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ABSTRACT

Harmful algal blooms have become a global environmental problem. Ultrasonic technology was found
to effectively inhibit the algal growth and reproduction of cyanobacteria in eutrophic water. Given
that cyanobacterial blooms are difficult to treat, and treatment methods may cause problems lead-
ing to secondary pollution, a preventive control was proposed. In this research, algal cell sedimen-
tation was performed to analyze the effects of ultrasonic technology on algae. The photosynthetic
system of algae and the optimal combination of the ultrasonic removal of Microcystis aeruginosa were
also studied. Low-frequency ultrasound (20, 40 and 100 kHz) was selected to analyze the changes in
phycobiliprotein content, the expression level of the key gene in photosynthesis, and the settlement
index after treatment with different ultrasonic frequencies and power densities. Results showed that
the phycobiliprotein content and gene expression level decreased after ultrasonic treatment, and a
large quantity of cells settled. The inhibition effectiveness at 40 kHz was much better than that at 20
and 100 kHz. When the power density of 0.02 W/mL decreased and was applied at a frequency of
40 kHz, the relative content of phycobiliprotein decreased significantly, and the phycobiliprotein level
increased by 44%—45% compared with that of the control group after 10 d. Relative quantifications
(RQs) of the rbcL gene (encoding RUBISCO protein) and cpc gene (encoding phycocyanin protein)
were inhibited with a frequency of 40 kHz. The RQ value decreased by more than 40%. When the
power density remained constant and was applied with a frequency of 40 kHz, both the algal cell sed-
imentation index and the inhibitory effect on algal growth increased. Thus, ultrasound with frequency
of 40 kHz and intervals of 4-6 d is suggested when dealing with algal cells to prevent the algal biomass
below the level of algal blooms from achieving preventive restraint, which is the ability of algal cells
to self-repair and reproliferate.
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1. Introduction China. Cyanobacterial blooms occur frequently in all kinds
of water bodies and may lead to imbalances of ecological
systems, resulting in death of large number of aquatic
organisms, such as aquatic plants and fishes [2].

A radical solution for cyanobacterial blooms is to reduce
the input of exogenous nutrients and the levels of nitrogen
and phosphorus in water because algae cannot propagate

Cyanobacterial blooms have become a global environ-
mental problem [1] and become progressively severe in
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without these factors [3,4]. Traditional treatment methods
can easily cause algae to release algal toxins, resulting in
secondary water pollution. By extruding the management
via preventive restrain and growth inhibition of algae, the
biomass is kept at a certain level to avoid cyanobacterial
blooms and their adverse effects. Ultrasonication is a new
type of environmental technology [5]. Zhang et al. [6] found
that low-frequency ultrasound cannot release microcys-
tins. Ultrasonic cavitation can inhibit the formation poten-
tial of trihalomethanes, disinfection by-products, persistent
organic pollutants, endocrine disruptors, algal toxins and
harmful algal blooms, as well as the harmful refraction of
organic compounds. This method is widely used for water
treatment and presents a mild reaction to conditions, as well
as rapid effects. Ultrasonication can reduce the risk of sec-
ondary pollution and prevent and control cyanobacterial
blooms. Unlike in the past, ultrasonic treatment is used as a
general method to remove algae. By observing the changes
of indicators for a period, this research analyzes the inhibi-
tion degree of algal growth and suggests the mechanism of
inhibition.

Cyanobacterial growth depends on the conversion of
material to energy, which is the core of photosynthesis.
Ultrasonic treatment can damage the phycobiliprotein [6-8].
This phenomenon can affect the function of the photosyn-
thetic system and hinder the conversion of light energy into
chemical energy, thus inhibiting cyanobacterial growth for a
long period.

