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ABSTRACT

The hypothesis that cyanobacteria can be controlled by commercially available ultrasound
transducers was tested in laboratory experiments with cultures of the cyanobacteria
Anabaena sp., Cylindrospermopsis raciborskii and Microcystis aeruginosa and the green alga
Scenedesmus obliquus that were grown in the absence or presence of ultrasound (mix of 20,
28 and 44 kHz). The Scenedesmus experiment also included a treatment with the
zooplankton grazer Daphnia magna. Chlorophyll-a and biovolume-based growth of Ana-
baena was significantly lower in ultrasound exposed cultures than in controls. Particle
based growth rates were higher in ultrasound treatments. Filaments were significantly
shorter in ultrasound exposed cultures reflecting filament breakage. Photosystem II effi-
ciency was not affected by ultrasound. In Cylindrospermopsis chlorophyll-a based growth
rates and photosystem II efficiencies were similar in controls and ultrasound treatments,
but biovolume-based growth was significantly lower in ultrasound exposed cultures
compared to controls. Despite biovolume growth rates of the filamentous cyanobacteria
were reduced in ultrasound treatments compared to controls, growth remained positive
implying still a population increase.

In Microcystis and Scenedesmus growth rates were similar in controls and ultrasound
treatments. Hence, no effect of ultrasound on these phytoplankton species was found.
Ultrasound should not be viewed “environmental friendly” as it killed all Daphnia within
15 min, releasing Scenedesmus from grazing control in the cultures. Based on our experi-
ments and critical literature review, we conclude that there is no music in controlling
cyanobacteria in situ with the commercially available ultrasound transducers we have
tested.

© 2014 Published by Elsevier Ltd.
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1. Introduction

Nutrient enrichment of surface waters by anthropogenic ac-
tivity (eutrophication) is a major water quality issue
(Roijackers et al., 1998; Smith and Schindler, 2009). Eutrophi-
cation of surface waters may lead to several objectionable
effects of which cyanobacterial proliferation and formation of
surface scum are among the most noticeable ones (Smith
et al,, 1999; Smith, 2003). Such blooms might be a threat to
the health of humans and animals, because cyanobacteria
might produce very potent toxins (Codd et al., 2005; Dittmann
and Wiegand, 2006).

Over the last decades, eutrophication has increased the
frequency and intensity of cyanobacterial blooms (de
Figueiredo et al.,, 2004; Smith and Schindler, 2009; O'Neil
et al., 2012). Blooms of cyanobacteria have become a wide
spread phenomenon throughout Europe (Chorus, 2001;
Mankiewicz et al., 2005; Willame et al., 2005; Mooney et al.,
2010) and also represents the summer situation in recrea-
tional waters in The Netherlands (Ibelings et al., 2012). In
general, cyanobacteria dominate the phytoplankton commu-
nity in temperate eutrophic lakes, ponds and reservoirs during
the warmer periods of the year (Watson et al., 1997), where
climate change is expected to further aggravate these symp-
toms of eutrophication (Paerl and Huisman, 2008; Moss et al.,
2011; de Senerpont Domis et al., 2013). Especially summer
heat waves might promote cyanobacterial blooms (Johnk
et al., 2008). This expectation is underpinned by the coinci-
dence of the two hottest summers in Europe — 2003 and 2006,
since recording started (Luterbacher et al., 2004; Rebetez et al.,
2009), with major cyanobacterial nuisance in The Netherlands.
In 2006, more than 100 lakes and ponds in The Netherlands
suffered from such heavyblooms that warnings were issued in
the media.

As a consequence of the media attention in 2006 around
cyanobacteria issues, in subsequent years Dutch water au-
thorities were confronted with a number of (commercial)
parties that claimed to have fix-it-all solutions for the
cyanobacteria-related problems. A heavily promoted product
in the Netherlands following the 2006 heat waves was the use
of ‘Effective Microorganisms (EM)’, which were embedded in
the so-called ‘mudballs’ or ‘Bokashi-balls’. However,
controlled experiments revealed they were far from efficient
in controlling cyanobacteria (Liirling et al., 2009, 2010).
Concurrently, The National and Regional Water Authorities
were approached by suppliers of ultrasound devices to control
cyanobacteria in Dutch surface waters. The potential of ul-
trasound in controlling cyanobacteria is based on laboratory
studies showing clear effects of ultrasound on cyanobacterial
growth, the collapse of gas vesicles, cell wall disruption and
disturbance of the photosynthetic activity (Wu et al., 2011,
Rajasekhar et al., 2012b). However, these studies have used
relatively high ultrasound intensities, which are difficult to
apply in lakes and ponds (Rajasekhar et al., 2012b).

Because of the uncertainties on the efficacy of commer-
cially available ultrasound devices, we have performed
controlled experiments in the laboratory testing the hy-
pothesis that commercially available ultrasound transducers
strongly reduce cyanobacteria biomass. The manufacturer of

the ultrasound transducers we’ve used stated that “phyto-
plankton would be killed within one week” (http://flexidal.
be/nl/produktenvanflexidal algen.asp?
rubriek=algen&fotoid=8; last accessed August 2nd 2014).
Moreover, it is stated that no detrimental effects of ultra-
sound on humans, animals and plants have been found
(http://flexidal.be/nl/uitlegoverdeproduktenvanflexidal _
algen.asp?paginaid=5&rubriek=algen, last accessed August
2nd 2014). Inasmuch as ultrasound is claimed “environ-
mental friendly” (Rajasekhar et al., 2012b), we also tested the
hypothesis that the emitted ultrasound is safe to non-target
organisms as by expecting no deleterious effect of ultra-
sound on the zooplankton grazer Daphnia.

