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Ozone-produced Oxidants Improve Water Quality Parameters and Mi-
crobial Colony Counts in the Semi-Recirculating Aquaculture System for
Olive Flounder Paralichthys olivaceus

Sangmyung Jung, Woogeun Park, Seongdeok Park', Jeonghwan Park® , Jae-Won Kim and Pyong-kih Kim*

Department of Smart Aquaculture, Gangwon State University, Gangneung 25425, Korea
'Fisheries Policy Division, Gangwon Provincial Government, Gangneung 25435, Korea
“Department of Marine Bio-materials and Aquaculture, Pukyong National University, Busan 48513, Korea

This study investigated the changes in water quality parameters and microbial colonies when ozone was applied to
a semi-recirculating aquaculture system (semi-RAS) for the olive flounder Paralichthys olivaceus (500 g in average
weight). Concentrations of ozone-produced oxidants (OPO) in rearing tanks were maintained at 0, 0.014, 0.025 mg/L
as Cl, for 26 days. Except total ammonia nitrogen, nitrite nitrogen, nitrate nitrogen, phosphate phosphorus, chemi-
cal oxygen demand, and total suspended solids decreased significantly with increasing OPO concentration in daily
and weekly monitoring (P<0.05). Colony forming unit (CFU) counts of heterotrophic marine bacteria decreased in
an OPO concentration-dependent manner. Overall reduction rates of microbial colonies in the treatments were 80%
higher than those of the control (P<0.05). During the experiment, the OPO concentration-driven ozonation was reli-
ably practiced without any adverse effects on the animals cultured in semi-RAS. Considering the biohazard, operat-
ing cost, and stability of ozonation, an OPO concentration of 0.014 mg/L would be sufficient to control water quality
parameters and microbial colonies in a semi-RAS.

Keywords: Ozone, Ozone-produced oxidants (OPO), Semi-recirculating aquaculture system, Microbial colony, Wa-
ter quality
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L QLo FAIA Ul Agtele) o] SR Ho] ik ok 9)Rak A Relo i AR AN A2
AL Brdst 71 Zth(Roh et al., 2018). FAIAE 0401-0]]’\.4 Y 2712 o tf-2-5}7] o= o] A 3] o] H-2-0] Wt}
2YORIE Fr B oA TS B AR AL Q] L e B RS Alofs] glsted
oS5 QLo A A} Foj A\ 1L Qek. trolrt EﬂH @ SAA), 2A] 2 HolF4(Cu, Ag) S AHgFHE S0
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Al A= SAet. SFAIRE AEQEA A o] &7 St 4=
1GolA= frefEd o] AR A EAl S22 7FsAdol 2l
| o121 tH(Von Gunten, 2003). th&feE A ol 4] 0w
Ue LA E BESAE oA ga 4
A =S vIAER 4= Jlo] At ol &8
7Fs/g0] Eokou, sfipetr ol A Aol 7] o] FAf
7] ol it Lefu; e Aol x| o whiEe] 7
A B-87Hs g0l ThAl oA AL Stk &2 s ot
d 25t A §-EHE(Br)2t w2 §Eg-5to] AE=Ado]
oFst HOBr2 A4 Al 71 th(Haag and Hoigne, 1984). 0] <=4}
QI Hkg- o = WA E = S ESS ol 27 FEl=A A
S AR I eSS S o8y e
=9] 3l e EHFAFSHE(ozone-produced oxidants, OPO)=
A sife] ©FArsle o] 712 A EE A5k 9lrkPowell
and Scolding, 2018). A HOBr<- t}afe] 9t Ljol(NH,)
7} 2Rk slgroll A LB FARE(BrO,)o] A9 A/
A ofo} sjaFAl of] o] g-0] 7F55ltHTanaka and Matsumura,
2002). wheba] 2 Aol A= Hhegho]akFA A A -] of| 4| OPO
Fhof whE g2 o e 4 A s Agt oMo Kl
(Jung et al., 2018)2} ¢1-55}o] Abg==9] A} n| P& Bl
= ZAFSEAL ThFet B8 7S Bk
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A2 0|49 Hil(Jung et al.,, 2018)2F & U3HA| poly-pro-
pylen (PP) AA = 55 ¢oto|HFAA A0 = AP
T2X(04.0mxH 1.0 m, 2 EA), 2.0-3.0 mm 7] 9] expanded
polystyrene bead S ]} ilj & = AR-5}= A=A] Ao TH2 (o
1.6mxH2.0m, 1 EA), A%52]7](00.9 mx H2.5m, 1 EA),
283 AAZ(00.7mXx 1.2m, 1 BA)Z 343t & 4335 m’
O] A o853l th(Fig. 1).

