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ABSTRACT: The growth inhibitory effect of Microcystis aeruginosa according to the ultrasonic irradiation time was evaluated
using a large algae sample volume (10 L) for various ultrasonic irradiation times (0.5, 1, 1.5, 2, 2.5 and 3 hr) at a laboratory scale.
Based on the analysis of Chl-a and cell number of M. aerginosa, algae growth inhibition was observed with the decrease in
Chl-aand cell number in all experimental groups after the ultrasonic irradiation. For the experimental group (T_B, T_C, T_D)
with an ultrasonic irradiation time of less than 2 hours, rapid regrowth of algae was observed after growth inhibition, but the
experimental group (T_E, T_F, T_G) with an irradiation time of more than 2 hours successfully inhibited algal growth lasting
one or two more days. Based on the comparison of the recovery time to initial cell number the experimental group (T_B, T_C,
T_D) took less than 20 days whereas the experimental group (T_E, T_F, T_G) took about 30 days. Correspondingly, the
experimental group showed a high first order decay rate () in proportion to the ultrasonic irradiation time during the growth
inhibition period. Additionally, the specific growth rates (z) during regrowth in the experimental group with irradiation time
of more than 2 hours were relatively low compared to those in the experimental group with less than 2 hours. Therefore,
ultrasonic irradiation for more than 2 hours is required for long-term (30 days) inhibition of algal growth in stagnant waters.
However, the appropriate ultrasonic irradiation time for algae growth inhibition should be determined according to various
field conditions such as the volume of stagnant water, water depth, flow rate, algae concentration, etc. Finally, damages to the
algal cell surface and cell membrane were clearly observed, and both destruction and disturbance of gas vesicles of M.
aeruginosa in the experimental group were discovered, indicating the growth inhibitory effect of Microcystis aeruginosa
according to the ultrasonic irradiation time was confirmed.

KEYWORDS: Algae growth inhibition, Irradiation time, Microcystis aeruginosa, Regrowth, Ultrasonic irradiation
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=% (algal bloom) T4 FLg okl
2570 A o2 A = o] SglApd,
4, =40f| 213t of 7 AL AEahAIQl
5 =0 An| A 7Ex| o ok g A7 AI 71 T (Kim et
al. 2015, Byeon et al. 2018, Paerl and Barnard 2020,
Hallegraeff et al 2021). Z|Lof&= 7|3} (climate
change)ol THE -2.9] 21454 4153} A8} ) A
312 QIR Mg AR [ (N), < ()1 A %
Q13 e o] 4| L A1 Tkt olg o] ol
A0 57} 50 Aarom 257t e FAjstel
o] NI gl e rE H Stk Aol
(Thackeray et al. 2008, Lee and Lee 2012, Kim et al.
2019, Jang et al. 2021, Meerhoff et al. 2022). 92|z}
AN 2T A 7HE S5 A E D27
= WZ 52 Microcystis aeruginosa (M. aeruginosa)
4] (colony)E FAJ3}aL, 7|14 (gas vesicle) ]
Q154 5:2J0)5 5] SA4Jo] glond, 44 U] 54
nlo]| A ZA|AHE (microcystin)-& H| &35t 4=
o7 $Jag S Gustol Sg 029 S o)
2A]ZITh (Oh et al. 2001, Codd et al. 2005, Park et al.
2011, Lee et al. 2013, Harke et al. 2016).

ojg|gt £AIHS oWlshe frelid=f (Harmful
cyanobacteria) 2] A7 918l 2| A= oJ AL Q=
et S 5 w24 3 el 239 (ultrasonic) &

285t 2.87}9] F534} (cavitation)

=
K3

E2RAR e

FISHSIHCE Chi—a2t M aeruginosa FWA|Z: (cell number

Z R MR ZEEIRICH, =0 RAE
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H1 -2 O XISE= 22 2006l Eot 2R79)
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ES=N11 3 NUN
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A E= 0| B A0 Chi-a2t
A (T B TC TD=2 X 0lZ
2A[Zt D[PE ZAFSE At CHH
HAl7EX| 1= AJZE (recovery time)2
e 2028 TE TF TG(=
SRIGIAC], HIEEE (W2t LRIEoHEE
7ot Hlglot =2 UXIEaE0] =EE(UCH, ZAAZIO0]
CHH | HISAESE ()7 itiEez 22 2oz SR IEIRICH

S = EINY Aoz L
SHEIZZA0]| o2t ZHHoF
St M aeruginosa®| M|&
, CHZTt CiH| Aol v

i=)

z29|

HEL
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MzBto] 240 B3|

=]