2. Materials and methods
2.1. Organisms

The cyanobacteria Anabaena sp. Lemmermann 1896 strain
PCC7122, Cylindrospermopsis raciborskii (Woloszynska) See-
nayya et Subba Raju 1972 strain LETC CIRF-01 and Microcystis
aeruginosa (Kiitzing) Kiitzing 1846 strain NIVA-CYA43 and the
green alga Scenedesmus obliquus (Turpin) Kiitzing 1833 strain
SAG276/3a were maintained in 250 mL Erlenmeyer flasks
containing 100 mL modified WC (Woods Hole modified
CHU10)-medium (Liirling and Beekman, 2006) closed with a
cellulose stopper. The flasks were placed at 25 °C in 40 pmol
quanta m 2 s~ provided in a 14:10 h light—dark cycle. Stock
cultures were transferred to fresh medium every two to three
weeks.

The zooplankton grazer Daphnia magna Straus 1820 has
been cultured in the laboratory in 1 L jars containing 800 mL
artificial RT-medium (Tollrian, 1993). Three times a week
Daphnia cultures received about 4 mg C L.* of the green alga S.
obliquus from a continuous culture (grown at 20 °C in contin-
uous light of about 100 pmol photons m™2 s~* and with a
dilution rate of 1.0 d ™).

2.2. Ultrasound

Four ultrasound devices (Flexidal AL-10) were purchased
commercially. According to the manufacturer these trans-
ducers are applied commonly in ponds (http://flexidal.be/nl/
produktenvanflexidal algen.asp?rubriek=algen&fotoid=S8;
last assessed August 2nd 2014). The inscription on the devices
indicates the transducers might produce ultrasound in the
range 300 Hz to 200 kHz. The device contains a Sunpower SPS-
025—-024 power supply with a maximum power of 26.4 W
(Sunpower Technology Corp, Taiwan). All transducers were
analysed in the laboratory on the produced electronic fre-
quencies using an Agilent 54622D Mixed Signal Oscilloscope.
Detected waves were not sinusoid, but block or square waves
at frequencies of ~20 kHz, ~28 kHz and ~44 kHz. One trans-
ducer also produced sound at ~12 kHz. The transducers have a
diameter of 5 cm.

The acoustic power (P) of the transducers was determined
following standard calorimetric procedure by measuring the
increase in water temperature (AT) of 800 mL demineralized
water over exposure time (At) using the equation (e.g., Kikuchi
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and Uchida, 2011; Wu et al., 2012): P = cyater X Mwaterx AT/At, in
which cyater is the heat capacity of water (4.18 ] g * K~ and
Myater is the mass of the water (800 g). The power of the
transducers was 0.7 (+0.2, 1 SD) W (n = 4).

2.3. Experiments

The experiments were conducted in November and
December 2007 in the laboratory of the Aquatic Ecology and
Water Quality Management Group of Wageningen University
(The Netherlands). Experiments were run in 1 L jars con-
taining 800 mL cyanobacteria or algae suspensions. In every
experiment, four jars were exposed continuously to ultra-
sound by putting a transducer in each, while four other jars
remained untreated (controls). The flasks were closed at the
top with aluminium foil and placed at 25 °C in 40 pmol
quanta m~2 s~* provided from the back by fluorescent tubes
in a 14:10 h light—dark cycle. Jars were shaken manually once
a day.

In the first experiment, Anabaena from the stock culture
was inoculated in freshly prepared and autoclaved WC-
medium at a start concentration of 13 pg L~* chlorophyll-a in
each of the 800 mL suspensions. The experiment was run for
19 days during which 14 times samples were taken that were
analysed on chlorophyll-a concentration (ug L~?) and Photo-
system II efficiency using a PHYTO-PAM phytoplankton ana-
lyser (Heinz Walz GmbH Effeltrich, Germany), biovolume
concentration (um? mL™?Y), particle concentration (# mL~?) and
mean particle volume (um? using a cell-counter system
(Innovatis Casy® model TT). A subsample taken after eight
days was inspected microscopically; filament length and
number of cells per filament were determined using a Leica
Quantimet 500 MC coupled to a Nikon light microscope. Water
quality variables temperature, pH, oxygen concentration and
saturation and electric conductivity were measured five times
during the experiment, i.e., initially, after four hours, one day,
eight days and 17 days.

In the second experiment, Cylindrospermopsis from the
stock culture was inoculated in freshly prepared and auto-
claved WC-medium at a start concentration of 28 pg L7?
chlorophyll-a in each of the 800 mL suspensions. The experi-
ment was run for 10 days and nine samples were taken for
analysis of growth and photosynthesis parameters as describe
for the first experiment.

In the third experiment, Microcystis was inoculated to reach
an initial concentration of 15 pg L~* chlorophyll-a in each of
the 800 mL suspensions. The experiment was run for seven
days during which the cultures were sampled eight times and
further processed as describe for the first experiment. Because
of wrong system settings, particle counts of samples taken at
day 6 were omitted rather than manually recalculated.

In the last experiment, all eight jars were inoculated with
the green alga Scenedesmus at an initial concentration of
20 pg L™* chlorophyll-a. To four jars 15 adult Daphnia were
added. Transducers were placed in two jars with and two
without Daphnia. Hence, the experiment consisted of two
Scenedesmus controls without Daphnia, two with Daphnia and
four ultrasound treatments of which two with and two
without Daphnia. The experiment was run for five days during
which the cultures were sampled five times. Mobility of

Daphnia was checked and animals on the bottom of the jars
were pipetted off and inspected microscopically for move-
ment of thoracic appendages and heart.

