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a b s t r a c t

Cyanobacterial blooms cause potential risk to submerged macrophytes and biofilms in eutrophic envi-
ronments. This pilot-scale study investigated the growth, oxidative responses, and detoxification activity
of aquatic plants in response to cyanobacterial blooms under different phosphorus concentrations.
Variations of extracellular polymeric substances (EPSs) and microbial community composition were also
assessed. Results showed that the biomass of Vallisneria natans increased with exposure to cyano-
bacterial blooms at higher phosphorous concentrations (P > 0.2 mg L�1). The amount of microcystin
compounds (MC-LR) released into the water and the accumulation of MC-LR into both plant tissue and
biofilms changed according to the phosphorus concentration. Furthermore, a certain degree of oxidative
stress was induced in the plants, as evidenced by increased activity of superoxide dismutase, catalase,
and peroxidase, as well as increased malondialdehyde concentrations; significant differences were also
seen in acid phosphatase and glutathione S-transferase activities, as well as in glutathione concentra-
tions. Together, these responses indicate potential mechanisms of MC-LR detoxification. Broader a-D-
glucopyranose polysaccharides (PS) increased with increasing phosphorous and aggregated into clusters
in biofilm EPS in response to the cyanobacterial blooms. In addition, alterations were seen in the
abundance and structure of the microbial communities present in exposed biofilms. These results
demonstrate that cyanobacterial blooms under different concentrations of phosphorus can induce dif-
ferential responses, which can have a significant impact on aquatic ecosystems.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Eutrophication is one of the serious issues facing global fresh-
water ecosystems, and results in the deterioration of lake and river
environments (Smith and Schindler, 2009; Zhao et al., 2015). The
frequency of cyanobacterial bloom outbreaks is one of the key
consequences of eutrophication, representing a significant threat to
both aquatic ecosystems and population health (Kumar et al., 2018).
Phosphorus content in eutrophic water plays a vital role in the
outbreak of cyanobacterial blooms, leading to low light environ-
ments and the production of harmful allelochemicals which results
in species reduction and ecological deterioration (Xu et al., 2015).
Increases in phosphorus at the sediment-water interface may in-
fluence the initiation of cyanobacterial blooms in lakes (Carey et al.,
2009). During a cyanobacterial bloom, an undesirable smell is
generated alongside a range of toxic compounds (Yin et al., 2005);
).
among toxic compounds, microcystins (MCs) are the most common
cyanotoxins of great ecological concern (Jiang et al., 2011). Con-
trolling eutrophication and mitigating cyanobacteria is therefore
necessary to help to prevent and control water pollution.

In recent years, cyanobacterial blooms frequently occurred in
many large lakes and reservoirs in China, especially in Lake Taihu
(Hu et al., 2016). Submerged macrophytes are an important part of
the aquatic ecosystem and play a vital role in the purification of
eutrophic water during cyanotoxin blooms (Wiegand and
Pflugmacher, 2005). Despite this, the adverse aquatic environ-
ment generated by these blooms also has harmful effects on these
plants. Previous studies confirmed that MCs released in water can
directly contact plants and inhibit their growth rate and germina-
tion, and can trigger oxidative stress by promoting the release of
reactive oxygen species (ROS) (Leflaive and Ten-Hage, 2007). MC-
LR has been demonstrated to be taken up by Ceratophyllum
demersum, Elodea canadensis, Vesicularia dubyana, and Vallisneria
natans, influencing their germination, development, and photo-
synthesis (Pflugmacher, 2002, 2004; Pflugmacher et al., 1998). Due
to themany negative impacts that it can have, investigation into the
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effects of MC-LR on aquatic plants is crucial for understanding
eutrophic aquatic ecosystem restoration. In addition, as phospho-
rous is critical to eutrophication and is closely related to cyano-
bacterial blooms, its influences on cyanobacterial toxicity are of
importance; however, studies on the effects of cyanobacterial
blooms on submerged macrophytes in terms of the influence of
phosphorus concentration are rare.