Leeetal. [9] applied ultrasonic treatments with short treat-
ment times to blue-green algae harvested from Lake Senba.
Chlorophyll-a concentration decreased in blue-green algae. A
chlorophyll fluorometer showed that the chlorophyll fluores-
cence of Microcystis aeruginosa decreased after the ultrasonic
treatment. An increase in power led to a decrease in photo-
synthetic activity [10]. Ultrasonic technology was also used
on the blue-green algae in Taihu of China, and the chloro-
phyll-a concentration decreased [11]. Hao et al. [8] found that
few days after treatment, the chlorophyll-a concentration in
the experimental group was consistently lower than that in
the control group. This finding showed that the ultrasonic
treatment reduced the synthesis rate of chlorophyll-a. Zhang
et al. [6] found that the maximum net photosynthesis rate
of treated cells decreased after treatment. The fluorescence
spectra of phycobiliproteins also changed. Light energy is
restricted to phycobiliproteins; hence, phycobilisomes can-
not be transferred to chlorophyll-a, and further photosynthe-
sis processes were inhibited. As reported by Lee et al. [12],
the fluorescence spectrometer scanning results showed that
the fluorescence peaks of phycobiliproteins were indicated at
665 nm and decreased after ultrasonic treatment. The effects
of ultrasonic treatment on the photosynthetic activity of algal
cells were mainly focused on the concentration of chloro-
phyll-a and the content of phycobiliproteins.

D1 protein is located in photosystem II (PS II), which
refers to the chloroplast gene psbA encoding the 32 kDa
protein; D1 consists of the key parts of the primary photo-
chemical reaction and electron transfer; D1 is also the main
electron transport chain component of PS II [13]. RUBISCO
protein is the key enzyme in photosynthetic carbon assim-
ilation; this protein performs two kinds of catalytic activi-
ties, namely, carboxylase and oxygenase activities, which

can connect carbon assimilation with light respiration [14].
Phycocyanin (PC) is a protein formed by phycobiliprotein.
PC can receive the light energy of phycoerythrin (PE) and
deliver light energy to chlorophyll-a. The main function
of phycobilisomes in cyanobacteria cells is to capture light
energy. They are attached to the external surface of thylakoid
lamella. The absorbed light energy can be transferred to the
chlorophyll for photosynthesis. Therefore, phycobilisomes
are the antenna complexes of the photosynthetic system [15].
Phycobilisomes are the polymers of phycobiliproteins. The
phycobiliproteins of M. aeruginosa can be divided into three
types: PE, PC and allophycocyanin (APC) [16]. Light energy
is captured by PE and then transferred to PC and APC.
Afterward, light energy passes through lipid-soluble pig-
ments and chlorophyll-a levels. Finally, light energy passes
through the D1 protein, which is carried through the photo-
chemical reaction. Thus, phycobiliproteins are important in
the photosynthesis of algae. However, the long-lasting effects
of different ultrasound parameters on the content of phyco-
biliproteins still require further study.

Considering that the psbA and rbcL genes are the key
genes of the light system II and carbon assimilation, their lev-
els of expression can be selected as the evaluation indexes
for photosynthesis [17]. Haifeng et al. [17] found that cad-
mium demonstrates a significant dose relationship with psbA
and rbcL genes. Under high concentration of cadmium, the
magnitude of gene expression of rbcL and psbA decreased
significantly. Hou et al. [18] studied the effects of copper
and cadmium on soluble proteins and photosynthetic pig-
ment contents in duckweed and also found significant dose
relationships. Xiong et al. [19] used real-time fluorescence
quantitative polymerase chain reaction (PCR) to analyze
rbcL gene transcription changes and found that after 120 h
of exposure to plumbum(ll), the relative abundances of rbcL
in Chlorella protothecoides and Chlorella vulgaris decreased by
43.93% and 43.91%, respectively, compared with those in the
control group. The effect of the expression level of the pho-
tosynthetic key protein gene mainly depends on different Pb
ion concentrations. Toxic heavy mental ions from water can
easily pollute the environment, but ultrasound, which is an
environmentally friendly technology, is widely used in water
treatment and will not cause secondary pollution to the envi-
ronment. The effects of ultrasound on gene expression need
to be studied to further understand the influence of ultra-
sound on M. aeruginosa.

