candida W Penicilium
Cercospora Polynucleobacter

. Colletotrichum Pseudomonas

. Cutibacterium . Psilocybe

. Escherichia . Puccinia

W Fusarium [ Purpureocitiium
B Kievsieiia |l Pyricularia

. Microcystis . Staphylococcus

. Naumovozyma
[ Neurospora

Streptomyces

FW5 ARG5-1AR5-2AR5-3
100- — — —

75-

50-

»

’

- L\ /
. T snfﬁj:

|
@ARS‘\ AR52 i,
L FW5

]

FIGURE 1

level for both freshwater and aerosol samples across different sites.

T

S4

Sampling sites and the microbial composition at the genus level in the collected samples. Bar plots depicting the taxonomic composition at the genus

FW3 AR3
100 -y
75— I
50-

| ]
o | o
o

FW1 R1
100l_
25-

| ]
0.

0.26% Flavobacterium, 0.22% Synechococcus, and 0.19% Planktothrix
(Figure 1; Supplementary Table S1). The aerosol microbiome was
composed of 56.33% bacteria, 41.88% eukaryotes, and 1.29% viruses
(Supplementary Figure S1). Especially, Klebsiella (13.8%) and
Microcystis (8.54%) were dominant in the aerosol microbiome, as were
fungi such as Fusarium (7.04%) and Aspergillus (4.07%) (Figure 1;
Supplementary Table S1).

3.3. Microbial diversity and core
microbiome of the freshwater and aerosols

PCoA based on Bray-Curtis dissimilarity showed that microbial
communities differed significantly between the freshwater and
aerosols (Figure 2A). The aerosol microbiome had a greater variety of
microbes and a higher level of evenness (Simpson’s index) than the
freshwater microbiome (Figure 2B). Furthermore, the core
microbiome of the each group was explored. The core microbiome
refers to a set of microbial taxa that are consistently found across
multiple individuals or groups, representing a stable and shared
component of the overall microbiome (Neu et al., 2021). Total of five
core microbiome genera, including Aeromonas, Microcystis,
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Burkholderia, Pseudomonas, and Streptomyces, were identified that
were common to each groups (Figure 2C). The stacked bar chart
showed the proportion of core microbiomes within each group
(orange and blue), with the core microbiome shared between
freshwater and aerosol samples shown in yellow. The freshwater
samples are dominated by water-aerosol core microbiome (yellow),
whereas the aerosol samples were predominantly composed of
aerosol-unique core microbiome (orange) (Figure 2D). Biosynthetic
genes of microcystin.

3.4. Identifying MC biosynthetic gene
cluster (BGC) from freshwater and aerosols

The microcystin BGC, produced by Microcystis, was identified
in high abundance in both freshwater and aerosol samples
(Figure 3A). The biosynthetic genes of microcystin (mcyA, mcyB,
mcyC, mcyD, mcyE, and mcyG) were found in all freshwater samples,
whereas these biosynthetic genes of microcystin were detected in the
AR5-1, AR5-2, and AR5-3 samples (Figure 3A). Furthermore, the
taxonomy of contigs annotated with each gene was examined and it
is found that some contigs were classified as Planktothrix and Nostoc;
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however, 95.1% of the contigs were classified as Microcystis
(Figure 3B).

3.5. Functional profiling of ARGs and
virulence factors

Functional diversities were also significantly different between
freshwater and aerosol samples in both the resistome and pathobiome
(Figures 4A,C). ARGs were also found in the aerosol samples,
although at lower concentrations than in the freshwater samples
(Figure 4B). In the freshwater samples, ARGs associated with target
modification mechanisms constituted the highest percentage, whereas
in the aerosol samples, ARGs with efflux pump mechanisms were
more prevalent (Figure 4B). Regarding virulence factors (VFs),
although they were significantly more abundant in freshwater, both
groups were enriched in genes belonging to the adherence type
(Figure 4D). Interestingly, the abundance of a specific gene, named
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PhoQ, was notably high in AR2 samples. Upon examining genes with
a high proportion of each virulence type, we observed that the tufA
gene had the highest abundance in the Adherence type, followed by
gmd in the Inmune Modulation type, katB in the Stress Survival type,
the  Nutritional/Metabolic type.
(Supplementary Table 3). To identify commonly found VFs in
freshwater and aerosol samples, we defined core genes as detected to

and hemB in Factor

50% in each group sample. A total of ten core VFs were identified in
both freshwater and aerosol samples (Figure 5A). Additionally,
we analyzed the taxonomic origins of contigs harboring core VF genes
and found that contigs encoding groEL, htpB, pgi, rpoS, and tufA genes
were part of the core microbiome associated with Aeromonas,
Microcystis, Pseudomonas, and Streptomyces taxa (Figure 5B). For the
core ARGs, we compared the freshwater and aerosol samples at each
site individually, each site had their unique core ARGs including
aac(6’)-le-aph(2”)-1a, rphB, MexB, ugd, ceoB, InuA, rpoB2, mdtC,
rsmA, and sull genes (Figures 6A-E). Notably, among the core ARGs,
it was confirmed that ugd, rsmA, rpoB2, and ceoB were presented in
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contigs classified as part of the core microbiome, with the exception
of Microcystis (Supplementary Table 2).

4. Discussion

Due to eutrophication and increased water temperature, the
increasing frequency and intensity of HABs in freshwater
environments are becoming a global problem (O’Neil et al., 2012).
Particularly, in recent years, there has been growing interest in the
toxic factors present in aerosols emitted from freshwater bodies. For
instance, Wood and Dietrich (2011) detected aerosolized MCs
concentrations of up to 1.8 pg./m’ in two lakes in New Zealand, and
Backer et al. (2010) detected an average of 0.052 ng/m’ of MCs in the
air of bloom-affected lakes in California. Numerous studies have
extensively explored the composition of microbial communities in
aerosols, with a particular emphasis on harmful algae (Madikizela
et al., 2018; Olson et al., 2020; Harb et al., 2021; Plaas et al., 2022).
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Especially, Plaas et al. (2022) identified aerosolized Dolichospermum,
Microcystis, and Aphanizomenon. However, limited research has been
conducted on the function of microbial communities that are related
to pathogenicity factors (Olson et al., 2020). This study investigated
the microbial communities in freshwater environments and nearby
aerosol samples using metagenomic sequencing, to explore the
composition and function of micro-organisms. We aimed to assess the
potential hazards of aerosols generated from HAB-affected freshwater
bodies with identifying profiles of pathogenic and virulence factors in
microbial communities.

Our results demonstrated the taxonomic composition of the
freshwater samples: 30-90% of the Microcystis genus and MCs were
discovered at five sites in the Nakdong River basin. The Microcystis
genus represents one of the key cyanobacteria and is known for its
carcinogenic properties, hepatotoxicity, and reproductive toxicity,
among other effects (Svircev et al., 2010; Lone et al., 2015). Conversely,
in the aerosol samples, Microcystis was not detected in large quantities
across all samples but was found to be present in high proportions at
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Analysis of functional diversity and density of resistome and pathobiome genes identified in AR and FW samples. (A) Beta-diversity of ARGs through
PCoA based on Bray—Curtis dissimilarity (p=0.003). (B) Stacked bar plot representing the density of ARGs and the proportion of each ARG type in the
samples. (C) Beta-diversity of VFs through PCoA based on Bray—Curtis dissimilarity (p=0.003). (D) Stacked bar plot representing the density of VFs and
the proportion of each virulence type in the samples.

specific sites (AR5-1~3). A previous study indicated that microbial
diversity of aerosols varies according to climate; this difference is likely
influenced by the climate (water temperature, humidity, and wind
direction) at the time of sampling (Lone et al.,, 2015).

The microbial community diversity is markedly distinct between
freshwater and aerosol samples, with the freshwater group exhibiting
greater bacterial richness but significantly less evenness compared
to the aerosol group. This disparity is attributable to the dominance
of Microcystis in the freshwater group during bloom seasons.
However, in the aerosol group, various micro-organisms, including
bacteria, fungi, and viruses, are relatively evenly distributed.
Collectively, these results indicate that the aerosol environment,
which can change rapidly in response to climatic and ambient
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conditions, is only marginally influenced by the adjacent water
microbial community. This observation aligns with the higher
proportion of the aerosol-core microbiome than the aerosol-
freshwater core microbiome in the taxonomic composition of the
aerosol samples. Interestingly, AR5-1 ~ 3 samples exhibited a high
proportion of Microcystis, which was consistent in neighboring
freshwater samples. Among the regions identified in this study, FW5
had the highest abundance of Microcystis.

We examined specific genes related with MC biosynthesis (mcy
gene) produced by toxin-producing cyanobacteria. The core genes
mcyA-E and mcyG, which are responsible for the synthesis, assembly,
and modification of MCs (Tillett et al., 2000), were present in high
abundance in the freshwater samples. We also observed the mcy genes
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Commonly found ARGs in individual FW and AR samples at the same site. (A-E) The Venn diagram visualizing common ARGs in each site, colors
indicating the resistance mechanism.

in the aerosol samples. The abundance of mcy genes was consistently Furthermore, the genera Aeromonas, Burkholderia,

higher in the AR 5-1, 5-2, and 5-3 samples with high Microcystis
abundance than in other samples (e.g., AR 1-4). Furthermore, most
of the contigs encoding MC BGC are classified as Microcystis, which
suggests that Microcystis found in aerosols may indeed have a toxin-
producing function and raises the possibility of transporting harmful
substances via aerosols.
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Pseudomonas, and Streptomyces were identified as common
components of the core microbiome. These Gram-negative bacteria
form biofilms and are highly adapted and widespread in various
environments due to their remarkable metabolic versatility (Seshadri
et al., 2006; Rojo, 2010; Kaltenpoth and Flérez, 2020; Kumar et al.,
2023). Consequently, they have the potential to colonize multiple
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environments when dispersed through aerosols. Additionally, the
presence of these four genera among the contigs encoding ARGs
implies the potential existence of ARG carriers within the core
microbiome. Indeed, Aeromonas and Burkholderia are already well
established as ARG carriers in river (Esiobu et al., 2002; Piotrowska
and Popowska, 2014). Although no direct evidence exists to attribute
the presence of these core microbiomes in aerosol samples to
freshwater sources, microbes found in freshwater samples are also
commonly detected in aerosol samples, and these microbes have
pathogenic characteristics that can cause dissemination of harmful
agents through aerosols.

In addition, VFs and ARGs were analyzed to determine the
distribution of potential harmful factors in the aerosol
microbiome. Both types of genes exhibited significant differences
between the aerosol and freshwater groups, with freshwater
samples displaying higher gene abundance than aerosol samples.
However, ARGs and VFs were also detected in the aerosol samples,
albeit at low concentrations. Previous studies have demonstrated
that aerosol samples can be dispersed over considerable distances,
indicating a potential risk of harmful agents in aerosols spreading
to humans (Gorbunov, 2020). Benson et al. (2005) suggested that
trace amounts of MCs could potentially induce adverse effects
when MCs are introduced into the human respiratory tract via
aerosols. Moreover, the acute toxicity of MCs may be more potent
when exposure occurs via inhalation rather than ingestion
(Creasia, 1990). A major contributor to the proliferation and
outbreak of ARGs is the misuse of antibiotics (Shallcross and
Davies, 2014). Although antibiotics are extensively employed in
human, livestock, and agricultural settings (Madikizela et al.,
2018; Chang et al., 2019; Tian et al., 2021), to our knowledge, they
are not applied to or transported through the air. Nonetheless, the
detection of ARGs in aerosols can be attributed to antibiotic-
resistant bacteria carrying ARGs. Indeed, prior studies have
reported the detection of ARGs in aerosols near livestock barns,
where ARGs are frequently found (Li et al., 2019). Given the
detection of ARGs in aerosols around freshwater environments,
ARGs present in aerosols in areas with minimal human activity
are likely to have been transferred from freshwater environments,
which are known as ARG reservoirs.

Furthermore, a total of ten VFs were identified as common in
both AR and FW samples, among which the groEL, groEL2, htpB,
rpoS, tuf, and tufA genes are of the adherence type. If bacteria carrying
these functional genes become aerosolized, they may play a crucial
role in the subsequent attachment of aerosolized bacteria to host cells
or surfaces, a critical step in establishing infections (Hennequin et al.,
2001; Srivastava et al., 2008). Moreover, in accordance with previous
findings, the presence of VFs in core microbiome taxa suggests that
harmful, functional microbes indeed exist in aerosols.

5. Conclusion

In this preliminary study, we employed metagenomic sequencing
to explore the microbial communities within aerosols and their
associated MC-producing genes, which have not yet been thoroughly
investigated. Aerosols have been inadequately studied due to
challenges in sample collection and their susceptibility to the

Frontiers in Microbiology

10.3389/fmicb.2023.1203317

surrounding environment. However, recent outbreaks of COVID-19
and pneumonia infections (Mycobacterium tuberculosis), both
prevalent nosocomial infections, are transmitted via aerosols (Li et al.,
2020; Borges et al., 2021). Furthermore, the major limitation of this
study is a lack of collecting field blanks, which is for ensuring the
quality of aerosol samples, concurrently during the day. However, in
this study, collection of blank samples was conducted on a clean bench
under controlled laboratory conditions, potentially influencing the
results. For a future study, it is necessary to consider measuring the
blanks in the field under the same conditions to guarantee the
accuracy of the data.

Consequently, monitoring harmful microorganisms and their
genes in aerosols is essential. This study underscores the importance
of aerosol metagenomics by identifying detrimental microorganisms
and genes in aerosols from environments with minimal human
interaction. Moreover, because of the limited data on contributing
factors and the small sample size in this study, we could not establish
a direct link between freshwater environments and aerosols. Therefore,
future research is needed to confirm the transfer of harmful
microorganisms from freshwater environments to aerosols.
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Background: Western Lake Erie is suffering from harmful cyanobacterial blooms,
primarily toxic Microcystis spp., affecting the ecosystem, water safety, and the
regional economy. Continued bloom occurrence has raised concerns about
public health implications. However, there has been no investigation regarding
the potential increase of Legionella and antibiotic resistance genes in source
water, and disinfection byproducts in municipal treated drinking water caused by
these bloom events.

Methods: Over 2 years, source water (total n=118) and finished water (total
n =118) samples were collected from drinking water plants situated in western
Lake Erie (bloom site) and central Lake Erie (control site). Bloom-related
parameters were determined, such as microcystin (MC), toxic Microcystis, total
organic carbon, N, and P. Disinfection byproducts (DBPs) [total trihalomethanes
(THMs) and haloacetic acids (HAAs)] were assessed in finished water. Genetic
markers for Legionella, antibiotic resistance genes, and mobile genetic elements
were quantified in source and finished waters.

Results: Significantly higher levels of MC-producing Microcystis were observed in
the western Lake Erie site compared to the control site. Analysis of DBPs revealed
significantly elevated THMs concentrations at the bloom site, while HAAs
concentrations remained similar between the two sites. Legionella spp. levels
were significantly higher in the bloom site, showing a significant relationship
with total cyanobacteria. Abundance of ARGs (tetQ and sull) and mobile genetic
elements (MGEs) were also significantly higher at the bloom site.

Discussion: Although overall abundance decreased in finished water, relative
abundance of ARGs and MGE among total bacteria increased after treatment,
particularly at the bloom site. The findings underscore the need for ongoing efforts
to mitigate bloom frequency and intensity in the lake. Moreover, optimizing water
treatment processes during bloom episodes is crucial to maintain water quality.
The associations observed between bloom conditions, ARGs, and Legionella,
necessitate future investigations into the potential enhancement of antibiotic-
resistant bacteria and Legionella spp. due to blooms, both in lake environments
and drinking water distribution systems.
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Introduction

Changes in the global climate have been linked to increasing
eutrophication and an increase in frequency, duration and intensity of
harmful algae blooms (Glibert, 2020). Among these blooms,
freshwater blooms are dominated by cyanobacterial blooms, in which
most are associated with the production of cyanotoxins (Loftin et al.,
2016). These blooms, pose health risks by compromising drinking
water sources, food production, aquatic ecosystems, and recreational
waters (Brooks et al., 2016; Lee J. et al., 2017; Mrdjen et al., 2018).
Microcystins (MCs), prevalent cyanotoxins, are commonly detected
in freshwater used for drinking water supplies, irrigation, recreation,
and fish farms (Loftin et al., 2016; Lee S. et al., 2017; Mrdjen et al.,
2018). Epidemiological and animal studies have linked exposures to
bloom-affected water to an increased frequency of non-alcoholic liver
diseases, liver cancer, neurodegenerative diseases, gut microbiome
disturbance, and more progressed liver cancer (Zhang et al., 2015; Lee
etal., 2019, 2020, 2022; Gorham et al., 2020).

Lake Erie in the United States has witnessed recurring severe
cyanobacteria blooms, particularly the massive 2011 event spanning
5,000km? (Stumpf et al., 2016; Zhang et al., 2017; Jankowiak et al.,
2019). Elevated MCs exceeding 1 pg/L in finished drinking water in
2013-2014 prompted “Do Not Drink” advisories (Stumpf et al., 2016).
Effective drinking water treatment is pivotal for safeguarding public
health from cyanotoxins, necessitating robust strategies for MCs and
cyanotoxin removal in bloom-impacted source water beyond source
protection measures. While MCs are effectively removed using
disinfection with free chlorine or ozone followed by additional
activated carbon treatment (Cheung et al., 2013; Gonsior et al., 2019)
in most cases, little is known about disinfection by-products (DBPs)
that can form via chlorination in the Lake Erie region from MCs and
other organics associated with blooms. Previous studies have
demonstrated that bloom conditions are associated with an increase
in DBP pre-cursors and DBPs (Zamyadi et al., 2012; Zong et al., 2015;
Foreman et al., 2021). Disinfectants and chlorine react easily with all
types of organic matter, including dissolved and algal organic matter
to produce genotoxic and carcinogenic DBPs including
trihalomethanes (THMs) and haloacetic acids (HAAs) (Liu et al,,
2018). Therefore, conventional water treatment using activated carbon
can be useful for removing cyanotoxins, and dissolved and algal
organic compounds (Ho et al,, 2011; US. EPA, 2016; Cermakova
etal., 2017).

