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Decaying cyanobacterial blooms carry a potential risk for submerged macrophyte and periphyton biofilms
in aquatic environments. This study comprehensively studied the responses in growth, oxidative response,
detoxification pathway, and ultrastructure characteristics of aquatic plants to Microcystis aeruginosa (M.
aeruginosa) exudates and extracts released during the decline phase. Particular emphasis was placed on
the variation of extracellular polymeric substances (EPS) and quorum-sensing signaling molecules. The
results showed that superoxide dismutase, peroxidase, and glutathione S-transferase were significantly
induced as antioxidant response, and the malondialdehyde content increased. Increased content of MC-
LR (1.129 lg L�1) and NH4

+-N (1.35 mg L�1) were found in the decline phase ofM. aeruginosa, which played
a vital role in the damage to submerged plants. In addition, a change in the amount of osmiophilic granules
and a variation of organelles and membranes was observed. A broad distribution of a-D-glucopyranose
polysaccharides was dominant and aggregated into clusters in biofilm EPS in response to exposure to
decaying M. aeruginosa. Furthermore, exposure to exudates and extracts changed the abundance and
structure of themicrobial biofilm community. Increased contents of N-acylated-L-homoserine lactone sig-
nal molecule might result in a variation of biofilm EPS production in response to decaying M. aeruginosa.
These results expand the understanding of how submerged macrophyte and periphyton biofilms respond
to environmental stress caused by exudates and extracts of decaying M. aeruginosa.
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1. Introduction

Excessive nitrogen and phosphorus emissions are a widespread
problem and cause the eutrophication of surface water, which
accelerates the outbreak of cyanobacterial blooms in lakes and
reservoirs (Yang et al., 2016). Cyanobacterial blooms emerge fre-
quently due to intensive agriculture and dense population around
the lakes of China (Wu et al., 2008). These blooms not only disrupt
the aquatic ecosystem, but also pollute the drinking water with
undesirable smells and toxins (Neilan et al., 2013; Zhang et al.,
2011). Among the bloom-forming cyanobacteria, M. aeruginosa is
one of the most common and harmful species (Yamaguchi et al.,
2018). A range of toxic compounds are produced and released in
water during the cyanobacterial bloom (Yin et al., 2005). Micro-
cystins (MCs) are secondary metabolites that are generated by
bloom-forming cyanobacteria and are released during the degrada-
tion of blooms. Furthermore, the degradation of blooms causes a
high ammonia concentration, which remains in the water for sev-
eral days (Lahti et al., 1997). Both of these toxic materials harm
public health and basic ecological processes (Zhao et al., 2016).

Submerged macrophytes play various roles in aquatic ecosys-
tems and are known to purify eutrophic water (Kosten et al.,
2009). Vallisneria natans (V. natans) is a common perennial fresh-
water plant that tolerates eutrophic water (Qiu et al., 2002). In a
eutrophic environment, MCs from cyanobacterial blooms can
directly contact aquatic plants and exert a negative ecological
impact on these (Yin et al., 2005). As the most common and toxic
MCs, MC-LR has been confirmed to trigger the oxidative stress
response and to change to ultrastructure of mesophyll cells (Jiang
et al., 2011). The interaction of cyanobacteria with submerged
macrophytes in eutrophic lakes has prompted widespread research
interest. A previous study investigated the effects of cyanobacteria
exudates on plant seeding during both the exponential and decline
phase (Xu et al., 2016). Furthermore, cyanobacteria extracts and
exudes in the exponential phase were also compared, and notably,
allelopathic effects of M. aeruginosa exudates were observed
(Zheng et al., 2013). However, the effect of extracts and exudes
of cyanobacteria in the decline phase on submerged macrophytes
have not been investigated to date. Further research is indispens-
able to illuminate the migration and detoxification mechanism of
pollutants in plants and to better understand the environment of
plants during algal blooms.

