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Abstract

The outbreak of cyanobacterial blooms in water can cause serious harm to water supply safety
and human health, which has become one of the major water environmental problems in the present
world. In this paper, the representative Microcystis aeruginosa blooms were studied by the eutrophic
microcosmic simulation device between natural lake system and test in laboratory scale. Toxic
Microcystis aeruginosa FACHB-905 and non-toxic Microcystis aeruginosa FACHB-469 were used
to simulate algal blooms in different nutrient conditions. The study of stratified EPS extracted from
different vegetative and growth stages of Microcystis aeruginosa showed that high nutritional conditions
can induce Microcystis aeruginosa to produce more extracellular polysaccharides, while low nutrient
conditions can affect the fluorescence components in the SL-EPS (Soluble EPS) of Microcystis
aeruginosa. Furthermore, the proteins in TB-EPS (Tightly bound EPS) will gradually release to
SL-EPS and LB-EPS (loosely bound EPS) during the bloom, which can decrease from 34% in the initial
growth period to 20%. The tryptophan-like substances in SL-EPS and TB-EPS, and the humic-acid-like
substances in SL-EPS have a significant impact on the Microcystis aeruginosa blooms. Finally, all these
results are expected to be of use in the study of the algal blooming outbreak early warning and control

problems.
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Introduction

Extracellular Polymeric Substance (EPS) secreted by
microbial flora has been considered an important factor
in microbial aggregation and biofilm formation [1, 2].
Cyanobacterial blooms occurred with the production
of cyanobacterial extracellular polymeric substances
(EPS) [3]. Cyanobacteria EPS was a macromolecule
viscous compound that binds several to hundreds of
cyanobacterial cells in diameter of from 4 to 6 pm
amorphous algae colloidal aggregates with a diameter
of up to 1 cm [4]. EPS was a metabolite or autolysate
secreted by microorganisms, which is usually composed
of proteins, polysaccharides, a small amount of nucleic
acid and other substances, and can protect the microbial
cells [5]. Polysaccharides and proteins account for about
70-80% of the total mass of cyanobacteria EPS, while
nucleic acids, lipids, humic acid and uronic acid account
for only 10-20% of the total EPS [6, 7]. It has been
reported that cyanobacteria EPS is also involved in the
aggregation and development of microorganisms [8, 9].
When the external environmental conditions are suitable
for the growth of cyanobacteria, the cyanobacterial
colonies producing EPS in lakes will pool together and
float to the surface to form cyanobacteria blooms. In
addition, the formation of a “blue-green algae mat” is
also considered to be due to the cyanobacteria embedded
in the gel-like EPS matrix [10], its role is to further
protect the blue algae from adverse environmental
conditions [11]. Xu et al. studied the role of EPS in the
formation of Microcystis and the formation of bloom
[12, 13]. It was found that EPS extract decreased the
cohesion of Microcystis algae by increasing the energy
barrier and the second confinement. Therefore, we can
speculate that EPS plays a key role in the growth and
development of cyanobacterial bloom.

Although we have been studying the cyanobacterial
blooms, the critical factors and mechanisms of
their outbreak have hitherto not been well known.
At this stage, researchers from all over the world
have taken various research methods to explore the
formation mechanism of cyanobacterial blooms. The
comprehensive methods are broadly classified into two
categories: one is field investigation and research, that
is, researcher use of natural lakes for field experiments,
but the complexity of scene geography, climate and
hydrology often make for unsatisfactory field survey
research results. The other is the simulation research
of the formation mechanism of the city’s water bloom
by using the laboratory small equipment such as a
light incubator. Although the simulation method can
regulate a variety of blooming conditions, such as
light, temperature, nitrogen and phosphorus nutrients,
its research results also apply to natural systems,
but there are still many limitations. It has important
environmental and ecological significance to clarify the
formation mechanism of cyanobacteria blooms as the
key to preventing and controlling blooms. Studying the
cyanobacteria bloom process can provide a scientific

basis for reducing the harm they cause. In addition,
understanding the compositional characteristics of EPS
in cyanobacteria; grasping the behavioral characteristics
and functions of Cyanobacterial EPS during blooms; to
investigate the effect of extracellular cyanobacteria on
migration and transformation of other toxic and harmful
substances (such as heavy metals) in water during the
bloom period, and the feasibility of the “crisis cure
danger,” which has very important practical significance
and research value for the treatment of cyanobacteria
bloom and the development and even utilization of
cyanobacterial EPS.