While activated carbon and rest procedures reduce unwanted
contaminants, biofilms can become established in the system and
contribute to promoting antibiotic resistance genes (ARGs) (Guo
etal., 2018). Specifically, activated carbon filtration has been linked to
increasing the abundance of antibiotic resistance bacteria (ARB) and
antibiotic resistance genes (ARGs) (Xu et al., 2016, 2020a).
Furthermore, recent studies report that cyanobacteria, especially
Microcystis, harbor significant amounts of ARGs and may play a
significant role as a reservoir and source for ARGs in bloom seasons
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whereby cyanobacterial blooms promote conjugative transfer of ARGs
(Wang et al., 2020, 2021). More studies recently reported that
cyanobacteria may promote the spread of ARGs in bacteria due to the
significant contribution of mobile genetic elements (MGEs) located in
genera, such as Microcystis (Volk and Lee, 2022). The interest in
Legionella spp. is heightened in bloom-affected source waters as
biofilm-loving Legionella spp. including L. pneumophila have long
been known to grow when cyanobacteria densities are great and
biofilm masses exist (Tison et al., 1980; Fliermans et al., 1981; Pope
etal., 1982; Declerck, 2010; Cai et al., 2014). Additionally, biofilms can
support the growth and persistence of Legionella spp. in drinking
water systems (Berjeaud et al., 2016) including where activated carbon
is used (Liet al., 2017).

While drinking water treatment plants (DWTPs) in bloom-
affected areas give necessary and considerable attention to removing
cyanotoxins and cyanobacteria during bloom seasons, there are
emerging issues not yet studied in the Lake Erie region. We hypothesize
that water from heavy bloom areas have (1) higher DBP levels in
finished water due to increased interactions between bloom-associated
organic matter and chlorine during treatment, (2) higher ARG from
using activated carbon to absorb toxins as well as from the higher
abundance of Microcystis in the source water, and (3) bloom-related
aggregated biomass provides a niche for promoting Legionella in the
lake water and is thus positively associated with Microcystis in Lake
Erie. In the present study, we investigated two water treatment plants
in the Lake Erie region (western Lake Erie for greater bloom frequency
and intensity, and central Lake Erie for low bloom frequency and
intensity) for 2 years. Specifically, we (1) examined the dynamics of
Microcystis and MCs in the source water, (2) determined the
association between cyanobacteria and Legionella in the source water,
and (3) monitored both DBPs and ARGs in their finished water. The
study outcome provides more holistic understanding about the water
quality issues beyond bloom toxicity and cyanotoxin where
cyanobacterial blooms are chronically prevalent.

Materials and methods
Study sites and water samples

Two drinking water treatment plants in Ohio, United States, were
selected based on annual cyanobacterial bloom intensity. The first was
the Collins Park Water Treatment Plant in Toledo, which is a
historically high-bloom area in western Lake Erie (Ohio Department
Health et al., 2020) and the second was the City of Painesville Water
Treatment Plant, a low- or no-bloom area in central Lake Erie
(Supplementary Figure S1). Water samples were collected once weekly
during the summer and fall (May-November) of 2013 and 2014 from
the Toledo and Painesville sites, totaling 58 and 60 samples,
respectively. Samples were collected from the source water (sampled
at the drinking water intakes within Lake Erie) and from the finished
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drinking water at each plant. Collections were done in sterile bottles
and shipped in a cooler on ice. For toxin measurements, amber glass
vials were used. The samples reached The Ohio State University
(Columbus, Ohio, United States) for laboratory analysis within 15h of
sample collection. In the lab, the collected source water (200 mL) was
filtered using the polycarbonate membrane (0.45um pore size,
Millipore, Burlington, MA, United States) for molecular analyses, and
filters were kept at —20°C and further analyses were performed as
soon as possible.

Water quality parameters

Conventional water quality parameters (water temperature,
turbidity, hardness, and pH) and total chlorine in finished water were
measured routinely on-site according to the Standard Methods
(Rice etal., 2012) by the two water treatment plants and the data were
obtained. Chlorophyll-a and phycocyanin were measured using the
AquaFluor® Handheld fluorometer (Turner Designs, California,
United States). Total phosphorus (TP) and soluble reactive phosphorus
were measured using the USEPA-accepted Method 8190 (Hach
PhosVer 3 with Acid Persulfate Digestion). Total nitrogen (TN) in the
higher range (0.23-13.50 mg/L NO;™-N) and the lower range (0.01-
0.5mg/L NO;-N) were analyzed using Method 10206 (Hach
dimethylphenol method) and Method 8192, respectively. Total organic
carbon (TOC) was analyzed at Alloway Laboratory (Marion, Ohio,
United States) using the USEPA 451.3 (U.S. EPA, 2005).

MC measurement

Total MCs in water samples were measured using enzyme-linked
immunosorbent assay (ELISA) kits (Abraxis, Warminster, PA,
United States) with MC-LR (0.15-5 pg/L) as a working standard. The
absorbance was read at 450 nm on the Dynex MRX microplate reader
(Dynex Technologies. Inc., Chantilly, VA, United States). The
detection range of the assay is 0.15-5.0 ng/mL with a detection limit
of 0.10ng/mL. All the ELISA assays were performed in triplicate.

Disinfection by-products

DBPs (TTHMs and HAA5) in finished water were quantified with
gas chromatography-mass spectrometry (GC-MS) using the USEPA-
524.2 method.! TTHMs included bromoform (CHBr;), chloroform
(CHC,), bromodichloromethane (CHCI,Br), chlorodibromomethane
(CHCIBr,). HAAS5 included monchloroacetic acid (CH,CICOOH,
MCAA), dichloroacetic acid (CHCI,COOH, DCAA), trichloracetic
acid (CCl;COOH, TCAA), monobromoacetic acid (CH,BrCOOH,
MBAA) and dibromoacetic acid (CHBr,COOH, DBAA). DBPs were
quantified at Alloway Laboratory (Marion, Ohio, United States).

1 https://www.epa.gov/esam/epa-method-5242-measurement-purgeable-

organic-compounds-water-capillary-column-gas
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Quantification of total and toxic
Microcystis abundance

We quantified concentrations of total and MC-producing
Microcystis by targeting the Microcystis phycocyanin intergenic spacer
(PC-IGS) and microcystin synthetase gene B (mcyB), using published
approaches with slight modifications (Klase et al., 2019). For
Microcystis PC-IGS, the PCR mixture (20 uL) in duplicate contained
TagMan universal PCR master mix (10pL) (Life Technologies,
United States), each primer (188F/254R, 300nM), PC-IGS probe
(100nM), additional MgCl, (1.25mM) and DNA template (2 pL). The
PCR profile followed an initial cycle of 50°C for 2min, 95°C for
10 min, 50 cycles at 95°C for 305, 56°C for 1 min, and 72°C for 30s.
For Microcystis mcyB, the PCR protocol was identical to that for
PC-IGS, except we used 900nM of each mcyB-specific-primer
(30F/108R) and 250 nm of mcyB probe. The standard working curve
was generated for each assay according to the standard Microcystis
PC-IGS and mcyB DNA standard (pGEMT-PC-IGS and mcyB),
respectively. The PC-IGS probe had a 5" end of the fluorescent
reporter, 6FAM, and a 3" end of the non-fluorescent quencher (NFQ)
that was attached with a minor groove binder (MGB) moiety (MGB-
NEQ). In contrast, the mcyB probe contained a 5" end of the
fluorescent reporter, instead. We estimated the proportion of the
potentially MC-producing genotype in the Microcystis population
according to the ratio between Microcystis mcyB and PC-IGS in
percentage unit (%).

Droplet digital PCR for total bacteria, ARGs
and Legionella

We targeted three antibiotic resistance genes (tetQ for tetracycline
resistance, sull for sulfonamide resistance, and blaypc for carbapenem
resistance), total bacteria (targeting 16S rRNA gene), Legionella
species (targeting the 5S rRNA gene), as well as a mobile genetic
element [MGE, class 1 integron-integrase gene (intl1)] (Krojgaard
etal., 2011; Jia et al., 2014; Yin et al., 2017; Gupta et al., 2019; Klase
et al., 2019) using the QX200 droplet digital PCR system (ddPCR,
Bio-Rad, Hercules, CA, United States). For quantification of total
bacteria, tetQ, sull, and intl1, the ddPCR mixture (20 pL) contained
2X EvaGreen supermix (Bio-Rad), 200nM of each primer, DNA
template, and RNase-/DNase frees PCR water. To quantify KPC and
Legionella, the ddPCR mixture (20 pL) contained 2X supermix for
probes, 200nM of each primer, 200 nM of the probe, DNA template,
and RNase-/DNase free PCR water. With 20pL of PCR mixture,
droplets were generated using the Droplet generator (Bio-Rad) with
droplet generation oil. PCR was performed using a thermal cycler
(C1000 touch thermal cycler, Bio-Rad, Hercules, CA, United States),
following previous studies (Yin et al., 2017; Gupta et al., 2019; Klase
etal, 2019). After the PCR reaction, concentrations of targeted genes
were analyzed using the Droplet Reader and QuantaSoft software
(Bio-Rad Hercules, CA, United States).

Statistical analysis

Data were explored using scatterplots, time-series plots, box plots
and bar charts. Means and standard deviations (SD) were calculated
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FIGURE 1
Temporal changes of concentration (pg/L) of bloom-related parameters, chlorophyll-a (A) and phycocyanin (B), in source water from the bloom site
(Toledo) (dark pink) and the control site (Painesville) (blue).

and data are presented as the mean+SD. A one-way analysis of
variance (ANOVA) was used for the spatial difference in the variables
with a significance level set at p<0.05. After ANOVA, Tukey Honest
Significant Difference tests were used to determine if the means were
different (p <0.05) between the groups. All analyses were conducted
using SPSS 24.0 (SPSS, Chicago, IL, United States).

Results
Source water

The severity of blooms in the source water from western (Toledo)
and central (Painesville) Lake Erie was examined (Figures 1-3) as
were source water chemical parameters and water temperatures. The
mean concentrations of chlorophyll-a and phycocyanin in the source
water from western Lake Erie (bloom site) were 8.32ug/L and
37.4pg/L, respectively (Figure 1). The mean concentrations of
chlorophyll-a and phycocyanin in the source water from central Lake
Erie (control site) were 2.92 pg/L and 14.8 ug/L, respectively (Figure 1).
The mean concentrations of two bloom indicators in the bloom site
were significantly higher than that from the control site (p <0.05).
Similarly, significantly higher concentrations of total Microcystis
(PC-IGS gene) and toxin-producing Microcystis (mcyB gene) were
observed in the bloom site source water (p<0.05) (Figure 2).

Frontiers in Microbiology

Specifically, the mean concentration of the PC-IGS gene (gene copies/
mL) was 5.57 x 10* in Toledo source water (bloom site) vs. 8.79x 10!
in the Painesville source water (control site). The mean concentration
of the mcyB gene (gene copies/mL) was 1.48 x 10* in the bloom site vs.
1.32x 10" in the control site. In regard to the cyanotoxin measurement,
the mean concentration of microcystin in the bloom site source water
was 1.65pg/L which was also higher than the control site (not
detected) (Figure 3). These results show that the intensity and
frequency of blooms at the bloom site (Toledo) was obviously higher
than the control site (Painesville).

Among water chemistry parameters, concentrations were
consistently higher at the bloom sites; whereby mean total phosphorus
levels for the two-year study period were 140 pg/L and 90 pg/L for the
Toledo and Painesville DWTP source water samples. The mean total
organic carbon was 0.36 mg/L (Toledo) and 0.24 mg/L (Painesville)
and the mean total nitrate was 0.64 mg/L and 0.33 mg/L in the Toledo
and Painesville source water samples, respectively. In addition to
chemistry parameters, the mean temperatures of source water samples
were 19.6°C and 16.1°C for Toledo and Painesville, respectively.

To evaluate the potential association between cyanobacteria
and Legionella, the concentrations of Legionella were examined
in the source water from the western Lake Erie and the control
site for 2 years. The concentrations of Legionella (gene copies/
mL) were 2.49 x 10* (ranging from 5.10 x 10° to 5.09 x 10°) in the
bloom source water and 1.63 x 10* (ranging from 4.66 x 10" to
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FIGURE 2
Temporal changes of population of total Microcystis (A) and toxin-producing Microcystis (B) in source water from the bloom site (Toledo) (dark pink)
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FIGURE 4
Temporal change of concentration of Microcystis (green) and Legionella (purple) in source water from the bloom site (western Lake Erie, Toledo)
(A) and the control site (central Lake Erie, Painesville) (B). Statistical analysis for relationship between total cyanobacteria and Legionella species in the
source water.

3.85x 10?) in the control source water. The associations between
cyanobacteria and Legionella in the source water are summarized
in Figure 4. An apparent significant relationship was observed in
western Lake Erie between the concentration of the molecular
markers for total cyanobacteria and Legionella spp. (F=89.82,
p=0.001), but there was no relationship observed between the
markers for total cyanobacteria and Legionella spp. observed in
source water samples from the non-bloom site in Painesville
(F=0.31, p=0.5814).

Finished water

The concentrations of DBPs (TTHMs and HAA5) in the
finished water from the bloom vs. control sites are summarized
in Figure 5. The mean concentrations of TTHMs were 22.43 pg/L
from the bloom site and 14.03 pg/L from the control site, and the
mean TTHMs concentration from the bloom site was significantly
higher than the control site (p <0.05). The mean concentrations
of HAAS5 were 8.86 pg/L from the bloom site and 9.06 pg/L from
the control site, and the mean HA A5 concentrations between the
two locations were not significantly different (p > 0.05). Figure 6
shows that TOC levels in finished water were not statistically
different between the bloom vs. control sites (p >0.05). The mean
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concentrations of TOC were 1.42 mg/L from the bloom site and
1.72mg/L from the control site. Furthermore, microcystin was
not detected in finished water samples from either location.
Concentrations of ARGs [tetracycline (tetQ), sulfonamide
(sull), carbapenem (blagpc) resistance genes] were quantified in
source and finished waters. The concentrations of all the ARGs
were significantly lower (p <0.05) in the finished water vs. the
source water at bloom and control locations (Figure 7). In
comparing the mean concentrations (gene copies/100mL) of
ARGs in the finished water, the Toledo finished water mean ARG
concentrations were 3.70 x 10* (tetQ), 3.26 x 10> (sull), and
1.91 x 10? (blaypc). The mean concentrations (gene copies/100 mL)
of ARGs in the finished water from Painesville WTP were
2.43 % 10 (tetQ), 4.31 x 10* (sull), and 4.69 x 10* (blagpc).
Concentrations of MGE (class 1 integron-integrase gene
[intI1]) and the total bacteria gene (16S rRNA) were also
significantly reduced by drinking water treatment. After water
treatment processing, the mean concentrations of the MGE (gene
copies/100 mL of intI1) in the finished water were 4.19 X 10° in
Toledo and 0.82 x 10° in Painesville which represented significant
(p <0.01) reductions from their source water (Figure 8). Similarly,
concentrations of the total bacterial gene in the finished water of
the bloom and control sites (4.56 x 10° in Toledo, 3.55x 10* in
Painesville) were significantly lower (p<0.01) than in their
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Temporal change of concentration of disinfection by-products in finished water from the bloom site (A) and the control site (B).
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source water (6.48x10® in Toledo, 9.00x 10° in Painesville).  abundance of ARGs among total bacteria (16S rRNA) increased

While drinking water treatment resulted in significantly lower  significantly (p<0.05) at both the bloom and control sites
concentrations of total bacteria, ARGs, and MGE, the relative  (Figure 9).
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FIGURE 7
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Concentrations of antibiotic resistance genes [tetQ (A), sull (B), and blak PC (C)] in source and finished waters from the bloom site (Toledo) (dark pink)
and the control site (Painesville) (blue). *p < 0.05.

Carbapenem resistance
(Log gene copics /mL)
N

Source Finished Source Finished

Toledo (Bloom Site) Painesville (Control Site)

Discussion

Bloom conditions at the western Lake Erie

site

western Lake Erie) and Painesville (a low- or no-bloom area in central
Lake Erie) to examine water quality challenges beyond cyanotoxins
when utilizing bloom-impacted source water. In assessing blooms,
with an emphasis on cyanobacteria, multiple water quality parameters
were employed to evaluate source and finished water quality. Upon

Two drinking water treatment plants, drawing from Lake Erie as  characterizing bloom conditions, as expected, there were significant
their source water, were chosen in Toledo (a high-bloom region in  differences in chlorophyll-a, phycocyanin, total Microcystis,
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(dark pink) and the control site (Painesville) (blue). **p < 0.01.

Concentrations of mobile genetic elements [MGES (A)] and 16S rRNA [total bacteria (B)] in source and finished waters from the bloom site (Toledo)

Source Finished

Finished

Source

Painesville (Control Site)

MC-producing Microcystis, and MC between the two locations. These
differences were supported by the underlying water chemistry and
temperatures enabling greater primary productivity by cyanobacteria
as warmer water temperatures and higher concentrations of nutrients
(P and N) are linked to cyanobacteria bloom formation, particularly
when water temperatures approach or exceeds 20°C (Paerl and
Huisman, 2008; Stumpf et al., 2012).

As predicted, bloom conditions manifested in source water during
the warm months, mainly from July, August and September at the
Toledo water intake (bloom site). Figures 1-4 show corroboration
between bloom indicators (chlorophyll-a and phycocyanin),
Microcystis densities, and ultimately cyanotoxins. Three of the source
water MC results from Toledo exceeded the provisional 2015 Ohio
contact recreation advisory threshold (6pg/L) and one sample
exceeded the revised and current (post-2019) Ohio and U.S. EPA
contact recreation advisory threshold (8 ug/L standard) (Kasich et al.,
2015; U.S. EPA, 2019). Notably, although MC levels were elevated in
Toledo’s source water, they remained undetectable in finished water
samples. Of note, the Microcystis concentrations indicated by PC-IGS
genetic marker measurement in the source water in Toledo were
similar to those in a Japanese Lake Mikata where Microcystis blooms
occurred (Yoshida et al., 2007).
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Elevated DBP formation potential and
DBPs from bloom conditions

Once cyanobacterial blooms occur, blooms can impair surface
water supplies used for drinking water. Blooms are associated with
increases in TOC, turbidity, taste and odor compounds, and
precursors for DBP formation (Nguyen et al., 2005). As hypothesized,
TOC and turbidity levels were elevated in the bloom site source water
relative to the control site (Painesville). Algal-derived organic carbon
can be a significant source of DBP precursors for drinking water
treatment facilities (Nguyen et al., 2005).