Daphnia were reared at 20 °C and transferred to cultures
at 25 °C, where ultrasound treatment could further increase
the water temperature. To check for a possible effect of tem-
perature on Daphnia nine jars containing 800 mL medium and
10 Daphnia were divided over three Gallenkamp ORBI-SAFE
Netwise Orbital Incubator incubators such that three repli-
cate jars for each temperature were placed at 20 °C, 25 °C and
30 °C. Survival was checked for three days by daily inspection
of the jars.

2.4. Data analysis

Each growth and photosynthesis parameter (chlorophyll-a,
biovolume and particle numbers, mean particle volume and
photosystem II efficiency) was analysed by repeated measures
ANOVA in the tool pack IBM SPSS Statistics version 19.0.0.1
with treatment (control and ultrasound) as the fixed factor.
Growth rates based on the increase in chlorophyll-a, bio-
volume and particle concentrations were derived from itera-
tive fitting of the logistic growth function in the tool pack
SigmaPlot 12.3:

A ApK
" T Ap+ (K— Ag)-exp(T

where A is the initial population size and A, is the population
size at time t, K is the carrying capacity and r is the population
growth rate. Growth rates of controls and treatments were
compared by t-tests in the tool pack SigmaPlot 12.3.

3. Results
3.1. Effects of ultrasound on Anabaena

Biomass indicators chlorophyll-a concentration and bio-
volume concentration were significantly lower in ultrasound
treatments compared to controls (Fig. 1A, B; Table A1l).
Consequently, chlorophyll-based growth rates and
biovolume-based growth rates were significantly lower in
ultrasound treatments than in controls (Table 1). In contrast,
particle concentrations increased more rapidly in ultrasound
treatments than in controls (Fig. 1C; Table Al) and particle-
based growth rates were significantly higher in ultrasound
treatments than in controls (Table 1). The mean particle
volume doubled in a few days in controls from around
4000 pm? at the start to around 8000 pm?, while in ultrasound
treatments the mean particle volume rapidly decreased to
around 370 um?® (Fig. 1D). Mean particle volumes were
significantly lower in ultrasound than in controls (Table A1),
whereas filaments were significantly shorter (T = 289.0;
P <0.001) in ultrasound (mean + 1 sd: 28 + 22 um; n = 25) than
in controls (331 + 333 pm; n = 10) having also significantly
fewer (T = 205.0; P < 0.001) cells per filament; on average 7
(+3) cells per filament in ultrasound and 56 (+32) cells per
filament in controls. Hence, ultrasound not only reduced the
growth rate of Anabaena, but also caused filament
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Fig. 1 — Course of the chlorophyll-a concentrations (panel A; g L), biovolume concentrations (panel B; um?® mL™?), particle
concentrations (panel C; # mL~"), mean particle volumes (panel D); um?), photosystem II efficiencies (panel E) and
chlorophyll-a contents (panel F; fg pym?) of Anabaena sp. cultured for 19 days in 800 mL without (Control) or with exposure to
low frequency ultrasound (Ultrasound). Error bars indicate 1 SD (n = 4).

fragmentation. Nonetheless, biomass still increased over
time (Fig. 1A, B) indicating ultrasound was not killing Ana-
baena. This is supported by the Photosystem II efficiency data
that, although statistically significantly different between
controls and ultrasound treatments, showed a rather com-
parable pattern in controls and treatments (Fig. 1E). The
chlorophyll-a content of ultrasound exposed Anabaena was
double that of non-exposed, ie., ~0.20 fg um=3  vs.
~0.10 fg ym 3 (Fig. 1F).

The pH increased from on average 7.7 at the start to 8.4 at
the end of the Anabaena experiment, but pH was similar in
controls and ultrasound treatments (Table 2). Likewise, con-
ductivity (EC) was similar in controls and ultrasound treat-
ments. However, oxygen concentration appeared significantly
higher in controls, while temperature was significantly higher
in ultrasound treatments (Table 2).

3.2 Effects of ultrasound on Cylindrospermopsis

In both controls and treatments the chlorophyll-a concen-
trations increased from ~25 pg L~! at the start to ~250 ug L=?
after ten days (Fig. 2A). Because Cylindrospermopsis chloro-
phyll-a concentrations were similar in controls and treat-
ments (Fig. 2A; Table A2), also chlorophyll-based growth rates
were similar (Table 1). Biovolume concentrations showed a
different pattern; biovolume increased in controls, but in ul-
trasound exposed Cylindrospermopsis biovolume declined
during the first day of exposure, where after it increased
gradually (Fig. 2B). Consequently, biovolume concentrations
and biovolume-based growth rates were significantly lower in
ultrasound treatments than in controls (Table 1, A2).

Particle concentrations and particle-based growth rates
were significantly higher in ultrasound treatments (Fig. 2C;
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Table 1 — Growth rates (means + 1 SD, n = 4, in d ") based
on different endpoints, i.e., chlorophyll-a concentration,
biovolume concentration and the number of particles, for
Anabaena sp. PCC7122 cultured for 19 days,

Cylindrospermopsis raciborskii LETG GIRF-01 grown for 10

days and Microcystis aeruginosa NIVA-CYAA43 for 7 days in
the absence (Control) or presence of low frequency
ultrasound (Ultrasound). Also included are the results (t-
and P values) of t-tests. Significant differences (P < 0.05)
are indicated in bold.