In natural aquatic ecosystems, biofilms comprised of complex
microbial communities are formed on the natural substrates of
submergedmacrophytes; these biofilm communities can cooperate
with the plants to regulate aquatic ecological functions and aid in
survival (Zhao et al., 2018). Previous studies have shown that bio-
films play vital roles in the food chain, in modulating nutrient cy-
cles, and in eutrophic water restoration (Liu et al., 2016). In
particular, the biofilms of submerged macrophytes are regarded as
the front line for interactions between pollutants and plant tissues;
periphytic biofilms play an especially critical role in phosphorous
cycling in aquatic environments due to their high affinity for
phosphorus (Drake et al., 2012). Because of their importance, it is
necessary to investigate the changes that occur in biofilms in
response to cyanobacterial blooms under different phosphorus
loadings.

As an important microbial aggregate in the aquatic system,
biofilms have complicated structures containing an abundance of
cells; these structures are primarily constructed with a matrix of
extracellular polymeric substances (EPS) (Flemming and
Wingender, 2010). As the primary materials composing EPS, poly-
saccharides (PS), proteins, and other macromolecules have the
ability to sustain the biofilm mechanical stability. Cyanobacterial
blooms in eutrophic lakes can induce adverse effects on biofilms,
and interactions under different P loadings can induce complex
changes in the biofilms which also alter the physicochemical
characteristics of the associated EPS (Shrout and Nerenberg, 2012).

This pilot-scale study aimed to comprehensively investigate the
effects of cyanobacterial blooms on Vallisneria natans and on bio-
films at different phosphorus concentrations. Specifically, plant
growth and antioxidant system metabolites were examined, and
the contents of MC-LR in plants and biofilms as well as their
detoxification metabolites were studied. EPS spatial distribution
and microbial properties were also examined in biofilms, in order
to better understand the potential impacts the bloomsmay have on
eutrophic environments.

2. Materials and methods

2.1. Cultivation of V. natans and set up of pilot-scale system

V. natans plants were purchased from the Tiancun Horticultural
Company (Shanghai, China) and grown in a 1/10 Hoagland solution.
All plants were cultivated for 7 days, after which green and healthy
plants were selected and cleaned prior to subsequent experiments.
A total of 30.0 g of fresh weight (FW) plants were cultivated in a
pond with 800 L water and 50 mm of silica sand (ADA aqua soil,
Aqua Design Amano Company, Japan). Each pond covered 1 m2

(1.0 m length x 1.0 m width x 1.0 m high) with a volume of 1 m3.
Water was obtained from Lake Taihu (location coordinates:120.1,
31.5, China) which contained the cyanobacterial population. Before
the experiment, all treatments were standardized to contain
1.92 � 108 cyanobacterial cells L�1. The range of cyanobacterial cell
densities throughout the experiment was measured to be 1.92-
5.69 � 108 cyanobacterial cells L�1. Phosphorus stock solutions
were added to different containers to maintain constant concen-
trations of 0, 0.05, 0.10, 0.20, 0.50 and 1.00 mg L�1 for 30 days. All
containers were placed near the lake to keep the same environment
as the lake water. All of the experiments took place during summer
(with a mean monthly air temperature of 20e30 �C). Each treat-
ment was performed in triplicate. Water samples in containers
were collected for MC-LR analysis. Plants were also sampled at 0,
10, and 30 days to assess their biomass as well as concentrations of
some chemicals and analysis of enzyme activity. Periphyton bio-
films were collected to analyze microbial community composition
at the end of the experiment.

