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Abstract: Harmful cyanobacterial blooms frequently occur in shallow eutrophic lakes and usually
cause the decline of submerged vegetation. Therefore, artificial aquatic plants (AAPs) were introduced
into enclosures in the eutrophic Dianchi Lake to investigate whether or not they could reduce
cyanobacterial blooms and promote the growth of submerged macrophytes. On the 60th day after the
AAPs were installed, the turbidity, total nitrogen (TN), total phosphorous (TP), and the cell density
of phytoplankton (especially cyanobacteria) of the treated enclosures were significantly reduced as
compared with the control enclosures. The adsorption and absorption of the subsequently formed
periphyton biofilms attached to the AAPs effectively decreased nutrient levels in the water. Moreover,
the microbial diversity and structure in the water changed with the development of periphyton
biofilms, showing that the dominant planktonic algae shifted from Cyanophyta to Chlorophyta. The
biodiversity of both planktonic and attached bacterial communities in the periphyton biofilm also
gradually increased with time, and were higher than those of the control enclosures. The transplanted
submerged macrophyte (Elodea nuttallii) in treated enclosures recovered effectively and reached
50% coverage in one month while those in the control enclosures failed to grow. The application of
AAPs with incubated periphyton presents an environmentally-friendly and effective solution for
reducing nutrients and controlling the biomass of phytoplankton, thereby promoting the restoration
of submerged macrophytes in shallow eutrophic waters.
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1. Introduction

The principal characteristics of aquatic macrophytes are their ability to accumulate nutrients and
sustain biogeochemical cycles in aquatic environments [1,2]. However, shallow lake eutrophication with
the concomitant occurrence of cyanobacterial blooms has led to the decline of submerged macrophytes
and the degeneration of water functions [3,4], which have transformed from a macrophyte-dominated
state (clear water state) to a phytoplankton-dominated state (turbid water state) [5,6]. Environmental
stressors, such as nutrient enrichment [7], high temperatures [8], and water level changes [9], favor
cyanobacterial communities. Additionally, previous studies have reported that the low light intensity
in many fertile lakes was associated with low submerged macrophyte productivity [10,11]. Therefore,
the determination of an appropriate approach as a transitional means of creating beneficial conditions
that control cyanobacterial blooms and restore macrophytes is urgently needed.

Many strategies have been proposed to alleviate the effects of cyanobacterial blooms, including
the application of aluminum sulphate to decrease phosphorus concentrations through the reaction of
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co-precipitated phosphorus into the sediment [12]. Inorganic compounds in marl have been used to
immobilize nutrients on the sediment surface, thus reducing nutrient concentrations in the water [13].
However, the aforementioned methodologies often have some effect on the original aquatic ecosystem,
including changes in pH or salinity, which may threaten life in the lake [14]. Other measures have been
applied to control the cyanobacterial blooms directly. Algaecides such as organic bromide, copper
sulphate, and hydrogen peroxide have mostly been used to control large-scale cyanobacterial bloom
as an emergency method, but these may result in an unsafe aquatic ecosystem and easily induce
secondary pollution [15].

Periphyton is an assemblage of freshwater organisms mainly composed of photoautotrophic
algae, heterotrophic, and chemoautotrophic bacteria, fungi, protozoans, metazoans and viruses,
which attach to submerged surfaces [16]. Periphyton plays a crucial role in nutrient cycling and in
supporting food webs and it has an excellent ability to degrade pollutants in aquatic environments [17].
Previous studies have utilized biofilms to remove nitrogen and phosphorus from wastewater and
to biodegrade other hazardous contaminants [18,19]. Moreover, microbial communities are easily
incorporated into bioreactors, which result in efficient bioremediation operations [20]. Additionally,
the microbial compositions of periphyton are derived from original habitats, which prevent changes to
the original community from occurring. On the basis of these properties, immobilizing the periphyton
on artificial substrates and suspending it between the sediment and overlying water allows periphyton
to serve as an advantageous approach for controlling contaminants in aquatic environments [21]. The
artificial aquatic plant (AAP) was chosen as the most efficient for improving water quality among
four different substrates (aquamats, biocompatibility carbon fiber, eco-carbon fiber, and AAP) based
on our previous studies. The results demonstrated that both biocompatibility carbon fiber and the
AAP improve water quality by reducing the concentration of nutrients of experiment water which
restrained the reproduction of algae in the water column. The removal rates of TN, TP, and Chl-a
by AAP and biocompatibility carbon fiber were: 66.81%, 61.85%; 57.89%, 8.26%; and 88.84%, 94.03%
respectively [22]. Comprehensively, taking in to consideration the cost performance and construction
convenience, the AAP was a more favorable material, with longevity over 15 years, for the application
in the ecological restoration of shallow eutrophic waters. Due to the structure of plentiful micropores
between the microfibers (8.5–9.0 cm per microfiber), the periphyton is provided with adhesive surfaces
of 8000 m2/m3, and results in strong adsorption and absorption.