Endpoint Control  Ultrasound t- and P values

Anabaena growth rates (d7%)

Chlorophyll-a  0.28 (+0.02)  0.21 (+0.02) t =4.96; P = 0.003
Biovolume 0.28 (+0.03)  0.02 (+0.02) t=6.78; P < 0.001
Particles 0.22 (+0.03)  0.36 (+0.01) T = 10.0; P = 0.029°

Chlorophyll-a  0.31 (+0.06)  0.30
Biovolume 0.17 (+0.02)  0.13
Particles 0.23 (x0.07)  0.35
Microcystis growth rates (d %)

4) t=0.08; P = 0.941
T = 26.0; P = 0.029°*

(
(
(
Cylindrospermopsis growth rates (d~%)
(
(
( 3) t=3.13; P = 0.020

Chlorophyll-a  0.59 (+0.03)  0.74 (+0.05) t =4.89; P = 0.003
Biovolume 0.31 (+0.01)  0.27 (+0.02) t=3.41;P =0.014
Particles 0.30 (+0.02) 0.28 (+0.02)  t=2.08; P = 0.083

# Mann—Whitney Rank Sum Test because of non-equal variance.
b period 0.8 d—10 d.

Table 1, A2). The mean particle volume was significantly lower
in ultrasound treatments (Fig. 2D; Table A2).

Photosystem II efficiencies were similar in controls and
ultrasound treatments (Fig. 2E; Table A2). The chlorophyll-a
content of ultrasound exposed Cylindrospermopsis was signifi-
cantly higher than that of non-exposed (Fig. 2F).

3.3. Effects of ultrasound on Microcystis

The course of chlorophyll-a concentrations in ultrasound
exposed Microcystis cultures did not differ from that in con-
trols (Fig. 3A; Table A3), but as they were slightly higher in
treatments chlorophyll-based growth rates in the ultrasound
treatments were significantly higher than in controls (Table 1).
Also the increase in biovolume and the number of particles
was similar in controls and treatments (Fig. 3B, C; Table A3).
Biovolume-based growth rates were only significantly
different because of small within group variability, while
particle-based growth rates were similar in controls and
treatments (Table 1). The mean particle volumes were similar

Table 2 — Mean values (+1 SD) of water quality variables
in the first experiment with Anabaena sp. PCC7122
cultured for 19 days in quadruplicates in the absence

(Control) or presence of ultrasound (Ultrasound). Also
included are the results (F- and P values) of the between
subject effects from repeated measure ANOVAs.
Significant differences (P < 0.05) are indicated in bold.

Variable Control Ultrasound F- and P values

pH 8.0 (0.4) 7.8(0.3)  Fi6=2.09;P=0.198

Conductivity 260 (12) 256 (7) F16=1.10; P = 0.336
(S cm ™)

Oxygen (mgL~Y)  10.1 (2.1) 9.4 (1.2) Fi16=11.4;P =0.015

Temperature (°C) 24.9 (1.8)  27.1(1.6)  Fy¢=25.8; P = 0.002

in controls and treatments (Fig. 3D; Table A3). Photosystem II
efficiency was slightly higher in treatments compared to
controls (Fig. 3E), but statistically significant due to small
within group variability (Fig. 3E; Table A3). The chlorophyll-a
content of non-exposed and ultrasound exposed Microcystis
was similar (Fig. 3F; Table A3).

3.4. Effects of ultrasound on Scenedesmus and
Daphnia

In the controls, pure ultrasound treatments and in the com-
bined Daphnia-ultrasound treatments the course of the chlo-
rophyll-a, biovolume and particle concentrations were similar
(Fig. 4A—C; Table A4). However in the presence of only Daphnia
chlorophyll-a, biovolume and particle concentrations were
significantly lower than in the other treatments (Fig. 4A—C;
Table A4). Tukey's post hoc comparison tests revealed that
these growth parameters were significantly lower in the pure
Daphnia treatments (P < 0.05). The different effect of the pure
Daphnia treatment and the combined Daphnia-ultrasound
treatment on the Scenedesmus biomass indicators was caused
by the detrimental effect of ultrasound on Daphnia. When
exposed to ultrasound all Daphnia died within 15 min, whereas
all animals remained alive in the controls.

The mean particle volumes were similar among cultures
(Fig. 4D). Photosystem II efficiency was lower in the Daphnia
treatments at the end of the experiment (Fig. 4E). The chlo-
rophyll-a content of Scenedesmus in the pure Daphnia treat-
ments was lower than that of the controls, while in the just
ultrasound exposed cultures it was significantly higher
(Tukey's test) than in the controls (Fig. 4F; Table A4).

After 24 h, Daphnia survival was 100% at all three temper-
atures. After two days on average 90% of the animals were
alive at 20 °C, 93% at 25 °C and 57% at 30 °C, while after three
days 87% was alive at 20 °C, 74% at 25 °C and 17% at 30 °C

(Fig. 5).

4, Discussion

The results of this study are not in favour of the hypothesis
that cyanobacteria can be controlled by using the commer-
cially available ultrasound devices we have tested.

The transducers we have used are sold on the market and
claimed of being effective over 10~12 m and clearing ponds of
phytoplankton within one (http://flexidal.be/nl/
produktenvanflexidal algen.asp?rubriek=algen&fotoid=8;
last assessed, August 2nd 2014). However, in all four our lab-
oratory experiments the devices were not capable of clearing
the 800 mL exposed to ultrasound. Inasmuch as in larger
volumes significantly less power is transmitted, the impact on
cyanobacteria will be far less (Rajasekhar et al., 2012b). Hence,
it is unlikely that such devices will reduce cyanobacteria in
ponds.