Submerged macrophytes can provide natural substrates to form
biofilms or periphytons, which comprise complex microbial com-
munities (Zhao et al., 2018). These periphytons and biofilms can
be observed in almost all lakes globally, and they cooperate with
submerged macrophytes to modulate aquatic ecological functions.
They play vital and positive roles in the food chain, in modulating
nutrient cycles, and in improving water quality (Liu et al., 2016;
Yang et al., 2018). Therefore, investigating the effects of substances
released by cyanobacterial blooms on biofilms in lakes is very
important. In particular, the biofilms on aquatic plants (i.e., a syn-
trophic consortium of microorganisms that are attached to the
plant surface) are considered as the frontline of the interactions
between cyanobacteria and submerged macrophytes. However,
the effects of exudates and extracts of declining cyanobacteria
blooms on these biofilms have not been investigated.

As a considerable microbial aggregate in the aquatic system,
biofilms have complicated structures to implant an abundance of
cells, which are constructed by a matrix of extracellular polymeric
substances (EPS) (Flemming and Wingender, 2010). Polysaccha-
rides (PS), proteins, and other macromolecules are dominate chem-
icals in EPSs, which can maintain the mechanical stability of
biofilms. However, interactions with substances of harmful algae
triggers complex variations in the biofilms (Jiang et al., 2019),
which also change the physicochemical characteristics of EPS.
Moreover, quorum-sensing (QS) signaling molecules generated
by a number of bacteria play a vital role in the cell-to-cell commu-
nication within microbial communities, and they also alter biofilm
formation and function (Shrout and Nerenberg, 2012). Accordingly,
this study assumed that QS signaling might be affected by
cyanobacterial blooms, and the resulting EPS production will
change microbial communities through the influence of QS signal-
ing in biofilms. However, the potential variation of EPS and QS sig-
naling in biofilms in the presence of cyanobacterial blooms have
not been described to date.

This study aimed to comprehensively explain the responses of
submerged macrophytes and leaf-biofilm to exposure to decaying
cyanobacterial blooms. The present work specifically investigated:
(1) the growth and oxidative response of V. natans in response to
the addition of extracts and exudates of different phases of M.
aeruginosa bloom; (2) the contents of MC-LR and ammonium in
exposure treatment and their detoxification pathway in plants;
(3) the structural characteristics of plant cells and EPSs in biofilms
in response to exposure treatment; and (4) the variation of micro-
bial properties as well as the QS signaling response via NAcylated-
L-homoserine lactones (AHLs) in biofilms in response to exposure
to decaying cyanobacteria.

2. Materials and methods

2.1. Cultivation of plants and M. aeruginosa

V. natans were obtained from the Tiancun Horticultural Com-
pany (Shanghai, China) and were cultivated in 1/10 Hoagland solu-
tion. The plants were cultivated with a light intensity in the plant
growth chamber of 90 lmol m�2 s�1, at 25 �C during daylight and
at 15 �C overnight. All plants were cultivated for 7 days. After that,
mature plants were cleaned with deionized water prior to subse-
quent experiments.

M. aeruginosa (FACHB-912) originated from Lake Taihu and was
obtained from the Freshwater Algae Culture Collection of the Insti-
tute of Hydrobiology at the Chinese Academy of Sciences (FACHB,
Wuhan, China). The strain was kept in 500 mL of Modified BG11
medium (Ji et al., 2019) with a light intensity of 80 lmol m�2 s�1

in a 12:12 h light:dark cycle at 25 ± 2 �C and 80% relative humidity.
The growth of M. aeruginosa was measured every other day by
counting the cell density with an automatic algae counter (Count-
star� BioMarine, ALIT Life Science, China). The decline phase of M.
aeruginosa cultures was obtained after four weeks at a concentra-
tion of 3.92 � 107 cells mL�1, and the exponential phase was
obtained at two weeks at a concentration of 4.16 � 107 cells mL�1.
To obtain exudates and extracts, M. aeruginosa cultures were cen-
trifuged at 6000 �g for 15 min, the supernatant was filtered
through a glass-fiber filter (0.45 lm) and was used as exudate.
The precipitate (cells) was mixed with 30 mL water, then repeat-
edly frozen (�80 �C) and thawed (20 �C) three times to destroy cell
walls and membranes. After centrifugation at 6000 �g for 15 min,
the supernatant was filtered through a glass-fiber filter (0.45 lm)
and used as extract (Zheng et al., 2013).