L2AHY T AL @ ZHRAIZ|(OZN-100; Ozone En-
gineering, Incheon, Korea), £-3[7](SUS316, ¢0.3x 1.0 m;
Ozone Engineering) 18]12 OPO 5= 4434 7](CLX on-
line residual chlorine monitor; HF Scientific, Fort Myers, FL,
USA)Z 4B OPO %5 A42747]% Al2tet B
sho] 7]Eof| 85k A2 E dllfAl e ol A A
sklaL, gxjof gt e flelds aLeste] faSAdRlel
(dynamic range)E 0.03-10.00 mg CL/Lo|4] 0.01-2.00 mg
CL/LZ 2A3}s3lct OPO 52 g4 542 St Alm
a8 FAEHHEZ(DX-8000-0350, 1.5 L/min; Kotec, Dae-
jeon, Korea)& ©]83t AR5 OPO F=AEH54 7]l
=3It OPO =457 7] 9] two relays alarms 7|52+
2 & 7] 2] ON/OFF relayE A 4l(connection of wire)d}o]
502 Aelasc.

rH
1z
o,
in)
1z
o

FOAM FRACTONATOR INTAKE SEAWATER

=, BIOFILTER

OZONE CONTROL SYSTEM

l—- WASTE SEAWATER VENT

Fig. 1 Experimental semi-RAS system. RAS, recirculation aqua-
culture system; OPO, ozone produced oxidants.
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Holl AHEEE JA 0] Hat oA F2 500.7+£64.7 g0 &

Al A S ARG 20 kg/m? (AR 4221 250 kg)o] W
X2 485ke] 29hE 07 ARSIt AR 7ITE SRt AR
O] 22 5HH7] 9] eIt STt WISk 20-24°CE A
SHTh AR A= ARG 0] B2 A= o] 47t
300%, W2k U7F 24314, ARS4=0] AegHE-2 oF 88%
2 293}9 th(Bregnballe, 2015).

ARS=2] OPO 5%+= Oh et al. (1999)%} Park et al. (2018)
o] A= wksto], zH AFTE control, OPO15 (0.014 mg
CL/L), OPO25 (0.025 mg CL/L)Z 538} %ich AbE= A7k2
3)(09:00, 18:00) T2 T390, LT AFREE 25 24]
F 3 ARz AAES 97 13] A A
OPOQ| 531t FX|

OPO =72 DPD (N,N-diethyl-p-phenylenediamine) color-
metric methodE ©]-83}%] 90%(9603)/Y) 7+2 o =2 27435}%]
tH(Buchan et al., 2005). Z} A1) AA7FOPO 5+ &
HPA17) ool ALEH A, o] F 430E OPO St 2 AFS A
gle] 02 4] 2714S 2AsHEY BESHec