2.2. Plant growth, enzyme activity, and metabolite assays

To analyze the growth of V. natans, the fresh weights (FW) along
with shoots and root length of samples were tested after 30 days,
and biomass was calculated using plant density (g FW m�2). To
assess the enzyme activity of V. natans, 1.0 g FW plants were frozen
with liquid nitrogen and then ground with 10 mL 0.1 mol L�1

phosphate buffer (PBS, pH 7.0). The resulting homogenate was
centrifuged at 10,000�g at 4 �C for 20 min to collect supernatants.
The activities of superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT), acid phosphatase (ACP), and glutathione S-trans-
ferase (GST) were tested from supernatants following the manu-
facturer’s instructions from the respective commercialized
chemical assay kits (Nanjing Jiancheng Bioengineering Institute,
China), along with the malondialdehyde (MDA) and glutathione
(GSH) content.

2.3. MC-LR analysis

To determineMC-LR content, a 10mLwater samplewas vacuum
filtered through microfiber filters (42 mm, 0.45 m, Whatman, En-
gland) for further analysis. To test the MC-LR concentration in both
plants and biofilms, 1.0 g (FW) plant sample with biofilm material
was frozen, crushed, and blended with 10 mL 0.1 mol L�1 PBS (pH
7.0). After centrifuging the homogenate (4000�g for 20 min), the
supernatant was collected and filtered through a glass-fiber filter
(0.45 m) (Kumar et al., 2018). The contents were tested for MC-LR
using an MC-LR enzyme-linked immunosorbent assay (ELISA) kit
(Mlbio Company, China). All processing operations were performed
at 4 �C and each sample was analyzed in triplicate.

2.4. Multiple fluorescent staining

Confocal laser scanning microscopy (CLSM) and multiple fluo-
rescent staining were used to visualize the spatial distribution of
protein as well as both a- and b-D-glucopyranose PS in biofilms and
leaves. After 30 days, the plant leaves with biofilms were collected
and fixed with 2.5% glutaraldehyde for 24 h in a dark environment.
All samples were then stained with 50 mL of 1 g L�1

fluorescein-
isothiocyanate (FITC) (Sigma, St. Louis, MO, USA) for 1 h at room
temperature, followed by the addition 100 mL of 250 mg L�1

concanavalin A (Con A) (Sigma) for 30min; Following this, 100 mL of
300 mg L�1 calcofluor white (CW) (Sigma) was added and samples
were incubated for another 30 min. Samples were then washed
with PBS to remove excess stain. Finally, a CLSM (LEICA SP8, Ger-
many) was used to observe the internal structure of stained sam-
ples. The excitation/emission wavelengths that were used to
observe FITC, Con A, and CW were 488/520 (green), 552/580 (red),
and 405/435 nm (blue), respectively (Adav et al., 2010; Chen et al.,
2007).

2.5. Microbe examination

At the end of the experiment, 1.0 g FW samples (leaves with
biofilms) were harvested and kept in 20 mL 0.1 mol L�1 PBS solu-
tion. The mixture was ultrasonicated for 1 min to obtain suspen-
sions containing the microbes from the biofilms. The suspensions
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Fig. 1. Changes of the biomass (a), shoot length (b) and root length (c) of Vallisneria
natans leaves in the experimental period.
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were shaken for 5 min at room temperature and centrifuged at
10,000�g for 5 min. Sediments were collected and stored at �80 �C
for further DNA isolation and examination. The E.Z.N.A. Soil DNA Kit
(Omega, D5625-01, USA) was used for extraction of microbial DNA,
and high-throughput sequencing was conducted by Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China) on an Illumina
MiSeq platform. After obtaining results, the sequences were
analyzed to obtain the diversity of microbial communities and
identification of microbial species. The bacterial community
structure and abundance of biofilms on V. natans leaves were
assessed using the online platform Majorbio I-Sanger Cloud Plat-
form (www.i-sanger.com).

2.6. Statistical analysis

GraphPad Prism software was used to process all data, while
data was analyzed using SPSS software (Version 22.0, SPSS Inc.,
Chicago, IL, USA). Comparisons between different samples were
performed by two-way analysis of variance (ANOVA) and signifi-
cant differences were determined by LSD (Least Significant Differ-
ence) tests. Each experiment was performed in triplicate and
statistical significance was determined at p < 0.05. Redundancy
analysis (RDA) was performed using CANOCO 5.0 software (Ithaca,
NY, USA) to determine the relationships between antioxidant
biochemical responses and environmental parameters.

