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Increasing occurrences of Microcystis surface scum have been observed in the
context of global climate change and the increase in anthropogenic pollution,
causing deteriorating water quality in aquatic ecosystems. Previous studies on
scum formation mainly focus on the buoyancy-driven floating process of larger
Microcystis colonies, neglecting other potential mechanisms. To study the non-
buoyancy-driven rapid flotation of Microcystis, we here investigate the floating
processes of two strains of single-cell species (Microcystis aeruginosa and
Microcystis wesenbergii), which are typically buoyant, under light conditions (150
umol photons s m™). Our results showed that M. wesenbergii exhibited fast
upward migration and formed surface scum within 4 hours, while M. aeruginosa
did not form visible scum throughout the experiments. To further explore the
underlying mechanism of these processes, we compared the dissolved oxygen
(DO), extracellular polymeric substance (EPS) content, and colony size of Microcystis
in different treatments. We found supersaturated DO and the formation of micro-
bubbles (50-200 pm in diameter) in M. wesenbergii treatments. M. aeruginosa
produces bubbles in small quantities and small sizes. Additionally, M. wesenbergii
produced more EPS and tended to aggregate into larger colonies. M. wesenbergii
had much more derived-soluble extracellular proteins and polysaccharides
compared to M. aeruginosa. At the same time, M. wesenbergii contains abundant
functional groups, which was beneficial to the formation of agglomerates. The
surface scum observed in M. wesenbergii is likely due to micro-bubbles attaching to
the surface of cell aggregates or becoming trapped within the colony. Our study
reveals a species-specific mechanism for the rapid floatation of Microcystis,
providing novel insights into surface scum formation as well as succession of
cyanobacterial species.
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Highlights

o EPS produced by Microcystis wesenbergii can contribute to
the formation of large aggregates.

o The formation of aggregate and micro-bubble can drive the
surface scum formation.

o Light and EPS contributed to the formation of the large
algal aggregate.

1 Introduction

Cyanobacterial blooms exist in many freshwater bodies
worldwide (Schindler, 1974). Microcystis spp., which can form
colonies ranging in size from a few microns to a few millimeters,
are the most common and ubiquitous toxic blooms (Paerl et al.,
2014). Under warming and eutrophic conditions, Microcystis cells
have the propensity to aggregate and float upward, giving rise to
harmful Microcystis blooms (Luerling et al., 2017; Zhu et al., 2023).
The extensive proliferation of harmful Microcystis has various
negative effects on human health and environmental safety (Fichn
et al., 1998; Susanna et al., 2020). This phenomenon results in the
depletion of dissolved oxygen in the water, causing disruptions to
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aquatic ecosystems (Paerl et al., 2011; Guo et al., 2022), in which the
decay of biomass ultimately leads to oxygen depletion, causing a
complete alteration of the aquatic environment (Hallegraeff, 1993).
Microcystins are toxins produced by a variety of bloom-forming
cyanobacteria that can cause hepatotoxicity in humans and animals
(Zhou et al., 2021).

The formation of Microcystis blooms is affected by various biotic
and abiotic factors, including nutrients, light, temperature (Andrew,
1991; Soranno, 1997; Hans and Valerie, 2012; Min et al., 2012),
hydrodynamic conditions (Medrano et al, 2013; Chao et al,, 2017),
predation (Wang et al, 2010), and buoyancy of Microcystis colonies
(Jacco and Luuc, 1984; Medrano et al., 2016). Due to the buoyancy
regulation, Microcystis is capable of forming surface scum in eutrophic
lakes (Chorus, 1999; Rainer et al., 2003). Many former studies suggest
that buoyancy provides several competitive advantages for Microcystis
over phytoplankton, including the capability to acquire light and
carbon dioxide at the uppermost layer, and grazing avoidance
(Reynolds and Walsby, 1975; Lovelock et al., 2008). Microcystis had a
diurnal migration pattern, and migration causes were affected by
multiple factors (Wu et al., 2019). This development will be rapid,
probably on a characteristic timescale of approximately a day (Timothy
et al,, 2009). The sudden increases in biomass at the surface layer may
lead to long-term proliferative cell interactions and mass migration of
biomass. In many cases, this migration ends up forming thick scum on
the surface of the water (Anne et al., 2016).
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There is currently research evidence demonstrating that the
regulation of gas buoyancy on vesicles and carbohydrate ballast is a
crucial factor in the migration of Microcystis colony (Colin et al,
2002). The hypothesis posited suggests that the irreversible
buoyancy of cyanobacterial colonies is induced by the growth of
gas bubbles on or within the mucilage of the colonies (Medrano
et al,, 2016). They hypothesized that the irreversible buoyancy of
cyanobacterial colonies is induced by the growth of bubbles on or
inside the colony mucilage. These bubbles grow under conditions of
oxygen supersaturation. Meanwhile, many abiotic factors can affect
the buoyancy of Microcystis through these mechanisms (Hans and
Jef, 2008; Paerl and Otten, 2013). For instance, light has been found
to regulate buoyancy through the carbohydrate ballast mechanism.
Specifically, Microcystis loses buoyancy under high light conditions,
while it regains buoyancy under low light conditions. This allows
Microcystis to exhibit a diel migration pattern, where it floats
upward to the surface at night and sinks during the daytime.
Although this migration pattern has been confirmed by many
lake studies (Ma et al., 2015), there are exceptions where
Microcystis forms scum on a shorter timescale of hours and can
persist at the water surface even under high light conditions during
the daytime. This may imply the existence of additional
mechanisms for the rapid Microcystis flotation and the surface
scum formation under strong light conditions.

To fill the knowledge gaps, the influence of high light on the
floatation and surface scum formation of Microcystis was
investigated in this study. We used two different strains of
Microcystis species (Microcystis wesenbergii and Microcystis
aeruginosa), which are neutrally buoyant, to study the non-
buoyancy-driven floatation of Microcystis with laboratory
experiments. We hypothesize that the bubbles generated from
photosynthesis during high light exposure can felicitate the rapid
floatation of Microcystis. We aim to study the mechanism of rapid
floatation of Microcystis driven by bubble formation. This study is
expected to provide new implications for the mechanism for the
formation of Microcystis blooms as well as cyanobacterial
species succession.

2 Materials and methods

2.1 Microcystis strains and
culture conditions

Two different Microcystis strains (M. wesenbergii, FACHB-908,
and M. aeruginosa, FACHB-905) used in this study were generously
provided by the Freshwater Algae Culture Collection at the Institute
of Hydrobiology, Chinese Academy of Sciences (FACHB-collection,
Wuhan, China). The strains were cultured in BG11 medium
(Supplementary Table 1) at 25°C with a 16-hour light/8-hour
dark cycle of 32 umol photons s™* m™ to obtain a cell density of
ca. 800 pg/L (Lin et al,, 2017).
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2.2 Experimental design

To study the effect of light intensity on the Microcystis
aggregation and their upward floating to the surface, M.
aeruginosa and M. wesenbergii were diluted to the same initial
Chla concentration (ca. 800 ug/L). Two types of Microcystis were
placed in separate 50-mL glass tubes (height, 20 cm) under strong
light (150 umol photons s™* m™2) and dark conditions. The light
source was derived from a LED lamp located on the side of the test
tubes to provide light. Dark conditions were carried out in a closed
cabinet. The room temperature was maintained at 25°C. Samples
that float to the surface were mainly collected to measure the
dissolved oxygen, electrolytic potential, and extracellular
polysaccharides. All the treatments and controls were performed
in triplicate. A Canon camera was used to capture images of
Microcystis aggregation and floating to determine the state and
size of the aggregation under light conditions.