M. aeruginosa contains a gas vacuole, which is composed
of hollow cylindrical vesicles [20]. Gas can penetrate through
the gas vacuole membrane [21]. Therefore, the cell buoyancy
can be regulated, and the position of the cells in the water
column can be adjusted. When the pressure in the gas vacu-
ole exceeds the critical value, the structure of the gas vacuole
will collapse and flatten [22]. Klebahn’s “Hammer and bottle
cork” test found that a certain pressure on the algal suspen-
sion can destroy the gas vacuole; as such, algae will settle on
the bottom of the container. As early as 1971, Lehmann and
Jost [23] have used ultrasound to produce a series of reac-
tions damaging the gas vacuole inside M. aeruginosa. The rate
constant of algal removal is related to ultrasonic frequency
[24]. Compared with Synechococcus, which does not con-
tain a gas vacuole, the biomass increment of M. aeruginosa
decreased by 65% and required a long regeneration time.
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This phenomenon showed that the resonance effect influ-
enced the growth of algae with gas vacuoles [25]. Rajasekhar
et al. [26] also confirmed that the growth of algae with gas
vacuoles was significantly inhibited by ultrasound. Research
about the effect of ultrasound on the gas vacuoles mainly
involved algal cells with gas vacuoles as subjects. We found
that the destruction of the gas vacuoles by ultrasound can
cause deposition of algal cells.

Phycobiliproteins and the expression level of the key
photosynthetic protein gene were detected in algae cells after
ultrasonic treatment with different parameters. These exper-
iments were determined to analyze the effect of ultrasound
on the cell photosynthesis system of M. aeruginosa and reveal
the mechanism underlying the growth inhibition of cyano-
bacterial blooms by ultrasonication. The control effects of
different parameters of ultrasonic treatment on algal biomass
were compared through experiments based on the mecha-
nism study. The theoretical basis would be provided for the
application of ultrasonic preventive technology in the water
remediation.

2. Materials and methods
2.1. Algae species and ultrasonic treatment

The algae species used in the experiment is M. aeruginosa
(number FACHB-905; isolated from Dianchi, 1998), which
was acquired from the wild biological germplasm collection
of Chinese Academy of Sciences—FACHB. Ultrasonic fre-
quencies of 20, 40 and 100 kHz were used for the cell suspen-
sion of M. aeruginosa with the power density of 0.02 W/mL.
Different power densities were used for the cell suspension
of M. aeruginosa with different ultrasonic frequencies of 20,
40 and 100 kHz. Each ultrasound treatment time was set to
5 min [24,25]. The algal cell solution volume was approxi-
mately 100 mL. The initial algal density was approximately
8.3 x 10° cells/mL. After ultrasonic treatment, the cells were
fostered under a 14/10 h light/dark cycle at 30°C for 8 d. The
phy-cobiliprotein content was sampled and examined for 2 h
and then for 1, 2, 4, 6, 8 and 10 d [27]. The transcription levels
of the genes encoded were sampled and examined with D1,
RUBISCO and PC within 2 h and then after 1, 2, 4, 6, 8 and
10 d to determine the change curve of settlement index.

2.2. Phycobiliprotein

We detected the relative amounts of PE, PC and APC
[28]. The specific operation steps are described as follows: (1)
Up to 3 mL of algae solution was taken to a 10 mL centri-
fuge tube. (2) Algae cells were collected and centrifuged at
5,000 rpm for 10 min, and supernatant was discarded. (3) For
phosphoric acid buffer washing, 1.5 mL of phosphate-buff-
ered saline (PBS) was added, and the mixture was centri-
fuged at 5,000 rpm for 10 min; the supernatant was discarded
and centrifuged again. (4) For freeze thawing, 1.5 mL of PBS
was added, and the mixture was frozen for 4 h at —20°C; after-
ward, the mixture was oscillated to melt at 20°C in the dark
for 30 min; this step was repeated twice. (5) The mixture was
then centrifuged at 5,000 rpm for 10 min, and the supernatant
was collected. (6) For photometry checking, the supernatant

was detected for A, A, and A as follows [27]:

A —2.8xPC—-1.34x AP
PE(mg- L) =25 §xPC—1.34x APC (1)
1.27
Ay, —0.7x A
PC(mg . L’1)= 620 7038X 650 2)
Ay —0.19x A
APC(mg . L—l) — 27650 55 * Aean (3)
PB =PE + PC+APC @)

where A, represents the absorbance at 565 nm, A_,
represents the absorbance at 620 nm and A represents the
absorbance at 650 nm.