3. Results and discussion

3.1. Plant growth

The effects of different phosphorus concentrations on the
growth of V. natans were shown in Fig. 1. Higher phosphorus con-
centrations (P > 0.2 mg L�1) promoted plant growth when
compared with the control group, though biomass decreased with
increasing concentrations of phosphorus (P > 0.2 mg L�1). The
highest biomass and shoot length was observed at 0.2 mg L�1 P,
indicating that V. natans can growth well at this concentration
(Fig. 1b). Previous studies have demonstrated that submerged
macrophytes could absorbed the phosphorus through both roots
and shoots (Rattray et al., 1991); low concentration of nutrients
promoted the accumulation of V. natans biomass while higher
nutrient concentrations had the opposite effects (Wen et al., 2008).
In addition, a related study has confirmed that submerged macro-
phytes grow better when phosphorous concentrations were less
than 0.2 mg L�1. When the TP concentration was greater than
0.4 mg L�1, submerged plants suffered more stress and growth
inhibition, with increasing stress correlating with increasing con-
centrations of phosphorus (Tang, 2019). In this study, it was found
that a low content of phosphorous promoted the accumulation of
biomass, as longer root length was observed in control group,
where V. natans generated longer roots to absorb more nutrients.
This lower biomass also makes sense in terms of cyanobacterial
enrichment, as higher phosphorous would result in an increase of
cyanobacterial blooms, decreasing the growth of V. natans due to
the presence of secondary metabolites from the cyanobacteria
(Przytulska et al., 2017; Wang et al., 2017).

3.2. Oxidative response

After one month, the oxidative stress response of V. natans to
cyanobacterial blooms was investigated under different phos-
phorus concentrations (Fig. 2). As the final product of lipid perox-
idation, MDA content is positively correlated with the content of
ROS (Chao et al., 2008). Two-way ANOVA indicated that there was
no significant interaction with MDA across the different
phosphorus treatments after 10 days (Fig. 2a). At the end of the
experiment (day 30), the MDA content of plants under low phos-
phorous conditions increased in comparison to the control; at
higher phosphorous concentrations (P > 0.5 mg L�1), MDA content
decreased in comparison to the control. The highest MDA content
was observed at P ¼ 0.1 mg L�1. A low concentration of P is bene-
ficial to the growth of plants and algae, and previous study also
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Fig. 2. The change of MDA content (a) and antioxidant system (bed) of V. natans leaves. Data are means ± standard deviation analyzed from three replicates. Different letters (aej)
indicate significant difference (p < 0.05). D0: Day 10, D10: Day 10, D30: Day 30.
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confirmed the 0.1mg L�1 P was suitable for algae grown (V.H. Smith
et al., 1999). Meanwhile, more MCLR which released from the more
algae will enters the plant cell with the low concentration P
treatment (Fig. 3b) and caused more oxidative stress (increased
MDA in Fig. 2). At higher phosphorus concentrations
(P > 0.2 mg L�1), MCLR content decreased in plant (Fig. 3b). Tang
(2019) also confirmed the P became a plant stress factor, as well
as the MCLR. Previous study has confirmed that the plants will
absorb MC and subsequently develop an antioxidant system when
the MC-LR > 1.09 ng g�1 of plant tissue (Jiang et al., 2011). There-
fore, we assumed the increased MDA content caused by MC which
absorbed by plant in cyanobacterial blooms, and the variations in
MDA level also weakly negative related to different phosphorous
conditions (Fig. 3c). Previous studies have also shown that the
production of superoxide was significantly increased in plants
exposed to MC (Jiang et al., 2011). This result indicates that oxida-
tive stress occurred in V. natans during exposure to cyanobacterial
blooms; this correlates with previous research indicating there is a
close relationship between cyanobacterial bloom outbreaks and
phosphorus concentration (Zhu et al., 2008).