2.3 Measurement and characterization of
algal aggregate extracellular polymeric
substances derived from Microcystis

To analyze the composition of special substances in
extracellular polymeric substances (EPS) released by two different
strains of Microcystis under light conditions, two treatments and
two controls were prepared, as follows. To prepare surface aggregate
samples, 50 mL of algal solution containing M. wesenbergii (A) and
M. aeruginosa (B) was used. Light conditions were used as
treatment and dark conditions as control, with the same density
of Microcystis solution (L and D as abbreviations for light and dark,
respectively). The samples were placed in a 50-mL centrifuge tube.
Three parallel samples were analyzed for each group using the
method described below.

2.3.1 EPS extraction and quantification

The extracellular polymeric substances were collected from the
M. aeruginosa and M. wesenbergii cultures (stationary phase)
according to the method of Xiao et al. (2019). Algae suspensions
(10 mL) were centrifuged at 11,000 g and 4°C for 15 minutes,
separating the supernatant and algal cells. The EPS fractions were
then divided into soluble EPS (S-EPS) and bound EPS (B-EPS). The
supernatant was used to determine the soluble EPS. The pH was
adjusted to 10 using the 1 mol/L of sodium hydroxide. The samples
were then placed in a water bath sonicator at intermediate power
(25 kHz) and 45°C to separate cells from loosely bound EPS. The
resulting EPS were classified as conjunction type and stored
at —20°C until analysis. The total EPS content in the algal
aggregate was calculated as the sum of polysaccharides and
proteins. The protein content was determined using Coomassie
brilliant blue (Marion, 1976). The polysaccharides were analyzed
using the phenol-sulfuric acid method (Dubois et al., 1951).
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2.3.2 EPS fluorescence staining and confocal
laser scanning microscopy analysis

A modified fluorescence staining method according to Liu (Liu
et al, 2020) was used to observe the components of EPS. The
Microcystis samples were collected from the surface layer and washed
three times with phosphate buffer (pH = 7) to remove the medium.
They were then fixed with 2.5% glutaraldehyde. The SYTO63 stain
(Thermo Fisher Scientific, Waltham, MA, USA), fluorescein
isothiocyanate (FITC), and calcofluor white were used to stain
bacterial cells, proteins, and polysaccharides, respectively. The spatial
distribution of various components in EPS was observed using confocal
laser scanning microscopy (CLSM) (TCS, Leica, Wetzlar, Germany).
The excitation wavelengths for polysaccharides and proteins were 400
nm and 480 nm, with the emission wavelengths of 480 nm and 550
nm, respectively (Chen et al., 2007). After each staining procedure,
samples were washed at least twice with phosphate-buffered saline
(PBS) (pH = 7.2) to remove excess stains. The polysaccharides are
represented by blue fluorescence, the proteins are represented by green
fluorescence, and the bacteria are represented by red fluorescence
(Badiaa et al., 2010). The sample preparation process should be carried
out in a darkroom to avoid fluorescence.

2.3.3 Fourier transform infrared spectrum and
fluorescence spectrometer analysis

The Fourier transform infrared (FT-IR) spectrum of EPS
samples was analyzed using a Fourier transform infrared
spectrometer (Nicolet 6700, Thermo Scientific Co., Ltd., USA).
All samples were washed twice with PBS (pH = 7.2), then
lyophilized, and stored at —20°C (Bo et al., 1996). Before FT-IR
scanning, samples were ground with IR-grade KBr powder and
molded into a disc. The infrared absorption spectra of
transmittance or absorbance with wave number or wavelength
were obtained by Fourier transform. The components of organic
chemicals were analyzed using sub-peak spectra obtained from the
original spectra through curve fitting.

The fluorescence intensity of the protein-like components and
humic acid-like components in samples was measured using the
fluorescence excitation—emission matrix (3D EEM) with a fluorescence
spectrometer (Hitachi F4700, Hitachi, Tokyo, Japan) (Yunlin et al,
2014). The slit width was set to 5 nm, and the photomultiplier was set
to a voltage of 720 V. The excitation scanning range was 250-450 nm,
and the emission scanning range was 300-550 nm and 2 nm. The EEM
data of deionized water were also subtracted to remove the effect of
Raman scattering (Markus et al., 2010).

2.4 The Microcystis algae cell density
The cell density was counted three times in a hemocytometer

using an optical microscope (BX43, Olympus Corporation, Tokyo,
Japan) at x40 magnification.
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2.5 Statistical analysis

Variance analysis (ANOVA) was used to determine the
difference in EPS content released from different strains of
Microcystis. Statistical significance was set at p < 0.05. All
significant differences between samples were determined using
SPSS version 25 (IBM, USA). Graphs were generated using
Origin 8.0 software (OriginLab, Northampton, MA, USA).

3 Results

3.1 Effect of light intensity on the surface
Microcystis aggregates

As shown in Supplementary Video 1, M. wesenbergii suddenly
produced bubbles under strong light intensity in the middle stage,
causing the algal biomass to rise and reach a layer of foam at the air-
water interface. Under suitable nutrient and light conditions, the
dissolved oxygen (DO) in photosynthetic active cells was
supersaturated to form bubbles. Bubbles were wrapped and
expanded until buoyancy was sufficient to pull M. wesenbergii
aggregates to the water surface and to form a stable surface
bloom after 4 hours. However, this phenomenon was not
observed in M. aeruginosa. M. aeruginosa only produced very few
bubbles uniformly distributed in the water column.

Figure 1 illustrates the typical time evolution of the system.
The culture kept in darkness remained homogeneous
throughout the experiment. We observed a massive migration
of the biomass toward the water surface in the sample exposed to
high light exposure. The floating phenomena of M. wesenbergii
and M. aeruginosa were distinct (Figure 1D). The migration and
aggregation of M. wesenbergii resulted from the generation and
floating migration of bubbles. At the same time, the bubbles
cause M. wesenbergii to rise to the surface (Figure 1C).
Approximately 1 hour after the start of the experiment,
bubbles began to form gradually. For approximately 2 hours,
the test tubes were filled with numerous stable bubbles
(Figure 1A). When the test tubes were slightly shaken, the
bubbles floated up quickly and did not adhere to the wall of
the test tubes. This indicates that the M. wesenbergii is covering
them, and these bubbles continued to increase until they were
sufficiently supported to float. It should be noted that
cyanobacteria under light conditions persist in the bacterial
foam formed at the surface (Figure 1C) and did not sink even
after 1 week. In contrast, the samples placed in darkness settled.
Additionally, we observed supersaturated DO and the formation
of micro-bubbles (50-200 um in diameter) in M. wesenbergii
treatments, while M. aeruginosa produced bubbles in small
quantities and small sizes (Supplementary Figure 1).
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FIGURE 1
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Surface air bubbles

M. wesenbergii

Contrast before and after the formation of cyanobacterial blooms. (A) Bubbles of Microcystis wesenbergii forming during experimentation
(B) Aggregation of the biomass and bubble production of M. wesenbergii during a bloom. (C) Microscopic bubbles and Microcystis aggregates.
(D) Different experimental phenomena produced by M. wesenbergii and Microcystis aeruginosa.