It has been reported that the growth and proliferation
of Microcystis is associated with many complex
environmental factors, including climatic conditions and
nutrients [14, 15]. The extracellular polymers produced
during the outbreak of Microcystis bloom were thought
to affect the surface stickiness of algae cells, thereby
contributing to the large-scale accumulation of some
algae and triggering blooms [8, 16]. Some studies
showed that the EPS of algae in the different growth
stages of algae dynamic changes may play an important
role in the bloom process [17]. Most of the previous
investigations into Microcystis aeruginosa investigated
the sampling of cyanobacteria EPS at specific time
points [18], such as the exponential growth phase or the
stabilization phase. However, for the entire growth stage
of Microcystis aeruginosa or the dynamic changes of
EPS in bloom process are still lack of characterization.
In addition, before this, algae stratified EPS in the whole
process of blooming outbreak of the dynamic structural
effect has not yet been explored.

Therefore, in this paper, the representative
Microcystis  aeruginosa from the cyanobacteria
of algae was selected as the research object. The
simulation culture of algal blooms under different
nutrient conditions was carried out using Microcystis
aeruginosa toxigenic FACHB-905 and non-toxigenic
FACHB-469 based on the ecutrophication micro-
universe simulation device between the natural lake
system and the laboratory scale. In this paper, the
stratified EPS of Microcystis aeruginosa bloom under
different nutrition levels were extracted and analyzed
in order to understand the dynamic changes of each
component in the cyanobacteria-stratified EPS and its
effect in the outbreak of bloom. Analysis of the response
characteristics of cyanobacteria EPS to cyanobacteria
blooms can help us further understand the outbreak
mechanism of cyanobacterial bloom, and provide a
certain support for the research on algal bloom control
in lake and library.

Experimental

Microcystis Aeruginosa and Culture Conditions

Microcystis  aeruginosa toxigenic FACHB-905
isolated from Lake Dianchi in Kunming in the summer
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Table 1. Culture medium Design for bloom simulation of
Microcystis aeruginosa.

R e I R i
BGl11 80 0
1/5 BG11 16 64
1/10 BG11 8 72 FA;?EL%S
1/50 BG11 1.6 78.4
1/100 BG11 0.8 79.2
BGl1 80 0
1/5 BG11 16 64
1/10 BG11 8 72 FAS;IE;S@
1/50 BG11 1.6 78.4
1/100 BG11 0.8 79.2

of 1998 and non-toxigenic FACHB-469 isolated from
cyanobacterial blooms in France were provided by
the Institute of Hydrobiology, Chinese Academy
of Sciences. Cells were cultured in BGIl medium
at 25°C under an illumination box at an intensity of
2500 Lux with a light:dark period of 12:12 h. Before
inoculation, Microcystis aeruginosa (algae density
at 106 cell/mL) was centrifuged with NaHCO,
(15 mg/L) solution at 4000 r/min for 5-10 min and
washed with sterile deionized water to remove the
nutrients attached on algal cells [18]. Experimental
water was collected from Wujiayuan Reservoir,
which would be filtered to remove large particles
of impurities, plankton and algae in water samples
immediately with 0.45 pm microporous membrane and
returned to the laboratory. The experimental water
and BGII culture medium were prepared in different
proportions (Table 1). FACHB-905 and FACHB-469 of
the prepared Microcystis aeruginosa were respectively
inoculated into different nutrient conditions of the
medium.

Fig. 1. Simulated culture device of Cyanobacteria bloom.

In this study, two sets of parallel micro-universe
models were used to simulate the lake water bloom under
eutrophication, the culture device was a transparent
glass jar with 50x50x45 cm of LengthxWidthxHeight,
and the thickness of 1 cm. The simulated eutrophic
water mainly used BG11 medium as a reference, which
is suitable for the growth of Microcystis aeruginosa. The
simulation experiment of Microcystis aeruginosa bloom
process was carried out in a rooftop sunroom (Fig. 1).
Although the daily climate changed and environmental
conditions were different, the temperature, light
intensity, wind speed and weather were basically the
same for each experimental jar in the sunroom.