During the experiment, SOD activity of plants treated with
phosphorus were higher than control group, with the highest value
observed at P ¼ 0.1 mg L�1 in the 10 day samples (Fig. 2b). At the
end of the treatment, the values of SOD increased with enhanced
phosphorus concentration, but then decreased at 1.00 mg P L�1. A
similar trend was observed with POD activity when compared to
the control group (Fig. 2c); the highest values were also seen at
0.1 mg P L�1 in 10 day and 30 day samples, which were also
significantly higher than initial measurements. No notable changes
were observed in CAT activity with low P exposure (P < 0.2 mg L�1),
however higher CAT activity was seen in plants under higher P
concentration exposure (Fig. 2d). An abundance of reports show
that reactive oxygen species (ROS) are induced in plants in response
to adverse environments stress, and that CAT, SOD, and POD en-
zymes play a vital role in ROS scavenging to preventing oxidative
damage to cells (Fridovich, 2013; Gueta-Dahan et al., 1997). It is
therefore reasonable to assume that CAT, POD, and SODmay also be
involved in the protective process against oxidative stress induced
by MC-LR generated from the cyanobacteria in eutrophic lakes
(Wang and Wang, 2018). Overall, these results demonstrate that
cyanobacterial blooms with different phosphorus loadings cause a
certain degree of oxidative stress on V. natans.

3.3. Uptake of MC-LR by V. natans and the detoxification pathway

To investigate the effects of cyanobacterial blooms on sub-
merged macrophytes under different phosphorus loadings, the
content of MC-LR in water along with the amount accumulated in
leaves and biofilms were tested (Fig. 3). MC-LR is the toxin most
frequently produced by freshwater cyanobacteria. The amounts of
MC-LR released to the aquatic environment from the cyanobacteria
were sustained during the 30 day period. After 10 days of treat-
ment, the content of MC-LR significantly increased in the water
(Fig. 3a); the highest value was observed at 1.0 mg P L�1, while no
significant difference was seen under other treatment conditions.
At the end of the experiment, there were no significant differences



Fig. 3. The content of MC-LR in water body (a), plant leaves and biofilms (b) during 30
days and redundancy analysis (RDA) diagram of the relation between antioxidant
biochemical responses and environmental parameters (c). Different letters (aei)
indicate significant difference (p < 0.05). D0: Day 10, D10: Day 10, D30: Day 30. P:
phosphorus concentration, MCLR-P: MCLR in leaves.
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observed between the various P treatments. Previous studies have
shown that submerged macrophytes could allelopathically be
affected by cyanobacteria extracts and excreted compounds during
the exponential and decline phase (Xu et al., 2015; Zheng et al.,
2013). In addition, Fig. 3b shows that the maximum uptake of
MCLR after 30 days was 5.68 ng g�1 FW in plant tissue and biofilms
when exposed to 0.20 mg L�1 phosphorus treatment. The final
levels of MCLR in plants were higher than that measured after 10
days, indicating the plants were taking up MC-LR throughout the
full treatment period. Besides, RDA analysis results showed that
different environmental parameters were positively or negatively
correlated with the MDA content and antioxidant enzyme in
different treatment (Fig. 3c). Generally, the phosphorus content
correlated weakly negatively with MDA content and POD activities
with the slightly obtuse angle. Meanwhile, the MC-LR in plants
correlated positively with antioxidant enzyme and MDA content
particularly. However, the angle between MCLR in plants and
phosphorus content is close to the right angle, whichmeans weakly
relationship. Previous studies have shown that MC-LR can be taken
up by aquatic plants, but that concentrations absorbed reached a
plateau after 14 days (Jiang et al., 2011); phosphorus enrichment of
water has also been shown to promote the release of cyanobacterial
pigments (Przytulska et al.). The results of this experiment indicate
that the released MC-LR from the cyanobacterial bloom changed
under different phosphorus concentrations, and that its accumu-
lation in plant tissue was weakly related to the phosphorus con-
centration in the surrounding aquatic environment.