=
A

b ol

AgAol 47 ¢

OPO sof u2 3 ¥lsS 2A87| ffste] E4A=
ZYZYo] Ak oA 18] Fat o] 3ubRo R 27
Ak A7 RUE LS F 634417 HE), S RUE P F
43](5= 13)) 2 Atz 3 A9 &4 9Aof] =3}t
THLE AT HAIE7IE(MOMAF, 2013)7% APHA
(2005)2] WHog =Aslct F dEUord Al (total
ammonia nitrogen, TAN):= salicylate-hypochlorite method
(Bower and Holm-Hansennman, 1980), &4Hd Z4(NO,-
= cadmium reduction method2 H&55 HA47](SANT
Continuous Flow Analyzer, Skalar, Berda, Holland)& ©|-&
sto] ZAstglon, obdald A4(NO,-N)x= diazotization
method, ¢14t Q1(PO,*-P)- ascorbic acid reduction method =

=
=)
A
Ll

%

N



semi—RASO| 4] OPO]| w}

E3353 = A(GENESYS 5 UV-Vis spectrophotometer; Ther-
mo, Waltham, MA, USA)E o]-g5t0] Z4alic}. sfabaiAl
2 Q4HCOD,, )= I EE- AR o g, SHFLY
E(SS)2 |4l I (CF/IO) 2.2 27 245t 25
712 Ax(dissolved inorganic nitrogen, DIN)= & ¢Fx Lo} 2
ol ) o F3 od B Esin o) B A K o R S ) S GRSt ]
o, §-Z&57|2l(dissolved inorganic phosphrous, DIP) <l
AF 019) ZHe 28319 th F9 9% (eutrophication index, EI)
= [COD,, % 1,000 % (DIN x DIP)}/1,500.0.2 A3} 00,
7kl FEE FHE2(C, /Cp,) X 10022 4131k
o

OPO -5 1=0f w2 Aksra W BF7FY Al (heterotrophic ma-
rine bacteria)2 Difco™ marine agar 2216, Difco™ MacCon-
key sorbitol agar (gram-negative strain), Difco™ TCBS agar
(Vibriospp.)& o830 77} weyaloic. Al 7t7be) A
F2o|A 138 FatAfaergof 3uHEo = RSkt Ut &
UE P2 35 % 63(4AIR 1), =3 RUE P S 5 43)(F
13)) 2 Al 3 A9 24 Aol A3t mlAE Hli g
APHA (2005)¢] ®ile &8st om, 2 Algs 24O R
skt vl oA E2Y P4 ©9l(colony-forming
unit, CFU)7} 10-300 CFU A% w92 343191, 3]412
= otE AdsfE 1Y EH(J-AK4; JEIL Science, Seoul,
Korea) 22| & 0]8-5}%] o, o]% A| 7o} 53t vl oFu}A o
A Eatol g EIstoith AR 0.1 mLg 2429 wljA] o]l A&
312l marine agar 2216 B Z]i= 30°Cof|A] 5L 7F vljFst% o
], MacConkey sorbitol agar®} TCBS agar+= 35°Coj| 4] 347t
s Fatgict. vl A E2] 7H48-2 Summerfelt et al. (2009)2] B
o2 AEslar.

SAXE

B AIE o o st Axt= mean+ S.D.2 YER S, SPSS Ver.
160 Z2IWL A}23) ANOVAR A3 3, P<0.05 4%
o]|4] Duncan’s multiple range test2 F-24 B|WE 33T}
Correlation method+ 5 2 7132 AME-519] simple correla-
tion analysis2 #H53519.2 ™, OPOL} 7} R AE7H] WAL
pearson correlation coefficient©. & Th<= H| WS} $ T}

7} A nte 248 OPO St delo] %]l 2%t

& 2% e 9 753

0.8

O OPO15
v OPO25

04|

Ensemble averaging

06

Elapsed time (h)

Fig. 2 Results of ensemble averaging patterns were calculated to
OPO concentration during the experimental period. Allows indi-
cate the feeding point (F, 9 and 18 h). OPO, ozone produced oxi-
dants.