Research concerning periphyton has predominantly focused upon the purifying capacity of
periphyton in bioreactors and rivers [23,24], while studies in eutrophic lakes remain rare [25,26]. Taking
the periphyton biofilm as an assemblage, there is a need to understand the performance and processes
involved with algal-bacterial biofilm-based wastewater treatment projects. In this study, we employ
periphyton biofilms with artificial substrates to alleviate the negative effects of phytoplankton biomass
on aquatic conditions in shallow eutrophic waters, and we explore whether or not this biological
measure provides a transition for the restoration of submerged macrophytes. The main objectives of
this study are (i) evaluation of nutrient removal performance and impacts on the microbial community,
(ii) investigation of the dynamics of periphyton attached on artificial substrates during the experiment,
and (iii) discussion of the possible role of periphyton to control cyanobacterial blooms.

2. Materials and Methods

2.1. Study Site

Dianchi Lake (24◦51′ N, 102◦42′ E, Figure 1) located on a plateau in southwestern China, has
a water surface of 300 km2, watershed area of 2920 km2, and an altitude of 1886.5 m above sea level [27].
Since the establishment of Haigeng Dam in 1996, Lake Dianchi has been separated into two parts:
Caohai in the north with a water surface of 11 km2 and average water depth of 2.5 m and Waihai in
the south with a water surface of 299 km2 and average water depth of 5 m. The map of Dianchi Lake
watershed is modified from Wang et al. [28]. Due to the rapid economic development and intensive
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use of the water resources, the water in this lake has become seriously polluted, and cyanobacterial
blooms have occurred frequently in the past 20 years [29]. In this study, the experimental enclosures
were built in Caohai Bay (24◦58′ N, 102◦38′ E) which were located in the north of Lake Dianchi.
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Figure 1. Map of Dianchi Lake watershed.

2.2. Experimental Design

Four enclosures (each 6 m × 6 m × 2 m, length × width × height, Figure 2) were constructed
with rubber cloth (around all sides of the water column) and geotextile (underwater). They were
open to the air and above the sediment at the bottom of Caohai Bay. Two enclosures were used as
the control enclosure and the others employed fresh artificial aquatic plants (AAPs). The AAP strand
(Figure 2) was composed of thousands of polypropylene microfibers, which imitate the structure of
natural aquatic plants. A uniform weight was used for cement balls tied at the bottom of every strand
of the AAP to maintain a vertical state and set a density of 1 strands/m3 in the treatment enclosures.
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Figure 2. Experimental setup of the enclosures and structure of the (E) artificial aquatic plant (AAP);
(A,B) control enclosures; (C,D) treated enclosures with 1 strand AAP /m3 with length of 80–85 cm.

2.3. Sample Preparation

Representative microfibers, which contained periphyton biofilms, were removed from the AAP at
different times. To assure vertical comparability, both the samples of water and microfibers of AAP
were collected at a depth of 0.5 m during the experiment. For eliminating spatial heterogeneity, the
water samples were collected at three sampling sites horizontally in the same enclosure and twice
a month. Similarly, the microfiber samples were carefully cut from three different AAP strands in the
same enclosure with sterile scalpels and then weighed for microbial analyses once per month.

2.4. Environmental Parameters

The performance of experimental enclosures was evaluated by comparing water quality indices
during this experiment. Chemical oxygen demand (COD), total nitrogen (TN), and total phosphorus
(TP) were determined according to the standard methods for water and wastewater monitoring and
analysis [30]. The water temperature (WT), dissolved oxygen (DO), and pH were measured in situ via
a multiparameter sonde (EXO 2, YSI Inc., Yellow Springs, OH, USA). Water transparency (SD) was
measured with a 10 cm diameter black and white Secchi disk. The chlorophyll-a (Chl a) content of the
water was determined after extraction of the filtered algal mat with 90% acetone as per AHPA [31].
Phytoplankton were identified and counted using the methods described by Hu et al. [32].

2.5. Phytoplankton Community and Total Phosphorous (TP) Associated with Periphyton Biofilms

After clearing microfibers of AAPs with distilled water, attached phytoplankton cells were
extracted from the microfibers using a modified soil extraction method [33]. Briefly, 20 mL of a sterile
saline solution was added to 0.5 g textile (dry weight) in 50 mL centrifugation tubes. After centrifuging
for 2 min at a maximum speed (Vortex Genie2, Scientific Industries, Inc., Bohemia, NY, USA), the sample
was shaken horizontally at 200 rpm for 30 min at room temperature. This process was repeated three
times and the algal fluid volume was collected and used to measure the Chl a by spectrophotometry [34]
and count the cell density of attached algae by microscopy [32].