2.3. Gene expression level

Real-time fluorescence quantitative PCR was used to
determine the expression levels of the four following genes in
the photosynthetic system of algal cells: psbA gene encoding
D1 protein, rbcL gene encoding RUBISCO protein, cpc gene
encoding PC and 16s rRNA gene encoding reference proteins.

The primer sequences of four kinds of target genes as
summarized in Table 1 (Primer Synthesis, Sangon Biotech
(Shanghai) Co., Ltd., Shanghai) [27].

RNA extraction was performed using EASYspin Plus
Plant RNA Purification Kit (Aidlab Biotechnologies Co.,
Ltd., Beijing). The OD value of RNA was measured using
a Thermo Scientific NanoDrop2000c spectrophotometer
(Thermo Fisher Scientific, USA), and the RNA concentra-
tions were calculated. RNA integrity was monitored in gel
electrophoresis.

RNA reverse-transcription reaction was performed using
HiScript Q RT SuperMix for qPCR Kit (Vazyme, USA). Up
to 16 uL of RNase-free ddH,O, 4 uL of 4x gDNA wiper Mix
and 200 ng of template RNA were added into the RNase-
free centrifuge tube by using an H-1 micro-mixer (Shanghai
Kang Wo Photoelectric Instrument Co., Ltd., Shanghai) to
ensure that the liquid was uniformly mixed. The reaction
was then processed in 51000 Peltier Thermal Cycler (Bio-
Rad Laboratories, USA) at 42°C for 2 min. A 4 uL volume
of 5x gqRT SuperMix II was added to the first step reaction

Table 1
Primer sequences of four target genes

Target Forward primer Reverse primer

genes (5'—>3") 5'—>3)

cpe TTGACCGAAAAAGC- TTTTCTTTACCGC-
CAATTC GTTGGTC

rbcL GCGGGGTTAAT- AAAAGTTGCCGAC-
GACTGAGAA GATGTTC

psbA GATCGCCTTTAGG- CATGCAGGTGTATG-
GTCTTCC GAATGC

16s CTGCTGTCAAAT- CACCGATGTTCTTC-

rRNA CAGGTTGC CCAATC
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tube, incubated stepwise at 50°C for 15 min, and then at 85°C
for 2 min. The first chain of cDNA was used for the reaction
immediately or stored at —20°C.

The samples of each gene group (cpc, rbcL and psbA) were
detected by SYBR Green I in an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems, USA). Each PCR reaction liquid
and reaction condition were prepared as described in Table 2.
The PCR products were then subjected to melting curve anal-
ysis (Fig. S1).

Relative quantification (RQ) was performed with the 244
method, and the RQ of genes was calculated as follows:

RQ — p-aact (5)
AACE =(CH'? - Ct?) = (Ct" - ™) (6)

where Ct“is the target gene, and Ct is the value of the control
group. Ct"™is the target gene, and Ct is the value of the experi-
mental group. Ct“is the reference gene, and Ct is the value of
the experimental group.

2.4. Sedimentation of algal cells

We followed the experimental methods of Rodriguez-
Molares et al. [29] and quantified the settlement degree of
M. aeruginosa caused by ultrasonic waves. Ultrasonic treat-
ment removed the algae solution in 10 mL glass tube. Both
the control and experimental groups were cultured under the
same environmental conditions. By comparing the densities
of the 5 mL algae in the test tubes, we observed the level of
the algae cells in the experimental group compared with that
in the control group, which was expressed by the settlement
index as follows:

CS
SI :[1—ij 100% @)

where C° is the value of the experimental group, with
algae density in the upper layer of the 5 mL algae sample

Table 2
PCR reaction liquid and reaction condition

Reactants Volume  Reaction Time
(uL) temperature (°C) (s)

qPCR SYBR Green 10.0 95 300

Master Mix

PCR Forward 0.5 95 10

Primer (10 uM)

PCR Reverse 0.5 60 30

Primer (10 uM)

50x Rox Reference 0.4 Followed by 40 cycles of 95°C

Dye I for 10 s and 60°C for 30 s
cDNA Template 1.0
ddH,O Added

to 20

(in cell/mL); C€ is the value of the control group, with algae
density in the upperlayer of the 5 mLalgae sample (in cell/mL).
Without any treatment in the control group, some of the cells
settled because of death. The proposed method was used to
deduct the settlement caused by non-ultrasonic action and
compared the effects of ultrasonic treatment on the sedimen-
tation of M. aeruginosa.