Sampling Program and EPS Sample
Preparation

The duration of the cultivation period was 30 days.
Samples were harvested every other day during the
blooms. From the beginning of the outbreak of blooms
on August 3, a total of 250 mL samples were taken
from the center of each culture cylinder at a distance of
5 cm from the water surface at 13:00 for the extraction
and analysis of algae EPS. After every other day, water
samples were taken until the death of Microcystis
aeruginosa, and the end of blooms, a total of 10 times
per cylinder sampling. According to the existence of
EPS, the EPS is divided into dissolved state (SL-EPS)
and attached state (B-EPS), B-EPS is further divided
into a loosely attached state (LB) and a tightly adhered
state (TB). The collected samples were extracted by
centrifugation during the period of algaec growth and
reproduction [19], and this EPS extraction method
would not cause cell lysis [20]. The collected samples
were firstly centrifuged at 2500g for 15 min at 4°C, and
the separated liquid was sucked for measurement of
SL-EPS. Secondly, the harvested bloom samples were
suspended in a 0.05% NaCl solution and centrifuged
at 4500g for 15 min at 4°C, with the liquid collected
carefully for measurement of LB-EPS. Thirdly, the
remaining bloom samples were re-suspended with
0.05% NaCl solution and treated for TB-EPS extraction
using the following method. 1M of NaOH to adjusts
the pH to be 11.0. Stir for 10min with the rotation
speed of 80 rpm at 4°C, then heat at 60°C for 30 min
[21]. After extraction, all samples were centrifuged at
15000 g for 20 min at 4°C, with the separated liquid
collected carefully for measurement of TB-EPS. Finally,
all the extracted solutions were filtered out through the
045 wm PTFE membranes and stored in a brown
volumetric flask at 4°C for further analysis.

Fluorescence EEM Determination and
Determination of Organic Components

Fluorescence EEMs were measured using a
fluorescence spectrometer (F-4600, Hitachi, Japan)
in scan mode with a 700-voltagexenon lamp. EEM
spectra were gathered with scanning emission (Em)
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spectra from 250 nm to 600 nm at 2 nm increments by
varying the excitation (Ex) wavelength from 200nm to
500 nm at 5 nm increments. The spectra were recorded
at a scan rate of 1200 nm/min, using Ex and Em slit
bandwidths of 5 nm. Reaction temperature control
system was high-precision water bath control system,
and the control temperature was 25+1°C. The blank
scans were performed using Milli-Q water. The protein
concentration was determined by BCA kit (Shanghai
Sangon Biotech, C503061), and the polysaccharide
concentration was determined by anthrone-sulphuric
acid colrimetry.

Results and Discussion

Growth of Microcystis Aeruginosa FACHB-905
and FACHB-469 under Different
Nutritional Conditions

The growth of Microcystis aeruginosa follows the
general rule of microbial, that is, it undergoes four
processes, including lag phase, logarithmic growth
phase, stable phase and decay phase, which is one
growth cycle of algae. However, the growth curve of
Microcystis aeruginosa is only lag phase, logarithmic
growth phase and decay phase without an obvious stable
phase [22]. Some studies have shown that Cyanobacteria
density is highly correlated with chlorophyll-a content
[23], so the chlorophyll-a concentration will be used as
a characterization of main growth indicators about the
Microcystis aeruginosa bloom process. It can be seen
from the growth performance of Microcystis aeruginosa
toxigenic FACHB-905 and non-toxigenic FACHB-469
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Fig. 2. Changes of Chlorophyll-a of Microcystis aeruginosa
FACHB-905 and FACHB-469 under different nutrition levels.

under different nutrient levels that both the FHCB-905
and FACHB-469 of the Microcystis aeruginosa contain
lag phase, log phase and decay phase (Fig. 2). However,
FACHB-905 could also see a stationary phase after
the decline stage, and FACHB-469 also had a relapse
phase at high concentrations due to the differences in
the strains of Microcystis aeruginosa and the different
nutrient concentrations.

Microcystis aeruginosa grows slowly when the
chlorophyll-a content has basically no change in the
initial stage of culture (about one week), this stage can
be considered as lag phase. Some studies have suggested
that the growth rate of Microcystis mainly depends
on the intracellular phosphorus [24], not extracellular
phosphorus, which can be confirmed from the lag
phase. Microcystis aeruginosa did not quickly enter the
logarithmic phase despite the high phosphorus content
of water from phosphorus-deficient state that has come
into the phosphorus-rich medium, which can indicate
that Microcystis was quickly uptaking the extracellular
phosphorus in this phase in preparation for its massive
proliferation.