To compare the dynamics of planktonic algae in the water column with algae attached to the
AAP, the conversional relationship was examined using the volume of each enclosure (72 m3) and
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the density of the AAPs (2 strands/m2) in each enclosure (mean 72 strands/enclosure).The formula
for the Chl a content adsorbed by the whole AAP in each enclosure, is given as Equation (1) and the
cell density of the attached algae is defined by Equation (2). The content of the TP adsorbed by the
periphyton biofilms attached to the microfibers of the AAP was measured by a modified method using
the TP in the sediment. The periphyton biofilms were removed from the microfibers of the AAPs using
distilled water and ash was formed at 450 ◦C in a muffle furnace with an acid dissolution [35].

To compare the concentration of the TP in the water column with that in the periphyton biofilms,
the conversional relationship was examined using the TP content adsorbed by the periphyton biofilms
attached to microfibers of AAPs in each enclosure, as defined by Equation (3).

A1 =
A2 ×V1 ×M2 × 72
(72000 × M1 )

(1)

B1 =
B2 ×V1 ×M2 × 72
(72000 × M1 )

(2)

C1 =
M2 ×C2 × 72

72000
(3)

where, A1 is the content of Chl a adsorbed by all strands of the AAPs in each enclosure; µg/L, A2

is the content of Chl a adsorbed by microfibers of the AAP; µg/L, B1 is the cell density of attached
algae for all strands of the AAPs in each enclosure; and cells/L and B2 is the cell density of attached
algae by microfibers of the AAP, cells/L. Additionally, C1 is the TP content adsorbed by periphyton
biofilms attached to all strands of the AAPs in each enclosure; mg/L, C2 is the TP content adsorbed by
periphyton biofilms attached to the quantitative microfibers of the AAP, mg/g; M1 is the dry weight of
microfibers of the AAP, g; M2 is the average dry weight per strand of the AAP, g; V1 is the algal fluid
volume collected from the microfibers of the AAP, L; 72 is the number of AAPs of each enclosure, and
strand and 72,000 is the volume of each enclosure, L.

2.6. DNA Extraction and Sequencing

Quantitative microfibers that contained periphyton biofilms for the sequencing of 16S ribosomal
RNA (rRNA) gene amplicons were first processed as follows: DNA was extracted, 16S rRNA gene
polymerase chain reaction (PCR) amplification was performed, and PCR products were purified. For
DNA extraction, 100 mL water samples were filtered by cellulose acetate filters (pore size = 0.2 mm,
diameter = 45 mm, XingYa, Shanghai, China) and DNA was isolated from the filters, and directly
from 0.2 g of biocarrier using the FastDNA kit (MP Biomedicals, Santa Ana, California, USA) and the
FastPrep instrument (Savant Instruments, Inc., Holbrook, NY, USA) according to their protocols. The
16S rRNA genes were amplified using bacterial universal primers 27F (AGRGTTTGATCMTGGCTCAG)
and 1492R (GGTTACCTTGTTACGACTT), DNA dilutions were used as a template, and PCR was
conducted with a volume of 20 µL, with 10 µL of PCR master mix, 8 µL of sterile water, 0.5 µL each
of forward and reverse primers, and 1 µL of the template DNA (~100 ng). Amplification used the
following protocol: initial denaturation at 95 ◦C for 1 min, followed by 40 cycles of 95 ◦C for 25 s, 53 ◦C
for 30 s, and 70 ◦C for 60 s; the samples were amplified in triplicate. The PCR products were then
subjected to sequence analysis (Nuohe, Beijing, China).

2.7. Submerged Macrophyte—Elodea Nuttallii

In order to explore the feasibility of periphyton, biofilms attached on the AAPs to increase the
transparency and incident light, thereby facilitating the growth of submerged macrophytes. Prepared
30 cm high seedlings of the submerged macrophyte, Elodea nuttallii, which can grow slightly even
in winter if the daily mean water temperature is higher than 4 ◦C [36,37], were wrapped with loess
clay and nonwoven fabrics and were arranged to transplant into all experimental enclosures at
suitable conditions.
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2.8. Data Analysis

Nutrient concentrations were expressed as the means ± standard deviation of duplicates (3 × 2).
Because normality and homogeneity of variance assumptions were not satisfied, we used the
nonparametric Kruskal–Wallis test followed by the Nemenyi test (post hoc test) to test whether
the time phases or (interaction) installed AAPs have differences or similarities between two groups
in each time phase, with PASW Statistics 20 (SPSS Inc., Hong Kong, China). The significance level
was p = 0.05. Amplicon sequence analysis was performed using QIIME Pipeline Version 1.7.0 (Nuohe,
Beijing, China) [38] and the weighted UniFrac distance for the unweighted pair group method with
arithmetic mean (UPGMA), sample clustering tree, and principle coordinates analysis (PCoA).