While DBP precursors can be elevated in source water, the
presence of DBPs in finished drinking water varies according to the
source water characteristics (e.g., temperature, pH, natural organic
matter, etc.) and the processes used in water treatment. TOC
concentrations are often used to predict DBP formation because TOC
is a precursor to DBP formation. In this study, we investigated not
only temporal variation in TOC (DBP formation precursor), but also
the concentration of two commonly regulated DBPs, TTHMs and
HAADS, in drinking water. TTHMs and HA A5, considered potentially
carcinogenic, are the most important groups of DBPs (Rodriguez
et al, 2004). The primary drinking water regulations for the
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U.S. mandates that the maximum acceptable levels of DBPs are 80 pg/L
for TTHMs and 60 pug/L for HAA5 (U.S. EPA, 2023). Our results show
that TOC concentrations in Toledo source water were higher than
Painesville source water, and it is likely that the increase in TOC is
related to cyanobacteria densities (Cory et al., 2016). As TOC levels
were higher in the source water at Toledo, so were TTHMs and
HAADS in the finished water relative to the Painesville finished water.
While DBPs were quantifiable, none of the samples exceeded primary
standards set by the U.S. EPA, indicating that the current TOC
removal processes at the two DWTPs can effectively control
common DBPs.

Relationship between Legionella and
Microcystis in bloom site source water

Beyond altering source and finished water quality, cyanobacteria
blooms in western Lake Erie occur in the context of a complex
microbial ecosystem and can alter microbial communities.

One type of change was the observed apparent positive
relationship between Legionella spp. abundance and Microcystis in
the source water for the Toledo DWTP (bloom site), which was
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present in both study years, but non-existent in the source water of
the Painesville DWTP that served as a control site. Recent research
from western Lake Erie (near Toledo [bloom site]) focusing on
bacterial diversity from non-cyanobacteria showed clear differential
responses among non-cyanobacteria to cyanobacteria abundance
(estimated by chlorophyll-a) (Berry et al., 2017). Among bacteria that
are linked to an increase in abundance during bloom conditions,
there is evidence that the density of Legionella is correlated with
Microcystis and eutrophication (Numberger et al., 2022). When
looking at similar warm season water samples from three inland
Ohio lakes, which like Western Lake Erie exhibit eutrophic
conditions, Lee et al. (2016) documented Legionella spp. and the
Legionellacea as being among the most abundant and ubiquitous
bacteria present in Ohio inland lakes.

While Legionella species are common in various natural and
human-made aquatic environments, some species, mostly
L. pneumophila, may cause legionellosis, which is a serious pulmonary
infection established in persons following the inhalation of particles
of contaminated aerosolized water. While there is some evidence that
certain cyanobacteria can stimulate the growth of Legionella (Swigtecki
and Zdanowski, 2007; Bergeron et al., 2015), there are few studies

primarily focusing on Legionella and cyanobacteria densities. Tison
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etal. (1980) suggested an intimate association between Legionella spp.
and cyanobacteria (Fisherella). Their observation indicated that
Legionella could use algal extracellular products as its carbon and
energy sources (Tison et al., 1980; Berendt, 1981). A previous study
also reported that symbiotic interactions between Legionella and
cyanobacteria may help the colonization of aquatic environments
(Carvalho et al,, 2007). Several factors (e.g., temperature, pH, and
concentrations of nutrients and ions) and possibly products produced
by other non-cyanobacterial bacteria, such as earlier arriving
Betaproteobacteriales (van der Kooij et al., 2018), which are also
abundant in Lake Erie during blooms (Berry et al., 2017), may all
contribute to Legionella growth in aquatic environments as part of an
ecological succession linked to bloom conditions of certain
cyanobacteria species, like Microcystis.

While the potential for an ongoing increased global incidence of
legionellosis due to a warmer climate has been described (Walker,
2018), the role of environmental waters warrants additional study. In
Ohio, the incidence rate of legionellosis has consistently been 1.9 to
2.6 times greater than the U.S. average in recent years (Han, 2021).
Recently, aerosols associated with roadway exposures have been
considered as part of the increased incidence (Han, 2021), but of
particular interest here is how anticipated future increases in eutrophic
waters experiencing further eutrophication and warming globally may
contribute to increased aerosol-related Legionella exposures, which
could occur from boat wake (water skiing), fountains, etc. Beyond
warmer water, there may be possible synergisms occurring in warming
eutrophic waters as high concentrations of phosphates can enable
substantial growth of cyanobacteria and increased turbidity and/or
aggregated biofilm materials which can prompt or enhance the growth
of Legionella and other Gammaproteobacteria (Cai et al., 2013; Lee
etal., 2016; Srivastava et al., 2016). While the Gammaproteobacteria
include many biofilm formers that may benefit from increased
turbidity, these bacteria are also associated with an abundance of
antibiotic resistance genes (Zhang et al., 2021).

Relative abundance of ARGs increases in
finished water from Lake Erie

Adding to the complexity of bloom ecology beyond Legionella
densities are other broader emergent concerns regarding the
establishment, maintenance, or promotion of antibiotic resistance bacteria
(ARB) and ARGs in the source water (Volk and Lee, 2022), finished water
(Li et al., 2016), and the distribution system (Xi et al., 2009; Xu et al.,
2016). When the source water is impacted by bloom conditions, a
convergence of numerous selective pressures emerge in the microbial
community, including interspecies competition in the source water
coupled with impacts from the water treatment processes, such as
activated carbon use and disinfection. Xu et al. (2020b) demonstrated that
when MCs were present an increase in ARGs was observed in the DWTP.

In this study, while hypothesized there would be differences in
the densities of MGEs and ARGs in the source water samples from
bloom and control sites, no differences were observed for MGEs or
the ARGs for tetracycline, sulfonamide, and carbapenem resistance
(Figure 7). At both study locations, the DWTP processes significantly
reduced the amount of MGEs and ARGs from source water to
finished water. The differences that emerged were specific to relative
abundances of ARGs and MGEs. At both DWTPs, while reduced in
overall density, the total bacterial density was reduced even more
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greatly by the treatment processes. In comparison of the two DWTPs,
the MGE:s increased in relative abundance more in the Toledo DWTP
than the Painesville DWTP.

Previous studies have revealed that commonly used disinfection
technology can enrich ARB and spread ARGs (Shi et al., 2013). Water
processing, including filtration and chlorination, remove most
bacteria; however, extracellular stress can promote the replication of
plasmids in bacteria. For example, chlorination might increase the
copy number of plasmids in the surviving bacteria cells, resulting in
the higher relative abundance of ARGs in treated water (Shi et al.,
2013). While densities of ARGs and MGE were higher in the source
water than the finished water, a limitation of this study was that it did
not study the water distribution system, which can have higher levels
of bacteria than the finished water due to regrowth potential of
bacteria in the distribution system (Xi et al., 2009). If the source water
selected for greater survival of biofilm formers preferring higher
phosphate levels, corrosion control measures for the distribution
system using phosphate may play a role in the regrowth of antibiotic
resistant bacteria (Kappell et al., 2019; Kimbell et al., 2020). As
expected, the finished water which included corrosion control had
higher total P levels than the source water at the bloom site and
control site (Supplementary Table ST).

Future research needs

The main scope of the present study was source water and finished
water in Lake Erie region, thus tap samples or samples from within the
distribution system were not included in this study, but we suggest
that future study includes examining the distribution systems of
bloom-impacted community water systems since it can contribute
great knowledge regarding the public health implications of biofilm
formation, ARGs, MGEs, and potential bacterial regrowth. This study
adds to the body of evidence that some efforts should be made to
monitor ARG concentrations before, during, and after drinking water
treatments. As part of monitoring for ARGs and Legionella, methods
reliant on culturable Legionella or other bacteria (e.g., Pseudomonas
spp., Mycobacterium spp.) may provide benefits, but may underreport
densities of some bacteria resistant to disinfection when hosted inside
free-living Amoeba, which warrants a need to use a PCR-based
approach (Calvo et al., 2013).

Complicating future studies on ARGs and MGEs in finished water
and distribution systems are not only disinfectants but also
disinfection byproducts. While this study illustrated that chlorine-
related DBPs (THMs and HAA5) were elevated during bloom
conditions, yet meeting regulatory thresholds, we suggest to
characterize other DBPs that are likely elevated in cyanobacteria-
impacted waters. Since there is considerable evidence that THMs and
HAAs are linked to ARGs in the finished water and distribution
system (Lv et al, 2014; Li and Gu, 2019; Zhang et al., 2023),
we recommend to assess unregulated N-DBPs which likely are less
abundant than THMs and HA As, but are more common in bloom-
impacted waters, and able to elicit greater cytotoxicity (Fang et al.,
2010; Liu et al., 2020) in a future study. In addition, emerging literature
indicates that future studies on DBPs ought to consider a broader
range of DBPs for also assessing potential human health risks (Li and
Mitch, 2018; Kali et al., 2021). Thus, in bloom-impacted waters there
would likely be benefits from assessing N-DBPs which are associated
with the chlorination of Microcystis aeruginosa (Fang et al., 2010).
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These same N-DBPs may also be of interest for improving
understanding of antibiotic resistance phenomena in treated waters.

Conclusion

In this study, a compelling and statistically significant correlation
emerged between Legionella and cyanobacteria within the water of the
bloom site. Increasing levels of Microcystis were also associated with
disinfection byproducts (THMs and HAA5) in the water of the bloom
site, but did not exceed primary regulatory standards. At both the bloom
site and control site, the DWTPs reduced the density of ARGs and MGEs;
however, their relative abundance increased in finished water. This study
not only fills existing gaps in the understanding of cyanobacteria and
Legionella ecology but also underscores several pivotal areas of needed
future research for aquatic environments with human exposure potential.
Furthermore, our findings indicate a potential health risk of Legionella-
related disease in proximity to areas impacted by blooms.
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Lake Okeechobee is a large eutrophic, shallow, subtropical lake in south Florida,
United States. Due to decades of nutrient loading and phosphorus rich sediments,
the lake is eutrophic and frequently experiences cyanobacterial harmful algal
blooms (cyanoHABs). In the past, surveys of the phytoplankton community
structure in the lake have been conducted by morphological studies, whereas
molecular based studies have been seldom employed. With increased frequency
of cyanoHABs in Lake Okeechobee (e.g., 2016 and 2018 Microcystis-dominated
blooms), it is imperative to determine the diversity of cyanobacterial taxa that
exist within the lake and the limnological parameters that drive bloom-forming
genera. A spatiotemporal study of the lake was conducted over the course of
1 year to characterize the (cyano)bacterial community structure, using 16S
rRNA metabarcoding, with coincident collection of limnological parameters
(e.g., nutrients, water temperature, major ions), and cyanotoxins. The objectives
of this study were to elucidate spatiotemporal trends of community structure,
identify drivers of community structure, and examine cyanobacteria-bacterial
relationships within the lake. Results indicated that cyanobacterial communities
within the lake were significantly different between the wet and dry season, but not
between periods of nitrogen limitation and co-nutrient limitation. Throughout the
year, the lake was primarily dominated by the picocyanobacterium Cyanobium.
The bloom-forming genera Cuspidothrix, Dolichospermum, Microcystis, and
Raphidiopsis were highly abundant throughout the lake and had disparate nutrient
requirements and niches within the lake. Anatoxin-a, microcystins, and nodularins
were detected throughout the lake across both seasons. There were no correlated
(cyano)bacteria shared between the common bloom-forming cyanobacteria
Dolichospermum, Microcystis, and Raphidiopsis. This study is the first of its
kind to use molecular based methods to assess the cyanobacterial community
structure within the lake. These data greatly improve our understanding of the
cyanobacterial community structure within the lake and the physiochemical
parameters which may drive the bloom-forming taxa within Lake Okeechobee.

harmful algal blooms, Microcystis, Dolichospermum, eutrophication,
picocyanobacteria, metabarcoding, microbiome
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1. Introduction

Shallow lakes are sensitive to anthropogenic influences (Scheffer,
2004) and cyanobacteria can often dominate the phytoplankton
community of eutrophic shallow lakes, especially in warm climates
(Reynolds, 1987; Bonilla et al., 2023). Lake Okeechobee is a large
shallow subtropical lake in peninsular Florida (United States), that has
been undergoing anthropogenic induced eutrophication since the
1970’s (Canfield et al., 2021). The accumulation of nutrients has
resulted in an increase in cyanobacterial dominance of the
phytoplankton community leading to cyanobacterial harmful algal
blooms (cyanoHABs). Lake Okeechobee has a humid subtropical
climate and experiences wet (May through November) and dry
(November through May) seasons. The lake has a mean depth of
~2.7m (Havens et al.,, 1994) and a large drainage basin (12,000 km?),
which begins in Orlando running through the Kissimmee Chain of
Lakes via the Kissimmee River, flowing south before emptying into the
northern region of the lake. This inflow accounts for the majority of
the input, with lesser inputs from Lake Istokpoga and Fisheating
Creek (Zhang Y. et al.,, 2020; Canfield et al., 2021). Lake outflow is
controlled by the United States Army Corps of Engineers through
three main tributaries: south through the Everglades Agricultural
Area and ultimately into Florida Bay, west through the Caloosahatchee
River into the Gulf of Mexico, and east via the St. Lucie Canal into the
St. Lucie Estuary. Land use in the drainage basin is predominantly
agricultural (~46%), but urban and suburban areas also exist
contributing to the increased nutrient inputs into the lake (Zhang
etal., 2011).

Prior to 1974, records show that the phytoplankton community of
Lake Okeechobee consisted of <30% cyanobacteria (Marshall, 1977);
however, by the 1980’s, the community structure had shifted to a
cyanobacteria dominated community (>60%) due to increased
eutrophication (Cichra et al., 1995; Havens et al., 1998). This shift to a
cyanobacterial dominated community corresponded with an increase
in cyanoHABs within Lake Okeechobee. In the past (1970’s-1980%),
cyanoHABs were dominated by diazotrophic cyanobacteria (i.e.,
1974;
Marshall, 1977; Jones, 1987), whereas current blooms are often

Aphanizomenon, Dolichospermum, Raphidiopsis; Joyner,

dominated by the non-diazotrophic species Microcystis aeruginosa
(Kiitzing) Kiitzing; although M. aeruginosa blooms have been reported
as early as 1973 (Davis and Marshall, 1975). Despite this,
Dolichospermum and Raphidiopsis dominated blooms still occur
within the lake, though blooms composed of these genera are less
frequent and intense than those composed of Microcystis. These three
notorious genera are known to form cyanoHABs globally and have
disparate nutrient requirements where Dolichospermum is known to
proliferate in low nitrogen conditions, whereas Microcystis prefers
high nitrogen, low phosphorus concentrations (Werner and
Laughinghouse, 2009; Li and Li, 2012; Chia et al., 2018; Werner et al.,
2020). These bloom-forming genera can also produce several
cyanotoxins (e.g., anatoxins, cylindrospermopsins, microcystins),
resulting in deleterious effects to aquatic systems and human health
(O'Neil et al., 2012; Huang and Zimba, 2019).

Environmental drivers of cyanoHABs and bloom-forming
genera have been studied in detail (e.g., O’'Neil et al., 2012; Paerl
et al., 2016). Much of the historical focus was on the role of
phosphorus (P) on cyanobacteria productivity, known as the P-only
paradigm, although there was a recent shift to focus on the role of
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both nitrogen (N) and P in bloom proliferation (Paerl et al., 2016).
External nutrient loading into Lake Okeechobee, primarily as P, has
decreased water quality and total phosphorus (TP) concentrations
have nearly doubled since the 1970’s, while total nitrogen (TN)
concentrations have remained relatively stable (James and Pollman,
2011). Additionally, much of the P in the lake is legacy phosphorus
bound to sediment which, when resuspended, can further increase
P concentrations (i.e., internal loading; Moore et al., 1998; Fisher
et al, 2005). Because of this increased P loading, primary
productivity within Lake Okeechobee has been considered
N-limited (Havens, 1995; Havens et al., 2003; Kramer et al., 2018),
and periods of increased N loading into the lake have increased
cyanoHABs (Havens et al., 2016; Lapointe et al., 2017; Kramer
etal., 2018).

In fresh waters, the bacterioplankton community (including
cyanobacteria) play critical roles in biogeochemical cycles (e.g.,
carbon, N, P; Falkowski et al., 2008). Bacteria can form symbiotic
relationships with cyanobacteria, either as epibionts on colonies,
known as the phycosphere (Bell and Mitchell, 1972) or as co-existing,
free living, taxa (Morris et al., 2011). The associated bacteria are
capable of filling in missing genomic functions (e.g., vitamin synthesis,
nitrogen cycling; Morris et al., 2011; Garcia et al., 2015) and form
mutualistic relationships with cyanobacteria (Cook et al., 2020). Thus,
associated bacteria have the potential to increase the fitness of
cyanobacteria, such as intensifying their growth rate (Jackrel et al.,
2021). Despite their close relationships, the role of bacteria in
cyanoHABs and relationships with bloom-forming cyanobacteria are
often overlooked (Pound et al., 2021). Furthermore, the majority of
the focus on bacterial-cyanobacterial interactions have centered on
the phycosphere (i.e., epibionts or particle-associated) bacteria, with
less focus on the bacterioplankton (i.e., free-living; Louati et al., 2023).

High-throughput sequencing (HTS) facilitates insights into
microbial community via sequencing taxonomically informative
regions (i.e., metabarcoding), such as the 16S rRNA, or whole genome
sequencing (metagenomics). Metabarcoding is used extensively for
bacterial communities, including the characterization of the
cyanobacterial community (e.g., Pessi et al., 2016; Huang et al., 2020;
Khomutovska et al, 2020) as these methods provide valuable
information on the cyanobacterial community structure and provide
increased taxonomic resolution compared to traditional
morphological evaluations alone (MacKeigan et al., 2022).

Extensive research has investigated the global/general drivers of
cyanoHABs, with much of the focus on Microcystis and
Dolichospermum and intergeneric competition (e.g., O'Neil et al.,
2012; Paerl and Otten, 2013; Paerl and Otten, 2016; Almanza et al.,
2019; Shan et al., 2019). Within Lake Okeechobee, previous research
has studied how various limnological parameters affect shifts within
the cyanobacterial community (Havens et al., 1998; Ma et al., 2022),
the diversity of phytoplankton including bloom forming genera
(Cichraetal,, 1995; Ma et al., 2022), and the drivers of increased algal
abundance (as chlorophyll; Havens et al., 1994; Xu et al., 2022);
However, the specific drivers of bloom forming cyanobacterial genera
within Lake Okeechobee remain unexplored. Considering the
dominance of cyanobacteria within Lake Okeechobee and the
increased frequency and intensity of cyanoHABs (e.g., 2016 and 2018
Microcystis blooms), it is imperative to characterize the cyanobacterial
community to identify spatial and temporal trends of common
bloom-forming genera, specifically Dolichospermum, Microcystis and
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Raphidiopsis, and elucidate their respective environmental drivers
within this system.