3. Results and discussion
3.1. Effect on phycobiliprotein

3.1.1. Effect of ultrasonic frequency on phycobiliprotein
accumulation

The power density used with the three frequencies (20, 40
and 100 kHz) in this experiment is 0.02 W/mL. The changes
in relative contents of PE, PC and APC in each group are
shown in Fig. 1. The relative contents of PE, PC and APC
first decreased and then increased. The contents decreased to
the lowest after 2 h of ultrasound treatment, and the relative
contents were approximately the same (40%). The effect of
the same ultrasound treatment on the degree of immediate
damage of phycobiliprotein was also similar. Subsequently,
each experimental group showed different changes. The con-
tent of phycobiliprotein in the experimental group (100 kHz)
increased the fastest and reached the maximum (more than
100%) within 4 d; the maximum value obtained was more
than the phycobiliprotein content of the control group. The
algal cells might achieve a stress response to external distur-
bances. Their protein synthesis ability was higher than that of
the normal state. After 4 d, the relative content of the exper-
imental group gradually decreased. Within 4-10 d, the rela-
tive content of the experimental group (20 kHz) was stable
at 85%-92%. The absolute content of the experimental group
(40 and 100 kHz) increased continuously, but the relative
content decreased by 10%-16%. This finding was ascribed to
the decrease of phycobiliprotein content, which can capture
and deliver light energy during the early stages of ultrasound
treatment. Such decrease affected the photosynthetic carbon
assimilation on algae cells because these cells lacked the nec-
essary organic compounds for growth and division (such as
protein and carbohydrates). Therefore, the growth rate of the
experimental group was lower than that of the control group.

3.1.2. Effect of ultrasonic power density on phycobiliprotein
accumulation

The relative contents of phycobiliprotein with differ-
ent ultrasonic power densities at a frequency of 40 kHz are
shown in Fig. 2.

Changes in the relative contents of PE after ultrasonic
treatment are shown in Fig. 2(A). Within 2 h, the relative con-
tent of PE decreased rapidly, and the levels of PE, which were
at power densities of 0.0140 and 0.0245 W/mL, were 43%
and 43% lower than those of the control group; the relative
content of PE, which was at power density of 0.0560 W/mL,
was nearly zero. After 1 day, the relative content of PE began
to increase until 4 d; the relative content of PE, which was
at power density of 0.0140 W/mL, was 94% and almost the
same as the control group. After 4 d, the relative content of
PE increased slowly, and this trend can reflect the inhibitory
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Fig. 2. Effect of power density on the relative contents of PE (A), PC (B) and APC (C) when the frequency was 40 kHz.

effect of ultrasonic treatment on the growth of algae. The bio-
mass of the experimental group was lower than that of the
control group, and the absolute content of PE was minimal
because of the removal of few algal cells. Nevertheless, the
algal cells could repair but cannot repair completely because
of the damage; therefore, the ability of cell growth and divi-
sion in the experimental group was lower than that in the

control group. The results indicated that PE was damaged
by ultrasound, and the ability of algal cells to capture and
transfer light energy decreased.

Changes in the relative contents of PC after ultrasonic
treatment are shown in Fig. 2(B). Within 2 h, the relative con-
tent of PC in the experimental group significantly decreased;
when the ultrasonic power increased, the content decreased.
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The relative content of PC, which was at a power density of
0.0560 W/mL, was not totally corrupted. The ability of PC to
resist ultrasonic destruction was higher than that of PE and
APC. The experimental group (0.0140 W/mL) first entered
the repair stage. After 4 d, the relative content of PC, which
was at power density of 0.0140 W/mL, was 94%. The con-
tents of PC in both groups showed a decreasing trend, which
suggested the inhibitory effect of ultrasonic treatment. The
results indicated that PE was damaged by ultrasound, and
the ability of algal cells to capture light energy decreased.