Microcystis aeruginosa toxigenic FACHB-905 and
non-toxigenic FACHB-469 cultured under different
nutrient levels entered the logarithmic growth phase
after the adaptation stage. There was a slight difference
in the time between the two algae in logarithmic growth
phase, FACHB-905 entered logarithmic growth phase 2
to 3 days earlier than FACHB-469, which can indicate
that the adaptability of the toxigenic FACHB-905
strains is stronger than non-toxigenic FACHB-4609.
The different levels of nutrition did not significantly
affect the time of two algae populations entering the
logarithmic growth phase.

The concentration of chlorophyll-a of FACHB-905
and FACHB-469 increased significantly after they
entered to the logarithmic growth phase, and even
the highest concentration can grow up to hundreds of
micrograms per liter. Microcystis aeruginosa began
to enter the decay stage from the 15% to the 17" day
under different nutrient levels, and the chlorophyll-a
concentration decreased rapidly. The non-toxigenic
FACHB-469 entered the decay phase 1 to 2 days
earlier than the toxigenic FACHB-905 under moderate
nutrient levels (1/5 BGI11 and 1 /10 BGI1) (Fig. 2). The
chlorophyll-a concentration of FACHB-905 maintained
at a steady level under different nutrient levels after
the decay period ended, but the concentration was
significantly higher than the original level. While
non-toxigenic FACHB-469 entered the relapse period
under 1/5 BGIl and 1/10 BGII nutrition conditions,
chlorophyll-a concentration began to increase again.

The changes of N and P concentrations have a
significant impact on the biomass of Microcystis
aeruginosa. The biomass of Microcystis aeruginosa
increased with the increase of N and P concentrations
when the concentrations of N and P were low. The
biomass of Microcystis aeruginosa declined with
the increase of N and P concentrations at higher
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concentrations. So it is not hard to understand that the
biomass of Microcystis aeruginosa at the highest nutrient
level is not the highest. FACHB-905 grew best under the
1/5 BGII1 nutrient conditions, while FACHB-469 grew
best under the 1/10 BG11 nutrient condition (Fig. 2). In
addition, it was also found that FACHB-905 could not
grow well under 1/100 BG11 nutrient conditions, while
FACHB-469 could not grow well under 1/50 BG11 and
1/100 BGI11 nutrient conditions. These results mainly
indicate that FACHB-905 was more adaptable to low
nutrient conditions than FACHB-469. Many researchers
found that cyanobacteria cultured in a laboratory light
incubator was very difficult to appear as the outbreak
of bloom, but in natural conditions it was very difficult
to fully study the blue algac bloom from the entire
outbreak process of “start-outbreak-end.” Therefore, this
simulation training experiment can intuitively observe
the whole process of Microcystis aeruginosa bloom
outbreak, and has an important guiding significance
for further understanding the outbreak mechanism of
cyanobacteria bloom.

In order to more intuitively understand the
organoleptic characteristics of the water during the
whole process of Microcystis aeruginosa bloom, the
changes of water in the culture jar were taken daily
during the experiment. Microcystis aeruginosa toxigenic
FACHB-905, which is cultured at 1/5 BGI1l nutrition
level with the most obvious growth condition, is taken
as an example to observe the changes of transparency,
color, odor and a series of sensory indices during the
growth of Microcystis aeruginosa, and to understand

the process of blooming in the most intuitive way. Fig. 3
shows a photo of the bloom process.

From the photos we can see, from the beginning
of the experiment until August 2 (the eighth day of
culture), that there was no significant change in the
water in the culture tank, which was kept in a colorless
and transparent state during the inoculation, which was
the lag phase of Microcystis aeruginosa FACHB-905.
Beginning August 3, we can see that the water inside the
culture tank begins to turn green and the transparency
decreases. August 5 to August 8, bubbles on the surface
of the water, the water began to become turbid and
viscous, and a stench was produced. From August 9-11,
the surface of the water was covered with a blue-green
algae foam, the surface was covered with a layer of oil
film, and small groups of Microcystis aeruginosa were
scattered on the surface. On August 12, the surface
foam decreased and the surface could see a larger
piece of Microcystis aeruginosa, with cyanobacteria
attached to the cylinder wall and bottom. On August
13 bubbles disappeared, we could see large blue-green
algae distribution in the surface and cylinder wall,
and the water was turbid and thick, emitting a stench.
August 14-15, large blue-green algae float on the surface
and the cylinder wall, cylinder wall and bottom of the
cylinder with cyanobacteria hanging film, the water
began to clear, and transparency increased. This stage
was the logarithmic growth phase of FACHB-905, and
was the most obvious bloom process of Microcystis
aeruginosa in this simulation experiment. August 16, a
large number of film-like clusters of algae gathered in