Over the course of 1 year, six sites within Lake Okeechobee were
sampled for 16S rRNA metabarcoding analysis and limnological
parameters to characterize the cyanobacterial and associated bacterial
community. Our objectives were to (1) characterize (temporally and
spatially) the cyanobacterial community structure within Lake
Okeechobee, (2) elucidate the limnological parameters that potentially
drive cyanobacterial abundance, and (3) examine cyanobacterial-
bacterial relationships. To our knowledge, a spatiotemporal assessment
using molecular methods has yet to be conducted on Lake Okeechobee
and this study is the first of its kind.

2. Materials and methods

2.1. Study area and limnological
parameters

Sampling on Lake Okeechobee occurred 10 times over the course
of 1 year (August 2019-September 2020) at approximately five-week
intervals at six locations within the lake, Figure 1. Surface water
samples (<0.5m depth) were collected using acid washed and sterile

10.3389/fmicb.2023.1219261

1L Nalgene bottles for environmental DNA extractions and stored on
ice until processing. Additional water samples were collected for
nutrient analyses (i.e., nitrate, nitrite, ammonium, orthophosphate,
and total reactive phosphorus) and major ion analysis (i.e., boron,
copper, calcium, potassium, sodium, iron, cobalt, magnesium,
manganese, aluminum, and zinc). For orthophosphate and major ion
analysis, samples were filtered through a 0.45um glass filter
(MilliporeSigma, Burlington, MA, United States) in the field and the
latter acidified with nitric acid. All samples were kept on ice until
processing. Water quality measurements (i.e., dissolved oxygen, water
temperature, pH, salinity, conductivity, turbidity, chlorophyll-a
abundance, and phycocyanin abundance) were gathered using a YSI
EXO3 (Xylem Inc., OH, United States) multiparameter sonde on site.
Secchi depth was measured using a Secchi disk and used to estimate
water transparency and to calculate photic depth (Zeu). Samples for
cyanotoxin analysis were collected in 250 mL HDPE amber bottles. A
total of 57 samples were collected during this study.

Immediately upon arrival in the laboratory, water samples for
eDNA were filtered through 0.7pm Whatman glass filters (GF/F
MilliporeSigma, Burlington, MA, United States) until clogging and
stored at —80°C. Water samples for nutrient composition analysis
were frozen and stored, except orthophosphate, which was kept at 4°C
until processing. Total reactive phosphorus (TRP; i.e., unfiltered),

Map of Lake Okeechobee with the sampling locations.
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nitrate, nitrite, and ammonium were analyzed using Standard
Methods 4500 (APHA, 2017) on a Seal AutoAnalyzer (Seal AA500;
Seal Analytical, WI, United States). Trace elements were quantified
using an Avio 200 ICP-OES (Inductively Coupled Plasma Optical
Emission Spectrometer) following Standard Method 3,120 (Baird and
Bridgewater, 2017). Additional water chemistry parameters were
obtained from the South Florida Water Management Districts
DBHydro database.

2.2. Cyanotoxin analysis

Mass spectrometry multiple reaction monitoring (MS-MRM) was
used to analyze samples from all collection sites for multiple
microcystin (MC) congeners as well as nodularin (NOD), saxitoxin
(STX), and cylindrospermopsin (CYN). Water samples were frozen
and thawed three times, then concentrated using C18 sorbent
(Strata-X, Phenomenex Corporation, Torrance, CA, United States,
60 mg sorbent, 3mL syringe volume). After elution, samples were
placed into autosampler vials for high performance liquid
chromatography tandem mass spectrometry (HPLC-MS/MS) analysis
on an Agilent 1200 series HPLC in-line with an Agilent 6410D triple
quadrupole mass spectrometer (Agilent, Santa Clara, CA,
United States) fitted with an electrospray ionization source. The
autosampler was maintained at 8°C and injected 40 uL of sample. The
analytes were passed through a column shield prefilter (MAC-MOD
Analytical, Inc., Chadds Ford, PA, United States) and loaded onto a
Luna C18(2), 3-pm particle size, 150 x 3 mm column (Phenomenex
Corporation, Torrance, CA, United States) heated to 35°C with 100%
mobile phase A (90% water, 10% acetonitrile, 0.1% formic acid) at a
flow rate of 0.4 mLmin™". Initial conditions were maintained for 2
min, and analytes were eluted over a six-minute gradient from 0% to
90% mobile phase B (100% acetonitrile, 0.1% formic acid) followed by
3 min at 90% mobile phase B, before returning to initial conditions for
3 min. MS/MS analysis used Agilent MassHunter Data Acquisition
software (version B.02.01, Agilent, Santa Clara, CA, United States).
Samples were run in positive ion mode by MS-MRM and full scan
mode (m/z 100-1,200). Data were analyzed using Agilent MassHunter
Qualitative Analysis software (version B.03.01, Agilent, Santa Clara,
CA, United States). A standard curve (1/y* weighting) was established
for each toxin (except MC-LW, which was quantified using the MC-LR
standard curve) by integrating the peak area of the quantifier ion from
duplicate standards (6 concentrations ranging from 0 to 10ngpL™),
with a limit of detection of 0.5ng on the Phenomenex column.
Standards were prepared in methanol and analyzed in the same
manner as the samples. To measure the amount of each toxin in the
samples, the peak area of the quantifier ion was compared to the
appropriate standard curve. The limit of detection of each toxin in
water is 0.0003-0.0009 pg L' microcystin (varies based on congener),
0.0005 pg L™ cylindrospermopsin, and 0.0009-0.0013 pg L™! saxitoxin.
Standards for toxin analysis included various sources for microcystins
including Enzo Life Sciences (Farmingdale, NY, United States),
Cayman Chemical (Ann Arbor, MI, United States), Greenwater
Laboratories (Palatka, FL, United States), and CCS purification. Pure

1 https://www.sfwmd.gov/science-data/dbhydro
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saxitoxin standards were purchased from Cayman Chemical (Ann
Arbor, M1, United States) and additional material was isolated from a
toxic strain of Dolichospermum circinale (obtained from Dr. Brett
Neilan). Cylindrospermopsin standards were obtained from Dr.
Brett Neilan.

2.3. DNA extraction, amplicon library
preparation, and processing

DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany), modified according to Djurhuus et al. (2017). The
V4-V5 hypervariable regions of the 16S rRNA were amplified using
515FY-926R primer pair described in Parada et al. (2016). Samples
were amplified in triplicate before pooling. Amplicon libraries were
sequenced using paired-end (2 x 250 bp) Illumina Novaseq (Novogene,
Beijing, China), sequencing depth varied from 88,722 to 139,935 reads
per samples with a mean of 129,647. The V3-V4 variable regions of the
16S rRNA were obtained by using both sets of cyanobacterial specific
primer pairs (i.e., CYA359F-781Ra/b) described by Niibel et al. (1997).
However, these produced a low number of cyanobacterial ASV’s due
to amplification of eukaryotic phytoplankton chloroplast 16S rRNA
sequences and were thus excluded from analysis (data not shown).

Amplicon sequences were demultiplexed and assigned to specific
sample IDs based on their MIDs at Novogene using an in-house
bioinformatic pipeline. DADA2 (Callahan et al., 2016) was used to
process raw sequences in R v4.0.0 (R Core Team, 2023). Paired-end reads
were filtered, trimmed, and merged. Cleaned and merged reads were
dereplicated and subsequently analyzed for detection and removal of
potential chimeras using DADA2. Non-chimeric sequences were pooled
to define amplicon sequence variants (ASVs) and identical ASVs which
only varied in length were collapsed using the “collapseNoMismatch”
command in DADA2, ASVs ranged in length from 325 to 393 nt.

Taxonomic assignment of ASVs was based on a naive Bayesian
classifying method (Wang et al., 2007) with CyanoSeq V1.2 (Lefler et al.,,
2023) and SILVA 138.1 (Quast et al., 2012) as the taxonomic databases.
The CyanoSeq database was supplemented with 16S rRNA sequences
from unialgal cyanobacterial cultures isolated from Lake Okeechobee
and surrounding fresh waters housed in the Berthold Laughinghouse
Culture Collection (BLCC) at the University of Florida — IFAS, Fort
Lauderdale Research and Education Center (Davie, FL, United States).
All non-cyanobacterial ASVs, including chloroplasts, were removed
prior to downstream analyses. All archaeal, chloroplast, eukaryotic, and
mitochondrial ASVs were removed for network analysis. A maximum
likelihood phylogenetic tree of the cyanobacterial ASVs was created
using RAXML-NG (Kozlov et al., 2019), by determining the sequence
evolutionary model (GTR-I-G4) using ModelTestNG (Darriba et al.,
2020). A maximum likelihood phylogenetic tree of the bacterial ASV's
was created using IQTree with ultrafast bootstrapping (Minh et al., 2020).

ASV’s which corresponded to the Aphanizomenonaceae and
Microcystaceae were extracted, and phylogenetic trees were
constructed for each family. Cyanobacterial ASVs that could not
be classified to the genus level (except for Prochlorococcaceae) were
extracted and placed in the reference tree from CyanoSeq (v1.2) along
with their three closest BLAST hits to provide increased resolution.
Sequences were added to the alignment using MAFFT (Katoh and
Standley, 2013), full length sequences (i.e., >600bp) were added
with—add and—keeplength parameters, while ASVs and short
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sequences (i.e., <600bp) were added using—add-fragment and—
keeplength parameters. The alignment was trimmed using TrimAl
(Capella-Gutiérrez et al., 2009) using -automated1 parameter and the
sequence evolutionary model was determined using ModelTestNG
(Darriba et al, 2020). The phylogenetic tree was built using
RAXML-NG with 1,000 bootstrap replicates (Kozlov et al., 2019).

2.4. Statistical and network analyses

Sequence read abundances were filtered using the phyloseq
package (McMurdie and Holmes, 2013). ASVs that occurred in less
than 10% of samples or occurred less than 100 times across all samples
were removed from all downstream analyses, except alpha diversity.
The vegan package (Oksanen et al., 2019) was used for statistical
analyses, calculation of richness and diversity indices, and generation
of ordinations in combination with ggplot2 (Wickham, 2016) in R
v4.0.0 (R Core Team, 2023). Alpha diversity was calculated using
Faith’s Phylogenetic Distance indices, and Wilcoxon tests were used to
compare between groups. Data were not rarefied (McMurdie and
Holmes, 2014), prior to analyses, the data were log-transformed
(1ogl0) to avoid biases toward rare species and minimize influence of
most abundant groups. Indicator species were determined using the
indicspecies package (De Caceres and Legendre, 2009).

Similarities in cyanobacterial communities among sampling sites
and seasons (i.e, wet vs. dry season, nitrogen limitation vs.
co-limitation) were explored using the Non-Metric Multidimensional
Scaling (NMDS) analysis with generalized Unifrac distances (Chen
J.etal, 2012; Chen X. et al., 2012). The “adonis2” function of the vegan
package was used to conduct a permutational multivariate analysis of
variance (PERMANOVA) on generalized Unifrac distances to test the
effect of sampling sites, nutrient limitation, and seasonal impact on
cyanobacterial community composition. Partial redundancy analysis
(pRDA) was employed using the rda() function in the vegan package to
find relationships between significant environmental variables (p <0.05)
and  Cuspidothrix,
Raphidiopsis, and Vulcanococcus were selected as these were the five

Cyanobium, Dolichospermum, —Microcystis,
most abundant described genera in our data. Environmental variables
were standardized based on square root transformation prior to analysis.

Generalized additive models (GAMs) were used to model the
relationship between cyanobacterial genera (as rarefied read
abundance) and limnological parameters (e.g., water temperature,
nutrients, etc.) with sampling sites and outing as random effects.
GAMs were conducted in R using the mgcv package (v1.8-42; Wood,
2011) and drawn with gratia (Simpson, 2023) and ggplot2.

Cyanobacterial-bacterial relationships were explored using the
Sparse Inverse Covariance Estimation for Ecological Association
Inference (SpiecEasi; v1.1.0) package in R (Kurtz et al., 2015) using the
top 500 most abundant genera. Networks were visualized in Cytoscape
v3.9.1 (Shannon et al., 2003).

3. Results
3.1. Limnological parameters

Dissolved inorganic nitrogen to dissolved inorganic phosphorus
ratio (DIN:DIP) was determined, as was the dissolved inorganic
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nitrogen (DIN), defined here as the sum of nitrate, nitrite, and
ammonia, to soluble reactive phosphate. DIN:DIP ratio ranged from
0.02 to 75, while DIN ranged from 0.05-0.634 mgL™". These data are
reported in Supplementary Data S1. Total nitrogen and phosphorus
measurements were obtained from the South Florida Water
Management Districts DBHydro database; the TN:TP mass ratio
ranged from 11 to 71 with a mean of 28. Total nitrogen concentrations
ranged from 0.87-3.14mgL'and total phosphorus concentrations
ranged from 0.056-0.392mgL™". Periods of nutrient limitation were
determined by collecting TN and TP data from the sites in closest
proximity to our sampling sites and plotting the TN:TP ratio as a time
series during our sampling events (Supplementary Figure S1). Only
one site indicated phosphorus limitation (TN:TP > 23) and was thus
excluded from further analyses. Nutrient limitation was based on
values provided by Paerl et al. (2016) where N:P>23 indicates
P-limitation, N:P <9 indicates N-limitation, and 23 > N:P > 9 indicates
co-nutrient limitation. Other water quality parameters (e.g., trace
depth) are
Supplementary Data S1. Daily mean lake depth was determined from
the LZ40 station (lat 26.901815, long —80.789003) and ranged from
3.5-4.7m.

elements, conductivity, photic reported in

3.2. Cyanobacterial composition

After filtering, there were an average of 67,826 (min=44,914,
max=84,259, sd=8,876) reads across samples assigned to 4,048 ASVs,
274 of which were cyanobacteria with an average of 20,168 (min=2,429,
max=58,317, sd=11,403)
Cyanobacteriota, frequently made up >25% of the total bacterial

reads. The cyanobacteria, phylum
community (Supplementary Figure S2A). Based on relative read
abundance, the Synechococcales, Nostocales, and Chroococcales were
the most abundant cyanobacterial orders (Supplementary Figure S2B),
with the Prochlorococcaceae, Aphanizomenonaceae, and Microcystaceae
as the most abundant families (Supplementary Figure S2C). The most
abundant genus within Lake Okeechobee was Cyanobium, a member of
the Prochlorococcaceae, followed by Dolichospermum, and Microcystis.
The most abundant toxigenic bloom-forming genera were
Dolichospermum and Microcystis (Figure 2), although several other
potentially toxic bloom-forming genera were found throughout the lake
at lower relative abundances including Aphanizomenon, Cuspidothrix,
Raphidiopsis, and Sphaerospermopsis.

Due to the high abundance and bloom potential of the
Aphanizomenonaceae and Microcystaceae, phylogenetic inferences of
these ASVs were conducted to confirm taxonomic assignment
(Supplementary Figures S3, 54). All ASVs assigned to a genus were
found to be monophyletic with their respective genus. ASV1987 was
assigned as “Aphanizomenonaceae” but phylogenetic inferences
revealed this belonged to Amphiheterocytum and was manually
reassigned (Supplementary Figure S3). ASV176 was only assigned to
the rank “Aphanizomenonaceae” and formed a well-supported clade
away from known genera within the Aphanizomenonaceae, thus this
Cluster 17
assigned as

was  reassigned as  “Aphanizomenonaceae
ASV1176  was

“Microcystaceae” but phylogenetic inferences revealed this belonged

(Supplementary  Figure S3).

to  Coelosphaerium  and  was  manually  reassigned

(Supplementary Figure S4). Three ASVs (ASV339, ASV751, ASV2762)
were assigned as Microcystaceae and formed a well-supported clade
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Bar plots showing the relative abundance of most abundant cyanobacterial genera found during the study.
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away from known genera within the Microcystaceae, thus reassigned
as “Microcystaceae Cluster 1”7 (Supplementary Figure S4). There were
several sequences which were classified as Microcystaceae X, an
undescribed genus within the Microcystaceae; this genus was within
the top 15 most abundance genera (Figure 2). These ASV's formed a
clade with no cultured strains (Supplementary Figure S4), only
sequences which were collected in a culture-independent manner
from other fresh waterbodies (e.g., Reelfoot Lake, Tennessee,
United States). A phylogenetic tree of the picocyanobacteria, order
Synechococcales, was constructed with 259 sequences, 176 of which
were ASVs (Supplementary Figure S5).

Phylogenetic inferences of ASVs which could not be classified past
the order level were also conducted. These were found in several
clades across the tree (Supplementary Figure 56). Two ASV's (125 and
2,225) were only classified as Cyanophyceae class and manually
reassigned as “Leptolyngbyaceae Cluster 1, as these ASVs formed a
clade within the Leptolyngbyaceae with sequences from other
freshwater lakes. AVS’s 378 and 1838 were also only classified at the
class level and fell within the Synechococcaceae and reassigned as
“Synechococcaceae Cluster 17 These ASV’s formed a well-supported
with  other
bacterioplankton samples. ASV3311 was found to be Pseudanabaena,
ASV5289 clustered with Neocylindrospermum, and several ASV's
(ASV170, ASV437, ASV669, ASV793, ASV5103) clustered with
Nodosilinea; these were all manually reassigned.

clade uncultured sequences from freshwater

3.3. Cyanobacterial-bacterial correlations

A network was created to observe the correlations between most
abundant cyanobacterial genera (Figure 3). There were no correlated
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taxa, bacterial nor cyanobacterial, shared between Dolichospermum,
Microcystis, and Raphidiopsis. Dolichospermum was positively
correlated with several taxa, and negatively correlated with two
bacteria including Acidibacter. Microcystis was correlated with less
taxa than Dolichospermum, and negatively correlated with
Rheinheimera. Raphidiopsis was also negatively correlated with
Rheinheimera, in addition to Legionella. Raphidiopsis was correlated
with several cyanobacterial taxa, in comparison to Dolichospermum
and Microcystis. Pseudanabaena was correlated to both Microcystis
and Cuspidothrix, however Microcystis and Cuspidothrix were not
correlated with each other. The Prochlorococcecean taxa (i.e.,
Cyanobium, Regnicoccus, Lacustricoccus, Vulcanococcus) shared
several correlated taxa, distinct from the crown cyanobacteria.