3. Results and Discussion

3.1. Variation of Water Quality in the Enclosures

During the experiment, water temperature ranged between 13.1 ◦C and 15.6 ◦C. In control
enclosures, turbidity decreased from 11.40 (±1.70) nephelometric turbidity units (NTU, Figure 3A)
to 6.85 (±0.30) NTU by day 60. In treatment (i.e., within AAPs) enclosures, turbidity decreased from
10.80 (±2.04) NTU to 3.13 (±0.77) NTU by day 60. Water turbidity in control enclosures was significantly
higher (p < 0.05) than that of treatment enclosures within the AAPs throughout the experiment after
60 days of operation. The concentration of COD (Figure 3B) declined from 12.06 (±1.35) mg/L to
4.04 (±0.037) mg/L and to 2.11 (±0.25) mg/L in the control and treatment enclosures, respectively; there
was no significant difference between the enclosures (p > 0.05). Total nitrogen (Figure 3C) declined
from 0.96 to 0.41 mg/L in treatment enclosures over 60 days, while TN slowly decreased from 0.96
to 0.90 mg/L in the first month and then gradually increased to 0.94 mg/L in the control enclosures.
Jiang et al. measured total nitrogen removal of 92% by using a hybrid biofilm reactor [39]. Total
phosphorous (Figure 3D) decreased from 0.067 (±0.002) mg/L to 0.051 mg/L and to 0.033 mg/L in
the control and treatment enclosures, respectively. Water TP in control enclosures was significantly
higher (p < 0.05) than that of treatment enclosures within the AAPs after 60 days of operation; the
removal efficiency later exceeded 50%. Sukačová et al. reported a P removal efficiency of 99% within
24 hours of P addition when using an algal biofilm [40]. Chlorophyll a was used as an indicator of
algal biomass (Figure 3E). In control enclosures, Chl a slightly declined from 285.46 (±22.66) to 177.65
(±2.42) µg/L by day 60, while the Chl a of treatment enclosures decreased from 283.17 (±36.01) µg/L to
43.82(±6.34) µg/L by day 60, which was significantly lower than that of control (p < 0.05) enclosures
after 30 days of operation; the removal efficiency exceeded 80%.The results suggest the feasibility of
using AAPs to reduce nutrient concentrations and algal biomass in eutrophic waters. The biophysical
adsorption of phytoplankton by the microfibers and its adherent periphyton biofilms may contribute
to the uptake, storage, and transformation of nutrients, as well as other chemicals, which play a key
role in the self-purification of water bodies [41].
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3.2. Variation of TP Concentrations in Periphyton Biofilms Attached to Artificial Aquatic Plants (AAPs)

Compared to the average, dry weight per strand of AAP weighed 75 (±4.2) g. The mean dry
weight per strand of AAP ranged from 87.3 (±5.1) g to 100.8 (±4.2) g from day 30 to day 60. According
to the relationship expressed in Equation (3), the TP content adsorbed by periphyton biofilm attached to
the AAPs ranged from 0.03 (±0.004) mg/L to 0.04 (±0.004) mg/L from day 30 to day 60 of the experiment.
The resulting TP content in the water column was significantly decreased while that in the periphyton
biofilms gradually increased in the same enclosure, which indicates that the cumulative adsorption and
absorption by extensive periphyton biofilms attaching to AAPs played an important role in nutrient
migration. Previous studies have reported that periphyton biofilms have a strong affinity for removing
phosphorus, and therefore constitute an effective phosphorus sink [42]. This may be attributed to the
uptake and transformation of biologically available soluble phosphorus for self-growth [43].

3.3. Dynamics of Phytoplankton in Water Column with the Development of Periphyton Biofilms Attached
to AAPs

In this study, we investigated the biomass and composition of phytoplankton communities, which
covered the water and microfibers of AAPs. Three types of samples were compared: (i) water samples
from control enclosures without AAPs (CW), (ii) water samples from treatment enclosures within
AAPs (TW), and (iii) microfiber samples containing periphyton biofilm attached to AAPs (TB) from
treatment enclosures. The samples were then classified according to their different time phases.

The cell density of algae was driven mainly by the total phytoplankton and the cyanobacteria in
all enclosures (Figure 4). Compared to the control enclosure, the mean cell density of total planktonic
algae in the TW decreased rapidly from 1.09 × 108 (±0.32 × 108) cells/L to 0.15 × 108 (±0.04 × 108)
cells/L, and the Chl a of TW declined at a rate of over 80% after 60 days of this experiment. Additionally,
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the mean cell density of cyanobacteria showed a similar trend and declined quickly from 6.0 × 107