trol:> 0.004 £0.005 CL/L, OPO15+=0.014 +0.009 mg CL/L,
Z12]31 OPO25+= 0.025+0.010 CL/L=E Yelg . m(P<0.05),
SR dolgE AT W U] (A0 TRl A
HEH O 4§ AT Fig 20} Uk Ao A8H 0
A 2T S OPO SEE QM fA5ks G44E 7}
SRR ER RS SR RSP EIEE L IR
S0 27|42 A1 9T 4 9lek. 193 024}
29| A Ee) OPO ik +00 JB US| o|ste] Wstn
2 oleh AL AMR 020 FUFIHES BET 5 Y
o FHHH L 01§ 3HArk. o] W& S elol A SNu|E
ek SAYOR FUT 2ANA W SHE QA %
IS SPoA SER A ES FEfo] GEHe 7ol A
Mol OPO =2 fAI5H=d| glof 2.2jepo] Agstct
W ATH 00,2, Z7RITHA g, dtehe 2
oh S EABNE TSI T FUFES FBH ANE
Hlgo 2 ARE THE W 0ES FYs ARE
H

Fol Tty Fslo] PR WAL Ao A A}

Aol 2A% o]t 9 Fo] AL FFEA ke A

AR BRI EU 4m0R AbHom FHchE A
= L
2o

AT FAoITE. 1ol Aol sk Aot B 5] %
71EE 920] AR GTFE T3 Urke A sk 0F
Hakelo] 4FHOR BAF AHo] EATTHE WFolet A
etk ©259) 7714 A3] Fig 20 o5 A3l
ofsto] @ GEol Z7H5H= 09-104] o] 5] A55to] o
£ A3k, 22:234] o1 5] S5 FAH UL, Aol w2
W 0EE A3 ARFTO| BT 6A7HES AR FAHEOIL}
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Fig. 3 Daily monitoring results of water qualities obtained from
ozone-treated olive flounder Paralichthys olivaceus culture tanks
for 24 h. Asterisks (*) indicate significant differences between con-
centration of material (P<0.05). Allows indicate the feeding point
(9 and 18 h). OPO, ozone produced oxidants.

o]A 9] Hil(Jung et al., 2018)0f o]ojA] AA|3H OPO &=
of| k2 2] ARG o] U7 M2 Fig. 30| UrER Slch
Z Aoy AA(TAN)S] U7t 92} H it g2 th ol A
0.276-0.778 mg/L (0.616+0.196 mg/L), OPO150]| 4] 0.420-
0.834 mg/L (0.566+0.175 mg/L), 12| 3L OPO25%] 4] 0.291-
1.031 mg/L (0.563 +0.345 mg/L)& e, A7k A ato] uh
ot 2= STkt QEA E = RFol o, Al e
3= ko] Q). AAA 07 AbR o] 9FES vk A7}
(13,17, 22A])0lli= =19 ghol 7213 0.2 =9kth(P<0.05).
U7 Bt gk 2 et 028 FOUSH APAE B 594
Ztol7h RATHP>0.05). oA AA(NO,-N)= HiZ2+
A1 0.104-0.167 mg/L (0.130+0.021 mg/L) 425 HQl ¥hH,
929 2913 OPO159] 41 0.022-0.032 mg/L (0.027 +0.007
mg/L), 71232 OPO25¢]41 0.001-0.014 mg/L (0.006 +0.004
mg/L)°] HelE FAIste] tx+- tir] OPO1S 9 OPO25+=
Z+zF 20.7%9} 10.7% 423202 §oH oz ko 710 W
Th(P<0.05). A4 AA(NO,-N)= di2of A 0.850-1.433
mg/L (1.068+0.274 mg/L), OPO159]4] 0.497-0.861 mg/L
(0.696+0.188 mg/L), 1] 3L OPO25¢]4] 0.270-0.931 mg/L
(0.591+0.321 mg/L)o] +&& Hon, 228 FAst 4
HLEL 2T ThH] 55.5-65.2% 2F 02 SOl OB Tha
SFATHP<0.05). Q14+ Q1(PO,*-P)2> thzLof A 0.093-0.222
mg/L (0.159+0.041 mg/L), OPO15°]4] 0.058-0.120 mg/L
(0.084+0.029 mg/L), 18] OPO25¢A= 0.024-0.139
mg/L (0.078 £0.045 mg/L) 502 028 FSt A=
o 2 thH] 47.8-53.5% 425 0 2 7FASHITH(P<0.05).