3.4. Community composition

There were no significant differences in taxonomic richness
between cyanobacterial communities based on either metric at each
sampling site (Figures 4A,B). The NMDS revealed overlap between
these communities (Figure 4C), and results from the pairwise
PERMANOVA showed that there were no significant differences in
cyanobacterial communities between sites (p>0.05). The southern
region of the lake (i.e., Clewiston and South Lake) had higher relative
abundances of Dolichospermum, while the northern region near the
mouth of the Kissimmee River had a higher relative abundance of
Microcystis; Moore Haven had the highest relative abundance of
Raphidiopsis (Figure 4D).

Similar to the cyanobacterial communities, there were no
significant differences in taxonomic richness between bacterial
communities based on either metric at each sampling site
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(Supplementary Figures S7A,B). The NMDS revealed overlap between
these communities (Supplementary Figure S7C), and results from the
pairwise PERMANOVA showed that there were significant differences
between bacterial communities between Clewiston and Kissimmee
Mouth (R*=0.11, p=0.03). There were no major differences between
relative  abundances of bacterial phyla between sites
(Supplementary Figure S7D).

There were no significant differences in taxonomic richness in
cyanobacterial communities between the wet and dry seasons
(Figures 5A,B). The non-metric multidimensional scaling (NMDS)
analysis showed an overlap between wet and dry seasons for the
cyanobacterial communities (Figure 5C). Results from PERMANOVA
showed significant differences between the cyanobacterial
communities in the wet and dry seasons, although season accounted
for a relatively small proportion of the variation data (R*=0.06,
p<0.01). The relative abundance of the Prochlorococcaceae was nearly
equal between wet and dry seasons, accounting for ~60% of the
cyanobacterial relative abundance (Supplementary Figure S8A).
Dolichospermum relative abundance was nearly double in the wet
season compared to the dry season, where it was also the dominant

non-Prochlorococcaceae taxon. There also appeared to be an
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increased relative abundance in Amphiheterocytum, Cuspidothrix, and
Raphidiopsis in the dry season; Microcystis relative abundance
appeared even between the two seasons (Figure 5D). Indicator species,
as genera, between seasonal communities were determined and listed
in Supplementary Table S1.

There were no significant differences in taxonomic richness in
bacterial communities between the wet and dry seasons
(Supplementary Figures S9A,B). The non-metric multidimensional
scaling (NMDS) analysis showed an overlap between wet and dry
seasons for the cyanobacterial communities (Figure 5C). Results from
PERMANOVA showed significant differences between the bacterial
communities in the wet and dry seasons, although season accounted
for a relatively small proportion of the variation data (R*=0.08,
p<0.001). There was an increased relative abundance of Proteobacteria
(=Pseudomonadota) in the wet season, and an increased relative
abundance of Actinobacteria (=Actinomycetota) in the dry season
(Supplementary Figure S9D).

The relative abundance of the phylum Cyanobacteriota within the
lake did not differ between seasons comprising ~30% of the relative
abundance (Supplementary Figure S8C). Additionally, there were no
significant differences in cyanobacterial communities between seasons

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1219261
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lefler et al.

10.3389/fmicb.2023.1219261

Faith's PD Chao1

20

5001

15- ’Y | N
300
104
200+
57 1001

Diversity Measure

Moore Haven
Port Mayaca
South Lake

Clewiston
Eagle Bay
Kissimmee Mouth

NMDS2

Site

Clewiston

Eagle Bay
Kissimmee Mouth

Moore Haven

Port Mayaca
South Lake

EEREE

Genus

NMDS1

Cyanobium
Dolichospermum

Vulcanococcus

Eagle Bay -

B A

Microcystis

Regnicoccus

Port Mayaca -

Prochlorotrichaceae_X

mmie

Lacustricoccus

Moore Haven -

Raphidiopsis

| Fjies

Prochlorococcaceae Family

Kissimmee Mouth -

Bl BN

Cuspidothrix

South Lake -

Clewiston - ‘
Of

.00 0.25 0.‘50

FIGURE 4

cyanobacterial genera at each location (D).

& s
I e

Abundance

Amphiheterocytum
Nodosilinea

Prochlorothrix
Leptolyngbyaceae Cluster 1
Microcystaceae_X

Other

0.75 1.00

Diversity measures of the cyanobacterial communities at the different sampling locations. Faith phylogenetic diversity (A) and Chaol index (B) between
each sampling location. Non-metric Multidimensional Scaling (NMDS) ordination within two dimensions of the cyanobacterial communities based on
generalized-Unifrac distances between sampling locations, colors represent (C). Bar plot of the average relative abundance of the most abundant

based on alpha diversity metrics (Figures 5A,B). Conversely, the
cyanobacterial communities differed between seasons based on results
from the PERMANOVA.

There were no significant differences in taxonomic richness
between cyanobacterial communities during N-limitation and
co-limitation (Figures 6A,B). The NMDS analysis showed an
overlap between the cyanobacterial communities during
N-limitation and co-limitation (Figure 6C). When comparing the
N-limited and co-limited cyanobacterial communities, there were
no significant differences in community composition
(PERMANOVA R*=0.02, p=0.29). The relative abundance of the
Prochlorococcaceae was nearly equal between N-limited and
co-limited communities and accounted for ~55%-60% of the
relative abundance, although their relative abundance was slightly
higher in N-limited communities (Supplementary Figure S8B).
When observing the non-Prochlorococcaceae taxa, there appears
to be a non-significant increased relative abundance in
Dolichospermum in the N-limited communities compared to the
co-limited communities (PERMANOVA R*=0.02, p=0.5), while
Microcystis relative abundance showed the opposite trend
(PERMANOVA R*=0.05, p=0.2; Figure 6D). Indicator species,
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as genera, between N-limited and co-limited communities were
determined; only Planktothrix and Synechococcaceae Cluster 1
determined to be indicator within

were species

N-limited communities. There was an increased relative
abundance of cyanobacteria (=Cyanobacteriota) in the co-limited
communities compared to the N-limited communities
(Supplementary Figure S8D).

There were no significant differences in taxonomic richness
between bacterial communities during N-limitation and
co-limitation (Supplementary Figures SI0A,B). The NMDS analysis
showed an overlap between the bacterial communities in the wet and
dry seasons (Supplementary Figure S10C). When comparing the
N-limitation and co-limited cyanobacterial communities, there were
no significant differences in community composition
(PERMANOVA R*=0.01, p=0.42). There were no major differences
between relative abundances of any bacterial phyla between seasons
(Supplementary Figure S10D). There was an increased relative
abundance of Proteobacteria (=Pseudomonadota) and
Actinobacteria (=Actinomycetota) in N-limited communities, and
an increased relative abundance of Planctomycetota in the co-limited

communities (Supplementary Figure S10D).
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3.5. Influences of limnological parameters
on common cyanobacteria

Due to the high relative abundance of Cuspidothrix, Cyanobium,
Dolichospermum, Microcystis, Raphidiopsis, and Vulcanococcus
(Figure 2) the environmental drivers of these taxa were subjected to
further investigation via a partial redundancy analysis (pPRDA). From
the model, the conditioned variables (sample sites and outings)
explained 11% of the variation, while water chemistry explained
34.4% of the variation, the remaining 54.6% of the variation was
unexplained; the value of p for the model was 0.002. The triplot from
the pRDA revealed that Cuspidothrix, Cyanobium, Microcystis,
Raphidiopsis, and Vulcanococcus were associated with each other, but
not Dolichospermum (Figure 7). Cuspidothrix, Cyanobium, Microcystis,
and Vulcanococcus were positively associated with increased dissolved
oxygen, copper, and zinc concentrations, and inversely associated with
orthophosphate and iron concentration. Dolichospermum was
positively associated with photic depth, inversely associated with DIN,
and not associated with TRP.

Effects of individual limnological parameters (i.e., water
temperature, photic depth, lake depth, DIN, TRP, and DIN:DIP) on
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Cuspidothrix,
Raphidiopsis, and Vulcanococcus relative abundances were

Cyanobium,  Dolichospermum,  Microcystis,
investigated using GAMs. In this study, GAMs used the negative
binomial distribution assumption; sample outing and site were
regarded as random effects. Results are listed in Table 1. The effects
of water temperature, photic depth, lake depth, and conductivity
on bloom-forming genera (i.e., Cuspidothrix, Dolichospermum,
Microcystis, and Raphidiopsis) are visualized in Figure 8 and the
relationship between nutrients and bloom-forming cyanobacteria
are visualized in Figure 9. The diazotrophic bloom-forming genera
(i.e., Cuspidothrix, Dolichospermum and Raphidiopsis) were
inversely correlated with increases in DIN (Figures 9A,C,D;
Table 1), whereas Microcystis was positively correlated with DIN
(Figure 9B; Table 1). Dolichospermum was positively, and
significantly, correlated with increased TRP concentrations whereas
Raphidiopsis relative abundance decreased with increasing TRP
although this
(Figures 9EH; Table 1). Cuspidothrix relative abundance was

concentrations, trend was not significant
positively correlated with TRP concentrations up until ~0.5 mgL™"
after which it began to decrease (Figure 9E; Table 1). There was no

noticeable relationship between Microcystis relative abundance and
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TRP concentrations (Figure 9F; Table 1), Both Cuspidothrix and
Dolichospermum relative abundances were negatively correlated
with DIN:DIP, whereas Microcystis and Raphidiopsis relative
abundances were positively, and linearly, correlated with DIN:DIP
(Figures 91-1; Table 1). Water temperature had a varied response
on the bloom-forming genera, with Cuspidothrix and Raphidiopsis
having the highest relative abundances in the cooler waters (~25°C)
of the dry season, whereas Dolichospermum and Microcystis relative
abundances increased with increasing water temperatures
(Figures 8A-D). Both Dolichospermum and Microcystis relative
abundances peaked around 30°C, in the warmer wet season.
Dolichospermum and Microcystis relative abundances were
positively correlated with photic depth (Figures 8E-H; Table 1),
whereas there were no trends between Cuspidothrix and
Raphidiopsis relative abundances and photic depth. Furthermore,
lake depth had a significant negative linear relationship with
Raphidiopsis relative abundance (Figure 8L; Table 1).

The effects of water temperature, photic depth, lake depth, and
conductivity on Cyanobium and Vulcanococcus are visualized in
Supplementary Figure SI11 and the effects of nutrients in
Supplementary Figure S12. Water temperature had a positive linear
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relationship on both Cyanobium and Vulcanococcus relative abundance,
although  this
(Supplementary Figures SI1A,D; Table 1). Both Cyanobium and

relationship was greater on Vulcanococcus
Vulcanococcus relative abundance had a negative relationship with both
photic and lake depth (Supplementary Figures S11B,C,EF; Table 1).
DIN had a negative, although weak, correlation with Cyanobium and
Vulcanococcus relative abundance (Supplementary Figures S12A,D;
Table 1). TRP had a strong negative correlation with Cyanobium relative
abundance (Supplementary Figure S12B; Table 1). DIN:DIP had no
relationship with Cyanobium relative abundance, but had a negative,
and linear, relationship with Vulcanococcus relative abundance
(Supplementary Figures S12C,F; Table 1).

3.6. Cyanotoxins

Cyanotoxins were detected on 16 occasions over the annual
cycle at the six sites sampled. Microcystins, nodularins, and
anatoxin-a were detected throughout the lake and through time
(Supplementary Table S2). Both microcystin-LR (MC-LR) and
microcystin-RR (MC-RR) were detected with MC-LR being the
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most commonly occurring congener; MC-LR was detected 11
times and MC-RR once. Nodularins were detected seven times,
and anatoxin-a was detected once. Microcystin-LR co-occurred
with nodularins three times. Cyanotoxin concentrations were
low, and ranged between 0.04 and 1.4 pgL~', with nodularin
being the toxin with the highest concentration (1.12 pgL™),
while MC-LR reached concentrations of 0.6 pg L™". Cyanotoxins
were detected nine times during the wet season in four out of six
sampling events and seven times in the dry season in three out of
four sampling events. Anatoxin-a was only detected once, in the
wet season. Nodularins occurred more frequently in the dry
season than the wet season (five vs. two occurrences) while
microcystins were observed six times in the wet season and five
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times in the dry season. Due to the infrequent occurrence of
these toxins, statistical analyses to elucidate drivers of their
occurrence proved unsuccessful (data not shown).

Several known toxin producing genera occurred (e.g.,
Aphanizomenon, Dolichospermum, Microcystis, Raphidiopsis). A
correlation analyses was applied to identify which genera were
correlated with these cyanotoxins (Supplementary Figure S13).
There were several genera correlated with MC-LR, with
Microcystis being the only confirmed microcystin producer in
Lake Okeechobee. Several genera were correlated to MC-RR, with
Chrysosporum, Microcystis, and Planktothricoides being the
known toxin producing genera. Aphanizomenon, Lagosinema,
Microcystaceae Cluster 1, Parasynechococcus, Planktothricoides,
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TABLE 1 Results of the generalized linear models (GAMs).

10.3389/fmicb.2023.1219261

Genus Explanatory variable edf Deviance % R? AIC
Cuspidothrix s(Water Temperature) 2.1 27.4 0.049 508
s(Photic Depth m) 2.4 30.6 0.032 505
s(Lake Depth m)** 6.1 45.5 0.043 497
s(DIN mg L™")* 1 43.5 0.04 231
s(TRP mg L") 4.2 44.6 0.03 436
s(DIN:DIP) 1 49.5 —0.314 208
Cyanobium s(Water Temperature) 1 1.42 0.006 831
s(Photic Depth m)* 2.6 12.2 0.065 828
s(Lake Depth m) 1 5.97 0.056 829
s(DIN mg L™") 1 5.04 0.07 389
s(TRP mg L™")** 1 9.31 0.101 725
s(DIN:DIP) 1 0.038 —0.044 350
Dolichospermum s(Water Temperature) 1 21 0.047 685
s(Photic Depth m)** 34 45.1 0.577 667
s(Lake Depth m)** 4.9 42.4 0.191 671
s(DIN mg L™")* 1 9.45 —0.011 313
s(TRP mg L") 12 41.5 0.479 582
s(DIN:DIP) 1.7 18.5 0.012 278
Microcystis s(Water Temperature) 4.6 36.3 0.123 616
s(Photic Depth m)A 1 14 0.452 627
s(Lake Depth m) 1 13 0.036 628
s(DIN mg L™") 4.2 40.8 0.255 304
s(TRP mg L™)A 1.7 20.4 0.066 552
s(DIN:DIP) 1 37.9 0.378 269
Raphidiopsis s(Water Temperature) 2.6 12.8 0.033 439
s(Photic Depth m) 1 321 —0.008 441
s(Lake Depth m)** 1 14.2 0.072 425
s(DINmgL™) 1.4 11.1 —0.08 184
s(TRP mg L™") 1 5.45 —0.001 394
s(DIN:DIP) 1 13 -1.5 168
Vulcanococcus s(Water Temperature) 1 19.9 0.15 689
s(Photic Depth m) 1 13 0.09 694
s(Lake Depth m) 1 15.6 0.116 691
s(DIN mg L™") 1 0.166 —0.038 324
s(TRP mg L") 1.6 16.9 0.118 611
s(DIN:DIP) 1 8.96 0.046 286

Significant explanatory variables are designated by p<0.1 (1), p<0.05 (*), p<0.01 (**), p<0.001 (¥%%*).

Prochlorococcaceae_XX, and Pseudanabaena were the genera
most correlated with nodularins (Supplementary Figure S13).

4. Discussion

This study provides a detailed analysis of Lake Okeechobee’s
spatiotemporal cyanobacterial and bacterial community structure.
Lake Okeechobee has gained notoriety for its Microcystis-dominated
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cyanoHAB:s in the past decade. Until now, characterizations of the
cyanobacterial community structure in Lake Okeechobee have been
carried out via microscopy (e.g., Havens et al., 1994; Cichra et al.,
1995; Beaver et al., 2013), apart from Kramer et al. (2018) which
focused on full metagenomic sequencing of the cyanoHAB that
in 2016. Thus,
characterizations of the bacterial/cyanobacterial community
structure within Lake Okeechobee and this study is the first of
its kind.

occurred few data exist on molecular
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4.1. Cyanobacterial diversity and
cyanotoxins

Many of the cyanobacterial taxa that are well documented in the
literature via microscopy (e.g., Aphanizomenon, Dolichospermum
[=Anabaenal], Microcystis, and Raphidiopsis [=Cylindrospermopsis])
were identified from the molecular methods employed in this study.
the high
cyanobacteria was not expected, as these taxa are not well recorded in
Lake Okeechobee, likely due to their small size (< 2 pm). Additionally,
the cyanobacterial genus Planktolyngbya, whose presence in Lake
Okeechobee is well documented (e.g., Beaver et al., 2013), was not

Surprisingly, abundance of Prochlorococcacean

observed in the molecular data. However, Limnolyngbya was observed
which was separated from Planktolyngbya (Li and Li, 2016), and may
be the correct taxon. Within the Aphanizomenonaceae a single ASV
(176) clustered with sequences classified as Anabaena and
Dolichospermum but away these genera
(Supplementary Figure S3). Within the Microcystaceae, the ASVs
labeled as Microcystaceae Cluster 1, clustered with sequences from the

from

freshwater lakes, Las Cumbres Lake (Panama) and Reelfoot Lake
(Tennessee, United States), and may represent a widespread
cyanobacterium (Supplementary Figure S4). Phylogenetic inferences
of the ASVs that could not be classified past the class level revealed
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potentially novel cyanobacterial diversity within the lake. There were
two clades of ASV’s which clustered within the Leptolyngbyaceae and
Synechococcaceae, respectively, which may represent novel diversity
(Supplementary Figure S6).

(<2 pm) the family
Prochlorococcaceae dominated the cyanobacterial community

Picocyanobacteria belonging to
throughout the lake, with Cyanobium demonstrating the highest
relative abundance followed by Vulcanococcus. The genera
Dolichospermum, Microcystis, and Raphidiopsis are known to cause
cyanoHABs within Lake Okeechobee (e.g., Jones, 1987; James et al.,
2008; Kramer et al., 2018) and were highly abundant throughout the
lake during this study (Figure 2). Other bloom-forming, diazotrophic
Aphanizomenon-like and Dolichospermum-like genera, such as
Cuspidothrix and Sphaerospermopsis, were also observed in the
molecular data, although their presence in Lake Okeechobee have not
been recorded, likely due to their cryptic morphology (Rajaniemi
et al., 2005; Werner et al., 2012).