2.2. Experimental design

V. natans plants with 3.0 g fresh weight (FW) were cultivated in
a 5 L plexiglass container with 3 L of 1/5 modified BG11 medium
and 50 mm silica sand (ADA aqua soil, Aqua Design Amano Com-
pany, Japan). Exudates and extracts of M. aeruginosa at different
growth phases were added to each experiment, and were diluted
to achieve the same concentration culture (1.0 � 106 cells mL�1)
for both exudates and extracts. Thus, there were five different
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groups: (1) grown in modified BG11 medium (Control, CT); (2)
grown with addition ofM. aeruginosa exudates in the decline phase
(DU); (3) grown with addition of M. aeruginosa extract in the
decline phase (DC); (4) grown with addition of M. aeruginosa exu-
dates in the exponential phase (EU); (5) grown with addition of M.
aeruginosa extract in the exponential phase (EC). The experiment
lasted for 14 days because the biofilm formed rapidly and
remained stable within 10 days (Zhang et al., 2010). The culture
conditions were 25 ± 2 �C with a 16:8 light:dark cycle and a light
intensity of 80 lmol m�2 s�1. Distilled water was added daily to
replenish evaporated water. Each treatment was performed in
triplicate.

2.3. Plant growth, enzyme activity, and metabolite determination

To assess the growth of V. natans, fresh samples were measured
to obtain the FW at 14 days, and the biomass was calculated via the
density of fresh plants (g m�2) (Zhao et al., 2015). The chlorophyll
(a + b) content was determined after ethanol extraction. The Fv/Fm
ratios (maximum quantum yield of PS II) of leaves were deter-
mined every three days with a PAM 2100 fluorometer (AquaPen-
C, Photon Systems Instruments, Czech Republic) (Hanelt and
Roleda, 2009).

For enzyme extraction, 1.0 g material (FW) was frozen in liquid
nitrogen, then crushed with 10 mL 0.1 mol L�1 PBS (pH 7.0), con-
taining 1 mM EDTA and 1% polyvinylpyrrolidone (w/v). The homo-
genate was then centrifuged at 10,000 �g at 4 �C for 20 min to
obtain supernatants. The activities of superoxide dismutase
(SOD), peroxidase (POD), glutathione S-transferase (GST), and the
protein content were assayed from supernatants using the respec-
tive assay kits (XYb science, China). The malondialdehyde (MDA)
content was measured with thiobarbituric acid, as proposed by
Heath and Packer (1968). For the glutathione (GSH) concentration
assay, a commercialized chemical assay kit (Nanjing Jiancheng Bio-
engineering Institute, China) was used following the manufac-
turer’s instructions.

2.4. Microcystin and ammonium analyses

To determine the MC-LR in solution, water samples were
obtained both at the beginning and the end of the experiments,
and samples were filtered through a glass-fiber filter (0.45 lm).
To determine MC-LR in both leaves and biofilms at day 14, 1.0 g
sample (leaves and biofilms) was frozen in liquid nitrogen, then
crushed with 10 mL 0.1 mol L�1 PBS (pH 7.0). The homogenate
was centrifuged at 4000 �g for 20 min and the supernatant was
collected. The content of MC-LR in solutions was analyzed with a
MC-LR ELISA kit (Mlbio Company, China). All treatments were con-
ducted at 4 �C. The water sample was filtered through a 0.42 lm
polyether sulfone membrane. The filtrate was used to analyze
NH4

+-N concentration according to the methods described by the
American Public Health Association (Mccrady, 2011).