A5 OPO =53 +E 257 A7t U B 4
I}E pearson correlation coefficient® OPOL} =2 @ 4710
A YRS v 8 A3k Table 13} 2th OPO w9 &
S yobg Ao JHIAE o dAsEe] 1 9
TZHBM, 03-09A], 3413, n=54)2 215 FFIHAM, 13-22
Al, 3A1, n=54) 0.2 2% A3 HAH= 04382 OPO 5%
o} v |3}k HHA(P<0.05), $AH=-0.853.0. & OPO =9} HH|
gsh= ARHE 237F e HP<0.01). 22y AR ez
-0.092% 0]t Aol Y1Athn=108, P>0.05). ¥HH, o2
A Aot Aabg A T2|an Q1A QI B vk A 7t
b o 71 72 -0.940, -0.601 1] 3L -0.6450]chn=108,
P<0.01). gt joby AAok= AfolatA AAsighae] F3t
Zrol| whE Aol = LrehtA] (hgtt.

X7t BUEE

OPO ko mE ARS =29 7 =24 -5 Table 29}
gtk AR F Yoy A g2 R OPO1SE



semi—RASO| A OPOY] w2 =23} n] Y& gk 755

122.4%, OPO25+=131.7%%] &+ 2 2 OPO & o|&x oz
Z7F8FA tH(P<0.05). 0] A H 150 25} afjmof 22 54
St HOBroj| 2J5ko] FRUoH(NH, )7} 23] 28l = of 725}
¢ © L (Tanaka and Matsumura, 2002; Schroeder et al., 2011),
Park et al. (2013)-2 @&2 F gt o] Ao JgFo] 4]
b=tk Huskgich v 2 Auke] U7 By EE Ayt
A AbESa Al 277F OPO152F OPO25 R tf HekoL,
AbEgro] AR o] F-o)# o 2 F7tskIth(P<0.05). HHH
L2 Y% OPO15L} OPO25= Ata3a & HYoH
Aao] i) FFE ol FY2 e r st ATHP<0.05).
e, ZEUE ] Anoldl thETel controle] GE]
oM A0 Fert 194 0 2 FrH(P<0.05).

QHRUOHNH, )= -2 HOB7H] ¥HS: 215 N, 7125 444 it
g0 AT ARS ueh W% s} whas Uehd Ao
2 AR HtH(Wajon and Morris, 1982; Tanaka and Matsumu-
ra, 2002). L2} 37k WU Ee] AR A2AHo] Al
2o gjgfo] 71 4L OA(AEET )2 9 F] e
AasRhEol 7 42 g ol it

ols} o] At QHmLo} ZZA0|AE FFRLOHNH, )%}
HOBr 7+9] 9J3t E3j|Hth= HOBra} t|gA] dajd(E=
o=/ EE)U ol ATt Br 7Moo ® A oR
UoKNH,)7t & Sy obd Aax0) S7to| J3k& & A o=
AR THHeeb et al., 2014). sHH o2 F ¢iirjolA] A 49
&7} OPO Fkof oE4 o7 F7toh= 2 AEeH4] ofxt
20| ZA5}= AASIAlA 5 Nitrosomonas spp.2] EHde] <
FE o] dE Yol 4lsksE o] gt Ao 2k detETh A