Notably, Dolichospermum was not correlated to microcystins nor
to nodularins (Supplementary Figure S13). Dolichospermum is known
to produce several cyanotoxins (Otten and Paerl, 2015), however toxin
production by Dolichospermum within Lake Okeechobee remains
unknown, although metagenomic analyses suggest it may produce
saxitoxin (Kramer et al., 2018). From the correlation analysis, the
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potential producer of nodularins remains obscure as none of the
positively correlated genera are known producers of nodularins
(Supplementary Figure S13). Conversely, Iningainema is an established
nodularin producer (McGregor and Sendall, 2017; Berthold et al.,
2021) which is known to occur in the lake (Laughinghouse lab,
unpublished data), however its abundance was negatively correlated
to nodularin concentrations (Supplementary Figure S13). Microcystis
is a known microcystins producer within Lake Okeechobee (Lefler
etal,, 2020; Kinley-Baird et al., 2021) and is the likely toxin producer,
although other taxa may also be producing these toxins. The
correlations between the picocyanobacteria genera and toxins (i.e.,
Parasynechococcus with MC-LR, and Prochlorococcaceae_XX with
nodularin) were unexpectedly high considering the diversity of the
known toxigenic taxa (Supplementary Figure S13). While this group
are not traditionally considered toxigenic, it has been recently found
that picocyanobacteria in tropical freshwaters are capable of
cylindrospermopsin production (Gin et al., 2021; Sim et al., 2023).
Thus, it imperative to further assess the toxigenic potential of these
abundant cyanobacteria. The lack of definitive correlations between a
genus (or genera) and toxins highlights the unknown toxigenic
potential within the lake.

The community structure was more variable during the wet
season, while communities from the dry season were more similar
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(Figure 5C). Communities within both seasons were dominated by
picocyanobacteria (e.g., Cyanobium) with an non-significant
increase in Dolichospermum in the wet season (PERMANOVA
R*=0.02, p=0.2), and significant increase in Raphidiopsis in the
dry season (PERMANOVA R’=0.08, p=0.02; Figure 5D).
Raphidiopsis relative abundance was higher in the dry season
(Figure 5D) and determined to be an indicator species for dry
season communities (Supplementary Table SI). Furthermore,
Raphidiopsis relative abundance was higher at Moore Haven, the
headwaters of the Caloosahatchee River, a shallow area of the lake
within the rim canal. While Raphidiopsis blooms are uncommon
in Lake Okeechobee, Raphidiopsis-dominated blooms have recently
been observed in the shallow areas of the lake (i.e., transition zone)
during dry periods (Laughinghouse and Lefler, pers. observ.). The
communities at the mouth of the Kissimmee River had a higher
relative abundance of Microcystis in comparison to other locations
(Figure 4D). This region of Lake Okeechobee is known to have
increased frequency of Microcystis-dominated cyanoHABs, likely
due to external nutrient loading from the Kissimmee drainage
basin (Havens et al., 1994). Conversely, the southern region of the
lake is distant from major inflows and thus external nutrient
loadings and was found to possess higher relative abundance of
Dolichospermum (Figures 2, 4D).
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4.2. Drivers of abundant cyanobacterial
genera

Increases in both N and P are known to drive the growth of bloom-
forming genera, although their concentrations and ratios have disparate
effects on these genera (Paerl et al., 2016). Our results highlight the
disparate responses in abundances of these bloom-forming genera to N,
P, and DIN:DIP. While increasing DIN concentrations had a negative
relationship on relative abundance of the bloom-forming diazotrophic
genera, as expected, only Dolichospermum relative abundance had a
positive, and linear, response to increasing TRP concentrations
(Figures 9E,G,H). Cuspidothrix relative abundance was highest with
TRP concentrations around ~0.5mgL™" (Figure 9E), potentially
indicating this genus has lower P requirements, but higher than that of
Raphidiopsis. These data suggest that P concentrations do not affect all
bloom-forming diazotrophic genera similarly. Furthermore,
Raphidiopsis relative abundance had an increased, although weak,
response to DIN:DIP, whereas Cuspidothrix and Dolichospermum
relative abundances were negatively correlated with increasing DIN:DIP
(Figures 91K, L), suggesting that DIN:DIP, and potentially TN:TP, does
not affect all diazotrophs equally. Dolichospermum and Microcystis
relative abundances were positively affected by photic depth
(Figures 8EG; Table 1), supporting previous research on their drivers
within Lake Okeechobee (Havens et al., 1998, 2003). Cuspidothrix and
Raphidiopsis relative abundances were both generally unaffected by
photic depth, indicating these genera are more adapted to low light
conditions, an observation supported by previous research on
Raphidiopsis within the system (Havens et al., 2003).

Altogether, these genera have overlapping, but distinct niches
within Lake Okeechobee. Dolichospermum and Microcystis favor the
warmer wet season, in clear waters with increased photic depth,
which align with previous research on the lake (Havens et al., 1998).
They differ in their nutrient requirements, with Dolichospermum
benefitting from waters with low DIN and high TRP concentrations
whereas Microcystis is ambivalent to TRP concentrations and prefers
waters with a high DIN:DIP (Paerl et al., 2016; Chia et al., 2018).
Cuspidothrix and Raphidiopsis were more prevalent during the cooler
waters of the dry season with low DIN, where Cuspidothrix relative
abundance is correlated with higher photic depths and Raphidiopsis
is correlated with shallow waters.

Spatially, Dolichospermum relative abundance was highest in the
southern region of the lake (i.e., South Lake and Clewiston), away
from sites of significant hydrological, and thus external nutrient,
inputs. This genus prefers increased SRP concentrations and likely
benefits from the internal legacy P that is continuously resuspended
and released from the sediments. Furthermore, the lack of an external
N load likely behooves Dolichospermum in so far as reducing
competition from non-diazotrophic bloom forming genera,
specifically Microcystis. Microcystis relative abundances was highest in
the northern part of the lake, at the mouth of the Kissimmee River,
which is known to have an increased abundance of Microcystis
(Havens et al., 1994). Kramer et al. (2018) indicated that increases in
N concentrations in Lake Okeechobee promotes non-diazotrophic
cyanobacterial abundance in the lake and data from Zhang et al.
(2011) show a significant increase in TN concentrations from several
point sources in this region of the watershed. The increase in
Microcystis abundance in the northern region is likely due to the N
rich inputs from the Kissimmee drainage basin via the Kissimmee
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River, which accounts for ~70% of the inputs into Lake Okeechobee
(Zhang J. et al., 2020), as well as the surrounding agricultural and
urban inputs. This area has a large drainage basin that is affected by
both agricultural and urban runoff, contributing to nutrient inputs
(e.g., N & P). Modern fertilizers are comprised of ammonium and
urea as their source of nitrogen and their increased use is hypothesized
to drive harmful algal blooms, known as the HAB-HB (Harmful Algal
Bloom-Haber Bosch) connection (Glibert et al., 2014); additional
sources of urea include sewage/septic and livestock runoft. Urea can
represent >50% of the dissolved organic nitrogen pool and can be high
in agriculturally impacted lakes (Bogard et al., 2012). An increase in
urea may give Microcystis a competitive advantage as it is capable of
assimilating urea as a source of carbon and nitrogen (Krausfeldt et al.,
2019). However, neither total nitrogen nor organic nitrogen were
quantified during this study and, to the authors best knowledge, urea
concentrations in Lake Okeechobee are unknown. The effects of urea,
and other forms of organic nitrogen, on Microcystis abundance in
Lake Okeechobee remain unknown and warrants further investigation
to better understand bloom drivers in this system.

Considering the lake is an N, or co-nutrient, limited system, nitrogen
inputs also likely lead to an increase in N:P. During this study, the
northern region was frequently co-nutrient limited, experiencing
N-limitation only briefly (Supplementary Figure S1). Together these
results, along with results from Kramer et al. (2018), suggest N inputs,
both organic and inorganic, from the Kissimmee River can promote
increased Microcystis abundance in the northern region of the lake,
potentially effectuating Microcystis blooms throughout Lake Okeechobee.
Furthermore, there is a need to understand the role of organic N (e.g.,
urea) within this system to determine how much is coming into the lake
and its effect on Microcystis and other bloom forming taxa.

In comparison to the bloom-forming genera, the drivers of the
picocyanobacteria are more elusive. Notably, Vulcanococcus relative
abundance was positively correlated with water temperatures, and
decreased with increased DIN:DIP (Supplementary Figures S11A,
S12C), whereas the relative abundance of Cyanobium decreased with
increasing TRP (Supplementary Figure S12B). The picocyanobacteria
likely dominate the system due to their large surface-to-volume ratio
that facilitates nutrient uptake when nutrients are scarce and reduces
their light requirements (Havens et al., 1998).

Since the taxonomic resolution of metabarcoding is limited, the
potential drivers are for the genera, and are not species specific. A total
of six ASVs corresponded to Microcystis (Supplementary Figure S4),
which may be several different species of Microcystis. Microcystis
species are known to form microcystin-producing blooms within
Lake Okeechobee (Kinley-Baird et al., 2021; Pokrzywinski et al.,
2022), however both microcystin and non-microcystin producing
Microcystis species are known to occur and bloom in Florida (Lefler
etal., 2020, 2022, 2023). Furthermore, recent phylogenomic analyses
supported several of the morphologically different species of
Microcystis, each with various toxigenic potential (Cai et al., 2023).
Similarly, several species of Dolichospermum and Raphidiopsis are
known to occur in Lake Okeechobee (Cichra et al., 1995; Havens et al.,
2003). Due to the diversity of bloom-forming genera within Lake
Okeechobee, it is imperative to characterize these taxa and
experimentally test how limnological parameters (e.g., N, P, water
temperature, etc.) affect their potential to bloom and synthesize
various toxins using in-situ, ex-situ, and strain level approaches (e.g.,
Kramer et al., 2018; Wagner et al., 2021).
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4.3. Cyanobacterial-bacterial relationships

Cyanobacterial-bacterial relationships have garnered large interest
in the past years (Morris et al., 2011; Cook et al., 2020; Smith et al.,
2021), highlighting the importance of these enigmatic relationships.
These relationships can be mutualistic (Woodhouse et al., 2016),
cyanoHABs can alter the bacterioplankton communities (Berry et al.,
2017), and some cyanobacterial genera (e.g., Microcystis) can
be dependent on bacteria, and cyanobacteria, within their mucilage
(Cook et al., 2020). Relationships between Microcystis and bacteria
have been the focus of much research (e.g., Cook et al., 2020; Smith
et al, 2022). However, these studies have concentrated on the
relationships between Microcystis and the epibiont bacterial
communities (e.g., Cook et al., 2020; Smith et al, 2021) or
understanding the distinctions between epibiont and pelagic bacterial
communities during bloom conditions (e.g., Parveen et al., 2013;
Louati et al., 2023). However, temporal associations between
cyanobacterial and co-occurring bacterioplankton during non-bloom
conditions are rarely investigated. Previous research on Lake Taihu
(China), another shallow subtropical lake, indicated that the bacterial
community structure changes with the phytoplankton community
(Niu et al., 2011).

Opverall, the bacterial and cyanobacterial communities changed
concurrently, with significant differences between communities in the
wet and dry seasons, with neither cyanobacterial nor bacterial
communities differing between N or co-limitation. The majority of the
belonged to the
(=Pseudomonadota; Figure 3), which was the dominate bacterial

associated bacterial taxa Proteobacteria
phylum, excluding Cyanobacteriota (Supplementary Figures S8C,D).
Of the bloom forming genera Cuspidothrix, Dolichospermum,
Microcystis, and Raphidiopsis, only Cuspidothrix and Raphidiopsis
were correlated. Furthermore, only a single bacterial taxon, an
unknown member of the Firmicutes (=Bacillota) was shared between
Dolichospermum and Microcystis, this lack of correlated bacteria is
supported by results from Louati et al. (2015) (Figure 3). Cuspidothrix
and Raphidiopsis both occupied a similar niche within Lake
Okeechobee and were correlated with each other but shared no
correlated taxa. However, Cuspidothrix and Microcystis occupied
distinct niches within Lake Okeechobee, and were not correlated with
each other, but were both positively correlated with the cyanobacterial
genus Pseudanabaena (Figure 3). This genus is known to occur within
the mucilage of Microcystis colonies and may occupy the sheath of
Cuspidothrix. Despite the dominance of Cyanobium, this genus was
not correlated to the common bloom-forming genera, Cuspidothrix,
Dolichospermum, and Raphidiopsis, but was correlated with Microcystis
(Figure 3).

Dolichospermum shared correlations with several bacteria (n=11)
across five phyla, compared to Microcystis’ two (Figure 3). Cuspidothrix
was also correlated to several bacteria (n=4) across three phyla. This
may indicate that Cuspidothrix and Dolichospermum have coevolved
with these bacteria and/or have a symbiotic relationship. Conversely,
Raphidiopsis was only positively correlated to a single bacteria genus,
Rubellimicrobium, a member of the Pseudomonadota, and may not
be as reliant on bacterial interactions as Dolichospermum. However,
in-depth (e.g., in
metatranscriptomic studies, laboratory experiments) are needed to

more analyses situ metagenomic and

better understand these relationships (e.g., Vico et al., 2021; Zuo
etal., 2022).
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In addition to other cyanobacteria, Microcystis was only positively
correlated to Pseudomonadota, with its sole negative correlation with
an unknown member of the Desulfobacterota (Figure 3).
Proteobacteria are known to co-occur with Microcystis blooms
(Parveen et al, 2013; Louati et al., 2023) and are copiotrophic
(Simonato et al.,, 2010). One of the known correlated genera within
the Pseudomonadota was Silanimonas. Silanimonas is known to
co-exist with Microcystis, and the species S. algicola was isolated from
a Microcystis colony (Chun et al., 2017). This species is known to
perform nitrate reduction, part of the denitrification process in
aerobic systems. However, it remains to be seen if denitrification was
occurring, although denitrification is known to occur during
cyanoHABs (Chen et al.,, 2011; Zhang et al., 2017).

In contrast to the bloom-forming genera, the picocyanobacteria
(Cyanobium, Lacustricoccus, and Regnicoccus) were correlated with
several bacteria and cyanobacteria (Figure 3). Whereas Vulcanococcus
possessed few correlated taxa, many of which were negative. Similarly,
to the these
picocyanobacteria are likely reliant on co-occurring bacterial taxa
(Morris et al., 2012).

Understanding the complex relationships between bacteria and

closely related Prochlorococcus, freshwater

cyanobacteria has the potential to provide valuable insights into
functional bacterial traits that may assist cyanobacterial bloom
proliferations (Louati et al., 2023). Due to the limitations of these data
(i.e., 16S rRNA), those potential functional roles of the co-occurring
pelagic bacterial taxa cannot be assessed; however, future efforts
should be mindful of these relationships. Additionally, due to the
shallow depth and polymictic nature of Lake Okeechobee, we cannot
rule out if some of these bacterial taxa are particle-associated, and
resuspended sediment particles. Furthermore, this study was limited
to the bacterial community, and relationships with protists and other
microalgae were not studied and may help further elucidate these
dynamics. These data do, however, highlight an important observation
that within the same water body, disparate bloom-forming
cyanobacteria co-occur with dissimilar associated bacterial taxa.

5. Conclusion

These data highlight the cyanobacterial diversity within Lake
Okeechobee, confirming the presence of many genera found from
previous morphological assessments of the cyanobacteria, as well as
highlighting potentially novel cyanobacteria. Cyanobium dominates
the cyanobacterial communities, with Cuspidothrix, Dolichospermum,
Microcystis, Raphidiopsis, and Vulcanococcus as the most abundant
described genera. There were no differences between cyanobacterial
nor bacterial communities during N or co-nutrient limitation. The
cyanobacterial and bacterial communities significantly differ between
wet and dry season, with a significant increase in Raphidiopsis in the
dry season, although both seasons showed dominance of the
picocyanobacteria. Cuspidothrix, Dolichospermum, Microcystis, and
Raphidiopsis were the most commonly occurring bloom-forming taxa
and possessed contrasting environmental drivers and microbial
communities. Overall, these three bloom-forming genera have distinct
abiotic drivers within Lake Okeechobee. Both Dolichospermum and
Microcystis prefer the warmer wet season, in waters with increased
photic depth. Our results, along with others (i.e., Havens et al., 1994;
Kramer et al., 2018), suggest N inputs, both organic and inorganic,
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from the Kissimmee River can promote Microcystis abundance in the
northern region of the lake, potentially effectuating Microcystis
blooms in Lake Okeechobee. Furthermore, there is a need to
understand the effects of organic forms of N (e.g., urea) on Microcystis
in this system to elucidate whether it’s a species of nitrogen (e.g., NO;,
urea, etc.) or solely the N:P ratio which may drive these proliferations.
Dolichospermum increased abundance in the southern region of the
lake, away from external nutrient inputs, may indicate that it benefits
from resuspension of legacy P from sediments from the increased
weather events associated with the wet season. In addition to their
disparate abiotic drivers, these two genera were correlated with
distinct bacteria, which may facilitate their ability to form blooms and
out-compete one another, or other, cyanobacteria when conditions are
right. Cuspidothrix and Raphidiopsis relative abundance increases in
the cooler waters of the dry season, with low DIN and TRP
concentrations. While these genera are correlated (Figure 3), and have
similar nutrient requirements (Figure 9), they differ by lake depth,
with Raphidiopsis relative abundance higher in shallow waters.
Additionally, Cuspidothrix and Raphidiopsis have distinct correlated
bacteria, which may promote dominance of one over the other when
abiotic conditions are ideal for both.