2.5. Multiple fluorescent staining and microscopic analysis

Confocal laser scanning microscopy (CLSM) and multiple fluo-
rescent staining were used to visualize the spatial distribution of
protein and of both a- and b-D-glucopyranose PS in biofilms and
leaves. In brief, after fixing with 2.5% glutaraldehyde for 24 h, sam-
ples were stained with 50 lL of 1 g L�1 fluorescein-isothiocyanate
(FITC) (Sigma, St. Louis, MO, USA), 100 lL of 250 mg L�1 con-
canavalin A (Con A) (Sigma), and 100 lL of 300 mg L�1 calcofluor
white (CW) (Sigma), respectively. After that, samples were washed
with PBS to remove excess staining. Finally, the internal structure
of stained samples was observed through a CLSM (LEICA SP8, Ger-
many). 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).

Both the microbes and extracellular polymeric substances of the
biofilm were visualized via Scanning Electron Microscopy (SEM; S-
3400 NII, Hitachi, Japan). 2.5% glutaraldehyde was used to fix bio-
films and leaves. Then, samples were rinsed twice with 0.1 mol L�1

PBS (pH 7.4). Different ethanol concentrations (20, 40, 60, 80, and
90%) were used to dehydrate the samples within 15 min, and sam-
ples were twice immersed in 100% ethanol for 15 min. Dried sam-
ples were obtained and observed via SEM. A transmission electron
microscope (TEM; H-7650, Hitachi, Japan) was used to assess ultra-
thin sections of mesophyll cells.

2.6. Microbe examination

1.0 g FW samples (leaves with biofilms) were collected at the
end of the experiment, 20 mL 0.1 mol L�1 PBS solution was added,
and the mixture was ultrasonicated for 1 min. Then, the suspen-
sion was 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 analysis. The E.Z.N.A. Soil
DNA Kit (Omega, D5625-01, USA) was used for DNA extraction of
microbes, and high-throughput sequencing was conducted by
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) on an
Illumina MiSeq platform. Bioinformatic analysis was used to
describe the diversity of microbial communities and to verify
microbial species (Fadrosh et al., 2014).

2.7. AHL signal molecule determination

To determine the AHL signal molecules in water and biofilms at
day 14, 1.0 g sample (leaves and biofilms) was frozen in liquid
nitrogen, and crushed with 9 mL 0.01 mol L�1 PBS (pH 7.0). Homo-
genate and water samples were centrifuged at 4000 �g for 20 min
to obtain the supernatant. The content of AHL signal molecules in
solutions was analyzed using an enzyme-linked immunosorbent
assay (ELISA) kit (Mlbio, China). Horseradish peroxidase-labeled
antibody was added to the samples. After that, N-(5-carboxypenta
noyl)-Lhomoserine lactone was diluted in carbonate buffer and 3,
30, 5, 50-tetramethylbenzidine substrate was added for coloration.
2 mol L�1 H2SO4 was added to terminate the reaction. Finally,
ELISA absorbance measurements were performed at 450 nm with
a microplate reader (Chen et al., 2010).

GraphPad Prism software was used to process all data. Compar-
isons between different treatments were performed by two-way
analysis of variance (ANOVA) and significant differences were
determined by LSD-t-tests. The bacterial community structure
and abundance of biofilms on V. natans leaves were assessed using
the online platform Majorbio I-Sanger Cloud Platform (www.i-san-
ger.com). Each experiment was performed in triplicate.
3. Results and discussion