(±1.91 × 107) cells/L to 0.5 × 107 (± 0.22 × 107) cells/L. After 30 days of operation, the cell density of
total planktonic algae in the TW1 was significantly lower than that of CW1 (p < 0.05). These results
suggest that the phytoplankton were inhibited, obviously in the enclosures with AAP treatments, with
respect to the control enclosure. Interestingly, it was found that the cell density of the total adherent
algae in the TB amounted to 5.6 × 107 (±0.40 × 107) cells/L after 60 days of operation, and this included
the cell density of cyanobacteria, which summed to 1.5 × 107 (±0.90 × 107) cells/L with the extension
of incubation time. On the basis of the measurements of the microfibers of AAPs and the given
conversion formula, the concentration of Chl a by periphyton biofilms attached to AAPs increased
to 94.8 (±5.48) µg/L. As substrata, the microfibers of AAPs provided a rough and porous surface
that promoted higher planktonic micro-algal cell attachment. Therefore, with respect to adsorption,
pioneer planktonic algal cells attached to the substrata and biological adhesion continued to form
micro-colonies. In addition, the attachment of microalgal cells to a stable surface increased their
abundance relative to the water column, which made them communicate and protect each other to
adapt to environmental conditions [44].
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The aforementioned results, combined with the TP content resided in periphyton biofilms, may
suggest that competition occurs between periphyton and planktonic algae, including cyanobacteria,
for the phosphorus that algal cells require for growth. Some studies have shown that periphyton
biofilms competed with planktonic algae for mutual resources, such as nutrients and space [45,46].
These results indicate the feasibility of the AAPs to reduce nutrient loads in water bodies and the
phytoplankton biomass.

The structural composition of phylum-level algae was exhibited through the relative abundances
(Figure 5). With the extension of experimental time, the proportion of cyanobacteria that consistently
dominated and occupied more than 50% of the habitat reached 71.7% in the CW. In the TW, the
dominant phylum was Cyanophyta at the initial stage and then shifted to Chlorophyta. Specifically,
the proportion of Cyanophyta declined rapidly from 63.7% to 33.2%; simultaneously, the ratios of the
Chlorophyta increased gradually from 17.5% to 49.2%. These trends may have been caused by the
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removal of nutrients, which agrees with the previous finding from Tlili et al. [47] that micropollutants
from wastewater discharge were responsible for changes in community structure. An interesting result
is that the ratios of Bacillariophyta in the periphyton biofilms that attached to the artificial aquatic plants
(TB) accounted for a mean of 48.5%, and the dominant species were Achnanthes exigua, Gomphonema
acuminatum, Cymbella pusilla, Navicula placentula, and Navicula graciloides. The success of diatoms
implies that they have highly efficient and adaptable survival mechanisms and growth strategies.
Previous studies have found that diatoms were generally regarded as the principal constituent of the
primary colonizers in biofilms [27,48].
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3.4. Dynamics of Bacterial Communities with the Development of Periphyton Biofilms Attached to AAPs

The structure and succession of the bacterial communities were compared and analyzed during
the intervention of the AAPs, which was regarded as an artificial micro-ecosystem where many
microorganisms, including new prokaryotic and eukaryotic colonizers, interact in the periphyton
biofilms [49]. Gene amplicon sequencing data of samples CW, TW, and TB were acquired based on the
16S rRNA. Due to the usage of fresh substrata (without any microbial community) in the experiment,
TB0 (i.e., TB at day zero) was invalid.

In this study, PCoA (Figure 6) revealed that PC 1 and PC 2 explained 53.28% and 17.41% of the
variation in the bacterial community, respectively. Importantly, TWs were clustered together and
were effectively separated from the (CW) samples along PC 1, which was influenced by the decreased
concentration of the nutrients of TW adsorbed by the periphyton biofilms attached to the AAPs.
Carr et al. [50] reported that bacteria and algae in biofilms coexist in an association that offers space
and resources to sustain production of both groups of organisms. Additionally, the heterotrophic
bacterial community is an important component of periphyton biofilms and contributes to biodegrade
pollutants, the changes in the microbial structure and function in periphyton biofilms exposed to
different nutrient supplies [15]. For instance, Suberkropp et al. [51] reported a shift in the microbial
structure by the continuous nutrient enrichment of a forested headwater stream. Moreover, TW and TB
samples were slightly separated along PC2. This may indicate that the microbial communities of the
periphyton biofilms preferred specific adaptable and functional microbes, although TB and TW shared
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the same source of microbial consortia. Therefore, to clarify the changes in the microbial structure in
different samples, we considered and analyzed the diversity of the microbial community.Water 2019, 11, x FOR PEER REVIEW  10 of 15 

 
Figure 6. Coordinates analysis (PCoA) based on the weighted UniFrac distance of 16S rRNA genes. 

This study chose to detect indices of operational taxonomic unit (OTU) and Shannon and 
Simpson indices for measuring species diversity and evenness, where a higher value represents 
greater diversity. The indices of Chao and ACE are richness estimators, where a higher value 
represents greater richness, and goods-coverage measures the reliability of the sequencing result. 