3.2 Changes in physicochemical indexes of
surface Microcystis aggregates (DO and
zeta potential)

When the bloom in M. wesenbergii produced a large number of
bubbles, we hypothesized that the gas was oxygen, a by-product of
photosynthesis. We then measured the dynamic DO contents at the
air-water interface under dark and light conditions. As shown in
Figure 2A, the DO concentration of the two different strains of
Microcystis was approximately 10.8 mg/L initially. The dissolved
oxygen concentration of M. wesenbergii increased linearly at a rate
of 5mg L™ h™" over the next 4 hours under light conditions. Under
dark conditions, the DO concentration decreased steadily and
eventually fell below the equilibrium value of 8.1 mg/L, indicating
active aerobic respiration in the system. In contrast, under light
conditions, the DO concentration of M. wesenbergii increased
linearly at a rate of 2 mg L™" h™" until the detection limit of the
DO probe (42 mg/L) approximately 300 minutes after the start of
the experiment. The rate of DO increase for M. aeruginosa was
much lower. This was consistent with the experimental
phenomenon (Figure 1D).

Zeta potential is usually used to monitor the electrostatic
neutralization of particles to explain the relationship between
particle instability and floc formation (Arya et al., 2019). The
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magnitude of the electrokinetic potential is associated with the
stability of the solution. At the start of the experiment, the zeta
potentials of M. aeruginosa and M. wesenbergii solution were
similar below 30 mV. However, by the end of the experiment, the
zeta potentials of the M. wesenbergii solution had significantly
increased to a lower value of (-5 mV). The electric potential of
M. wesenbergii changed noticeably before and after the experiment,
indicating the neutralization of electrostatic particles by static
electricity. This phenomenon was not observed in the other
treatment groups, confirming the consistency of the
experimental results.

3.3 Changes in the content of extracellular
material in Microcystis aggregates

Polysaccharides and protein content were measured in mixed
and surface samples of M. wesenbergii and M. aeruginosa under
dark and light conditions. Figure 3 shows that under light
conditions, the polysaccharides secreted by M. wesenbergii were
significantly higher than those secreted by M. aeruginosa (p < 0.05),
but there was little difference under dark conditions. Under light
conditions, the polysaccharides secreted by the surface layer of M.
wesenbergii were significantly higher than those in the water
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column (p < 0.05). Meanwhile, the content of polysaccharides
secreted by M. aeruginosa on the surface and the water column
was basically the same (p > 0.05). In the mixed samples of M.
wesenbergii, the levels of dissolved polysaccharides and bound
polysaccharides were 10.7 mg/L and 6.6 mg/L, respectively; the
surface samples showed higher levels of polysaccharides,
corresponding to 41.8 mg/L and 72.2 mg/L, respectively. The
levels of dissolved proteins and loosely bound proteins increased
from nearly zero at the beginning of the experiment to

approximately 8 mg/L. In contrast, the mixed samples and
surface samples of M. aeruginosa showed constant levels of
polysaccharides and protein under both illuminated and dark
conditions. The concentration of dissolved proteins increased
from 0 mg/L to approximately 4 mg/L, while the level of bound
proteins slightly decreased. Significant differences in the secretion of
dissolved polysaccharides and bound polysaccharides were
observed between M. aeruginosa and M. wesenbergii (p < 0.01).
The polysaccharide content of M. wesenbergii decreased
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FIGURE 3

The content of polysaccharides in light (A) and darkness (B) before and after the experiment, and proteins in light (C) and darkness (D) before and

after the experiment
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significantly under dark conditions, and both illumination and algal
species had a significant impact on the concentration of dissolved
polysaccharides (p < 0.01).

3.4 Qualitative analysis of extracellular
species in Microcystis aggregates

3.4.1 CLSM picture of organic constituents in EPS

CLSM analysis was conducted to investigate the distribution of
cells, proteins, and polysaccharides in the Microcystis aggregate
( ). The results showed a significant increase in
polysaccharides and protein of M. wesenbergii after illumination
( ,

aeruginosa ( s

), while no significant increase was observed in M.
). As shown in , the membrane
formed by the surface layer of M. wesenbergii samples has a
network or membrane-like structure, which contains obvious
polysaccharides and protein components. Additionally, M.
wesenbergii cells formed large aggregates. As time increased, the
protein and polysaccharide contents also increased significantly
( ). It was worth noting that the content of both protein and
polysaccharides was related to cell density ( ). However,

the initial biomass remained consistent, and the protein

10.3389/fpls.2024.1367680

surrounding the cells of M. wesenbergii was denser. This may be
closely related to cell distribution and content.

3.4.2 Three-dimensional fluorescence in
superficial surface Microcystis aggregates

The 3D EEM fluorescence spectra revealed three obvious
fluorescent peaks in the EPS sample of strain FACHB 908
( ). Two of these peaks, observed at the excitation/
emission wavelengths (Ex/Em) of 205/300 and 230/300, were
identified as tyrosine protein-like. The third peak, observed at Ex/
Em 235/350, was identified as tryptophan protein-like. No
fluorescent peak was assigned for the presence of humic acid,
suggesting that it may not be present in the EPS of laboratory trains.

3.4.3 FT-IR spectra in superficial surface
Microcystis aggregates

FT-IR analysis was conducted on M. wesenbergii and M.
aeruginosa to compare the composition of specific substances that
produce surface blooms after light exposure. The functional groups
were used to determine the type of compounds (

). The FT-IR results showed that there were no significant
differences in most of the bands in M. aeruginosa before and after

the experiment. As shown in

, the peak appeared at 1,726

FIGURE 4

CLSM images of unicellular Microcystis wesenbergii before (A) after (B) and Microcystis aeruginosa before (C) after (D) floating up to the water
surface (1, polysaccharides; 2, proteins; 3, bacteria). CLSM, confocal laser scanning microscopy.
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Three-dimensional fluorescence of two different strains of Microcystis. (A) Microcystis wesenbergii before light exposure. (A|) M. wesenbergii under
light. (B) Microcystis aeruginosa before light exposure. (B.) M. aeruginosa under light.

cm™' after the experiment. At the spectral width of 1,537-1,652
cm™', the intensity of the bound amide group decreased,
representing the NH in the peptide bond. The NH bond breaks
with the CN bond. In the spectrum of M. wesenbergii, the NH
stretch vibration at 3,382-3,338 cm™ ' significantly increased,
indicating the full involvement of the NH bond in the process of
surface water bloom formation and the creation of a surface film.
The broad peak of 3,408-3,431 cm ™! in the spectrum of M.