Changes in the relative contents of APC after ultrasonic
treatment are shown in Fig. 2(C). The changes in relative
contents of APC in the experimental group were similar
to those in PE and PCs. Within 2 h, the relative content of
APC in the experimental group with the power density of
0.0140, 0.0245 and 0.0560 W/mL under ultrasonic frequency
of 40 kHz decreased by 34%, 41% and 0%, respectively. The
stage of restoration of algal cells occurred from 2 h to 4 d.
The relative content of APC was restored gradually; when
the power density increased, the rate of repair of APC
increased. Ultrasound can inhibit the growth of algal cells,
resulting in a decreasing trend in the content of APC. Tao
et al. [30] found that the reduction of photosynthetic pigment
protein content after UV-C treatment would lower the ability
to capture and transfer light energy of algal cells, because
the repair and the synthesis mechanism of photosynthetic
pigments were damaged. From this, it can indicated that
APC of algal cells was damaged, the light energy transfer
chain was cut off, and the ability to capture and transfer light
energy decreased after ultrasound treatment.

3.2. Effect of the expression level of the key protein gene
3.2.1. Effect of ultrasonic frequency on gene expression level

Three frequencies (20, 40 and 100 kHz) were used in this
experiment, with a power density of 0.02 W/mL. The gene
expression level of samples after treatment with different
ultrasonic frequencies is shown in Fig. 3.

The psbA gene encodes the D1 protein, and the synthesis
of D1 protein is affected by the level of its expression [31].
Fig. 3 shows that ultrasonic treatment did not affect the rel-
ative expression level of the psbA gene. Within 2 h, the RQ
value of the experimental group, which was at a frequency of
20 kHz, decreased by 96.7% compared with that of the control

1.6

OpsbA gene @rbel gene Ecpe gene

12
10 |
gos
06 |
04 |
02 |
0.0 : :

HH
ol

20 40
Ultrasound frequency(kHz)

Fig. 3. Effect of frequency on the relatively quantitate expression
level of genes.

group. The rates of psbA gene expression, which were at fre-
quencies of 40 and 100 kHz, increased by 5.9% and 12.3%.
The expression level of psbA mRNA increased. This increase
is a potential response to D1 protein denaturation, which was
caused by stress, and can further increase the synthesis of D1
protein and repair the structure of the PS II reaction center.

The rbcL gene encodes the RUBISCO protein. The content
or carboxyl activity of the rbcL gene was closely related to the
photosynthetic rate. The expression level of the experimental
group at frequencies of 20 and 100 kHz increased by 18.2%
and 14.4%, respectively; this finding was associated with a
protective reaction. The transcriptional level of the rbcL gene
significantly decreased after ultrasonic treatment at a fre-
quency of 40 kHz. The RQ value was 43.6% higher than that
of the control group. The expression level of the rbcL gene
was significantly inhibited.

The cpc gene encodes the PC protein. The content of PC
can affect the transfer of light energy in the photosynthetic
system. The expression of the cpc gene was similar to that
of the rbcL gene in terms of ultrasonic frequency. The rela-
tive expression levels of the experimental groups at frequen-
cies of 20, 40 and 100 kHz were 127.7%, 48.2% and 94.4%,
correspondingly. Ultrasonic treatment at frequency of
100 kHz slightly influenced the transcription of the cpc gene.
By contrast, ultrasonic treatment at frequency of 40 kHz
significantly inhibited the expression of the cpc gene.

3.2.2. Effect of ultrasonic power density on gene expression
level

The relative expression levels of the target gene under
different power densities with a frequency of 40 kHz are
shown in Fig. 4. The expression of the psbA gene was slightly
influenced. The RQ value of the experimental group at a
power density of 0.0140 W/mL was 90.7% higher than that of
the control group. The RQ values at power densities of 0.0245
and 0.0560 W/mL increased. The transcription levels of the
rbcL and cpc genes were significantly inhibited compared
with those of the psbA gene. The RQ value decreased by more
than 40%. Compared with the RQ values in the experimen-
tal group with power densities of 0.0245 and 0.0140 W/mL,
the expression levels of the rbcL and cpc genes were not sig-
nificantly different. These results indicated that the effects of
ultrasonic treatment on gene expression were similar to those

1.6
14
12t
1.0 |

Sos +
06
04 |
02
0.0

OpsbA gene Erbel gene Bcpce gene

HH

0 0.0140 0.0245
Ultrasound power density(W/mL)

0.0560

Fig. 4. Effect of power density on the relatively quantitate
expression level of genes.