The results indicate that the bacterial diversity and population richness of TW samples 
increased gradually, and this is revealed by the Shannon index and Simpson index. The microbial 
population richness of the TW sample was higher than that of the CW sample after the intervention 
of the AAPs. Meanwhile, it was indicated that bacterial diversity and population richness of sample 
TB were quite high and increased gradually as revealed by the Shannon (from 0 up 8.38) and 
Simpson (from 0 to 0.98) indices (Table 1). The results showed in Figure 7 illustrate the relative 
abundance of the 10 most abundant bacteria at the phylum level in the CW, TW, and TB samples. 

Table 1. Statistics for different treatment samples. 

Sample 
Name 

Sequence 
Number 

OTU 
Number 

Shannon 
Index 

Simpson 
Index 

Chao 
Index 

ACE Index Goods-Co
verage 

CW0 50,000 1764 7.774 0.984 1701.511 1745.288 0.994 
CW1 50,874 1445 6.370 0.925 1398.249 1420.827 0.995 
CW2 44,922 1469 6.354 0.92 1512.567 2332.759 0.987 
TW0 46,587 1672 6.764 0.969 1599.339 1649.734 0.992 
TW1 61,178 2214 8.336 0.991 2174.538 2204.640 0.993 
TW2 54,552 2014 8.273 0.992 1913.526 1992.917 0.993 
TB1 52,842 2056 7.856 0.968 2009.426 2033.116 0.993 
TB2 49,478 2099 8.377 0.984 2087.237 2097.015 0.993 

Figure 6. Coordinates analysis (PCoA) based on the weighted UniFrac distance of 16S rRNA genes.

This study chose to detect indices of operational taxonomic unit (OTU) and Shannon and Simpson
indices for measuring species diversity and evenness, where a higher value represents greater diversity.
The indices of Chao and ACE are richness estimators, where a higher value represents greater richness,
and goods-coverage measures the reliability of the sequencing result.

The results indicate that the bacterial diversity and population richness of TW samples increased
gradually, and this is revealed by the Shannon index and Simpson index. The microbial population
richness of the TW sample was higher than that of the CW sample after the intervention of the AAPs.
Meanwhile, it was indicated that bacterial diversity and population richness of sample TB were quite
high and increased gradually as revealed by the Shannon (from 0 up 8.38) and Simpson (from 0 to
0.98) indices (Table 1). The results showed in Figure 7 illustrate the relative abundance of the 10 most
abundant bacteria at the phylum level in the CW, TW, and TB samples.

Table 1. Statistics for different treatment samples.

Sample
Name

Sequence
Number

OTU
Number

Shannon
Index

Simpson
Index

Chao
Index

ACE
Index Goods-Coverage

CW0 50,000 1764 7.774 0.984 1701.511 1745.288 0.994
CW1 50,874 1445 6.370 0.925 1398.249 1420.827 0.995
CW2 44,922 1469 6.354 0.92 1512.567 2332.759 0.987
TW0 46,587 1672 6.764 0.969 1599.339 1649.734 0.992
TW1 61,178 2214 8.336 0.991 2174.538 2204.640 0.993
TW2 54,552 2014 8.273 0.992 1913.526 1992.917 0.993
TB1 52,842 2056 7.856 0.968 2009.426 2033.116 0.993
TB2 49,478 2099 8.377 0.984 2087.237 2097.015 0.993
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Initially, cyanobacteria were found to be one of the dominant prokaryotes in the CW and TW
samples. With the incubation of periphyton on AAPs, the relative abundance of cyanobacteria
decreased gradually over time in TW, while it increased slightly in CW. This supported the cell fates
of Cyanophyta detected by microscopy. Although Proteobacteria were frequently detected in all
samples during this experiment, Proteobacteria of the α subdivision (Alphaproteobacteria) dominated
in CW and TW, while the γ subdivision (Gammaproteobacteria) was dominant in TB. Members of
Alphaproteobacteria are known for their biodegradation of COD [52], which explains the coexistence
of the high efficiency of COD removal in CW and TW. Gammaproteobacteria were found mainly
attached to the membrane module and easily led to biofouling [53,54], which made the microbial
community that adhered to the surface of the artificial substrata and benefited from the development
of periphyton biofilms. The relative abundance of Nitrospirae increased slowly in the TB, with ratios of
2.79%, 0.19%, and 0.02% in the samples TB, TW, and CW, respectively. Nitrospirae has an autotrophic
metabolism and is associated with ammonia-oxidizing strains [55].