3.1. Plant growth and oxidative response

The effects of extracts and exudates of different phases of M.
aeruginosa on the growth of V. natans and the oxidative response
were investigated (Fig. 1). DC and EU exerted significant negative
effects on the biomass of V. natans (p < 0.05, Fig. 1a). Furthermore,
the Fv/Fm ratios of leaves decreased sharply after exposure to
cyanobacterial allelochemicals for 12 days (Fig. S1a). The contents
of total chlorophyll showed no significant change in leaves during
the exposure experiment (Fig. S1b). A previous study reported that
extracts and exudates of cyanobacteria in the same growth phase
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Fig. 1. Effects of extracts and exudates fromM. aeruginosa on biomass (a) and antioxidant system (b–f) of V. natans leaves. Data are means ± standard deviation analyzed from
three replicates. Different characters indicate significant difference (p < 0.05).
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can allelopathically inhibit submerged macrophytes (Zheng et al.,
2013). The present study showed that extracts of the decline phase
and exudates of the exponential phase were more detrimental to
plant growth. Therefore, it could be deduced that the allelopathic
chemicals generated by M. aeruginosa at different growth phases
exert different effects on the growth of submerged macrophytes.

The level of lipid POD is presented in Fig. 1b. The MDA content
in leaves exposed to DC was the highest among all treatments, and
was significantly higher than that of CT. Moreover, as shown in
Fig. 1c, at the end of the experiment, significant differences were
observed for the GSH content in the DC group. A previous study
indicated that the increased GSH contents would improve the
GSH/GSSG ratio and result in the enhanced detoxification ability
of V. natans to the EPS of cyanobacterial bloom (Jiang et al.,
2011). In addition, a similar trend than that of the GSH content
was observed for GST, POD, and SOD activities (Fig. 1d, e, and f,
respectively). These activities were higher in V. natans leaves in
DC, DU, EU, and EC groups than in the CT group, and significant dif-
ferences of these enzyme activities were found for the DC treat-
ment. Increased levels of antioxidant enzymes indicated the
detoxification process. As a result of the antioxidant reactions,
SOD dismutase converted superoxide to H2O2, which can then be
decomposed to water and oxygen by CAT and POD (Jiang et al.,
2011; Wang et al., 2008). The present study showed that extracts
of M. aeruginosa of the decline growth phase caused more damage
to the antioxidant defense system of V. natans leaves than extracts
of other phases.

3.2. MC-LR and ammonium in the exposure treatment and their
detoxification pathway

As one of the most toxic cyanotoxins, MC-LR is produced by M.
aeruginosa and commonly affects marine ecosystems (Kumar et al.,
2018). The results of Fig. 2 show the contents of MC-LR in different



Fig. 2. MC-LR (a), ammonium content (b) and their detoxification pathway (c) in V. natans leaves. ** indicates significant difference (p < 0.01).

Fig. 3. Number of osmiophilic granules in chloroplast of V. natans mesophyll cell
with different exposure experiments. The horizontal line in the middle of each box
indicates the median value, whiskers that protrude out of the box represent the
minimum and maximum values.
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treatments. The content of MC-LR differed in the different phases
of cyanobacterial extracts and exudates, and the extracts of the
decline phase had the highest content (1.129 lg L�1), which was
significantly higher than that of the other three treatments
(Fig. 2a). Furthermore, more MC-LR was present in the decline
phase compared with the exponential phase. It has been reported
before that a high concentration of dissolved microcystins exists
in water when severe cyanobacterial blooms collapse and decay
(Jones and Orr, 1994). The World Health Organization currently
recommends a drinking water guideline of 1 lg L�1 for MC-LR
(WHO, 1998). However, in the world’s large water bodies, the con-
tent of MC-LR is much higher than this limit, up to hundreds or
even thousands of times (Fan et al., 2014). In the present study, a
similar level has been found when compared to WHO guideline,
while it much lower than environmentally relevant levels. At the
end of the experiment, the content of MC-LR has decreased in
water, and no significant differences were found among the differ-
ent treatments. In addition, the result showed the presence of MC-
LR in plant leaves and biofilms, and the highest concentration
(4.05 ng g�1 FW) was obtained in the DU treatment. Furthermore,
more MC-LR was observed in the decline phase treatment. A previ-
ous study reported that the content of MC-LR increased in leaves
until the concentration exceeded 1.0 lg L�1 and then reached a
plateau (Jiang et al., 2011). Therefore, this result indicated that
more MC-LR was absorbed by V. natans leaves when these were
exposed to extracts and exudates of cyanobacteria from the decline
phase. As a food source for aquatic animals, the accumulated MC-
LR in leaves enters the food chain and exerts adverse effects on
humans and the aquatic ecosystem (Carmichael, 2010).