Transmittance (%)

aeruginosa was stronger than before the experiment, and the
intensity of the spectrum of M. wesenbergii was stronger. These
groups exhibited broad bands of polysaccharides (3,700-3,000 cm ™"
and 1,500-1,200 cm™") and proteins (1,700-1,600 cm™" and 1,200
1,050 cm™"). Significant differences were observed in the bands of
M. wesenbergii before and after the experiment, such as the
polysaccharides (3,700-3,000 cm™'), C-H characteristic peak
(3,000-2,800 cm™"), and the glycosidic bond (835 cm™). Strong

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm )

FIGURE 6

FT-IR spectra of two different strains of Microcystis before and after the experiment. (A) Microcystis wesenbergii before light exposure. (A) M
wesenbergii under light. (B) Microcystis aeruginosa before light exposure. (B,) M. aeruginosa under light. FT-IR, Fourier transform infrared.
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peaks near 3,400-3,500 cm™! bands were also observed, which
belong to the stretch vibrations of N-H and O-H (Zonggian
et al, 2019). These peaks were likely due to the presence of
carboxylic acids, alcohols, and phenolic compounds (Mecozzi
et al., 2001; Badiaa et al., 2010). The broad peak of 3,408-3,431
cm ™! in the spectrum of M. aeruginosa was stronger than that
before the experiment, and the intensity of the spectrum of M.
wesenbergii was stronger. This peak was attributed to hydrogen
bonds such as C-H, N-H, and O-H (Zonggian et al,, 2019),
indicating that there were compounds with the structure of R-
NH, and R-CO-NH,. The C=C stretching vibration at 1,657 cm™!
was enhanced, and the C=C carboxylic acid (C=C skeleton
vibration) at 1,367-1,384 cm ' was obvious. The peak at 836-
1,081 cm™
polysaccharides that were converted from glycosides at 836 cm™

represents the carbon-hydrogen bonds of
1

to polysaccharides (Christopher et al., 2011). The sharp increase in

! also indicates that

the intensity of the peak at 1,081 cm™
polysaccharides are one of the important factors in the formation

of surface blooms.

4 Discussion

Our study reveals a novel mechanism for the rapid flotation of
Microcystis under light conditions, which is species-specific. Under
such conditions, M. wesenbergii was capable of forming surface
scum, while M. aeruginosa could not form visible scum throughout
the experiments. This timescale is shorter than the observed
timescale for scum formation in conventional bloom formation
process. The timescale for the formation of cyanobacterial blooms
in the wild is influenced by various factors, including the nutrient
status of the water body, temperature, and light intensity. Generally,
the formation of cyanobacterial blooms can range from several days
to several weeks. In highly eutrophic waters, under warm and stable
climatic conditions, blooms may develop rapidly (Christopher et al.,
2011). Considering the difference in DO and EPS content between
the treatments in our study, we speculated two possible reasons for
the observed phenomenon: 1) exopolysaccharides may play an
important role in algal cell adhesion and surface bloom formed,
and 2) the rising process of O, bubbles accompanied by algal
migration to the surface improves the biological amount leading
to the formation of surface blooms. Under strong light conditions,
the formation of bubbles can drive the formation of surface blooms.

For the first hypothesis, we analyzed the extracellular substances
secreted by two Microcystis species. Light could affect the
extracellular substances secreted by Microcystis and produce
varying amounts of polysaccharides, thus affecting the aggregate
formation. The SEM results confirmed the presence of significant
secretions in the M. wesenbergii samples. These secretions can
promote aggregate formation and upward migration to the water
surface with the help of the micro-bubbles (Figure 1D). The S-EPS
released from M. wesenbergii solution played an important role in
the aggregation process (Figures 3A, B).

Studies have shown that proteins and polysaccharides are
indispensable for maintaining the cross-linked structure of
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extracellular substances (Yang et al, 2008; Gan et al, 2012;
Huiqun et al, 2018). The effect of EPS on the microbial
aggregation process is mainly reflected in the bridging effect.
However, the alteration of different types of EPS or the
proportion of certain components can also affect this process.
Meanwhile, the protein can promote the stability of maintaining
the polymer structure (Badiaa et al, 2010). The protein in EPS
contains more negatively charged amino acids (Figure 2).
Compared with polysaccharides, the electrostatic bridging
between EPS and divalent and polyvalent cations is more obvious.
The existence of EPS and algal aggregates also contributes to better
preservation of the integrity of colony algal cells. Furthermore, B-
EPS, which tightly binds to the cell membrane of the algae, can serve
as a binding molecule between algae cells, promoting the
combination of Microcystis cells into a colony structure. CLSM
results also confirmed that the large algal floc that rises to the
surface was formed by large amounts of proteins and
polysaccharides that adhere together tightly to form a “macroalgal
collective” (Figure 1B). Indeed, EPS with multifunctional groups
can promote the adsorption and chelation with various organic and
inorganic matter to form aggregates in aqueous systems (Bai et al.,
2016; Zhang et al., 2019).

The FT-IR spectroscopy of the Microcystis floating and
migrating to the surface formed the surface film (Figure 6). This
provides physical and chemical evidence for its formation and helps
understand the occurrence of possible biomolecular groups or
chemical changes. During the formation of surface blooms, the
main functional groups in the extracellular substances secreted by
Microcystis, such as hydroxyl and carboxyl groups, could have acted
as binding sites and bridges with the high-molecular-weight
adsorption sites of Microcystis S-EPS to form a network structure,
which tightly packed single-celled Microcystis, and bubbles rise with
photosynthesis (Figure 1). FT-IR analysis results showed that all
samples contained a large number of hydrogen bonds, as evidenced
by the broad peak of 3,500-3,400 cm™' and 3,431-3,408 cm .
There were noticeable changes in glycosidic bonds. The EPS was
generally supported by a hydrogen bond system, and a higher ratio
of hydrogen bonds resulted in stronger intermolecular interaction
(Zhu et al, 2014). These findings were consistent with those of
previous studies (Yang et al., 2016; Li et al., 2021).

For the second hypothesis, we analyzed the changes in oxygen
quantity and electric potential during the formation of surface
blooms. By modulating their buoyancy using internal gas vesicles,
individual Microcystis can migrate along the water column at a
speed of up to 1 mm/h (Walsby and Anthony, 1994). At the same
time, the bubbles formed by the increase in sample oxygen are
beneficial to the formation of water blooms on the surface of
Microcystis (Johnk et al., 2008). This supports our conclusion that
the rising process of O, bubbles is accompanied by algal migration
to the surface, which improves the biological amount and forms
surface blooms. The O, supersaturation is generally caused by
concentrated photosynthesis, which in turn forms bubbles. The
trapped O, bubbles provide lift and gather most of the biomass on
the surface of the water column to form a denser foam layer. Also,
this rapid migration process is irreversible. The foam will remain
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stable for several weeks if the nutritional conditions are sufficient.
According to literature reports, blooming occurs without a major
increase in overall biomass, and the threshold for irreversible
migration concentration is above 10° cells/mL (Klemer et al.,
1982). As cyanobacteria migrate toward the free surface, their
effective concentration increases, and the system moves away
from the critical point for blooming. The rate of oxygen
production per unit biomass decreases under low light intensity
or under weak photosynthetic mechanisms in harsh environments
(Dervaux et al, 2015). Instead, light boosts photosynthesis and
makes more bubbles. It is possible that oxygen production is the
limiting factor for bloom formation.