As shown in Fig. 4a, the activity of acid phosphatase was
decreased under exposure to different phosphorus concentrations
during 30 days of treatment. The ACP activity gradually increased in
the lower phosphorus treatments, but decreased at higher phos-
phorus concentrations. Phosphorus absorption by many plants in-
volves enhanced expression and secretion of ACP (Miller et al.,
2001). Previous studies have reported that the activity of ACP in
plants was significantly increased by low phosphorus treatment,
but inhibited by high phosphorus (Weiwei Wang and Zhao., 2017;
Zhang, 2014). This study confirmed that the submerged macro-
phytes show a similar pattern of ACP activity in response to
different phosphorus treatments. The potential detoxification
mechanisms of MC-LR in plant leaves are presented in Fig. 4b.
Significant differences in GST activity and GSH concentrations of
plant tissuewere observedwhen exposed to cyanobacterial blooms
with different phosphorus loadings; higher GSH content was
observed at 0.1 and 0.2 mg P L�1 when tissue was examined at the
end of the experiment. Higher amounts of MC-LR accumulation in
plant tissue was also observed under these treatment conditions
(Fig. 3b). A specific amount of MC-LR can be removed by enzymatic
conjugation to GSH though the GST system in plant cells(P-
flugmacher, 2002). Following this, the GSH conjugate in the
cytosol is removed to the vacuole by special proteins for storage and
further processing (Coleman et al., 1997). The initial increase of GSH
concentration observed in this experiment was likely due to the
GSH generation induced by low MC-LR content uptake, which
decreased later with the formation of the glutathione conjugate
(Jiang et al., 2011; Stephan et al., 2007; Stüven and Pflugmacher,
2007).

3.4. EPS characteristics and microbial properties in biofilms

3.4.1. EPS characteristics
To visualize the varied properties of key organic compounds in

biofilms as they responded to cyanobacterial blooms at different
phosphorus concentrations, the triple staining CLSM techniquewas
used, and the protein, a-, and b-D-glucopyranose polysaccharides
(PS) in biofilms from each treatment condition were observed. As



Fig. 4. The change of ACP activity (a), GSH concentrations (b) and GST activity (c) of
V. natans leaves. Data are means ± standard deviation analyzed from three replicates.
Different letters (aef) indicate significant difference (p < 0.05). D0: Day 10, D10: Day
10, D30: Day 30.

Q. Li et al. / Environmental Pollution 265 (2020) 1149966
shown in Fig. 5, the a-D-glucopyranose PS (red) was the dominant
compound, and aggregated into clusters in the biofilms. Higher
amounts of a-D-glucopyranose PS were found with increasing
concentrations of phosphorus. Little b-D-glucopyranose PS (blue)
was found with phosphorus treatment (Fig. 5d), and the highest
density of a-D-glucopyranose PS and b-D-glucopyranose PS was
observed in the highest concentration of phosphorus. Although the
a- and b-D-glucopyranose PS were non-homogeneously distrib-
uted across the depth of the biofilms, PS plays an important role in
keeping the structural integrity of the biofilm matrix (Lux et al.,
2005). Previous research has also shown a broader distribution of
a-D-glucopyranose polysaccharides (PS), and demonstrated that
increased production and broader distribution of b-D-glucopyr-
anose PS can create a formidable shield in response to exposure to
harmful chemicals (Wang et al., 2018). Thus, alteration in the
functional characteristics and spatial structure of biofilms are vital
indicators for the response of biofilms to the presence of cyano-
bacterial blooms with different phosphorus concentrations.
3.4.2. Microbial properties in biofilms
To further investigate the response of the microbial community