3.5. Restoration of Submerged Macrophytes with Possible Mechanisms

After 60 days of operation where AAPs were installed in enclosures within Dianchi Lake, the
approximately 30 cm high seedlings of the submerged macrophyte (Elodea nuttallii), which were
wrapped with loess clay and nonwoven fabrics, were transplanted into all experimental enclosures
at a density of 4 strands/m2. One month later, the planted E. nuttallii had matured and reached
50% coverage in treated enclosures while those in control enclosures did not grow. Previous studies
have reported that the light compensation depth of submerged macrophytes in Caohai (northern
Dianchi Lake) is much lower than the actual water depth, which leads to declines in the submerged
macrophytes. The minimum transparency (0.79± 0.13 m) was required for the restoration of submerged
macrophytes at depths of 2 m [56]. In this study, the transparency in the treatment enclosures with
AAPs increased from the initial 0.6 ± 0.10 m to 1.2 ± 0.10 m after two months of the experiment, which
attained the necessary transparency to restore Elodea nuttallii. Additionally, studies have demonstrated
that the occurrence of aquatic macrophyte communities is also related to phytoplankton biomass
and certain environmental variables (e.g., COD, nutrients) [57], which suggested the applicability of
bioremediation for the restoration of submerged macrophytes.

Given the above, a schematic of mechanisms for improving water quality in shallow eutrophic
waters by using AAPs is shown in Figure 8. When an AAP with a large specific surface area
was introduced into the eutrophic lake water, large amounts of nutrients (e.g., N, P, and COD),
phytoplankton, and planktonic bacteria in the water column were rapidly adsorbed in thousands of
microfibers in the AAP to form the periphyton biofilm. Nutrients could then be gradually assimilated by
adherent microalgae, and then biodegraded by attached bacteria with the amplification of periphyton
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biofilms. Thus, the reduced availability of nutrients and the competition between the planktonic
and attached microbial community led to the restraint of cyanobacterial growth and the subsequent
change in planktonic and attached microbial communities. Ultimately, the decrease of nutrients and
cyanobacterial biomass in the water column increase the transparency and incident light, thereby
facilitating the growth of submerged macrophytes.
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4. Conclusions

Introducing the benign bioremediation of AAPs into in situ enclosures of the eutrophic Dianchi
Lake for two months was found to reduce nutrient concentrations (both N and P) and phytoplankton
biomass in the water column. The results of the increases in TP and Chl a and microbial communities in
periphyton biofilms formed on AAPs greatly improved water quality and the subsequent restoration
of submerged macrophytes. Management practices targeting periphyton could be potentially used to
alleviate the eutrophic waters, which need to be explored further.

Finally, our results reveal the potential importance of AAPs for controlling phytoplankton biomass
to promote the growth of submerged macrophytes in shallow eutrophic waters. We anticipate
encountering some problems during the transfer of the small-scale experiments reported here to
a whole lake situation. Technical problems of exposure and safe remove of thousands AAPs need to
be solved. Human interference also needs to be taken into consideration. Long-term and large-scale
studies would be of great interest and challenge to evaluate periphyton biofilms attached to AAPs as
a transitional means of creating beneficial conditions that control cyanobacterial blooms and restore
macrophytes under a complete annual cycle.
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18. Sukačová, K.; Trtílek, M.; Rataj, T. Phosphorus removal using a microalgal biofilm in a new biofilm
photobioreactor for tertiary wastewater treatment. Water Res. 2015, 71, 55–63. [CrossRef] [PubMed]

19. Wan, J.; Liu, X.; Wu, C.; Wu, Y. Nutrient capture and recycling by periphyton attached to modified agrowaste
carriers. Environ. Sci. Pollut. Res. 2016, 23, 8035–8043. [CrossRef]

20. Wu, Y.; Zhang, S.; Zhao, H.; Yang, L. Environmentally benign periphyton bioreactors for controlling
cyanobacterial growth. Bioresour. Technol. 2010, 101, 9681–9687. [CrossRef]

21. Wu, Y.; Xia, L.; Yu, Z.; Shabbir, S.; Kerr, P.G. In situ bioremediation of surface waters by periphytons.
Bioresour. Technol. 2014, 151, 367–372. [CrossRef]

22. Huang, L.C. Ecological Restoration of Eutrophic Lake with Artificial Grass—Take Dianchi Lake for Example.
Master’s Thesis, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China, June 2016.

23. Prieto, D.M.; Rubinos, D.A.; Piñeiro, V.; Díaz-Fierros, F.; Barral, M.T. Influence of epipsammic biofilm on the
biogeochemistry of arsenic in freshwater environments. Biogeochemistry 2016, 129, 291–306. [CrossRef]