The results of our experiments seem in conflict with the
numerous positive reports on highly effective control of cya-
nobacteria by ultrasound as reviewed in Wu et al. (2011) and
Rajasekhar et al. (2012b). The latter authors pointed out that
most laboratory-based studies applied relatively high ultra-
sound intensities that cannot be used in lakes or ponds,

week
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Fig. 2 — Course of the chlorophyll-a concentrations (panel A; ug L—?), biovolume concentrations (panel B; um* mL™?), particle
concentrations (panel C; # mL~"), mean particle volumes (panel D); um?), photosystem II efficiencies (panel E) and
chlorophyll-a contents (panel F; fg um?) of Cylindrospermopsis raciborskii cultured for 10 days in 800 mL without (Control) or
with exposure to low frequency ultrasound (Ultrasound). Error bars indicate 1 SD (n = 4).

because of less power transmission in larger volumes and
consequently less impact on cyanobacteria (Rajasekhar et al.,
2012b). In our experiment, we used transducers that produced
an acoustic power of 0.7 W yielding and intensity of
8.5 x 10~* W mL™'. Comparing our experiments (in which
cultures were exposed continuously to ultrasound) with
laboratory-based studies on ultrasound at comparable fre-
quencies revealed that all other studies applied relatively
short exposure duration, at intensities dozens to hundreds
times higher (Table 3). That higher intensities are capable of
killing cyanobacteria is evident from additional trials we have
performed with a Branson Digital Sonifier 450 — a device that
is used for disrupting cells, bacteria, spores or tissues (see
Supplementary information). All M. aeruginosa could be killed
at4 W mL™" in 4 repeated exposures of 30 s each, at 8 W mL~?
three cycles were needed, while at 10 W mL~" two repeated
exposures sufficed. Hence, there is a clear correlation between

power and time needed to kill Microcystis cells. The mode of
action is through cavitation (Joyce et al., 2003; Rajasekhar
et al., 2012b). The observed increased mortality of M. aerugi-
nosa with higher intensities (see Supplementary information)
is supported by studies run at 580 kHz, where 0.0018 W mL~*
caused 13.2% reduction, 0.0210 W mL~* led to 36.8% reduction
and 0.0490 W mL™! resulted in 47.4% reduction (Joyce et al.,
2010). Some commercial suppliers of ultrasound to treat
lakes, ponds and aquaria acknowledge that cavitation is the
mode of action in most devices that are used to clean or
sterilise samples using high power (e.g., http://www.lgsonic.
com/lg-sonic-vs-cavitation/, last accessed August 2nd 2014):
“Most ultrasonic algae control devices based on cavitation use rela-
tively low ultrasonic frequencies but a very high power .... For most
devices that use cavitation, the power is known to be at least
0.015 W/cm?®.” They also pointed out that for their commercial
available transducers “the occurrence of cavitation can be
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exposure to low frequency ultrasound (Ultrasound). Error bars indicate 1 SD (n = 4).

disregarded” and that the mode of action “is purely based on
killing algae by bringing them in resonance” (http://www.lgsonic.
com/lg-sonic-vs-cavitation/, last accessed August 2nd 2014).
In our study, no proof was obtained for such killing by reso-
nance, but we found clear evidence that high power — and
presumably cavitation — is efficient in killing cyanobacteria
(see Supplementary information). However, with high power
and cavitation as mode of action there is no reason to expect
solely effects on phytoplankton. High power ultrasound is also
used for disinfection of ballast water or raw water for drinking
water preparation, where it may inactivate motile plankton
(Hoyer and Clasen, 2002) or kill zooplankton, especially larger
cladocerans (Holm et al., 2008). Cavitation could also damage
fish skin (Frenkel et al., 1999) and effects on macrophytes have
been reported (Wu and Wu, 2006).

Inasmuch as we did not find any effects of the commer-
cially available ultrasound devices in relatively small

volumes, there is no reason to expect effects on larger scale, in
situ. In fact, this finds support in field trials with comparable
devices that have been conducted in The Netherlands in 2007.
No evidence of an effect of ultrasound on cyanobacteria or
phytoplankton could be found (Govaert et al., 2007; Kardinaal
etal.,, 2008). The study of Govaert et al. (2007) was conducted in
two identical ponds of which one was treated with ultrasound
produced by a Flexidal AL-50 transducer, while the other one
served as control. During the four months of operation chlo-
rophyll-a concentrations in the control were around 64 (+13)
pg L7 and in the ultrasound treatment around 69 (+26) ug L™*
(data digitally extracted from Fig. 2 in Govaert et al., 2007).
Moreover, no difference in phytoplankton composition was
found (Govaert et al., 2007). Kardinaal et al. (2008) described
two other field trials in The Netherlands; one in the Southwest
of the Netherlands in a harbour area near Tholen and the
other one in a bay of recreational area De Gouden Ham near
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(Daphnia; Ultrasound + Daphnia).

the river Maas. Surface scums and high Microcystis densities
were observed on both sites despite the ultrasound treatment
and the authors concluded that ultrasound was not effective
in reducing cyanobacteria (Kardinaal et al., 2008). There are no
data available to determine ultrasound intensities in these
field trials, but a few field studies using even higher power
units - 10 units of 2 times 100 W in a 365.000 m? reservoir (Lee
et al.,, 2002) and one 630 W unit in 9000 m® pond (Ahn et al.,
2007) gave no support for strong cyanobacteria control by ul-
trasound. Where the control pond in Ahn et al. (2007) was also
dominated by diatoms and the treated pond already at start
had significantly lower chlorophyll-a concentration than the
control, the results should be met critically. Likewise, Lee et al.
(2002) described and reported that chlorophyll-a concentra-
tions were lower in the two years of ultrasound treatment,
which, however, finds no support in the data as chlorophyll-a

concentrations (digitally extracted from Fig. 4 in Lee et al,,
2002), yielded 81 (+56) ug L' before and 74 (+42) ug L~* dur-
ing ultrasound.