Fig. 3. Blooms of Microcystis aeruginosa FACHB-905 under best nutrient level.
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the cylinder wall around, water quality became clear.
August 17 to the end of experiment, the algae began to
hang on the cylinder wall and sink into the bottom of
the cylinder, the color of algae become from blue-green
to dark brown, the water yellowish but transparent. This
stage was the decline phase of Microcystis aeruginosa
FACHB-905.

In the simulation experiment we found that there
was no significant difference between the Microcystis
aeruginosa toxigenic FACHB-905 and non-toxigenic
FACHB-469 in the whole process of blooming. However,
Microcystis blooms did not appear in similar photos
from August 9 to August 15 at low nutrient levels (1/50
BGl11 and 1/100 BG11), but dead Microcystis acruginosa
can be seen in the cylinder after slightly yellowish
greenish water.

Changes of Protein Content in EPS of Microcystis
Aeruginosa under Different Nutrition Conditions

From the changes of protein content in layered EPS
of Microcystis aeruginosa FACHB-905 and FACHB-469
during the entire bloom period under different nutrient
levels (Fig. 4), we can see that the total protein content
of EPS in Microcystis aeruginosa FACHB-905 and
FACHB-469 cultured in pure BG11 medium has always
been increasing. From the initial to the final extraction,
the total amount of protein roughly doubled and did not
show the trend of increasing first and then decreasing
with the growth of algae. This is probably because the
nutrient-rich pure BGIl medium can always induce
the production of Microcystis aeruginosa EPS. In
addition, the protein content in stratified EPS continues
to increase, but it is clear that the proportion of protein
content in TB-EPS continues to decline throughout
the EPS. During the logarithmic growth of algae, the
proteins in EPS were uniformly distributed in the layers
of SL-EPS, LB-EPS and TB-EPS, and the protein
content of TB-EPS decreased significantly in the total
EPS, from 34% of the growth period to about 20%
during the decay period. This phenomenon may due
to the gradual release of proteins in the outer layer of
TB-EPS during the decay period due to the death of the
algae cells.

The total EPS of FACHB-905 and FACHB-469 in the
whole process of algal bloom increased first (logarithmic
growth phase) and then decreased (decline phase) at 1/5
and 1/10 BGI1 culture conditions, and FACHB-469
also shows an increase in protein content during the
relapse phase. It was obvious that during the outbreak
of the bloom, not only the proportion of protein but also
the contents in TB-EPS decreased continuously under
these two nutrient conditions. Microcystis aeruginosa
FACHB-905 downed from the initial 5.899 mg/L to
2.52 mg/L; FACHB-469 downed from the initial
5.019 mg/L to 2.126 mg/L, and began to experience
a relapsing phase increased to 3.006 mg /L, that is to
say, the content of protein in TB-EPS is reduced by
about half from the growth stage to the decay stage.
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This phenomenon may be attributed to the gradual
release of proteins in the outer layer of TB-EPS
into SL-EPS and LB-EPS during the decay period
due to the death of the algae cells. In addition, it can
be seen that FACHB-905 produced by Microcystis
aeruginosa cultured in 1/5 BGI1 had a higher content
of polysaccharide in EPS than 1/10 BGIl1, while
FACHB-469 of M. aeruginosa was the opposite, but
the algae growth was consistent. On the other hand, at
1/50 and 1/100 BGI11 culture conditions, Microcystis
aeruginosa was found to have a significantly lower
protein content in EPS at later growth stages than in
eutrophication (1/5 and 1/10 BG11) content.

In this study, we can see that Microcystis aeruginosa
can induce more EPS production during logarithmic
growth under natural simulated culture conditions.
This shows that Microcystis aeruginosa can regulate its
metabolism according to the growth conditions, and the
metabolism is more vigorous in the logarithmic phase.
Similarly, it was previously found that dissolved organic
carbon in algae cells is the most abundant in the stable
growth phase [17].