These data highlight the variable nutrient requirement and niches
these bloom-forming genera occupy within Lake Okeechobee,
increasing our understanding of who is blooming when and why. They
also highlight the need for dual nutrient control, as increases in both
N and P can drive different bloom-forming genera.
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Cyanobacterial blooms pose a serious threat to water quality and human health
due to the production of the potent hepatotoxin microcystin. In microcystin-
producing strains of the widespread genus Microcystis, the toxin is largely
constitutively produced, but there are fluctuations between the cellular and
extracellular pool and between free microcystin and protein-bound microcystin.
Here we addressed the question of how different temperatures affect the
growth and temporal dynamics of secondary metabolite production in the strain
Microcystis aeruginosa PCC7806 and its microcystin-deficient AmcyB mutant.
While the wild-type strain showed pronounced growth advantages at 20°C,
30°C, and 35°C, respectively, the AmcyB mutant was superior at 25°C. We further
show that short-term incubations at 25°C-35°C result in lower amounts of freely
soluble microcystin than incubations at 20°C and that microcystin congener ratios
differ at the different temperatures. Subsequent assessment of the protein-bound
microcystin pool by dot blot analysis and subcellular localization of microcystin
using immunofluorescence microscopy showed re-localization of microcystin
into the protein-bound pool combined with an enhanced condensation at the
cytoplasmic membrane at temperatures above 25°C. This temperature threshold
also applies to the condensate formation of the carbon-fixing enzyme RubisCO
thereby likely contributing to reciprocal growth advantages of wild type and
AmcyB mutant at 20°C and 25°C. We discuss these findings in the context of the
environmental success of Microcystis at higher temperatures.

cyanobacteria, Microcystis, temperature, microcystin, RubisCO, biocondensates

Introduction

In the summer months, many freshwater lakes are dominated by bloom-forming
cyanobacteria, which cause severe environmental and socio-economic consequences (Havens,
2008; Steffensen, 2008). Global bloom formation is expected to further rise in the Anthropocene
with higher temperatures and increasing atmospheric CO, concentrations (Visser et al., 2016).
A particularly widespread genus is the unicellular, colony-forming cyanobacterium Microcystis
which is infamous for the production of the potent hepatotoxin microcystin (MC) of which a
large number of structurally related congeners have been described. Microcystis blooms
commonly comprise a mixture of toxic and non-toxic genotypes that either possess or lack
biosynthetic genes for the nonribosomal peptide MC (Pancrace et al., 2019). The variation in
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the amounts of toxin produced is mainly attributed to the varying
portion of MC-producing strains in blooms during the season (Briand
et al., 2009).

The impact of environmental stimuli on MC production, on the
other hand, is comparatively low. MC production has been intensively
investigated in Microcystis laboratory strains. The toxins are produced
from the beginning of the logarithmic phase with variations in their
production rates typically not exceeding a factor of two to three
(Neilan et al., 2013). Several studies have observed a linear relationship
between the MC content of cells and their specific growth rate (Orr
and Jones, 1998; Long et al., 2001). MC is primarily a cell-bound toxin,
but the low levels of extracellular MC show pronounced temporal
variations and are particularly observed at higher cell densities
(Wiedner et al., 2003; Guljamow et al., 2021). Comparison of mRNA
transcript levels of the MC gene clusters revealed, among other
conditions, a stimulating impact of high light, iron-limiting
conditions, cell density and low temperature on MC biosynthesis
(Kaebernick et al., 2000; Sevilla et al., 2008; Martin et al., 2020). The
increase in mcy gene transcription, however, was not necessarily
reflected at the metabolite level. This discrepancy was recently solved
by the discovery of a protein-bound pool of MC that is not extracted
by methanol and accumulates primarily under conditions with
increased mcy transcription (Meissner et al., 2013).

The analysis of protein binding partners of MC revealed a frequent
affiliation of proteins to the Calvin Benson cycle including the small
and large subunit of the CO,-fixing enzyme RubisCO (Zilliges et al.,
2011; Wei et al, 2016). This finding was particularly interesting
because major differences in the inorganic carbon adaptation were
observed in parallel between the wild-type and the AmcyB mutant
strain, with an inverse advantage at low and high CO, conditions,
respectively (Jahnichen et al., 2007; Van de Waal et al., 2011). RubisCO
is a bifunctional enzyme whose carboxylation activity is compromised
by the alternative substrate O,. To promote the carboxylation reaction,
cyanobacteria have evolved a carbon concentrating mechanism based
on two sub-components: (1) the presence and activation of a
complement of bicarbonate and CO, uptake transporters and (2) the
encapsulation of RubisCO in carboxysomes (Burnap et al., 2015). In
the context of this mechanism, which is ubiquitous in cyanobacteria,
it is extremely interesting that Microcystis, of all cyanobacteria,
exhibits a plasticity in the content of bicarbonate uptake transporter
genes (Sandrini et al., 2014). Moreover, a detailed analysis of the
subcellular localization of RubisCO in Microcystis aeruginosa
PCC7806 revealed a frequent localization of RubisCO underneath the
cytoplasmic membrane rather than within carboxysomes, especially
under high cell density and high light conditions that were also shown
to promote MC expression and condensate formation of MC
(Barchewitz et al., 2019). Localization of RubisCO at the cytoplasmic
membrane was connected with a high accumulation of the RubisCO
product 3-phospho-glycerate and was consistent with a growth
advantage of the toxin-producing wild type (Barchewitz et al., 2019).
RubisCO has a tendency for liquid-liquid phase separation (LLPS)
during the formation of carboxysomes in cyanobacteria as well as
pyrenoids in the green alga Chlamydomonas reinhardtii (Wang et al.,
2019; He et al., 2020). The formation of biocondensates via LLPS may
be stimulated by intrinsically unstructured proteins but also by ligands
and is generally promoted at the membranes (Alberti et al., 2019). In
a recent study, we could demonstrate that RubisCO condensate
formation in Microcystis is dynamic and may be stimulated by
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extracellular MC (Guljamow et al., 2021). Hence, there is increasing
evidence that Microcystis strains employ a multi-level strategy in their
inorganic carbon adaptation, which is not only reflected in their
genotypic and phenotypic plasticity, but also involves non-canonical
regulation at the protein level, presumably dependent on MC and
other secondary metabolites.

Here, we have analyzed the impact of different temperatures on
MC dynamics and RubisCO condensate formation. Presence or
absence of MC leads to opposing effects on growth at different
temperatures ranging from 20°C to 35°C. Short-term temperature
shift experiments lead to pronounced differences in the intracellular
and extracellular dynamics of MC and other secondary metabolites in
M. aeruginosa PCC7806. Our data suggest that temperature is one of
the critical factors for MC and RubisCO condensate formation and
thereby significantly influences dynamics of soluble MC as well as
growth of M. aeruginosa PCC7806.

Materials and methods
Cultivation conditions

Microcystis aeruginosa PCC7806 was cultivated in BG-11
medium. Chloramphenicol in a final concentration of 5pgmL™" was
added for cultivation of the AmcyB mutant (Dittmann et al., 1997).
For the growth curve experiments, the cultures were diluted with fresh
medium to OD;5, of 0.1 once logarithmic growth was achieved and
split into three triplicates that were analyzed in parallel throughout the
experiment. Diluted triplicates of M. aeruginosa cultures were then
cultured simultaneously in an AlgaeTron AG130 growth chamber
(Photo Systems Instruments, Drasov, Czech Republic) under
continuous low-light condition (16pmol photons m™ s™') at
temperatures ranging from 20°C to 35°C, each temperature at a time.
To estimate the growth, optical density at 750 nm of each replicate was
determined photometrically (Novaspec III, Amersham Biosciences,
United Kingdom) once a day for 14 days. For the temperature shift
experiments, cells were pre-cultured at 23°C on a benchtop under a
natural day and night cycle without external aeration or agitation until
cultures reached a medium cell density of 0.6 +0.02 OD;5,. Cells were
harvested by centrifugation, washed twice with growth medium,
resuspended in fresh medium and then equally distributed into three
conical flasks. Cell cultures were grown in an AlgaeTron AG130 for
481 in continuous low-light condition (16 pmol photons m™s™") at
20°C with continuous agitation on an orbital shaker at 72rpm
(acclimatization period) followed by a 24-h test period during which
only the temperature was modified to 20°C (control condition, no
change), 25°C, 30°C or 35°C. During the test period, samples were
collected on the 16th, 20th & 24th hour after the temperature shift.

To determine the maximum growth rates, slope () was calculated
between optical density measurements at 750 nm, from the 9th to the
14th day. The analysis was performed for both strains, encompassing
the entire range of temperatures under investigation.

To assess the potential temperature-induced effects on the
morphology of M. aeruginosa, cell diameters were determined.
Diameters of multiple cells (n=18) were measured across diverse
micrographs. The measurement procedure was performed by the
Zeiss ZEN Lite software tool (version 3.8), and calculations were based
on the assumption of a circular cellular morphology.
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Cell counts were conducted to examine the correlation between cell
quantities and optical density values at 750nm, measured at a
temperature of 25°C. Three biological replicates of both wild-type
M. aeruginosa and the AmcyB mutant were prepared identically to
previously performed growth curve experiments and incubated at 25°C
in an AlgaeTron AG130. Culture samples were collected daily for
14days from each replicate and subsequently, cells were counted
under—microscope at 40x magnification in Neubauer’s hemocytometer
chamber with 0.02 mm chamber depth. Simultaneously, cell densities
were photometrically measured at 750 nm (Novaspec III, Amersham
Biosciences, United Kingdom).

Protein extraction

Cell pellets from 25 mL liquid cell culture were resuspended in
1.5mL of native extraction buffer (50mM HEPES; 5mM
MgCl,x6H,0; 25mM CaCl,x2H,0; 10% glycerol; pH 7).
Phenylmethylsulfonyl fluoride (PMSF) was added at a final
concentration of 1 mM. Samples were disrupted using a cell disruptor
(Constant Cell Disruption Systems, Constant System Ltd., England)
at 40 Kpsi (2,757.9 bar). Samples obtained from the cell disruptor were
first centrifuged at 2,000 x g for 3min, 4°C to pellet unbroken cells.
Supernatants were further centrifuged at 13,000 x g for 10 min, 4°C,
thus separating the cytoplasmic protein fraction (supernatant) from
the membrane-associated protein fraction (pellet).

SDS-PAGE & immunoblotting

For SDS-PAGE, the Bis-Tris buffer system was used along with
variable (8%-15%) polyacrylamide concentrations for gels (BiteSize
Bio based on NuPAGE Invitrogen, Carlsbad, CA, United States). The
protein samples were added with loading dye (5x concentrated):
250mM Tris pH 6.8, 0.1% bromophenol blue, 50% glycerol, 10% SDS,
500mM 2-mercaptoethanol) and dithiothreitol (DTT) at a final
concentration of 200 mM. All protein samples were heated at 95°C for
10 min and centrifuged for 1 min at 13,000 x g to remove possible cell
debris before loading on the gel. Protein concentrations were
measured using Bradford assay and samples were later normalized to
equal concentrations, resulting in equal amounts of protein loaded in
each lane. The protein ladder was PageRuler Plus Pre-stained (Thermo
Fisher Scientific, Waltham, MA, United States). The gel was run at a
voltage of 80V for an initial 15 min followed by a constant 160V in a
MOPS running buffer (10.46 gL' MOPS, 6.06 gL~ Tris, 1gL""' SDS,
0.3gL™"EDTA). Images were taken in ChemiDoc MP Imaging System
(Bio-Rad, Germany). For Native-PAGE, a similar setup was used
except cells were added with Native-PAGE 5x loading dye (without
SDS) and samples were not heated before loading into Bis-Tris gel.
Also, Native-PAGE MOPS running buffer (not containing SDS) was
used for electrophoresing the samples.

For immunoblot analysis, protein gels were blotted with a wet blot
electrophoresis apparatus (Mini-Protean, Bio-Rad, Hercules, CA,
United States) onto nitrocellulose membranes (Amersham Protein
Premium 0.45 pm MC; GE Healthcare, Chicago, IL, United States).
The transfer buffer (14.42 gL' glycine, 3.03 gL™" Tris) contained 20%
methanol  (v/v). Membranes were blocked with 1%
polyvinylpyrrolidone (PVP) K-30 in TBS-T (6.06 gL~ Tris, 8.77gL™"
NaCl, pH 7.4, 0.1% (v/v) Tween-20, Sigma-Aldrich, St. Louis, MO,
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United States) and washed once for 5min, 4°C with TBS-T. Primary
antibodies were incubated in TBS-T overnight at 4°C with the
following concentrations: RbcL 1:10,000 (anti-RbcL, RubisCO large
subunit, form I (affinity purified), AS03037A, Rabbit, Agrisera AB,
Sweden); RbcS 1:5000; CcmK 1:5000; MC 1:5000, (anti-MC-LR
MCI10E7, mouse; Enzo Life Sciences, Lorrach, Germany). The
antibodies against Microcystis RbcS and CcmK were produced in our
laboratory as previously described (Barchewitz et al, 2019).
Membranes were washed with TBS-T and secondary antibodies (anti-
anti-rabbit-IgG
HRP-conjugate for all other antibodies) were applied in TBS-T and

mouse-IgG  HRP-conjugate for MC and

incubated for at least 1 h at 4°C. Membranes were washed 4 times for
5min, 4°C, chemiluminescence was detected with the ChemiDoc MP
Imaging System (Bio-Rad, Germany). Multiple western blot
experiments from different replicate experiments were performed to
obtain concurrent outcomes representing the influence of temperature
on target protein within the protein pool. Images shown are
representatives of such observations.

Dot-blot analysis was performed to assess the influence of
temperature on protein-bound MC within M. aeruginosa samples. To
perform dot-blot analysis, equal concentrations of 4pL protein
extracts, diluted to a concentration of 10" were directly deposited
onto a nitrocellulose membrane (Amersham Protein Premium
0.45 pm MC; GE Healthcare, Chicago, IL, United States). Subsequently,
membranes were treated similarly to western blots and added with
1:5000 anti-MC-LR primary antibody (MC10E7, mouse; Enzo Life
Sciences, Lorrach, Germany) and a secondary anti-mouse-IgG
HRP-conjugate antibody. Membranes were washed 4 times, 5min
each at 4°C and chemiluminescence was detected with the ChemiDoc
MP Imaging System (Bio-Rad, Germany).

Chemical analytics

To analyze both intracellular & extracellular peptides, cell pellets
from 25mL liquid culture and 50 mL supernatant (culture medium)
were taken in separate tubes. For metabolite extraction, cell pellets
were resuspended in 2 mL of 100% methanol and subsequently shaken
for 5min at 3200 rpm (Vortex Genie 2; Scientific Industries, Bohemia,
NY, United States). After sonication (GM 3100, Bandelin electronic,
Berlin, Germany) for 10 min at 50% amplitude, 3 s on/off pulse, the
sample was centrifuged for 20min (4,700 x g, 20min, 4°C).
Supernatant collected was transferred to a fresh tube and allowed to
be dried in a vacuum concentrator (RVC 2-25 CDplus; Christ,
Osterode am Harz, Germany). The dried samples were resuspended
in 200 pL of equal portions (1:1) 100% Methanol:MilliQ Water, and
filtered using Acrodisc 4mm with 0.45pm membrane (Pall Life
Sciences, Port Washington, NY, United States) before 20 uL of it was
loaded on the high-performance liquid chromatograph Prominence
LC-20AD (Shimadzu, Kyoto, Japan) to analyze the peptides. The
extracts were separated on a Symmetry Shield RP18 Column (100 A,
3.5pm, 4.6 mm x 100 mm) (Shimadzu Europe, Duisburg, Germany)
with a mobile phase containing 0.05% Trifluoroacetic acid along with
variable concentration of acetonitrile used as the organic solvent (30,
36, 100, 100, 30, 30% at 0, 12, 13, 14, 15, 17 min respectively). The
quantification of peaks and examination of the chromatograms were
done with LabSolutions software package (Shimadzu, Kyoto, Japan).
MC and cyanopeptolins were identified based on their retention times
and using MALDI-TOF MS (Bruker, Billerica, United States). Prior to
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MALDI-TOF measurement, sampled HPLC peak fractions were
vacuum dried and resuspended in 10 uL of 20% acetonitrile —0.05%
TFA. A 0.3 pL portion of the sample solution was mixed with an equal
volume of an a-cyano-4-hydroxycinnamic acid matrix (3 mg/mL in
84% acetonitrile,13% ethanol, 3% water, and 0.1% TFA), spotted, and
analyzed with a Bruker Microflex LRF apparatus (A=337 nm nitrogen
laser) (Bruker, Billerica, United States) in positive-ion reflectron
mode. Data were analyzed using the mMass software tool.

MC and cyanopeptolin were quantified based on quantitative
standards. MC-LR [Microcystin-LR (Analytical Standard), Product
ALX-350-431-C010, Enzo Life Sciences, Inc.] and (D-Asp®)-MC-LR
[(D-Asp*)microcystin-LR, Product ALX-350-173-C025, Enzo Life
Sciences, Inc.]. The cyanopeptolin standard was purified and weighed
in our laboratory as described previously (Barchewitz et al., 2019).

Immunofluorescence microscopy

Five mL of M. aeruginosa PCC7806 culture were pelleted for
1 min at 10,000 x g and washed twice with 1 mL of PBS (8.18gL™"
NaCl,0.2gL" KCl, 1.42g L~ Na,HPO,, 0.25g L~! KH,HPO,, pH 8.3).
Cell pellets were resuspended with 1 mL of 4% formaldehyde in PBS
and incubated for 30 min at room temperature for the fixation process.
Fixed cells were then washed twice with PBS and resuspended in
100pL PBS. Meanwhile, 12mm thick microscope coverslips
(R. Langenbrinck GmbH, coverslips round 12 mm) were washed with
100% ethanol using ultra-sonication cleanser (Bandelin Sonorex
TK52; Ultraschall-Welt, Germany) for 30min. Twenty pL of
resuspended cells were spread evenly on a microscope coverslip, slips
were air-dried and stored at —20°C for later use. For antibody
hybridization, coverslips with fixed samples were equilibrated in PBS
for 5min at room temperature. Afterwards, the slips were incubated
with 2mgmL™" lysozyme in PBS-TX (PBS with 0.3% (v/v) Triton
X-100, Sigma-Aldrich, Darmstadt, Germany) for 30 min at room
temperature and washed twice with PBS-TX for 3 min. The slips were
then blocked with 1% PVP K-30 in PBS-T (PBS with 0.3% v/v Tween-
20, Sigma-Aldrich, Darmstadt, Germany) for at least 1h at 4°C
followed by a double washing step with PBS-T. Primary antibody
dilutions in PBS-T were as follows: RbcS 1:200 RubisCO small subunit
(rabbit antiserum); CcmK 1:200 (rabbit antiserum); MC 1:250
(MC-LR MCI0E7, mouse; Enzo Life Sciences, Lorrach, Germany).
Post-incubation of at least 1h at room temperature, the slides were
again washed twice with PBS-T and the secondary antibodies used
(depending on the primary antibodies) were as follows; Alexa Fluor
488 goat anti-rabbit (1:200), Alexa Fluor 488 goat anti-mouse (1:100)
and Alexa Fluor 546 goat anti-chicken (1:200); (all from ThermoFisher
Scientific. Waltham, MA, United States). Subsequently, the slides were
washed twice and air-dried until most of the PBS-T evaporated. A
drop of ProLong™ Glass Antifade Mountant (Invitrogen™;
ThermoFisher Scientific, Germany) was added to the glass slide and
the dried coverslip was placed on top. The slides were allowed to cure
for 24 h in the dark and were stored at —20°C until use. Laser scanning
confocal micrographs were obtained using a Zeiss LSM 780 (Carl
Zeiss, Oberkochen, Germany) with a Plan-Apochromat 63x/1.40 oil
immersion objective. Alexa Fluor 488 was excited at 488 nm (detection
spectrum 493-556nm), Alexa Fluor 546 (570-632nm), and
autofluorescence at 633nm (647-721nm). The excitation was
performed simultaneously.
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MC
immunofluorescence pixel intensities were plotted against cell diameter

For enhanced  visualization  of localization,
by analyzing multiple cells (n > 8) from various immunographs using
the Zeiss ZEN lite software tool (version 3.8). To better visualize the
temperature-induced bio-condensates among the two strains, we used
the built-in 2.5D function of Zeiss ZEN lite software. In this analysis,
we plotted RbcS immunofluorescence intensities as the z-axis
parameter, while the y-axis and x-axis corresponded to the

pixel coordinates.