The zeta potential is the potential of the shear plane in the
double electric layer of charged particles in solution, which can
reflect the stability of the colloidal system (Zhao et al., 2017). During
the experimental stage (Figure 2B), the main force in M. wesenbergii
solution is gravity rather than repulsion. The surface charge of
protein molecules in the system is high, which maintains the
stability of the system through electrostatic repulsion, making it
difficult for protein molecules to accumulate (Bojorquez-Velazquez
et al., 2016).

In addition, we performed a Fisher exact test bar plot on the
species richness of M. wesenbergii before and after the experiment
(Supplementary Figure 2). The results indicated a significant
increase in species abundance at the level of Microcystis phylum
after the experiment. Subsequently, individuals were randomly
sampled from the specimens, and the dilution curve was based on
the number of individuals and species (Supplementary Figure 3A).
The species richness of M. wesenbergii before and after the
experiment was compared by drawing dilution curves. Under the
condition of extracting the same sequence, the number of
operational taxonomic units (OTUs) of M. wesenbergii was higher
after the experiment, indicating that the species richness of M.
wesenbergii was higher. In this dilution graph (Supplementary
Figure 3B), eventually, the curve tended to flatten out, further
indicating that the number of samples taken was reasonable.
Alpha diversity refers to the diversity within a specific region or
ecosystem. The statistical t-test was used to detect significant
differences between each of the two sets of index values
(Supplementary Figure 3C).

Environmental isolates of M. wesenbergii form large colonies
and exhibit complex vertical migration dynamics due to their
dynamic glycan ballast ability to compete with oxygen-mediated
upward migration. While similar experiments on indoor samples
may still be qualitative, it would be interesting to test the
mechanisms identified in this study using natural samples.
Although the aggregation and binding of cyanobacteria EPS to
form algal blooms have been reported (Parker et al., 2000;
Micheletti et al., 2008), the underlying mechanisms were still
poorly understood, and more work is needed to elucidate these
binding processes. In this regard, similar experiments on algae with
differences in EPS production can provide valuable data for further
understanding the cell aggregation process. In future studies, we
should also focus on effective and special substances that facilitate
the aggregation process and identify the structure and properties of
these substances. The dominant niche of high temperature-adapted
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cyanobacteria genera will be further reinforced with global warming
and elevated carbon dioxide in the future. The cyanobacterial
dominance and succession are inherently attributed to the
distinctive traits of cyanobacteria including colony formation, gas
vesicles, toxin release, and nitrogen fixation (Wang et al., 2021;
Firsova et al., 2023). In the future, we will further explore the
extracellular substances released by Microcystis and the
physiological and biochemical effects of Microcystis.

5 Conclusion

The present study revealed that the two different species of
Microcystis (M. wesenbergii and M. aeruginosa) ascended and
gathered under light and dark conditions. It focused on the
impact of the EPS and bubbles released by Microcystis on the
formation of surface scum during the process of floating and
gathering to the surface scum. The results showed the following:

(a) EPS produced by M. wesenbergii can contribute to the
formation of large aggregates.

(b) The formation of aggregate and micro-bubble can drive the
surface scum formation.

(c) Light and EPS contributed to the formation of the large
algal aggregate.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

TY: Conceptualization, Data curation, Formal Analysis,
Validation, Visualization, Writing — original draft, Writing — review
& editing. JP: Data curation, Methodology, Project administration,
Visualization, Writing - review & editing. HW: Conceptualization,
Writing - review & editing. CT: Supervision, Project administration,
Resources, Writing - review & editing. CW: Supervision, Project
administration, Resources, Writing - review & editing. BX:
Supervision, Project administration, Resources, Writing — review &
editing. MP: Supervision, Project administration, Resources, Writing
- review & editing. XW: Funding acquisition, Project administration,
Resources, Software, Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study
was financially supported by China’s National Key R&D
Programmes (2022YFC3203601), Hubei Province Postdoctoral
Innovation Research Position (Letter No. 153 of Hubei Human

frontiersin.org


https://doi.org/10.3389/fpls.2024.1367680
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

Resources and Social Security). Additional support was provided by
the National Natural Science Foundation of China (42061134013)
and the Yunnan Province-Kunming City Major Science and
Technology Project (202202AH210006). Additionally, the authors
are indebted to Yuan Xiao, and Fang Zhou (Analysis and Testing
Center, Institute of Hydrobiology, CAS), and the Laboratory for
Downstream Process Technology and Engineering of Microalgae
(LDPTEM) for lab equipment support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Andrew, R. K. (1991). Effects of nutritional status on cyanobacterial buoyancy,
blooms, and dominance, with special reference to inorganic carbon. Can. J. Bot. 69,
1133-1138. doi: 10.1139/b91-145

Anne, W., Miki, H., and Michele, G. (2016). Effect of small-scale turbulence on the
growth and metabolism of Microcystis aeruginosa. Adv. Microbiol. 06, 351-367.
doi: 10.4236/aim.2016.65034

Arya, P,, Vinayak, V. P, Richa, K., Paul, N. B,, and Tyagi, V. V. (2019). Experimental
studies on zeta potential of flocculants for harvesting of algae. J. Of Environ. Manage.
231, 562-569. doi: 10.1016/j.jenvman.2018.09.096

Badiaa, G., Djamel, G., and Ali, S. (2010). Algae and cyanotoxins removal by
coagulation/flocculation: A review. Desalination Water Treat. 20, 133-143.
doi: 10.5004/dwt.2010.1202

Bai, L., Xu, H., Wang, C,, Deng, J., and Jiang, H. (2016). Extracellular polymeric
substances facilitate the biosorption of phenanthrene on cyanobacteria Microcystis
aeruginosa. Chemosphere 162, 172-180. doi: 10.1016/j.chemosphere.2016.07.063

Bo, F., Rikke, P., Kristian, K., and Per Halkjeer, N. (1996). Extraction of extracellular
polymers from activated sludge using a cation exchange resin. Water Res. 30, 1749—
1758. doi: 10.1016/0043-1354(95)00323-1

Bojorquez-Velazquez, E., Lino-Lopez, G. J., Huerta-Ocampo, J. A., Barrera-Pacheco,
A., Barba de la Rosa, A. P., Moreno, A., et al. (2016). Purification and biochemical
characterization of 11S globulin from chan (Hyptis suaveolens L. Poit) seeds. Food
Chem. 192, 203-211. doi: 10.1016/j.foodchem.2015.06.099

Chao, W., Tao, F., Peifang, W., Jun, H., and Jin, Q. (2017). Understanding the
transport feature of bloom-forming Microcystis in a large shallow lake: A new
combined hydrodynamic and spatially explicit agent-based modelling approach.
Ecol. Model. 343, 25-38. doi: 10.1016/j.ecolmodel.2016.10.017

Chen, M.-Y,, Lee, D.-]., Tay, J.-H., and Show, K.-Y. (2007). Staining of extracellular
polymeric substances and cells in bioaggregates. Appl. Microbiol. Biotechnol. 75, 467—
474. doi: 10.1007/s00253-006-0816-5

Chorus, L. (1999). Toxic cyanobacteria in water: a guide to their public health
consequences, monitoring, and management (London; New York: E & FN Spon).