Some of the reviewed studies (Table 3) showed good
growth of the ultrasound treated cyanobacteria in subsequent
days (e.g., Ahn et al., 2003; Hao et al., 2004a; Rajasekhar et al.,
2012a). In our experiment with Anabaena, biovolume-
concentration decreased during the first day of the experi-
ment (Fig. 1B), but a parallel line analysis revealed that this
was not different in controls and ultrasound treatments
(F1, = 0.48; P = 0.560). However, in the Cylindrospermopsis
experiment only in the treatments a decrease in biovolume
concentration during the first day was observed (Fig. 2B),
which was significantly different from the controls (F; 4 = 11.8;
P = 0.027). However, here after Cylindrospermopsis grew with a
biovolume-based growth rate of 0.13 d~* (Table 1). Restricting
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our experiment to only one day would have yielded a reduc-
tion based on biovolume in this cyanobacterium, whereas
growth, albeit lower than in controls, was evident from the
longer incubation. Nevertheless, it is very doubtful that the
same effect will be achieved when the transducers are placed
in larger volume such as ponds or lakes, because of less power
transmittance and consequently far less impact on cyano-
bacteria (Rajasekhar et al., 2012b).

Although biovolume-based growth inhibition was
observed in the filamentous cyanobacteria subjected to ul-
trasound, growth rates remained positive, whereas no effect
on Microcystis and the green alga Scenedesmus was found.
These results are in agreement with those reported by Purcell
(2009) who classified M. aeruginosa and Scenedesmus subspicatus
as non-susceptible to ultrasound, while the filamentous cya-
nobacteria Aphanizomenon flos-aquae, Anabaena flos-aquae and
the filamentous diatom Melosira sp. were highly susceptible to
ultrasound. Rajasekhar et al. (2012a) reported Anabaena circi-
nalis being more susceptible than M. aeruginosa which in turn
was more susceptible to ultrasound than Chlorella. The latter
authors explained the differences from presence of gas vesi-
cles in the cyanobacteria and weaker gas vesicles in Anabaena
(Rajasekhar et al., 2012a), where the underlying assumption is
that ultrasound caused resonance and subsequent rupture or
collapse of gas vesicles (Rajasekhar et al., 2012b). The reso-
nance frequency (fo) of gas bubbles can be estimated with the
equation (Kotopoulis et al., 2009):

1 3y 20 2)() 20 + 6x
=— |5 (p+>=+=) - |—=—
Jo 2 (R(Z)p (Po Ro  Ro R3p
In which v is the polytropic exponent of the gas (1.39 for
air), Ry is the radius of the bubble (um), p is the density of the
surrounding liquid (1000 kg m~3), p, is the ambient pressure
(10° Pa), ¢ is the surface tension of the surrounding medium

(Nm~") and y is the membrane elasticity (N m~%). Inasmuch as
the contribution of surface tension and membrane elasticity

Table 3 — Overview of laboratory-based ultrasound studies using frequencies in the same range as our study, including

test-species, ultrasound intensity (in W mL~%* = W), duration and main effect.

Species Frequency Intensity (W mL™?) Duration Effect Reference
Arthrospira platensis 20 kHz 0.0875 Max 5 min Max 44% lower ODsgo Hao et al., 2004a
Arthrospira platensis 20 kHz 0.025/0.05 5 min/6 min Max 43%/45% lower ODsgo Hao et al., 2004b
20 kHz 0.075/0.1 7 min/8 min Max 48% lower ODsgo Hao et al., 2004b
Microcystis aeruginosa 20 kHz 600" 2 x 2minday '  No reduction, no growth Ahn et al., 2003
Anabaena flos-aquae 20 kHz 0.1 Not specified Growth stimulation Thomas et al., 1989
Selenastrum capricornutum 20 kHz 0.2 Not specified No effect 1x US, inhibition daily US Thomas et al., 1989
Spirulina maxima 20 kHz 0.0727 Ssday1land7 Growth stimulation Al-Hamdani et al., 1998
20 kHz 0.0727 5 s every other day Growth inhibition Al-Hamdani et al., 1998
20 kHz 0.1455 5 s every other day Growth inhibition Al-Hamdani et al., 1998
20 kHz 0.1636 5 s every other day Growth inhibition Al-Hamdani et al., 1998
Anabaena flos-aquae 20 kHz 0.2 5 min day* 46% more cells after 12 days Francko et al., 1990
Selenastrum capricornutum 20 kHz 0.2 5 min day " No effect Francko et al., 1990
Anabaena flos-aquae 20 kHz 0.1190 5 min day* Growth stimulation during 7 days Francko et al., 1994
Microcystis aeruginosa 25 kHz 0.32 5 min Growth inhibition; 86% cell Zhang et al., 2006
reduction
Microcystis aeruginosa 20 kHz 0.0403 30 min 39% cell reduction Wu et al., 2012
Microcystis aeruginosa 20 kHz 0.043 5, 10, 15, 20 min 25% cell reduction Rajesekhar et al., 2012
20 kHz 0.085 5, 10, 15, 20 min 38% cell reduction Rajesekhar et al., 2012
20 kHz 0.139 5, 10, 15, 20 min 58% cell reduction Rajesekhar et al., 2012
20 kHz 0.186 5, 10, 15, 20 min 63% cell reduction Rajesekhar et al., 2012
20 kHz 0.32 5, 10, 15, 20 min 67% cell reduction Rajesekhar et al., 2012
Anabaena circinalis 20 kHz 0.085 5, 10, 15, 20 min Cell density reduction Rajesekhar et al., 2012
Microcystis aeruginosa 20 kHz 0.085 5, 10, 15, 20 min Cell density reduction Rajesekhar et al., 2012
Chlorella sp. 20 kHz 0.085 5,10, 15,20 min  Cell density reduction Rajesekhar et al., 2012
Microcystis aeruginosa 20 kHz 0.0178 5, 10, 20, 30 min 5% reduction in ODggg Joyce et al., 2010
40 kHz 0.0213 5, 10, 20, 30 min 4% increase in ODggo (30 min) Joyce et al., 2010
Microcystis aeruginosa 20 kHz 2* 1 min 5% reduction in absorption Qui et al., 2012
40 kHz 2* 1 min 7% reduction in absorption Qui et al., 2012
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can be considered negligible, they can be ignored (Zhanget al.,,
2006; Rajasekhar et al., 2012a), yielding:

fo= 27r1R0' <377 (P0)>

With this equation the resonance frequency can be calcu-
lated, but as pointed out by (Rajasekhar et al., 2012b) in several
studies the accuracy of calculated resonance frequencies is
doubtful. The shape of the gas vesicles is assumed to be
spherical, while in reality they have the form of a hollow cy-
lindrical tube (Walsby and Hayes, 1989). In M. aeruginosa they
have a diameter of 60—70 nm and maximum length of around
600 nm (Walsby, 1994; Dunton and Walsby, 2005). This implies
that assuming gas vesicles in M. aeruginosa up to 1 pm (Hao
et al., 2004a,b; Zhang et al., 2006) or gas vacuoles of 3—5 um
(Tang et al., 2004) greatly underestimated frequencies needed
to evoke resonance. For example, a sphere with a diameter of
5 um would require 1.3 MHz, a 1 um sphere 6.5 MHz, a 0.6 um
sphere 11 MHz, a 0.1 um sphere 65 MHz and a 60 nm sphere
109 MHz. Therefore, it seems highly unlikely that low fre-
quency ultrasound, as has been used in our study, will pro-
voke resonance of gas vesicles and subsequent collapse of gas
vesicles in the cyanobacteria.

Gas vesicles have a low density (60—210 kg m~3) and pro-
vide cyanobacteria cells with buoyancy (Walsby, 1994). Loss of
gas vesicles would increase cyanobacteria settling rates,
however, in our study no accumulations at the bottom of ul-
trasound treated jars were observed. Sonic cracking of het-
erocysts in Anabaena at frequencies of 200 kHz, 1.0 MHz and
2.2 MHz has been reported as an alternative explanation for
loss of buoyancy (Kotopoulis et al., 2009). In contrast, in Ana-
baena cultures that had been irradiated at a comparable fre-
quency of 862 kHz only heterocysts remained (Purcell, 2009).
Sonic cracking of heterocysts would result in shorter fila-
ments as in Anabaena single heterocysts usually are separated
by vegetative cells (Golden and Yoon, 1998). In our controls
single heterocysts were separated by on average 23 vegetative
cells (n = 30), while in ultrasound treatments filaments were
much shorter, but more importantly heterocysts were still
present. Therefore, filament shortening was not the result of
heterocyst destruction. Likewise, Purcell (2009) found that at
low energy inputs ultrasound caused filament shortening by
breakage with only a limited amount of cell lysis, while at
higher energy inputs more severe breakage occurred with
increasing amounts of cell lysis.

The magnitude of cell lysis in the filamentous cyanobac-
teria used in our study is unknown. The significantly lower
biovolume-based growth rates in ultrasound exposed fila-
mentous cyanobacteria could be a result of filament breakage.
In addition, ultrasound could also cause interruption of
photosynthetic activity and cell division (Rajasekhar et al,,
2012b) resulting in lower growth. Lee et al. (2001) reported
reduced photosynthetic activity in ultrasound exposed cya-
nobacterial material that was collected on a filter and on
which they determined chlorophyll fluorescence using a Mini-
PAM. They stated that the effect of ultrasound on photosyn-
thetic activity was species dependent (Lee et al., 2001). How-
ever, assuming their depicted chlorophyll-a fluorescence
reflected efficiency of whole-chain photosynthetic electron

transport (Kromkamp and Forester, 2003), there is stronger
difference between two identical assays, i.e., ~55% reduction
and a ~25% reduction both for M. aeruginosa irradiated for
2 min with 28 kHz at 1200 W, than between M. viridis and M.
aeruginosa (Lee et al., 2001), suggesting more factors were
involved. In our study, no effect of ultrasound on photosystem
1l efficiency was found, but this is no guarantee that there was
not an effect on the physiology (Parkhill et al., 2001) or no cell
death (Franklin et al., 2009). If ultrasound would have had an
“immediate effect on photosynthetic activity” (Lee et al., 2001),
it would also be expected in M. aeruginosa and S. obliquus and
translated in lower growth, but this was not the case in our
experiments. Based on an enclosure study Ahn et al. (2003)
concluded that a decreased pH and dissolved oxygen con-
centration indicated that ultrasonication inhibited photosyn-
thesis by the algae. However, in that study in the control the
chlorophyll-a concentration doubled and cell density more
than doubled without causing a change in pH (Ahn et al,
2003). Moreover, in both their control and treatment over-
saturation remained, whereas after 6 days oxygen concen-
trations were again similar in the control and ultrasound
treatment (Ahn et al., 2003), which is not in favour of an ul-
trasound inhibited photosynthesis. In our Anabaena experi-
ment, dissolved oxygen concentrations indicated
oversaturation in both controls (122%) and ultrasound
exposed treatments (118%) also indicating absence of an effect
on photosynthesis.