The Changes of Polysaccharides Content in EPS
of Microcystis Aeruginosa under Different
Nutrition Conditions

According to the changes of polysaccharide content
in layered EPS of Microcystis aeruginosa FACHB-905
and FACHB-469 during the entire bloom period
under different nutrient levels (Fig. 5), we can see: the
content of total polysaccharides in the FACHB-905 and
FACHB-469 showing an increasing (logarithmic growth
phase) and a decreasing (declining phase) in the whole
bloom process under different nutrition conditions,
and the growth of Microcystis aeruginosa FACHB-469
can also be seen as increased relapsing phase in pure
BGI11 and 1/5 BGI1 culture conditions, which showed
the same trend of consistency with the growth of algae.
The increase of total polysaccharide content in EPS was
mainly dominated by SL-EPS, but there was a slight
increase of polysaccharide content in LB-EPS during the
whole growth stage, while the content of polysaccharide
in TB-EPS showed no obvious change.

The content of polysaccharides in Microcystis
aeruginosa EPS is different from that of protein
(Fig. 5), and the content of polysaccharides remains at
the level of SL-EPS>LB-EPS>TB-EPS, indicating that
polysaccharides mainly exist in the outermost layer
of Microcystis aeruginosa EPS. On the other hand,
it was also found that the content of polysaccharides
in FACHB-905 and FACHB-469 layered EPS was
similar at low nutrient levels, with the total content
maintained at about 10-15 mg/L, while under high
nutritional level, EPS polysaccharide content up to about
100 mg/L, an increase of nearly 1.5 times the initial
state, indicated that high nutritional conditions can
induce Microcystis aeruginosa to produce more EPS
because the carbon fixation efficiency of microcystis was
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high under the condition of rich nitrogen, which resulted
in a large amount of synthesis of polysaccharides.
Comparing the relationship between polysaccharides
and proteins, we can find that the content of
polysaccharides in SL-EPS was always higher
than that in protein regardless of the growth stage
and nutrition level of algae, and the ratio of
polysaccharides/polysaccharides among FACHB-905
and FACHB-469 were different. Microcystis aeruginosa
FACHB-905 had a polysaccharide/protein ratio about
2.9-6.4 in SL-EPS, while FACHB-469 was slightly
lower at 1.5-2.7; the polysaccharide/protein ratio
of FACHB-905 in LB-EPS was about 1.5-4.7; and
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Microcystis aeruginosa FACHB-469 was about 1. In the
innermost TB-EPS, the polysaccharide/protein ratio of
FACHB-905 was about 1, while the FACHB-469 was
less than 1, which indicated that the protein content is
higher than polysaccharides instead. The polysaccharide/
protein ratio of FACHB-905 were all higher than
FACHB-469, and the phenomenon maybe associated
with toxic Microcystis aeruginosa. Qu et al. showed that
polysaccharide/protein ratio of Microcystis aeruginosa
EPS cultured in laboratory was about 1.25 [12]. The
experimental results showed that the EPS of Microcystis
aeruginosa was decreased from the outer layer to the
inner layer, the ratio of polysaccharide/protein was
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Fig. 6. Typical EEM contours of different EPS fractions under different nutritional conditions for Microcystis aeruginosa FACHB-905

and FACHB-469.
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gradually decreased, the outer layer of EPS was mainly
polysaccharide and the inner layer was protein, the ratio
of polysaccharide/protein in FACHB-469 was decreased
more than that of FACHB-905.

The conclusion of this experiment is contrary to the
conclusion of Xu’s report that in the laboratory culture
of Microcystis aeruginosa with BGll medium, the
content of protein and polysaccharide in SL-EPS and
LB-EPS continued to decline during the logarithmic
growth phase, and the decay period was significantly
increased. This may be because our experiment is
open outdoor simulation training experiments, closer
to natural conditions, while Xu’s experiments were in a
closed light incubator flask conical flask; experimental
conditions vary greatly.