Statistical analysis

Analysis of variance (ANOVA) was carried out to test for
statistical significance of differences in mean values using the aov
function of R (version 4.3.0). For the growth rate determination
experiment, a two-way ANOVA was carried out to test for the
interaction of the parameters “strain” (i.e., either wild type or mutant)
and “temperature” (i.e., the experimental temperature conditions) on
the influence of the mean growth rate. Pairwise statistical significance
in mean differences was determined with the TukeyHSD function in
R using a 95% confidence interval. Compact letter display grouping
was performed with the multcompLetters4 function of the
multcompView package of R.

Results

Effects of temperature on growth and MC
production in Microcystis aeruginosa
PCC7806 and its AmcyB mutant

To investigate the effects of different temperatures on the growth
of MC-producing wild-type strain PCC7806 (WT) and its AmcyB
mutant, three replicates of both strains were cultivated in batch
cultures for 14 days at 20°C, 25°C, 30°C and 35°C, respectively
(Figure 1). Growth was monitored by measuring the optical density
of the cultures at 750 nm (OD;s, Figure 1A) as we found the OD;5, to
be a reliable and robust proxy for cell count (Supplementary Figure S1).
Statistical analyses revealed that both the genetic background (WT vs.
mutant) and the cultivation temperature have a significant effect on
the maximum growth rate of M. aeruginosa (Figure 1B and
Supplementary Tables S1, S2). While the AmcyB mutant strain showed
maximal growth rates at 25°C, where it clearly outperformed the WT,
the MC-producing strain PCC7806 grew fastest at 30°C. Moreover,
the WT strain still showed robust growth at 35°C whereas the AmcyB
mutant showed virtually no growth at all. Strikingly, the AmcyB
mutant strain also grew poorly at 20°C where the WT strain already
showed significant proliferation. Overall, growth rates of the AmcyB
mutant were less robust against changes in cultivation temperature.
While the growth advantages of the WT at high temperatures are in
agreement with previous observations (Dziallas and Grossart, 2011),
the significant growth differences at 20°C were unexpected and
suggested a critical breakpoint for growth of the strain M. aeruginosa
PCC7806 between 20°C and 25°C at the given light conditions.

To better understand possible temperature-dependent MC-effects
we next studied the impact of temperature on MC production itself.
For this purpose, we designed a temperature shift experiment where
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FIGURE 1

Growth of Microcystis aeruginosa PCC7806 (wildtype) and its MC-deficient AmcyB mutant. (A) Growth curves of batch cultures under continuous low
light conditions. Shown are the mean OD-s, values with standard deviations of three replicate cultures. (B) Maximum growth rates of the same cultures
as in (A). Statistically significant differences of the means across all conditions are indicated with compact letter display (CLD) after two-way ANOVA
and TukeyHSD test with a 95% family-wise confidence level. CLD groups not sharing a letter differ significantly. The maximum growth rates, standard
deviations and results of statistical analyses are presented in the supplementary section as Supplementary Tables S1, S2.

replicates of a culture of the WT strain were acclimated to 20°C,
grown to medium cell density and either maintained at these
conditions or exposed to 25°C, 30°C and 35°C for 24h, respectively.
To take possible dynamics of intra- and extracellular MC into account,
we took samples at three different time points at 16, 20 and 24 h after
the temperature shift. MC was quantified by HPLC based on a
quantitative standard for MC-LR. The two major congeners produced
by M. aeruginosa PCC7806, MC-LR and (D-Asp’)-MC-LR were
quantified as MC-LR equivalents (Figure 2). As expected, higher
amounts of MC were detected in the intracellular pool at all
temperatures. While the cell-bound amount of MC was similar at
25°C, 30°C and 35°C, it was almost twice as high in cultures kept at
20°C (Figures 2A,B). Moreover, the proportion of the two congeners
differed at 20°C and 25°C-35°C, respectively. While the proportion
of (D-Asp?)-MC-LR was fluctuating around 20% at the three higher
temperatures, it made up to 39% of the total intracellular MC pool at
20°C (Figures 2A,B). The extracellular MC was also strikingly different
at 20°C compared to the other three temperatures. Here, too, the
proportion of the (D-Asp®)-MC variant with up to 66% of the total
MC was higher than at the other temperatures. Temporal fluctuations
of extracellular MC were also most pronounced at 20°C. It is of note,
that the extracellular proportion of (D-Asp’)-MC-LR was generally
higher at all temperatures compared to the intracellular pool. The
amount of extracellular MC was relatively stable at 25°C, 30°C and
35°C, but at an overall higher level at 35°C.

To better interpret the specificity of the dynamic MC effects,
we additionally quantified cyanopeptolin A at the four different
temperatures using a quantitative standard. In this case, we also
included extracts of the AmcyB mutant that was subjected to an
identical temperature shift experiment (Supplementary Figure S2). In
the wild-type strain, slightly higher intracellular values were detected
for cyanopeptolin A at 20°C, but the difference between 20°C and
25°C-35°C  was was for MC

not as significant as it
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(Supplementary Figure S2A). In the AmcyB mutant, no obvious
difference was observed between 20°C and 25°C-35°C. While
cyanopeptolin quotas were rather similar in WT and AmcyB mutant
at 20°C they deviated at 25°C-35°C where the cyanopeptolin A levels
remained high in the mutant but decreased in the WT, similar to
MC. Generally, fewer fluctuations were detected for cyanopeptolin A
in both the wild-type strain and the AmcyB mutant compared to MC,
with the exception of the 35°C samples in the mutant. The lower
intracellular values at 35°C in the mutant are partly correlated with
higher extracellular values, so that the intracellular dynamics can
probably be attributed in part to release of cyanopeptolin A
(Supplementary Figure S2B).

Temperature has an impact on MC and
RubisCO condensate formation

In addition to the samples for chemical analysis, parallel samples
for immunofluorescence microscopy (IFM) and protein analysis were
taken at all time points at the four different temperatures. To assess the
degree of MC condensate formation and the subcellular localization
of protein-bound MC, samples were analyzed by immunofluorescence
microscopy using an anti-MC antibody (Figure 3A). No specific
signals were obtained in control experiments, either without primary
antibody (for WT) or with a combination of primary and secondary
antibodies (for AmcyB, Supplementary Figure S3). Averaging the
fluorescence intensity profiles across a random sample of cells
(Supplementary Figure 54) we found that at 20°C, MC signals were
very evenly distributed throughout the cells with an occasional
enrichment at the cell’s periphery, presumably at the cell membrane.
In contrast, at each of the higher temperatures, the localization of the
MC signals showed a clear tendency towards increased condensation
at the cell membrane compared to the 20°C samples. The extent of the
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FIGURE 2
Temporal dynamics of (D-Asp?)-MC-LR (1) and MC-LR (2) after acclimation of precultures to 20°C and subsequent temperature shift to 20°C, 25°C,
30°C and 35°C. Samples were taken after 16, 20 and 24 h. (A,C) Representative HPLC profiles; (B) intracellular and (D) extracellular amounts of 1 and 2
as means with standard deviations based on three biological replicates. Statistically significant differences are indicated with compact letter display
(CLD) after one-way ANOVA and TukeyHSD test with a 95% family-wise confidence level. Upper case letters are for total MC content, lower case
letters are for 1 only. CLD groups not sharing a letter differ significantly.

condensation changed dynamically between the different time points
(Figure 3A). The comparison of the soluble protein profiles showed
very pronounced differences between samples exposed to 20°C and
those exposed to higher temperatures (Figure 3B). While protein
profiles were highly similar at 25°C-35°C, soluble protein patterns
looked significantly different at 20°C, even though all samples were
derived from the same pre-culture and were only exposed to the
gradually different temperatures for 16-24h. Similarly, significant
differences were noted between 20°C and 25° in the MC immuno-dot-
blot analysis conducted to assess the overall quantity of protein-bound
MC (Figure 3C). MC protein binding amounts were similar at 25°C~
35°C but fundamentally different at 20°C. Here, an overall lower
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tendency for MC binding was observed. Protein condensate formation
at 25°C-35°C was even more apparent in Native PAGE analysis where
MC was predominantly detected in large aggregates not entering the
gels (Supplementary Figure S5). Both MC immunofluorescence
analysis and MC immunoblot analysis therefore indicated very clear
differences in MC-protein binding at 20°C, both quantitatively and
qualitatively. The increased tendency to form condensates at higher
temperatures could also explain the marked differences in soluble
intracellular MC content at 20°C and the differences in proportions
for MC congeners (Figure 2).

Next, we also compared the subcellular localization of the
MC-binding partner RubisCO by IFM (Figure 4). In these
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FIGURE 3

MC-binding to proteins at 20°C.

Subcellular localization and protein-binding of MC after temperature shift to 20°C, 25°C, 30°C and 35°C for 16, 20 and 24 h. (A) Representative MC
immunofluorescence micrographs show a plasticity in the subcellular localization of MC and increased condensation of the signals at the periphery of
cells at 25°C-35°C. White arrows point to peripheral MC signals. MC signals are depicted in green and autofluorescence is shown in red. (B) SDS-PAGE
analysis of soluble protein samples displays distinct protein pattern at 20°C and 25°C-35°C. (C) MC immuno-dot-blot analysis shows a lower level of

experiments, we also included the MC-deficient AmcyB mutant.
Analysis of the wild type samples revealed a predominant localization
of RubisCO below the cytoplasmic membrane at 25°C-35°C. Again,
the subcellular localization at 20°C was strikingly different
(Figure 4A). At the lower temperature, RubisCO was predominantly
evenly distributed in the cell and only occasionally appeared below the
membrane. A similar trend was observed in samples of the AmcyB
deficient mutant. The mutant cells, however, showed a lower degree of
RubisCO condensate formation also at higher temperatures
(Figure 4B; Supplementary Figure S7). At 25°C to 35°C plasticity was
observed with cells either showing cytosolic localization or localization
underneath the membrane. This effect is more clearly visible on
intensity landscape plots of the IFM images (Figure 4C;
Supplementary Figure S7). RubisCO condensates appear as local foci
of fluorescence that are visualized as spikes protruding from the
background level of fluorescence. Both the number and the “height”
of the RubisCO-derived fluorescence foci were much lower in the
AmcyB mutant, indicating an overall lower degree of RubisCO
condensation (Figure 4C; Supplementary Figure S7). In agreement
with this, we did not observe major differences in the soluble protein
profiles of the AmcyB mutant at the four different temperatures
(Supplementary Figure S6, compared with the W', Figure 3B). To
check to what extent the membrane localization also affects
carboxysomal proteins, we additionally compared the localization of
CcmkK. Here, the typical cytosolic carboxysome structures were visible
at all temperatures. Only occasionally were additional signals also
visible at membranes. Wild type and mutant did not differ significantly
in carboxysome localization and also showed few dynamic differences
at different time points (Supplementary Figure S8). These observations
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indicate a clear influence of the factor temperature on the condensate
formation of MC and RubisCO, but not carboxysomes. Under the
selected conditions, a condensation threshold was observed between
20°C and 25°C, especially in the MC-producing WT.

Discussion

In this study, we were able to show that production or lack of MC
has a pivotal influence on the growth rate of the strain M. aeruginosa
PCC7806 at different temperatures and that cultivation temperature,
in turn, has a significant effect on the amount of freely soluble
MC. We could consistently show that MC quantity, MC congener
proportions, MC subcellular localization and MC binding to proteins
differ markedly after short-term exposure to either 20°C or 25°C-
35°C. The co-occurrence of these observations indicates that the
temperature dependence and dynamics of MC depend on the
condensation processes in vivo and that the temperature threshold for
condensation is between 20°C and 25°C.

We have shown previously that MC protein condensates are not
taken into account in the analysis of methanol-soluble extracts of
Microcystis and that the amount of these condensates can change
dynamically, e.g., under the influence of extracellular MC (Meissner
etal, 2013; Guljamow et al., 2021). We assume that the condensation
effects observed by immunofluorescence microscopy reflect the
formation of MC-containing droplets by LLPS. There is mounting
evidence that LLPS is a major factor in the formation of membrane-
less compartments in bacterial cells and that it can have different
consequences including subcellular enrichment, inactivation or
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White arrows point to peripheral RbcS signals

Subcellular localization of RubisCO after temperature shift to 20°C, 25°C, 30°C and 35°C for 16, 20 and 24 h. Representative RbcS
immunofluorescence micrographs from (A) WT PCC7806 indicate a predominant cytosolic localization of RubisCO at 20°C and a membrane-
associated localization at 25°C-35°C. (B) The AmcyB mutant displays a predominant membrane association of RubisCO at 25°C-35°C, but a lower
degree of condensation than in the WT. (C) Spatial fluorescence intensity distribution of RbcS-derived signals at 35°C. Foci of high fluorescence
intensities, appearing as “spikes” are more prevalent in the WT. RbcS signals are shown in blue (A,B) and green (C), autofluorescence is shown in red.
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activation of proteins (Alberti et al, 2019). Through protein
compartmentalization, microbial cells can achieve enhanced
metabolic efficiency whilst still maintaining free communication with
the external environment (Gao et al., 2021). Whether or not proteins
and ligands undergo phase separation depends on the nature of the
proteins, their concentration and the physicochemical parameters, not
least the temperature (Alberti et al., 2019). Heat-labile proteins can
be protected by condensation (Gao et al., 2021). We have already
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described recently that MC condensation occurs almost exclusively at
higher cell densities (OD;5,>0.5) (Wei et al., 2016; Barchewitz et al.,
2019). This effect is probably triggered by higher MC and protein
concentrations. Building upon these observations, the present study
was designed to evaluate whether the physicochemical parameter
temperature has additive or opposite effects on MC condensate
formation. Indeed, we could observe that temperature has a significant
influence, however, not gradually, but rather depending on a distinct
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threshold. In our experiment, this threshold value was between 20°C
and 25°C. Given these results, the inconsistency of reports on the
effects of temperature on MC production is particularly striking
(Buley et al., 2022). Since many of the studies use growth temperatures
between 20°C-25°C, part of the observed discrepancies may be due
to the condensation processes in vivo and the resulting effects on MC
quantifications. Stephen Wilhelm and coworkers have observed an
increase in MC production after episodic temperature decrease from
optimal growth temperatures at 26°C to 18°C (Martin et al., 2020).
The increase in MC production was correlated with an increased MC
transcription. Considering the short-term nature of the experiments
tested in our study and the observed differences in MC congener
proportions we believe that a lower degree of condensate formation is
largely responsible for the higher amount of MC detected at 20°C. Vice
versa, higher temperatures promote condensate formation leading to
an apparent decrease in MC accumulation. Differences in the
congener ratios may be due to differences in the propensity of different
MC variants to form condensates. To be able to exactly quantify the
protein-bound pool of MC would be helpful to verify this hypothesis.
However, this turns out to be difficult because of the formation of large
insoluble aggregates that do not enter SDS-PAGE gels and the at least
of MC binding to
(Supplementary Figure S5). We have therefore refrained from

partially covalent nature proteins
quantifying the condensates in this study and focused on
demonstrating conditions favoring condensation.

While the influence of condensate formation on detectable MC
quota is rather evident, the reasons for the reciprocal differences in
the growth of wild-type and MC-free mutant are not well understood.
Reversal of the growth advantages of the MC-producing WT strain
and the AmcyB mutant has been observed repeatedly (Van de Waal
et al., 2011). The mutant appears to have an advantage especially
under optimal growth conditions such as elevated CO, levels (Van de
Waal et al., 2011). In this study, too, the mutant seems to be superior
to the WT especially at optimal temperatures around 25°C while the
wild type grows better under limiting growth conditions. Yet, the
reasons for the growth advantage of the WT strain at 35°C and 20°C
are not necessarily the same. We suspect that the differences in
growth at 35°C may be due to the better stress adaptation of the wild
type strain. This hypothesis is in agreement with observations of
Dziallas and Grossart (2011) who compared the accumulation of
stress markers in M. aeruginosa PCC7806 and the AmcyB mutant at
higher temperatures. However, the fundamental differences in the
subcellular localization of RubisCO and the global protein profiles
observed between 20°C and 25°C (but not between 25°C and
30/35°C) could also indicate a condensation-dependent switch of
metabolic states between the two temperatures. Different metabolic
states could in turn explain temperature-dependent differences in
growth. Metabolomic studies of Microcystis have shown an
astounding metabolic plasticity and suggested a metabolic switch,
e.g., in low-light high-light shift experiments and a possible
involvement of MC (Meissner et al., 2015). Whether or not a
metabolic switch occurs in temperature shift experiments has to
be tested in future metabolomic studies.

Although the experiments in our study only provide a limited
insight into the influence of temperature on MC production and
cannot reflect the complex situation in the field, they further highlight
the impact of MC on the phenotypic plasticity and environmental
adaptability of M. aeruginosa PCC7806. Microcystis belongs to the
cyanobacteria with a high temperature optimum of growth. Notably,

Frontiers in Microbiology

10.3389/fmicb.2023.1200816

the temperature optima are highly strain specific (Paerl and Huisman,
2008; Huisman et al., 2018). Our study suggests that MC and other
secondary metabolites may contribute to both short and long-term
adaptation of Microcystis to changing temperatures. Thereby, even
small temperature differences can possibly lead to rapid metabolic
changes. Although the condensed MC fraction is not easily
quantifiable, future studies should consider temperature-dependent
condensation processes when interpreting MC quota, especially in the
case of sudden changes in MC amounts.
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