356 G. Fan et al. / Desalination and Water Treatment 78 (2017) 350-359

under relatively low power density. When the power density
was increased to 0.0560 W/mL, the RQ value significantly
decreased, and the rbcL and cpc gene expression levels were
only 6.3% and 14.5%. The photosynthetic rate of algal cells
also significantly decreased. The content of PC treated with
the same ultrasonic parameters decreased to 10.3% within
2 h. The transfer process of the cpc gene was blocked by ultra-
sonic treatment, and the content of PC also decreased.

3.3. Effect on sedimentation of algal cells

By analyzing the changes in the photosynthesis system
of algal cells after ultrasonic treatment, three frequencies can
damage the structure and function of algal cells. Among these
frequencies, 40 kHz significantly damaged the photosynthe-
sis system and physiological activity. To achieve the purpose
of preventive inhibition, the effect of different parameters
on the long-term inhibition of algae biomass was investi-
gated. In this study, the density and sedimentation indexes of
M. aeruginosa were compared, the effects of ultrasonic
treatment on algae were obtained directly, and the control
effect of 40 kHz on algae biomass was verified.

Algal cells produced sedimentation when the algal cells
containing gas vacuoles were treated with ultrasonic waves.
The algal cells of the control group would grow and settle
naturally without any treatment, and some aging cells settled
slowly. Given that the structures of gas vacuoles [7,12] were
damaged, some of the algal cells in the experimental group
gradually settled down to the bottom of the tube. Hence, the
sedimentation rate and quantity are related to the ultrasonic
parameters. The effects of frequency and power density on
the sedimentation of M. aeruginosa are mainly discussed in
this study.

3.3.1. Effect of ultrasonic frequency on the sedimentation
of M. aeruginosa

The changes of settlement index after different frequen-
cies with a power density of 0.02 W/mL are shown in Figs. 5
and 6. The settlement index rose the fastest within 24 h under
ultrasonic treatment for 5 min at three frequencies. The
results showed that the algal cells achieved the most rapid
deposition rate, with settlement indexes of 39%, 65% and
63%. Approximately 39%-65% of all the algal cells produced
sedimentation after the ultrasonic treatment. As shown in
Fig. 5, we observed that large number of algal cells sank to
the bottom of the container.

The settlement index of the experimental group reached
saturation within 48 h and remained stable between 48 and

20kHz 20kHz
0.0581W/mL 0.0210W/mL s fr et

Fig. 5. Algal cell sedimentation after ultrasonic treatment.

144 h, to some extent. Furthermore, the M. aeruginosa began
to repair the damaged gas vacuoles and synthetize new gas
vacuoles. The number of suspended algal cells increased
gradually. The settlement indexes of the experimental groups
at frequencies of 40 and 100 kHz were similar. The settlement
index of the experimental group under 40 kHz frequency was
slightly higher than that of the experimental group under
100 kHz frequency. The settlement index of the experimental
group with a frequency of 20 kHz was the least and began to
decrease after 144 h. The biomass increased significantly at
that time. Rodriguez-Molares et al. [29] treated M. aeruginosa
with a frequency of 21.5 kHz and power density of
0.0137 W/mL. The sedimentation did not reach saturation
in 48 h but lasted for nearly 1 week. This finding may be
related to the initial algal density. The algal density used
by Rodriguez-Molares et al. [29] was approximately
13.3 x 10° cells/mL. The algae underwent different growth
periods when the initial algal density was varied.

3.3.2. Effect of ultrasonic power density on sedimentation
of M. aeruginosa

The change of curve of the settlement index after different
power densities, with frequencies of 20, 40 and 100 kHz, are
shown in Figs. 6(B)—(D), respectively.