As shown in Fig. 2b, changes of NH4
+-N concentration were

observed in each treatment. The highest value of NH4
+-N

(1.35 mg L�1) was found in the DU treatment at the beginning of
the experiment, as a result of cyanobacteria exposure during
decline-phase blooms (Lahti et al., 1997). In EC and DC, ammonia
increased slightly during the first 3 days, which was caused by
the decay of cell debris, and decreased during the last days with
the absorption of plants (Céline et al., 2006). Although, the M.
aeruginosa exudates of the exponential phase had stronger allelo-
pathic effects on plants than those of a decline phase in a previous
study (Xu et al., 2016), the study only investigated different effects
among the extract and exudates of a different phase on V. natans.
The present study found that the extract from the decline phase
had the strongest adverse effects, and the higher content of the
resulting MC-LR might play a vital role in the damage of sub-
merged plants.

The chemical response pathways of MC-LR and ammonium in
plant leaves are presented in Fig. 2c. A specific amount of MC-LR
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Fig. 4. Effects of extracts and exudates from M. aeruginosa 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 brightest layer in each sample (a and b: DU; c and d: EU; e and f: EC; g and h: DC; i and j: CT). 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 lm long. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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can be detoxified by enzymatic conjugation to GSH via the GST sys-
tem in mesophyll cells (Pflugmacher, 2002). Then, the GSH conju-
gate in the cytosol will be removed to the vacuole via multidrug-
resistant associated proteins for storage and further processing
(Coleman et al., 1997). Moreover, exposure to MC-LR can promote
the production of reactive oxygen species and trigger the antioxi-
dant system response in cells (Diez-Quijada et al., 2019). Fig. 1 also
confirmed an increase of antioxidant enzymes, indicating the
detoxification process as a result of antioxidant reactions. In addi-
tion, the detoxification pathway of ammonium is proposed.
Ammonium is removed by conjugation to glutamic acid via glu-
tamine synthase (GS) to synthesize glutamine (Ruzicka et al.,
2010). Furthermore, the ammonia assimilation and detoxification
protection were reported to be vital pathways of glutamic acid
synthesis from 2-oxoglutaric acid via the enzymes glutamate syn-
thase (GOGAT) and glutamate dehydrogenase (GDH) (Li et al.,
2014). In this study, other effects of the toxic materials in extracts
and exudates ofM. aeruginosamight exert complex effects on plant
cells and biofilms, which should also be investigated in a future
experiment to clarify the toxicity mechanism.
3.3. Structural characteristics of plant cells and EPS in biofilms

Ultrastructural alterations of submerged macrophytes were
investigated in an exposure experiment in this study. Figs. 3 and
S2 show osmiophilic granules in chloroplast and mesophyll cell
of V. natans, respectively. A higher number of osmiophilic granules
was observed in the decline-phase treatment, and the volume of
the osmiophilic granules was higher in DU (Fig. S2h). In addition,
variations of organelles and membranes occurred in plant cells
(Fig. S2). Part of the broken plasma membrane and plasmolysis
was observed in a mesophyll cell after exposure to DC treatment.
Karyopyknosis and strong chromatin condensations were found
after exposure to DU treatment. Distorted chloroplasts and chro-
matin condensation were found in mesophyll cells exposed to EC
treatment, and bigger starch granules were generated compared