Christopher, M. P., William, T. B, Jamie, H. C., and Michael, A. M. (2011).
Cellobiose dehydrogenase and a copper-dependent polysaccharide monooxygenase
potentiate cellulose degradation by Neurospora crassa. ACS Chem. Biol. 6, 1399-1406.
doi: 10.1021/cb200351y

Colin, S. R., Vera, H., Carla, K, Luigi, N.-F., and Sergio, M. (2002). Towards a
functional classification of the freshwater phytoplankton. J. Plankton Res. 24, 417-428.
doi: 10.1093/plankt/24.5.417

Dervaux, J., Mejean, A., and Brunet, P. (2015). Irreversible collective migration of
cyanobacteria in eutrophic conditions. PLoS One 10, €0120906-. doi: 10.1371/
journal.pone.0120906

Dubois, M., Gilles, K., Hamilton, J. K., Rebers, P. A., and Smith, F. (1951). A
colorimetric method for the determination of sugars. Nature 168, 167. doi: 10.1038/
16816720

Fiehn, O., Wegener, G., Jochimsen, J., and Jekel, M. (1998). Analysis of the ozonation
of 2-mercaptobenzothiazole in water and tannery wastewater using sum parameters,
liquid- and gas chromatography and capillary electrophoresis. Water Res. 32, 1075-
1084. doi: 10.1016/S0043-1354(97)00332-1

Frontiers in Plant Science

11

10.3389/fpls.2024.1367680

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1367680/

full#supplementary-material

Firsova, A., Galachyants, Y., Bessudova, A., Titova, L., Sakirko, M., Marchenkov, A.,
et al. (2023). Environmental factors affecting distribution and diversity of
phytoplankton in the Irkutsk reservoir ecosystem in June 2023. Diversity. 15, 1070.
doi: 10.3390/d15101070

Gan, N,, Xiao, Y., Zhu, L, Wu, Z., Liu, J., Hu, C,, et al. (2012). The role of
microcystins in maintaining colonies of bloom-forming Microcystis spp. Environ.
Microbiol. 14, 730-742. doi: 10.1111/j.1462-2920.2011.02624.x

Guo, Y., Zhang, P., Chen, J, and Xu, J. (2022). Freshwater snail and shrimp
differentially affect water turbidity and benthic primary producers. Water Biol. Secur.
1 (1), 100004. doi: 10.1016/j.watbs.2021.100004

Hallegraeff, G. M. (1993). A review of harmful algal blooms and their apparent global
increase. Phycologia. 32, 79-99. doi: 10.2216/i0031-8884-32-2-79.1

Hans, W. P., and Jef, H. (2008). Blooms like it hot. Science 320, 57-58. doi: 10.1126/
science.1155398

Hans, W. P., and Valerie, J. P. (2012). Climate change: Links to global expansion of
harmful cyanobacteria. Water Res. 46, 1349-1363. doi: 10.1016/j.watres.2011.08.002

Huiqun, Z., Yanyan, J., Samir Kumar, K., Hui, L., Heting, F., and Qing, Z. (2018).
Understanding the role of extracellular polymeric substances on ciprofloxacin
adsorption in aerobic sludge, anaerobic sludge, and sulfate-reducing bacteria sludge
systems. Environ. Sci. Technol. 52, 6476-6486. doi: 10.1021/acs.est.8b00568

Jacco, C. K., and Luuc, R. M. (1984). Buoyant density changes in the cyanobacterium
Microcystis aeruginosa due to changes in the cellular carbohydrate content. FEMS
Microbiol. Lett. 25, 105-109. doi: 10.1111/fml.1984.25.issue-1

Jingyun, F., Xin, Y., Jun, M., Chii, S., and Quan, Z. (2010). Characterization of algal
organic matter and formation of DBPs from chlor(am)ination. Water Res. 44, 5897—
5906. doi: 10.1016/j.watres.2010.07.009

Johnk, K. D., Huisman, J., Sharples, J., Sommeijer, B., Visser, P. M., and Stroom, J. M.
(2008). Summer heatwaves promote blooms of harmful cyanobacteria. Global Change
Biol. 14, 495-512. doi: 10.1111/§.1365-2486.2007.01510.x

Klemer, A. R., Feuillade, J., and Feuillade, M. (1982). Cyanobacterial blooms - carbon
and nitrogen limitation have opposite effects on the buoyancy of oscillatoria. Science.
215, 1629-1631. doi: 10.1126/science.215.4540.1629

Li, Z., Wan, C, Liu, X,, Wang, L., and Lee, D.-]. (2021). Understanding of the
mechanism of extracellular polymeric substances of aerobic granular sludge against
tetracycline from the perspective of fluorescence properties. Sci. Total Environ. 756,
144054. doi: 10.1016/j.scitotenv.2020.144054

Lin, Y., Chen, A., Wu, G,, Peng, L., Xu, Z., and Shao, J. (2017). Growth, microcystins
synthesis, and cell viability of Microcystis aeruginosa FACHB905 to dissolved organic
matter originated from cattle manure. Int. Biodeterioration Biodegrad. 118, 126-133.
doi: 10.1016/j.ibiod.2017.01.031

Liu, Y., Yang, Q., Zhu, M., Wang, L., Zhou, Q., Yang, Z., et al. (2020). Endocytosis in
microcystis aeruginosa accelerates the synthesis of microcystins in the presence of
lanthanum(III). Harmful Algae. 93, 101791. doi: 10.1016/j.hal.2020.101791

Lovelock, C. E., Clegg, E., Hurrey, L., Udy, J., and Moore, K. (2008). Growth and
physiology of nuisance alga Hincksia sordida during a bloom in South East Queensland,
Australia. J. Exp. Mar. Biol. Ecol. 363, 84-88. doi: 10.1016/j.jembe.2008.06.023

Luerling, M., Van Oosterhout, F., and Faassen, E. (2017). Eutrophication and warming
boost cyanobacterial biomass and microcystins. Toxins 9, 64. doi: 10.3390/toxins9020064