http://dx.doi.org/10.1016/0304-3770(86)90031-8
http://dx.doi.org/10.1007/BF02286421
http://dx.doi.org/10.1007/BF02286422
http://dx.doi.org/10.1016/0169-5347(93)90254-M
http://dx.doi.org/10.1111/fwb.12589
http://dx.doi.org/10.1126/science.221.4611.669
http://dx.doi.org/10.1111/j.1758-2229.2008.00004.x
http://dx.doi.org/10.1111/j.1365-2427.2009.02349.x
http://dx.doi.org/10.1016/0304-3770(83)90057-8
http://dx.doi.org/10.1016/S0048-9697(98)00194-6
http://dx.doi.org/10.1016/S0269-7491(02)00192-6
http://dx.doi.org/10.1899/08-063.1
http://dx.doi.org/10.4319/lo.2005.50.3.0755
http://dx.doi.org/10.1016/j.watres.2014.12.049
http://www.ncbi.nlm.nih.gov/pubmed/25594825
http://dx.doi.org/10.1007/s11356-015-5988-z
http://dx.doi.org/10.1016/j.biortech.2010.07.063
http://dx.doi.org/10.1016/j.biortech.2013.10.088
http://dx.doi.org/10.1007/s10533-016-0232-6


Water 2019, 11, 1370 14 of 15

24. Teng, Q.X.; Pang, Y.; Hu, X.Z.; Wang, Y.T.; Huang, T.Y. Application of Artificial Plants in Farmland Drainage
Ditches of Boluo River. J. Environ. Eng. Technol. 2016, 6, 65–71.

25. Yang, Y.; Chen, W.; Yi, Z.; Pei, G. The integrative effect of periphyton biofilm and tape grass (Vallisneria
natans) on internal loading of shallow eutrophic lakes. Environ. Sci. Pollut. R. 2017, 25, 1773–1783. [CrossRef]
[PubMed]

26. He, H.; Luo, X.; Jin, H.; Gu, J.; Jeppesen, E.; Liu, Z.; Li, K. Effects of exposed artificial substrate on the
competition between phytoplankton and benthic algae: Implications for shallow lake restoration. Water
2017, 9, 24. [CrossRef]

27. Liu, Y.; Chen, W.; Li, D.; Shen, Y.; Li, G.; Liu, Y. First report of aphantoxins in China—Water blooms of
toxigenic Aphanizomenon flos-aquae in Lake Dianchi. Ecotoxicol. Environ. Saf. 2006, 65, 84–92. [CrossRef]
[PubMed]

28. Wang, J.H.; Yang, C.; He, L.Q.S.; Dao, G.H.; Du, J.S.; Han, Y.P.; Hu, H.Y. Meteorological factors and water
quality changes of Plateau Lake Dianchi in China (1990–2015) and their joint influences on cyanobacterial
blooms. Sci. Total Environ. 2019, 665, 406–418. [CrossRef] [PubMed]

29. Liu, L.; Du, R.; Zhang, X.; Dong, S.; Sun, S. Succession and seasonal variation in epilithic biofilms on artificial
reefs in culture waters of the sea cucumber Apostichopus japonicus. Chin. J. Ocean. Limnol. 2016, 35, 132–152.
[CrossRef]

30. SEPA. Standard Methods for Water and Wastewater Monitoring and Analysis, 4th ed.; State Environmental
Protection Administration: Beijing, China, 2002. (In Chinese)

31. APHA. Standard Methods for the Examination of Water and Wastewater, 20th ed.; American Public Health
Association: Washington, DC, USA, 1998.

32. Hu, H.; Wei, Y. The Freshwater Algae of China: Systematics, Taxonomy and Ecology; Science Press: Beijing, China,
2006; 1023p.

33. Riis, V.; Lorbeer, H.; Babel, W. Extraction of Microorganisms from Soil: Evaluation of the Efficiency by
Counting Methods and Activity Measurements. Soil Biol. Biochem. 1998, 30, 1573–1581. [CrossRef]

34. Nusch, E.A. Comparison of different methods for chlorophyll and phaeopigments determination.
Arch. Hydrobiol. Beih. Ergebn. Limnol. 1980, 14, 14–36.

35. Rao, C.R.M.; Reddi, G.S. Decomposition procedure with aqua regia and hydrofluoric acid at room temperature
for the spectrophotometric determination of phosphorus in rocks and minerals. Analyt. Chim. Acta 1990, 237,
251–252. [CrossRef]

36. Kunii, H. Characteristics of the winter growth of detached Elodea nuttallii (planch.) St John in Japan. Aquat. Bot.
1981, 11, 57–66. [CrossRef]

37. Kunii, H. Seasonal growth and profile structure development of Elodea nuttallii in pond Ojaga-Ike, Japan
(Planch.) St John. Aquat. Bot. 1984, 18, 239–247. [CrossRef]

38. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Knight, R. QIIME
allows analysis of high-throughput community sequencing data. Nat. Med. 2010, 7, 335–336. [CrossRef]
[PubMed]

39. Jiang, L.L.; Zhou, L.; Li, S.M.; Fang, G.F. Nutrient removal and microbial community structure in hybrid
biofilm reactor. Chin. J. Ophthalmol. 2012, 48, 24–27.
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