23w ABM), HAM)E AJHE o] OPO &= pear-
son correlation coefficient® 2 T W oF At @ £ASH
o] 5o ofupxo] Aol YIS & A om AHtE =
TACIth AlRFHO R AaitslEo] F7bshH 7]Ee] Bl
Q20| Qo] A HA)eF o] OPO 5= &EA o=
T YEYoM A AFAE NI} Yepdtiar AL ETh G4
ARl sl ol A F AEUOHTAN) 5 Y HoKNH,)| &
o] ATl 0.2 o] ek F4| S 4 Ik ARA 0 AL
845 0202 Ae]F skl BopA Al 2w o] & gy
obd Aao] Aol gt AREE AtEo] YA = Aol A
T e FA] skl

uho

ful

optHY Ao LES FUT BE Aol dix
i8] OPO15E= 18.6% =2 &, OPO25%= 34.8% S50
Z

:Il
2 7123Ha(P<0.05), WA AAE 0FS TG BE A
3]
g
A

TS0l A t) 27t tjH] OPO15+= 37.5%, OPO25+= 46.1%2]
TR [FO/H 02 A8 THP<0.05). ARS9] obE A
A7t LE(E+= OPO)IFe] ¥hg-0 7 A Aag Aets
Zo] % Y¢lo]qlthRosenthal and Kruner, 1985). @&}
FEUoKNH,)9| A4REs F 2 & Aaby A7 A = AR,
RS A o= o] A at S2 o] Jake nx|A]
2 710 2 Atz Hth(Haag and Hoigne, 1984).

Bjol] =g @20 JFo R QIAF )19 Fa AR A4k
/J A0 -t fARH, &S YT e APTE0lA
t) 2 tH] OPO15+ 45.5%, OPO25+= 48.0%9%] =507
AFTHP<0.05). ©]i= HOBra}t ¢FHUoKNH,)9| W3-}
o]o]%l NH,Bre| NHBr, . 29| 4/dRhg -2 FFRkgolA

Table 1. The OPO concentration-dependent correlation of daily water qualities on the ozone-treated olive flounder Paralichthys olivaceus

culture tanks
ltems 24 h n Average' Standgrd Pearson c'o'rrelation Probgpility of
Concentration deviation coefficient significance
03-09 54 0.643 0.281 0.438 .001 BM
TAN' 13-22 54 0.520 0.198 -0.853 .000 AM
03-22 108 0.581 0.249 -0.092 .344
03-09 54 0.055 0.054 -0.920 .000 BM
Nitrite-N2 13-22 54 0.054 0.058 -0.959 .000 AM
03-22 108 0.055 0.056 -0.940 .000
03-09 54 0.840 0.321 -0.330 .015 BM
Nitrate-N? 13-22 54 0.730 0.342 -0.872 .000 AM
03-22 108 0.785 0.334 -0.601 .000
03-09 54 0.125 0.039 -0.353 .009 BM
Phosphate? 13-22 54 0.089 0.060 -0.926 000 AM
03-22 108 0.107 0.053 -0.645 .000

'Concentration unit of TAN is mg/L as NH,". *Concentration unit of average is mg/L as N. *Concentration unit of average is mg/L as P.
Pearson correlation coefficient range is “-0.999, negative (-) correlation; 0, non-correlation; 0.999, positive (+) correlation”. OPO, ozone
produced oxidants; TAN, total ammonia nitrogen; BM, before meal; AM, after meal.
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Q1A Qo] AnlE]o] AHLEol| A TrAsh= A o|th(Inman and
Johnson, 1984). tl&o] & 771840 §& F7]¢] &= tf
ZT- tfH] OPO15% 22} 51.4%2} 45.5%%, OPO25+= 212t
60.6%2} 48.0% =22 7rasl )

A2SRFEES e o129 FHE Ty 11 a0 T
HEdTh AaoghEo] 9 §&77182(DIN)9| At
w2 2721 control BTt @£ F2Q15H AF Sl A
GojA 0 7 7k tHP<0.05). WekA] OPO %% 9 27}
uje} DINO| 43k 212 N, 7k A4 vhg-o2 7 oA
A7t QAo g AAE AaE kgt Aotk tolrt ol
ok Hlshe AASHESof GRS ol HFTAE AA A4
of g olojil Aoz frjopd A THAo A Tkl A
ax7b A oA B Al ol whet AfRE-Ql HAtshik-g-of FakE
= Atz AR