3.3.2.1. Settlement variation at frequency of 20 kHz With
frequency of 20 kHz, the settlement index increased the fast-
est within 24 h and showed that the sedimentation rate of
algal cells was the fastest. The experimental groups at power
densities of 0.0210 and 0.0581 W/mL were basically saturated
for 48 h and remained stable for 48-144 h, to some extent.
At this stage, gas vacuoles began to repair, and algal cells
started to divide and proliferate. The settlement indexes of
the experimental groups at power densities of 0.0210 and
0.0581 W/mL began to decrease 144 h later. Cells stopped
settling, and the biomass began to increase. The settlement
index of the experimental group, which was at power density
of 0.1029 W/mL, began to increase after 48 h and reached
100% within 192 h. The intensity of ultrasound caused the
non-recoverable damage on algal cells. As the power density
increased, the settlement index of each time point increased,
and the number of settling cells was large.

3.3.2.2. Settlement variation at frequency of 40 kHz With
frequency of 40 kHz, the settlement index increase was the
fastest within 24 h, with different variation rules. The settle-
ment index of the experimental group, which was at power
density of 0.0140 W/mL, first increased and then decreased.
This finding showed that the cell sedimentation quantity
was low during the initial stage of ultrasound; some cells
did not sink, but the physiological activity was affected, and
the number of cells increased slowly during the late stage.
The settlement index of the experimental group, which was
at power density of 0.0245 W/mL, was saturated within 48 h
at approximately 76.5%. The settlement index of the experi-
mental group, which was at power density of 0.0560 W/mL,
reached nearly 100% after 96 h. Algal cells were almost all
off. However, the suitable light and temperature cannot be
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Fig. 6. Effect of frequency on sedimentation index (SI) (A). Effect of power density on sedimentation index (SI) when the frequency

was 20 kHz (B), 40 kHz (C) and 100 kHz (D), respectively.

restored. When the power density increased, the number of
settling cells also increased.

3.3.2.3. Settlement variation at frequency of 100 kHz

Compared with the effect of ultrasonic treatment of 20
and 40 kHz, given the power density of each experimental
group with only a small difference to a frequency of 100 kHz,
the settlement index of the experimental group presented a
small difference during the culture period, and the change
trends were similar. With a frequency of 100 kHz, the set-
tlement index increased the fastest within 24 h. This finding
showed that the sedimentation rate of algal cells was the
fastest and stable between 48 and 192 h, to some extent. At
this stage, gas vacuoles began to repair, the damaged cells
floated and started to divide and proliferate, and the biomass
increased gradually. When power density increased, the set-
tlement index also increased. This result indicated that the
number of algal cells with damaged gas vacuoles in structure
was large.

During the initial stage of ultrasound, the gas vacuoles
of M. aeruginosa were damaged by cavitation and cannot
provide buoyancy for cells. Algal cells can reabsorb and syn-
thesize proteins needed for the ruptured gas vacuoles and
create new gas vacuoles. Each gas vacuole was shaped like
a small double cone originally, and then the shape changed
to an oval gradually. This process probably occurred within
48 h. Cells can reconstruct large gas vacuoles to prevent
settlement. After 96-144 h, the buoyancy provided by the
gas vacuoles can stop settling. Ultrasound can destroy the
gas vacuoles and was conducive to remove M. aeruginosa
in actual water by ultrasonic treatment. Moreover, M. aeru-
ginosa colonially existed in the form when the number of
algal cells was the same and the moving friction of conge-
ries were small; the sedimentation velocity was great, and

the settlement was enhanced by ultrasonic treatment. When
the algal cells sank to the water layer with less light, cells
failed to carry out photosynthesis without regenerating gas
vacuoles.

4. Conclusions

Ultrasonic treatment can damage the photosynthetic
pigments, including PE, PC and APC of M. aeruginosa. The
ability of algal cells to capture light energy was reduced, and
the light energy transfer chain was cut off. At the same time,
ultrasonic treatment inhibited the transcription of the encod-
ing gene of D1 protein, RUBISCO and PC. Such treatment
can affect the synthesis of proteins and repair mechanisms.
Under the same frequency and increased power density, the
sedimentation index increased, and the number of sedimen-
tation cells also increased. Therefore, we recommend the use
of ultrasound with frequency of 40 kHz to control the ultra-
sonic intensity and avoid cell break because algal cells pos-
sess the ability of self-repair and reproliferation.
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Fig. S1. The melting curve of four kinds of genes (A) 16s rRNA; (B) psbA gene; (C) rbcL gene and (D) cpc gene.