Wl ) 71 shafsto] 25 3
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L CLVISEC DR
A5H= 7140t} (Ahn et al. 2003, Jachlewski et al.
2013, Park et al. 2013, Purcell et al. 2013, Song 2014,
Park etal. 2017, Kong et al. 2019, Jang et al. 2022). £
3 28uhs 71 TS B9 25 A7 oty
50) HERAS olsle] ZFUPHYS st
257 EASk= E/43E (microcystin) 9] 2ol Ay}
7FIckal B %31 9tk (Ma et al. 2005, Srisuksomwong
etal. 2011, Dehghani 2016, Chen et al. 2020). ©]2]$t %
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28T1E BT AT ALE SIto] 71 Al <A
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of| gt chokst A7 8 x| o] £k Wuet al. (2012)
S TSR M aeruginosa®] /37 Aol &
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H315}4.0 1, Sim et al. (2006)T} Zhang et al. (2006),
Rajasekhar et al. (2012)2 221}9] £80| =245,
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Qom, UAA Q] 27 QA aab= TEelgle
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Fig. 1. Schematic diagrams and pictorial view of ultrasonic reactors used in this study: (a) Top view, and (b) Side

view.
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(T B), 1 hr (T_C), 1.5 hr (T_D), 2 hr (T_E), 2.5 hr
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A7 00 Yal == bl Hol= 7iAl4E Em
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W A2LE )4 (first order decay rate) & ==3152
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(c) t = 2 day

(f) t = 31 day

Fig. 2. Pictorial view of M. aeruginosa in cell culture flask under different ultrasound irradiation times [T_A (control),
T B (0.5 hr), T_C (1 hr), T_D (1.5 hr), T_E (2 hr), T_F (2.5 hr), T_G (3 hr)].

QRO A m | o] - L2 541 0 2 Wlsh= 7
= ZRI5k3lH (Fig. 2 (a)). A (T B, T .C, T D,
T E, T F, T G)2 231 AT S718kp5 £
o= M. aeruginosa T8 AAE M. aeruginosa®]
Z712 a5 A7 B 271 el
(Fig. 2 (b), (¢)). O] % A&EA o &2 A| 5 E ¥R A},
L= Aol A g o] 1=l o™ T B>T C>
TD>T E>T F>T G022 A% o] w27 T2
= {ck (Fig. 2 (d), (e), (). EZL A 253} 24}
AlZEo] 2A17t o)l A¥l (T_E, T_F, T_G) 4] 2
AJZEEIREl AR (T_B, T_C, T_D) ARt A3k
uhe} SOMY B X1 A me 2SS
wheba] 223k 2ARATPE A= 9] SoM HakE vt
o AT, 2A17F o)} 22w} AL} o] Fof Aok A7 4]
Q1 25 A7} o] Fold A o= wrhech

3.2 Chlorophyll—a2t M. aeruginosa®l Hx|4=
3t

A7t 3ol w2 Chl-a&} M. aeruginosa®] 7|44

ks Rt A (Fig. 3), dl&2at2 H7|t &5
Chl-a 529} A|H152] 212:4¢) 2717} phats]of
F A 2912 Qi Ao Wk, BE Ag
o A= 280} 24 7 0|F Chl-a =8} 7|44
O] A|gro] ek E /1o, ZA4 tH] Chl-a gho] 4t
02 =25 RIS o= thE AFH(KICT 1997)
oM = BArE vz} Qlom, AFEEAY F Y2 5
= g Ao A= Chl-a7} D5 HEE o] 7l
o8] Chl-a gro] FiA o2 &2 F o2 ALrEH, 7
=k SAS 8l 2 A= WA 7o E M
aeruginosa® /37 A H7HE 3ystoAct

M. aeruginosa®] 7| A4 H3}E et A} (Fig. 3
(a)), 223 APATEO] 2417 HREQl A (T_B,
T C,T Dy Azhol% 2579 G Aol 1
wj otk b, 2 8uk 2] 2417k 0] ARl Al
(T_E, T_F, T_G)-22A|t vt AR A ESE o] =
SR o 1-290 o Ak 212 T
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Fig. 3. Effect of ultrasonic irradiation time on (a) cell number and (b) Chl-a of M. aeruginosa with time.

Table 1. Summary of growth inhibition period, recovery time to initial concentration, and cell reduction under the various

ultrasonic irradiation time

Irradiation time Growth inhibition period [Maximum reduction of Cells| Recovery time to initial
(hr) (day) (%) concentration (day)
TB 0.5 2 63 7
TC 1 3 86 18
TD 1.5 3 88 21
TE 2 4 90 27
TF 25 4 91 31
TG 3 4 93 31

AFZT B(0.5hr)=72, T C(1hr)@T D (1.5hr)
Lok T E T F, T G(t=2hr)=oF3020] A8
Elo} 27] ARG B x|7ke] Aol S BRlsl STt
(Table 1). Zt A9] Jvf 27 A &2 ==
St AT}, ZARAZEO] 7HY 52 T_G (3 hr) 9] A AE&0]
%= 7H =2 AFGA Beo] EEE G oH, AL
AlZto] Z7FeEE A &0 oAl = A g
¢13F3ATh(Table 1). whebi] E3H4 © 2 HESH9]
25 AR A 717k 2 7] A7 A] 25 AlZE

oS PleIAE 242 o) 283 2Ap} Hagh
A0 2 ZALE| QL. Sim et al. (2006), Rajasekhar et al.
(2012) 59 AP Aol A 233}k ZARATE H] |
sto] 2 oA ago| F7IRITHE AR A 4
7F =FE o, ©7]7H20 min) o] 251t 2AFA]
ol 2749l 25 Al BaE g of &
A ¥ 312 (30 W L) B2 A& A= (<500
mL)o.2 Ago] W] ujo] whelrain 28
u} ol 2] (Watt L) 7} 00, 22 gafol AJ& U &