ShebA Ak @ e @ ES FUTH Ao A 2 thH]
OPO15%+ 55.0%, OPO25+=37.5% +=0|H, 5138 &
g2+t tjH] OPO15E 71.4%, OPO25+ 42.8%9%] +#0 2
FoSHAl A8t (P<0.05). Spshalsta g A SRl
BES TS B 7R A 7] 2 HEE o] HOBro
Ol3f| el Ao ® TkETH(Heeb et al., 2014). E3F 2155k
& AAZZ7} obd YAA7E HIA7 = vlA| F7E- 2
SRS FATeRA Felojiht 2o e A
HAES S7HA et Ao s ALz i (Krumins et al.,
2001; Park et al., 2011).

Table 2. Weekly monitoring results of water qualities on the ozone-
treated olive flounder Paralichthys olivaceus culture tanks

OPO Concentration

Items

CONTROL OPO15 OPO25
TAN"2 0.353+0.106°  0.431+0.115° 0.465+0.137°
Nitrite-N2 0.134£0.056%  0.025+0.007° 0.046+0.031°
Nitrate-N? 1.477£0.602¢  0.554+0.145° 0.681+0.146°
Phosphate®  0.283+0.1932  0.129£0.031° 0.136+0.020°
cop,,* 4.0+1.82 2.2+0.6° 1.5+1.2°
SS* 3.5+2.0° 2.5+1.22 1.5+0.8°
DIN? 1.651+£0.830° 0.986+0.251° 1.000£0.416°
DIP? 0.283£0.193*  0.129+0.031° 0.1360.020°
EI 1.3241.07° 0.20+0.07° 0.15+0.11°

Values in each row with the different superscripts are significantly
different (P<0.05). 'Concentration unit of TAN is mg/L as NH,".
“Concentration unit of average is mg/L as N. *Concentration unit
of average is mg/L as P. “Concentration units of average is mg/L.
*Calculated as [COD,, x1000x(DINxDIP)]/1500. COD, chemical
oxygen demand; DIN, dissolved inorganic nitrogen; DIP, dissolved
inorganic phosphrous; EI, eutrophication index; Mn, permanga-
nate method; OPO, ozone produced oxidants; SS, suspended sol-
ids. TAN, total ammonia nitrogen.
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Fig. 4 Daily monitoring results of microbial colonies obtained from
ozone-treated olive flounder Paralichthys olivaceus culture tanks
for 24 h. Asterisks (*) indicate significant differences between con-
centration of material (P<0.05). Allows indicate the feeding point
(9 and 18 h). OPO, ozone produced oxidants.

rvopd AaE AYRt BE AL HEREC] &F
I3t AFL(OPO15, OPO25)ollA WA= Qlct 24E 4=
L] AN daiby AT A EDR B
Q&5 F213H AFHOPO15, OPO25)= A3t 53
291 2421 0.20-0.429} H]S=8bA L W2 w92
o2 A% (control)of| A= 1 o] 4F o &2 vttt
(Kim et al., 2012).
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Fig. 5 Weekly monitoring results of microbial colonies on the ozone-treated olive flounder Paralichthys olivaceus culture tanks (P<0.05).
Different superscripts are significantly different (P<0.05). OPO, ozone produced oxidants.

A=42| M= HE
U7t ZLIEE

Qs P 9A A ndE U7 ks Fig 4
¢} 2t} ulAE % heterotrophic marine bacteria®] U7t
HES AFR T AS 63 SAA FoHoR =3
(P<0.05), HH#3He tixF+ 5.2%x10%-9.8x10° CFU/mL
(7.7x10°+£3.2x 10° CFU/mL), OPO15 4.4x10*3.2x10°
CFU/mL (1.2 10+ 1.1 X 10° CFU/mL), 12|31 OPO25%
1.0x10%6.1 x 10* CFU/mL (3.3 x10*+3.7x10* CFU/mL)
2 e} 028 293t AgTElA 27 tasison],
tzto] Wk ] A8 OPOISE 84.2%, OPO25:
95.9% Z=20] thP<0.05).