Three-Dimensional Fluorescence Characteristics
of Microcystis Aeruginosa Layered EPS
under Different Nutrition Conditions

In this study, 300 three-dimensional fluorescence

spectra of stratified EPS were obtained from
the growth stages of Microcystis aeruginosa
FACHB-905 and FACHB-469 cultured under

different nutrient conditions. It can be seen from the
typical three-dimensional fluorescence spectrum that
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Microcystis aeruginosa FACHB-905 and FACHB-469
both present two fluorescent components in the
LB-EPS and TB-EPS layers throughout the growth
phase-Peak A (Ex/Em = 275-280/340 nm) and Peak
B (Ex/Em = 220-260/340 nm) (Fig. 6). Both peak A
and peak B were protein-like substances, and
according to previous studies, peak A can be further
classified as tryptophan. However, the fluorescence
components of FACHB-905 and FACHB-469 in
SL-EPS were different: In addition to the existence of
peak A, peak B two kinds of protein components, but
also appeared in the class of humic acid-like substance
of the fluorescence peak C (Ex/Em = 250/450 nm)
in Microcystis aeruginosa FACHB-469; FACHB-905
contains only one type of protein component of peak
A, and two other types of humic acid components,
namely peak C (Ex/Em = 250/450 nm) and peak D
(Ex/Em 340/430 nm). In the present study, the
positions of peak A and peak D show a certain blue
shift and red shift, respectively, compared with the
peak positions reported previously (proteins-like:
280-285/340-350 nm; humic acids-like: 330-340/420-
430 nm). Three-dimensional fluorescence results show
that all stratified EPS are detected in the protein-like
substances, while the humic acid-like substances were
mainly in the SL-EPS layer.
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Table 2. Pearson correlation between algae chl.a and fluorescent components of EPS produced by Microcystis aeruginosa FACHB-

905and FACHB-469.

Microcystis aeruginosa
EPS fractions Components FACHB-905 FACHB-469
R P R P

Peak A 0.901** 0.000 0.767** 0.010
SL-EPS Peak B/C -0.676 0.096 -0.276 0.441

Peak D -0.593 0.160 0.154 0.741

Peak A 0.462 0.179 0.286 0.423
LB-EPS

Peak B -0.344 0.330 -0.16 0.659

Peak A 0.902%* 0.000 0.917** 0.000
TB-EPS

Peak B 0.076 0.834 0.944** 0.000

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).

It is noteworthy that peaks C and D were observed
in the SL-EPS extracted during the growth of
Microcystis aeruginosa. Therefore, the late-growth
humic acid-like fluorescence peaks were likely due
to the death of algae cells and the decomposition
of macromolecular organisms such as proteins and
polysaccharides. In the meantime, it was also found
that different nutrient conditions affected the
fluorescence components of the outermost layer
SL-EPS of Microcystis aeruginosa FACHB-905 and
FACHB-469. Our study found that only two of the
fluorescein components of SL-EPS in Microcystis
aeruginosa, namely, peak A and peak B, humic
acid components did not appear at low nutrient levels.
This result was inconsistent with the reported low
nutritional level, which does not change the organic
composition of EPS by Xu [15], the reason may be that
the low nutrient level (1/50 or 1/100 BG11) used in this
experiment was much lower than that in the Xu’ study
(1/7 BG11).

Microcystis Aeruginosa EPS Composite
Fluorescence Components and the Correlation
Analysis of the Process of Water Bloom

Although fluorescence spectroscopy has long
been used for the characterization of EPS, it has not
yet been used to study the changes of algae EPS
fluorescence components during the whole growth of
Microcystis aeruginosa during bloom. According to the
layout scatter of fluorescence intensity in layered EPS
fluorescence peak about FACHB-905 and FACHB-469
with the chlorophyll-a in the process of bloom, and its
correlation with chlorophyll-a of Microcystis aeruginosa
(Fig. 7 and Table 2), here we take the measured values
of Microcystis aeruginosa cultured at the optimum
nutrient level as an example (FACHB-905 under 1/5
BGl1 nutrient condition; FACHB-469 under 1/10 BGl11
nutrient condition).

It can be seen that the fluorescence intensity of
fluorescence components in Microcystis aeruginosa
SL-EPS and TB-EPS was significantly higher than
that in LB-EPS (Fig. 7). For SL-EPS, the fluorescence
intensity of peak A was significantly higher than that
of peak B (C) and peak D. At the same time, it was
observed that the fluorescence intensity of peak A
increased with the increase of chlorophyll-a, and the
fluorescence intensity of FACHB-905 fluorescence
component in SL-EPS was higher than that of
FACHB-469. But no clear distribution pattern of
fluorescent components was observed in LB-EPS. For
TB-EPS, the fluorescence intensity of fluorescence
peak A in Microcystis aeruginosa FACHB-905
was greater than that of peak B, whereas that of
Microcystis aeruginosa FACHB-469 was the opposite.
It can also be seen that the fluorescence intensity
of peak A obviously increases with the increase of
chlorophyll-a, and a similar pattern can be seen in
peak B of FACHB-469, meanwhile, the fluorescence
intensity of the fluorescent component in FACHB-469
is higher than FACHB-905 in this layer EPS of
Microcystis aeruginosa.