in the biofilms to differential phosphorous concentrations, the
abundances and structures of leaf biofilms were examined using
16 S rRNA sequencing (Fig. 5). Proteobacteria, Cyanobacteria, Bac-
teroidetes, and Acidobacteriawere the dominant phyla identified in
all samples (Fig. 5c), and all have previously been reported to be
present in leaf biofilms of aquatic plants (Gong et al., 2018). Pre-
vious reports showed that Proteobacteria were the dominant mi-
croorganisms observed in shallow lake biofilms, and that these
bacteria are widely distributed (Liu et al., 2009). These predomi-
nant species contributed to the stability of biofilms with their
metabolic functions and EPS secretions (Lv et al., 2014). A genus of
Proteobacteria, Rhodocyclus, is able to perform polyphosphate
accumulation in aquatic environments(Carr et al., 2003). In order to
further determine the community structure in the biofilms, further
analysis of microbial community compositionwas performed at the
genus level (Fig. 6a). Here, hierarchical clustering analysis indicated
that the cyanobacteria blooms with different phosphorus concen-
trations changed the structure of the microbial community of the
biofilms, and different phosphorous treatments affected the
epiphytic microbial diversity. Previous study has indicated that
cyanobacterial blooms in the decline phase can release a higher
amount of MC-LR, which exerts notable change in the microbial
diversity of biofilms (Li et al., 2019). Venn diagrams presenting the
distribution of operational taxonomic units (OTU) in biofilms, are
used to show the common and unique microbial community
members between different samples (Schloss et al., 2013). As
shown in Fig. 6b, the unique OTUs found in the different treatments
were 625 (P1), 1163 (P2), 1213 (P3), 1547 (P4), 1278 (P5) and 639
(P6), indicating that different phosphorus concentrations had
notable effects on altering the microbial diversity of biofilms in
water containing cyanobacterial blooms.
4. Conclusions

This pilot-scale experiment investigated the effects of cyano-
bacterial blooms on submerged macrophytes and biofilms under
different phosphorus concentrations. Results demonstrate that
V. natans growth was differentially affected by the cyanobacterial
blooms under different phosphorus conditions. A certain degree of
oxidative stress was found to be induced in V. natans, as indicated
by increased activities of CAT, SOD, POD, as well as increased MDA
concentrations. Furthermore, this study found that the amount of
MC-LR released by the cyanobacterial blooms changed under
different phosphorus concentrations, and that its accumulation in
plant tissue was weakly related to the phosphorus concentration in
the surrounding aquatic environment. Significant differences in
GST activity and GSH concentrations in the plants were observed,
indicating the potential detoxification mechanisms of MC-LR in
plant leaves and biofilms. Moreover, larger changes occurred in EPS
spatial distribution in response to cyanobacterial blooms under
increased phosphorous concentrations, where increased amounts
of a-D-glucopyranose PS were observed. Alteration of the abun-
dances and structure of the microbial community in the biofilms



Fig. 5. Effects of phosphorus content on EPS spatial distribution in biofilms. The left column is the 3-D projection, and the right side represents the 2-D images of the top layer in
each sample (a: control group; b: 0.05 mg L�1; c: 0.1 mg L�1; d: 0.2 mg L�1; e: 0.5 mg L�1 and f: 1.0 mg L�1). Biofilms were stained with FITC (proteins in green), Con A (a-D-
glucopyranose polysaccharides in red) and CW (b-D-glucopyranose polysaccharides in blue). The bar in the 2-D images is 100 mm long. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Microbial community analysis: (a) heat-map of the different samples at the genus level, (b) Venn diagram of distribution of OTUs in different samples and (c) Bar chart of the
different samples at the phylum level in different samples. P1: control group; P2: biofilms in phosphorus with concentration 0.05 mg L-1; P3: 0.1 mg L-1; P4: 0.2 mg L-1; P5: 0.5 mg
L-1 and P6: 1.0 mg L-1.
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were also seen to differ based on the concentration of phosphorous
present. These results provide valuable information on the
ecological effects of cyanobacterial blooms on submerged macro-
phytes and periphyton biofilms under different phosphorus
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concentrations.
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