Ultrasound had no effect on pH and conductivity. Ahn et al.
(2003) reported that conductivity was 50 uS cm™* higher in
their ultrasound enclosure compared to the control, but
looking at their results revealed that this was caused by a
decrease in the control and not the result of an ultrasound
induced increase in the treatment enclosure.

Ultrasound caused a significant warming of about 2.2 °C,
which is comparable to the 3 °C warming reported from an
enclosure study (Ahn et al.,, 2003). In a previous study, the
chlorophyll-based growth rate of the Anabaena strain we’ve
used was about 25% lower at 27.5 °C than at 25 °C (Liirling
et al, 2013). In that view the 20% lower growth observed
here in the ultrasound treatments could also be a result of
higher temperature (on average 27.1 °C) compared to controls
(on average 24.9 °C). C. raciborskii expressed higher growth
rates at higher temperatures (Liirling et al., 2013), but in ul-
trasound treatments (and thus probably at elevated temper-
ature) chlorophyll-based growth was more or less similar to
that in controls. Nonetheless, the effect on biovolume-based
growth of the two filamentous species was far more pro-
nounced than that on chlorophyll-based growth (see Table 1).
The difference between these two endpoints is most probably
a result of ultrasound causing filament shortening by
breakage and cell lysis at the break points (Purcell, 2009),
thereby releasing pigments in the medium. This might
explain the observed higher chlorophyll-a concentrations per
unit biovolume in these filamentous species, which is further
corroborated by the observed identical chlorophyll-a content
of non-exposed and ultrasound exposed unicellular Micro-
cystis that is not susceptible to ‘filament’ breakage. The
Microcystis strain we used was dominated by uni- and bicells.
Although its typical appearance as large colonies in the field
could be affected in our experimental system leading to a
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declumping (cf. Joyce et al., 2003), we do not expect a large
effect on viability simply because our experiment already
revealed that Microcystis uni/bicells are not killed with the
commercially available transducers. The field trials performed
in The Netherlands in 2007 unequivocally demonstrated that
the large colonies of Microcystis and surface accumulations
could not be prevented by comparable ultrasound devices as
the ones we have tested (Kardinaal et al., 2008). Again
providing evidence that the supposed mechanism of gas
vesicle rupture was not occurring.

A major feature of many cyanobacterial taxa is the capa-
bility to produce potent toxins, which makes cyanobacterial
blooms and surface scums a threat to environmental health
and public safety (Codd et al., 2005; Funari and Testai, 2008).
The toxins are largely contained within the cyanobacterial
cells, until lysis or damage of the cells liberates them
(Steffensen et al., 1999). Hence, ultrasound induced filament
shortening by breakage and cell lysis at the break points
(Purcell, 2009), could lead to release of toxins in the water. In
this study, no toxins have been measured, but further studies
could include analysis of cyanotoxins as these compounds,
when dissolved, could potentially affect aquatic organisms
that would not readily ingest cyanobacteria (e.g., Pavagadhi
et al,, 2012).

Ultrasound is considered “environmental friendly”
(Rajasekhar et al., 2012b) and also the manufacturer of the
transducers we’ve used stated that no deleterious effect of
ultrasound on humans, animals and plants have been found.
However, surprisingly few studies have been undertaken to
examine the effect of ultrasound on non-target organisms
such as Daphnia. Our experiment, clearly showed that ultra-
sound from the commercially available transducers was acute
lethal to Daphnia. All exposed animals died within 15 min
(while all controls survived) and this rapid death could not be
explained from differences in temperature between control
and treated jars. Also Wells (1968) found that short exposure
of D. magna to 3 MHz was lethal to the animals, while a
Russian study reported on immediate death of Daphnia in 50,
500 and 1000 kHz (Kamenskii, 1970). Hence, claims that ul-
trasound is “environmental friendly” (Rajasekhar et al., 2012b)
and can be considered a “green solution” (Wu et al., 2011) find
no support in the literature and are not supported at all by our
study, as we found a clear and fast lethal impact of ultrasound
produced by commercially available transducers. Based on
evaluation of the published literature and the proposed un-
derlying effects of ultrasound on cyanobacteria, together with
the outcomes of our experiments, we conclude that there is no
music in fighting cyanobacteria nuisance with commercially
available ultrasound.

5. Conclusions
Based on the results of this study it can be concluded that:

e Ultrasound from the commercial transducers caused
growth reduction in filamentous cyanobacteria Anabaena
and Cylindrospermopsis.

e Ultrasound caused filament breakage in Anabaena.

e Ultrasound had no effect on Microcystis

e Ultrasound did not clear the water from phytoplankton.

e Ultrasound was acutely harmful to the zooplankton grazer
D. magna.

e There is no music in fighting cyanobacteria nuisance with
commercially available ultrasound transducers.
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