It can be seen that the Pearson correlation
indicates that the chlorophyll a content of FACHB-905
and FACHB-469 of Microcystis aeruginosa was
significantly correlated with the partial fluorescence
of EPS (Table 2). There was a significant positive
correlation between chlorophyll-a content with the
fluorescence intensity of peak A (R>0.901, p<0.01) in
SL-EPS and peak A (R>0.902, p<0.01) in TB-EPS of
Microcystis aeruginosa FACHB-905 during the blooms
outbreak. These results indicated that there was a
significant correlation between tryptophan species in
the SL-EPS and TB-EPS of Microcystis aeruginosa
FACHB-905 and the outbreak of water bloom, which
can be used as the indicators of EPS fluorescence
response during the outbreak of Microcystis aeruginosa
bloom. The peak C and peak D of SL-EPS layer did not
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appear in the early stage, but the fluorescence intensity
of these were negatively correlated with the content of
chlorophyll-a during the period of algae decline after
bloom, which can show that the emergence of humic
substances in the SL-EPS of Microcystis aeruginosa
FACHB-905 may indicate that the algae were already in
decline after the outbreak of the bloom.

On the other hand, a similar situation can be
observed in the EPS of Microcystis aeruginosa
FACHB-469. There was a significant positive correlation
between chlorophyll-a content with the fluorescence
intensity of peak A (R>0.767, p<0.01) in SL-EPS and
peak A (R>0.912, p<0.01) in TB-EPS of Microcystis
aeruginosa FACHB-469 during the blooms outbreak.
Moreover, the fluorescence intensity of peak B in TB-
EPS was also positively correlated with the growth of
Microcystis aeruginosa (R>0.944, p<0.01), which was
different from that of FACHB-905.

Studies have shown that tryptophan had a high
absorption and digestion effect on UV light [25].
In addition, tryptophan was also a precursor of
Synthesis of UV-absorbed secondary metabolites such
as scytonemin [26]. The results of three-dimensional
fluorescence spectroscopy and statistical analysis
showed that the tryptophan substances in SL-EPS and
TB-EPS and the humic substances in SL-EPS were both
associated with the FACHB-905 and FACHB-469 algae
blooms.

Conclusions

FACHB-905 grew best under the conditions of
1/5 BGI1, while FACHB-469 grew best under 1/10
BGI1. The content of polysaccharides in Microcystis
aeruginosa FACHB-905 and FACHB-469-stratified EPS
always maintained at: SL-EPS>LB-EPS>TB-EPS at
different nutrient levels and different growth stages. The
polysaccharide/protein ratio decreased gradually from
the outer layer to the inner layer. The high nutritional
conditions can induce Microcystis acruginosa to produce
more extracellular polysaccharides, while low nutrient
conditions can affect the fluorescence components in
the SL-EPS of Microcystis aeruginosa. During the
bloom, the content of protein and polysaccharide of
Microcystis aeruginosa FACHB-905 and FACHB-469
in SL-EPS and LB-EPS continued to increase in the
logarithmic growth phase, but significantly decreased
in the decay phase. In the ecarly stage of growth, the
protein of Microcystis aeruginosa EPS was uniformly
distributed in the EPS of SL-EPS, LB-EPS and
TB-EPS; to the decay stage, the proportion of protein
in TB-EPS at the total EPS significantly decreased from
34% of the growth period dropped to about 20%, and
the content was also continuing to decline. There were
only two peak A and peak B fluorescence components
in SL-EPS of Microcystis aeruginosa during the whole
growing process under low nutrient level, in which the
humic acid component did not appear. The tryptophan-

like substances in SL-EPS and TB-EPS and humic
acid-like substances in SL-EPS have a great deal of
relevance with the process of Microcystis aeruginosa
blooms. The aromatic amino acid tryptophan in EPS
may play a major role in the bloom of Microcystis
aeruginosa. The presence of tryptophan in the EPS
may be an adaptation mechanism to avoid acute
cellular damage and the deleterious effects of long-term
UV radiation. This adaptation has great importance
to the aggregation, formation and maintenance of
cyanobacterial blooms on the surfaces of eutrophic
freshwater systems, which deserve our further study.
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