& U 27 Aol M 25 ue] YR e 2

S A7 R E7] w2 el Ao 2wt

3 dEEY L=

1z

=
=

o

w

M. aeruginosa 7\ A5 HMekE Fol HIAJHHE (1)
o AR SEE (05 =7 23} (Table 2, Fig. 4),
T 7F B0t T RS B 7H0.7 x 107 - 2.6
x 107 hr' &2 257.0] 7o) Bole]o] 25 dAkeiAl &
A2 gl Aoz weEnh AESS 44 27 A4
A 717F 5 (T_B: t <2 day, T_C, D: t <3 day,
T_E,F, G: t<4 day) /45 thH] =2 YA = (x
18=43.0x10hr', kr ¢ =78.8 x 10> hr', ky p=81.3
x 107 hr'!, kr 5 =83.8 x 10” hr', kr p=86.5 x 107 hr,
kr 6=90.5x 107 hr'")7} =25 gl o n, 2-2u} A
ZEvlEste] 12 Ak slEo] 1= it o] =%t
A= A3t Jang et al. (2022) 014 &= 5 A sHA A
AarollA e div] =2 GAHE S e (07 =255
Ao, B AT A= APAT (4.9 x 107 hr'' - 13.0
x 107 hr'') tj¥] 2 YA T F B E QI of
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Table 2. Summary of specific growth rate (1) and first order decay constant (k) of M. aeruginosa under the various

ultrasound irradiation time

Growth inhibition period Regrowth period
TA ([ TB |TC|TD |TE|TF |TG| TA |[|TB |TC|TD |TE|TF |TG
(control) |(0.5 hr)[(1 hr)|(1.5 hr)[(2 hr)|(2.5 hr){ (3 hr) |(control){(0.5 hr){(1 hr)[(1.5 hr)[(2 hr)|2.5 hr)| (3 hr)
u(x10° | 07 26 3.1 32 | 33 | 11 1.8 1.7
k(x 10° hr') 43 | 788 | 81.3 | 83.8 | 86.5 | 90.5
R? 0.974 | 0.919 |0.986| 0.965 |0.928| 0.946 | 0.906 | 0.997 | 0.990 |0.975| 0.948 | 0.948 | 0.963 | 0.937

(T_A) Control
(T8 0. 5 hr

a1 5 hr
(TE) 2hr
(T_F) 2.5hr
- (16) 3hr

Changes in cell number, In(N¢/Ng)

Elapsed time, t (hr)
(a)

(k) under different ultrasonic irradiation times.

= Jang et al. (2022)0|A =5 2&ske Fak4= (23
Kilz) W 29 (694 W L) B85ho] AdS o
of wteh 257} 0k 0 2w ol Elo] 2 9%
Hojls eyl w2y 20 2 goteu, 22 28u) 24
of 2 Y& =S FEsH =E57| SleliA=
#7491 1% Ale] ek
25 *é%‘—’ixﬂ 717} 013 A3 (wr p=3.1 % 10°
2x10°hr', py p=3.3x 10" hr'!, yy g =
L1 10° hr'! rp=1.8x10"h', pp g = 1.7 x 10
hr')o] =l om, 25u} 2ARA|ZFo] 247 nqt
QA (T B, T_C, T_D) thu] ZAMATFO] 24]7F 0]
Aro] /\‘@—TL(T E, T F,T G)9] S Atz oz ke
AHES BT ol AV 250 dFE 2
M. aeruginosa+= %53t Oilb] A AL R 2l5te] 71d 5
U7 ekt A dfo]] 2 e oh 2 A &
S gt W, B 2SS W b
aeruginosa+ 221} TS 1| 8] A E o] AU Y
718 A e 2T 4 = A A o]
AFo] B35} of| 1 2] Hdho] o] %] A gFo XH/\(;lXol-o] wh
2 dojif= oz AR FTh o3t
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Fig. 5. Scanning electron microscopic images of M. aeruginosa. (a) Control (normal cell) after 15 days, (b) 2 hr ultrasonic
irradiation (note that arrows indicate ruptured cell membrane of M. aeruginosa).
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Fig. 6. Transmission electron microscopy images of M. aeruginosa. (a) Control (normal cell) after 15 days, (b) 2 hr
ultrasonic irradiation (note that dotted line indicates the damage of M. aeruginosa cell surface; FS indicates food
storage particle; CW indicates cell wall; GV-C indicates gas vesicle in cross-section).
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