Fig. 5. Microbial community analysis: (a) heat-map of the different samples at the genus level, (b) Venn diagram of distribution of OTUs in different samples.
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with the EU treatment. A previous study by (Chen et al., 1992) indi-
cated that the large number of osmiophilic granules generated in
the chloroplast indicated the senescence and pathological changes
in plants. Furthermore, starch accumulation was suggested as a
plant protection strategy to enhance its ability to survive when
exposed to environmental stress (Singh et al., 2013). Therefore,
the substances from declining M. aeruginosa greatly affected sub-
merged plants. In addition, MC-LR from the extracts and exudates
of cyanobacteria might cause subcellular damage of protein phos-
phorylation and a consequent induction of oxidative stress.
The triple staining CLSM technique was used on biofilms to
visualize their morphology; protein, a-, and b-D-glucopyranose
PS were clearly observed in each treatment. As shown in Fig. 4,
the highest density of b-D-glucopyranose PS (blue) was found in
the EU treatment, and a-D-glucopyranose PS (red) appeared dom-
inant and aggregated into clusters in the DC treatment. This result
suggests that different substances of M. aeruginosa elicited differ-
ent protective mechanisms (Wang et al., 2018). In addition, since
the a- and b-D-glucopyranose PS showed an inhomogeneous dis-
tributed across the depth of biofilms, PS played a vital role in sus-



Fig. 6. Effects of extracts and exudates from M. aeruginosa on (a) AHL signals molecule content in biofilms and water. The horizontal line in the middle of each box indicates
the median value, whiskers that protrude out of the box represent the minimum and maximum values. (b) The potential metabolism and response process in biofilms with
exposure experiment. The colorful cartoons are representing the different bacterial.
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taining the structural integrity of the biofilm matrix (Lux et al.,
2004). Moreover, a lower density of protein (green) was observed
in the exposure treatment compared with the reference (Han
et al., 2017) reported that the increased protein content in biofilms
may have positively impacted the microbial physicochemical and
physiological properties. Therefore, changes in the functional prop-
erties and spatial structure of biofilms were vital indicators for the
response of biofilms to the presence of extracts and exudates.
3.4. Microbial properties of periphyton biofilms

To further study the response of microbial community abun-
dances and structures in the presence of cyanobacterial extracts
and exudates, the microbial compositions of leaf biofilm were
investigated via 16S rRNA sequences. The results are shown in
Fig. 5a at the genus level. Hierarchical clustering analysis con-
firmed that the exudates and extracts of cyanobacteria changed
the structure of the microbial community of biofilms. A distance
heatmap showed that exposure treatments exerted different influ-
ences on microbial communities (Fig. S4a). Leptolyngbya and
Flavobacterium (Gram-negative genera) were dominant genera in
biofilms, and showed different contents in different exposure
treatments. Leptolyngbya is a filamentous cyanobacterium with
the ability to fix nitrogen under micro-toxic conditions and to grow
heterotrophically with glucose in the dark (Tsujimoto et al., 2015).
This cyanobacterium was observed in the images of SEM in leaf
surfaces via morphological analysis (Fig. S3). Flavobacteria are
found in a variety of aquatic environments, and several species
exert negative effects on freshwater fish (Bernardet et al., 1996).
In addition, Fig. S4b also showed that Cyanobacteria, Proteobacteria,
Bacteroidetes, and Verrucomicrobiawere the dominant phyla in bio-
films. In a previous study, these predominant species were con-
firmed to commonly exist in wastewater (Wang et al., 2016) and
to promote the stability of biofilm functions and secreted EPS (Lv
et al., 2014).

Venn diagrams show the distribution of operational taxonomic
unit (OTU) numbers in biofilms, and provide an intuitive visualiza-
tion of the number of common and unique OTU that show the com-
position similarity and overlap of different samples (Schloss et al.,
2013). As shown in Fig. 5b, the observed unique OTUs in the pre-
sent study were 34 (DU), 21 (DC), 8 (EU), 5 (EC), and 8 (CT), indi-
cating that DU exerted notable effects on changing the microbial
diversity of biofilms. Additionally, functional abundances were
obtained by analyzing the functional information of each cluster
of orthologous groups (COG) in comparison with the COG numbers
in the COG database (Kaufmann, 2006). Functional annotation
based on the COG database indicated that the genome of microbes
in the biofilm is rich in functional genes (Fig. S4c). The most abun-
dant genes involve signal transduction mechanisms, cell wall,
membrane, envelope biogenesis, amino acid transport, and meta-
bolism genes. Furthermore, as shown in Table S1, the abundance
values of the functional genes in the decline phase were higher
than in the exponential phase. Among these, the highest values
were observed in DC treatment in cellular processes and signaling
and lipid metabolism. Especially, the exudates and extracts of M.
aeruginosa from different phases led to stronger changes in the
abundances and structures of the biofilm microbial community.