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1367680/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1367680/full#supplementary-material
https://doi.org/10.1139/b91-145
https://doi.org/10.4236/aim.2016.65034
https://doi.org/10.1016/j.jenvman.2018.09.096
https://doi.org/10.5004/dwt.2010.1202
https://doi.org/10.1016/j.chemosphere.2016.07.063
https://doi.org/10.1016/0043-1354(95)00323-1
https://doi.org/10.1016/j.foodchem.2015.06.099
https://doi.org/10.1016/j.ecolmodel.2016.10.017
https://doi.org/10.1007/s00253-006-0816-5
https://doi.org/10.1021/cb200351y
https://doi.org/10.1093/plankt/24.5.417
https://doi.org/10.1371/journal.pone.0120906
https://doi.org/10.1371/journal.pone.0120906
https://doi.org/10.1038/168167a0
https://doi.org/10.1038/168167a0
https://doi.org/10.1016/S0043-1354(97)00332-1
https://doi.org/10.3390/d15101070
https://doi.org/10.1111/j.1462-2920.2011.02624.x
https://doi.org/10.1016/j.watbs.2021.100004
https://doi.org/10.2216/i0031-8884-32-2-79.1
https://doi.org/10.1126/science.1155398
https://doi.org/10.1126/science.1155398
https://doi.org/10.1016/j.watres.2011.08.002
https://doi.org/10.1021/acs.est.8b00568
https://doi.org/10.1111/fml.1984.25.issue-1
https://doi.org/10.1016/j.watres.2010.07.009
https://doi.org/10.1111/j.1365-2486.2007.01510.x
https://doi.org/10.1126/science.215.4540.1629
https://doi.org/10.1016/j.scitotenv.2020.144054
https://doi.org/10.1016/j.ibiod.2017.01.031
https://doi.org/10.1016/j.hal.2020.101791
https://doi.org/10.1016/j.jembe.2008.06.023
https://doi.org/10.3390/toxins9020064
https://doi.org/10.3389/fpls.2024.1367680
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

Ma, X., Wang, Y., Feng, S., and Wang, S. (2015). Vertical migration patterns of
different phytoplankton species during a summer bloom in Dianchi Lake, China.
Environ. Earth Sci. 74, 3805-3814. doi: 10.1007/s12665-015-4279-9

Marion, M. B. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Markus, Z., Michael, A., Margit, M., and Fritz, H. F. (2010). Use of fluorescence
fingerprints for the estimation of bloom formation and toxin production of Microcystis
aeruginosa. Water Res. 44, 195-204. doi: 10.1016/j.watres.2009.09.035

Mecozzi, M., Pietrantonio, E., Amici, M., and Romanelli, G. (2001). Determination of
carbonate in marine solid samples by FTIR-ATR spectroscopy. Analyst. 126, 144-146.
doi: 10.1039/b009031j

Medrano, E. A, Uittenbogaard, R. E., de Wiel, B., Pires, L. M. D., and Clercx, H. J. H.
(2016). An alternative explanation for cyanobacterial scum formation and persistence
by oxygenic photosynthesis. Harmful Algae. 60, 27-35. doi: 10.1016/j.hal.2016.10.002

Medrano, E. A, Uittenbogaard, R. E., Pires, L. M. D., Wiel, B., and Clercx, H. J. H.
(2013). Coupling hydrodynamics and buoyancy regulation in Microcystis aeruginosa
for its vertical distribution in lakes. Ecol. Model. 248, 41-56. doi: 10.1016/
j.ecolmodel.2012.08.029

Micheletti, E., Colica, G., Viti, C., Tamagnini, P., and De Philippis, R. (2008).
Selectivity in the heavy metal removal by exopolysaccharide-producing cyanobacteria.
J. Appl. Microbiol. 105, 88-94. doi: 10.1111/jam.2008.105.issue-1

Min, Z., Hongtao, D., Xiaoli, S., Yang, Y., and Fanxiang, K. (2012). Contributions of
meteorology to the phenology of cyanobacterial blooms: Implications for future climate
change. Water Res. 46, 442-452. doi: 10.1016/j.watres.2011.11.013

Paerl, H. W., Gardner, W. S, McCarthy, M. J., Peierls, B. L., and Wilhelm, S. W. (2014).
Algal blooms: Noteworthy nitrogen. Science. 346, 175-175. doi: 10.1126/
science.346.6206.175-a

Paerl, H. W,, Hall, N. S,, and Calandrino, E. S. (2011). Controlling harmful
cyanobacterial blooms in a world experiencing anthropogenic and climatic-induced
change. Sci. Total Environ. 409, 1739-1745. doi: 10.1016/j.scitotenv.2011.02.001

Paerl, H. W., and Otten, T. G. (2013). Harmful cyanobacterial blooms: causes,
consequences, and controls. Microbial Ecol. 65, 995-1010. doi: 10.1007/s00248-012-0159-y

Parker, D. L., Mihalick, J. E., Plude, J. L., Plude, M. J., Clark, T. P., Egan, L., et al.
(2000). Sorption of metals by extracellular polymers from the cyanobacterium
Microcystis aeruginosa f. flos-aquae strain C3-40. J. Appl. Phycology. 12, 219-224.
doi: 10.1023/A:1008195312218

Rainer, K., Guntram, C., and Ingrid, C. (2003). The abundance of microcystin-
producing genotypes correlates positively with colony size in Microcystis sp. and
determines its microcystin net production in lake Wannsee. Appl. Environ. Microbiol.
69, 787-795. doi: 10.1128/AEM.69.2.787-795.2003

Reynolds, C. S., and Walsby, A. E. (1975). Water-blooms. Biol. Rev. 50, 437-481.
doi: 10.1111/j.1469-185X.1975.tb01060.x

Schindler, D. W. (1974). Eutrophication and recovery in experimental lakes: Implications
for lake management. Science. 184, 897-899. doi: 10.1126/science.184.4139.897

Soranno, P. A. (1997). Factors affecting the timing of surface scums and epilimnetic
blooms of blue-green algae in a eutrophic lake. Can. J. Fisheries Aquat. Sci. 54, 1965—
1975. doi: 10.1139/cjfas-54-9-1965

Susanna, T. Y. T., Tiange, L., Shitian, W., and Richard, B. (2020). Harmful
cyanobacterial blooms: a case study of a cool lake. Water Environ. J. 34, 490-502.
doi: 10.1111/wej.12550

Frontiers in Plant Science

12

10.3389/fpls.2024.1367680

Timothy, W. D., Dianna, L. B., Gregory, L. B, and Christopher, J. G. (2009). The
effects of temperature and nutrients on the growth and dynamics of toxic and non-toxic
strains of Microcystis during cyanobacteria blooms. Harmful Algae. 8, 715-725.
doi: 10.1016/j.hal.2009.02.004

Walsby, and Anthony, E. (1994). Gas vesicles. Microbio. Rev 58 (1), 94-144.
doi: 10.1128/mr.58.1.94-144.1994

Wang, Z., Akbar, S., Sun, Y., Gu, L., and Yang, Z. (2021). Cyanobacterial dominance
and succession: factors, mechanisms, predictions, and managements. J. Environ.
Manage. 297, 113281. doi: 10.1016/j.jenvman.2021.113281

Wang, X, Qin, B,, Gao, G., and Paerl, H. W. (2010). Nutrient enrichment and
selective predation by zooplankton promote Microcystis (Cyanobacteria) bloom
formation. J. Plankton Res. 32, 457-470. doi: 10.1093/plankt/fbp143