3.5. AHL signals in biofilms and potential metabolic process

QS systems have been reported to participate in the construc-
tion of formation biofilms and promote the biofilm development
in several bacteria (Moons et al., 2009). In a QS process, bacteria
can monitor their population density and regulate their gene
expression via cell-to-cell communication and the signaling sys-
tem (Fuqua et al., 1994). To date, the AHL signal molecules, pro-
duced by Gram-negative bacteria and isolated from the
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wastewater, have been reported as primary QS signaling pathways
(Shrout and Nerenberg, 2012). Thus, the contents of AHL signal
molecules in biofilms and water were investigated and are pre-
sented in Fig. 6a. After 14 days of exposure, the highest AHL con-
centration in biofilms was 60.19 ng L�1 and was observed in the
DC group. EU (49.69 ng L�1), EC (51.37 ng L�1), and DU
(52.69 ng L�1) groups were all higher than the CT group
(43.77 ng L�1). A previous study reported that the increased AHL
content might result in a variation of EPS production in response
to environmental stress (Yeon et al., 2009). The result of the pre-
sent study indicates that the extract in the decline phase of M.
aeruginosa exerted notable effects on biofilms.

In addition, AHLs were tested in water, and their contents in
exposure treatments were all higher than that in the CT group. This
might be interpreted by ‘‘diffusion sensing”, where a higher signal
implies lower rates of mass transfer (diffusion or flow) (Garcia-
Contreras et al., 2015; Rosemary, 2002). Furthermore, the cell den-
sity of bacteria was also influenced by QS molecules, and these QS
molecules were produced and differentially changed by the envi-
ronment (Cornforth et al., 2014). The potential mechanism of the
AHL signal pathway is shown in Fig. 6b. In this study, the AHL sig-
nal molecules increased in the exposure treatment, and the micro-
bial community abundances and structures were also changed.
When AHL signal content reached the threshold value, it was
sensed by LuxR homologous proteins and a coordinated response
was initiated in bacteria. LuxR homologues have the ability to
affect the formation of biofilms by regulating the genes of different
microbes (Shrout and Nerenberg, 2012). AHL signals increased in
biofilms after exposure to extracts and exudates of the M. aerugi-
nosa, indicating that M. aeruginosa exert a notable influence on
the biofilms structure.
4. Conclusions

This study comprehensively investigated the response of sub-
merged macrophyte and periphyton biofilms to M. aeruginosa exu-
dates and extracts of the decline phase. The results demonstrated
that the exudates and extracts caused oxidative stress in V. natans,
as evidenced by increased activities of SOD, POD, and GST, as well
as increased GSH and MDA contents. Furthermore, this study indi-
cated that more MC-LR and ammonia were generated in exudates
and extracts of decline-phase M. aeruginosa, and the biochemical
response pathway was proposed. Additionally, variations of osmio-
philic granules, organelles, and membranes were observed, and a
broader distribution of a-D-glucopyranose PS dominated and
aggregated into clusters in the EPS of biofilms. Moreover, both
the abundances and structures of biofilm communities shifted in
response to exposure to exudates and extracts. The increased
AHL signal content of biofilms indicated that M. aeruginosa exert
a notable influence on biofilm structure. The study provides a
clearer understanding of the ecological impact of decaying
cyanobacterial blooms on submerged macrophyte and periphyton
biofilms.
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