Wu, X,, Noss, C., Liu, L., and Lorke, A. (2019). Effects of small-scale turbulence at the
air-water interface on microcystis surface scum formation. Water Res. 167, 115091.
doi: 10.1016/j.watres.2019.115091

Xiao, M., Li, M., Duan, P., Qu, Z., and Wu, H. (2019). Insights into the relationship
between colony formation and extracellular polymeric substances (EPS) composition of
the cyanobacterium Microcystis spp. Harmful Algae. 83, 34-41. doi: 10.1016/
j.hal.2019.02.006

Yang, L., Guo, J,, Yu, Y., An, Q., Wang, L, Li, S,, et al. (2016). Hydrogen bonds of
sodium alginate/Antarctic krill protein composite material. Carbohydr. Polymers. 142,
275-281. doi: 10.1016/j.carbpol.2016.01.050

Yang, Z., Kong, F,, Shi, X,, Zhang, M., Xing, P., and Cao, H. (2008). Changes in the
morphology and polysaccharide content of Microcystis aeruginosa (cyanobacteria)
during fiagellate grazing. J. Phycology. 44 (3), 716-720. doi: 10.1111/j.1529-
8817.2008.00502.x

Yunlin, Z., Guang, G., Kun, S., Cheng, N., Yongqiang, Z., Bogiang, Q., et al. (2014).
Absorption and fluorescence characteristics of rainwater CDOM and contribution to
Lake Taihu, China. Atmospheric Environ. 98, 483-491. doi: 10.1016/
j.atmosenv.2014.09.038

Zhang, Z., Cao, R, Jin, L., Zhu, W, Ji, Y., Xu, X,, et al. (2019). The regulation of N-
acyl-homoserine lactones (AHLs)-based quorum sensing on EPS secretion via ATP
synthetic for the stability of aerobic granular sludge. Sci. Total Environ. 673, 83-91.
doi: 10.1016/j.scitotenv.2019.04.052

Zhao, C.-B., Zhang, H., Xu, X.-Y,, Cao, Y., Zheng, M.-Z,, Liu, J.-S., et al. (2017). Effect
of acetylation and succinylation on physicochemical properties and structural
characteristics of oat protein isolate. Process Biochem. 57, 117-123. doi: 10.1016/
j.procbio.2017.03.022

Zhou, C,, Chen, H., Zhao, H., and Wang, Q. (2021). Microcystin biosynthesis and
toxic effects. Algal Research-Biomass Biofuels Bioprod. 55, 102277. doi: 10.1016/
j.algal.2021.102277

Zhu, W., Dai, X., and Li, M. (2014). Relationship between extracellular
polysaccharide (EPS) content and colony size of Microcystis is colonial morphology
dependent. Biochem. Syst. Ecol. 55, 346-350. doi: 10.1016/j.bse.2014.04.009

Zhu, K., Zhang, H., Zhang, P., Wang, P., Li, H., Feng, M., et al. (2023). Interactive
effects of warming and eutrophication on zooplankton could reverse the stoichiometric
mismatch with phytoplankton. Water Biol. Secur. 2 (4), 100205. doi: 10.1016/
j.watbs.2023.100205

Zonggian, W., Haiwei, Y., and Zun, Z. (2019). Study on the blends of silk fibroin and

sodium alginate: Hydrogen bond formation, structure and properties. Polymer. 163,
144-153. doi: 10.1016/j.polymer.2019.01.004

frontiersin.org


https://doi.org/10.1007/s12665-015-4279-9
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.watres.2009.09.035
https://doi.org/10.1039/b009031j
https://doi.org/10.1016/j.hal.2016.10.002
https://doi.org/10.1016/j.ecolmodel.2012.08.029
https://doi.org/10.1016/j.ecolmodel.2012.08.029
https://doi.org/10.1111/jam.2008.105.issue-1
https://doi.org/10.1016/j.watres.2011.11.013
https://doi.org/10.1126/science.346.6206.175-a
https://doi.org/10.1126/science.346.6206.175-a
https://doi.org/10.1016/j.scitotenv.2011.02.001
https://doi.org/10.1007/s00248-012-0159-y
https://doi.org/10.1023/A:1008195312218
https://doi.org/10.1128/AEM.69.2.787-795.2003
https://doi.org/10.1111/j.1469-185X.1975.tb01060.x
https://doi.org/10.1126/science.184.4139.897
https://doi.org/10.1139/cjfas-54-9-1965
https://doi.org/10.1111/wej.12550
https://doi.org/10.1016/j.hal.2009.02.004
https://doi.org/10.1128/mr.58.1.94-144.1994
https://doi.org/10.1016/j.jenvman.2021.113281
https://doi.org/10.1093/plankt/fbp143
https://doi.org/10.1016/j.watres.2019.115091
https://doi.org/10.1016/j.hal.2019.02.006
https://doi.org/10.1016/j.hal.2019.02.006
https://doi.org/10.1016/j.carbpol.2016.01.050
https://doi.org/10.1111/j.1529-8817.2008.00502.x
https://doi.org/10.1111/j.1529-8817.2008.00502.x
https://doi.org/10.1016/j.atmosenv.2014.09.038
https://doi.org/10.1016/j.atmosenv.2014.09.038
https://doi.org/10.1016/j.scitotenv.2019.04.052
https://doi.org/10.1016/j.procbio.2017.03.022
https://doi.org/10.1016/j.procbio.2017.03.022
https://doi.org/10.1016/j.algal.2021.102277
https://doi.org/10.1016/j.algal.2021.102277
https://doi.org/10.1016/j.bse.2014.04.009
https://doi.org/10.1016/j.watbs.2023.100205
https://doi.org/10.1016/j.watbs.2023.100205
https://doi.org/10.1016/j.polymer.2019.01.004
https://doi.org/10.3389/fpls.2024.1367680
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Rapid flotation of Microcystis wesenbergii mediated by high light exposure: implications for surface scum formation and cyanobacterial species succession
	Highlights
	1 Introduction
	2 Materials and methods
	2.1 Microcystis strains and culture conditions
	2.2 Experimental design
	2.3 Measurement and characterization of algal aggregate extracellular polymeric substances derived from Microcystis
	2.3.1 EPS extraction and quantification
	2.3.2 EPS fluorescence staining and confocal laser scanning microscopy analysis
	2.3.3 Fourier transform infrared spectrum and fluorescence spectrometer analysis

	2.4 The Microcystis algae cell density
	2.5 Statistical analysis

	3 Results
	3.1 Effect of light intensity on the surface Microcystis aggregates
	3.2 Changes in physicochemical indexes of surface Microcystis aggregates (DO and zeta potential)
	3.3 Changes in the content of extracellular material in Microcystis aggregates
	3.4 Qualitative analysis of extracellular species in Microcystis aggregates
	3.4.1 CLSM picture of organic constituents in EPS
	3.4.2 Three-dimensional fluorescence in superficial surface Microcystis aggregates
	3.4.3 FT-IR spectra in superficial surface Microcystis aggregates


	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