Gram-negative ~ strain>  Tj27oll4  4.1x10°-4.8x10*
CFU/mL  (1.7x10°+1.8x10° CFU/mL), OPOI59]A]
2.5x%10'-3.5%10*> CFU/mL (1.6x10°+2.0x10*> CFU/
mL), 82 OPO25914 1.0x10-1.1 x10> CFU/mL
(4.8x10'+ 1.1 X 102 CFU/ML)2A] 922 931 A3 o]
H folfos haal9lon|(P<0.0s), txT oyl Ha 2
282 OPO159A4] 99.1%, OPO25914 99.7% <=<=°| itk
(P<0.05). Vibrio spp.== =74 1.5%x10%6.1 x 10* CFU/
mL (3.2x10°+6.3x10* CFU/mL), OPO15+= 9.0x10*
1.0x10* CFU/mL (3.0x10°+3.9x10° CFU/mL) 1|1
OPO25+= 1.7x10'-1.4x10° CFU/mL (4.0 X 10*+7.7 X 10?
CFUmML)Z tfz oA MR dos Agtkct fojxe
2 %9T(P<0.05), Tf2Te] Bt tju] gAa&o] OPOIS
oA 91.4%, OPO25° 4 98.8%% Gol&o= Zrasiich
(P<0.05). OPO2} ©|AE7HY] TheTAIAlS heterotrophic
marine bacteria+= -0.834, Gram-negative strain< -0.555 1.2
T Vibrio spp.= -0.344 7FO.2 BE ghEof A wha|aatch
(P<0.01).
77t BLE

Q&L FYT FA A2 OPO w0 whE njgE9

Z7r 3= Fig. 501 YER i}, Heterotrophic marine bacte-
ik 9ES FYT YT fOHOR asslel gaT
£ 7|22 & OPO159]|A] 65.7%, OPO25°]| 4] 89.1%9] ZrA4&
£ R oFQItH(P<0.05). Gram-negative strain= Tz~ tH]
ZH4E-0] OPO159)1 4 98.2%, OPO25]| 4] 94.2% = LFEFTH
(P<0.05). Vibrio spp.x= OPO 5= o]&% 02 {929l 74
7} R T, 7422 g 2TLE 7] 2.0 2 OPO156]|A] 50.0%,
OPO259| 4 71.7%=2 FA 02 A THP<0.05). 2&
& T4 9 ool 8l BAES Aol 2 &3} 9]
= Ao A A Qltk(Sharrer et al., 2007; Jensen et al., 2011;
Cobcroft and Battaglene, 2013; Wold et al., 2014; Powell et
al., 2015). & Ao A = AR nAEE2 25 OPO &J&4]
0 2 7+43FAtH(P<0.05). Heterotrophic marine bacteria®]
Fol= 5ol F-ots AAks) 2ol elsk= Nitrosomo-
nas, Nitrobacter 50| 3| o] ALE8HA] o k2 O] A Eahdo]|
FFE RS 7S A o gloh e e E
A g she v 2l ohs Aot o fekA] Adol| thgh
W/gdo] 10-1,0008 & 7Fs}7] wjizoll, OPO sk 7|Eo& |
o 0.15 mg CL/L 42520 7|3t =& A A &= relevant biofilter-
bacteria®] A4S} 5ol £ Q1 P vAA] & AL
2 AZEcK(Gilbert et al., 1997). 2.3]2] 243t 0& A=
Q5] FAIAY thE T FF ARt A|AL f71E
= daAl o2 AESA o ik o] AAkekE FRI5k= 22
2 A Qlck(Schroeder et al., 2015). Z12{1} Heterotrophic
marine bacteria®} =2 H=H(TAN, NO,-N) 9| U7t 59| Axt
oAl OPO2| 5717} A4kt 2 of thar FA 2 Q1 ook vzl
Ao wetE) g e E4t6kal 2&3F HOBro| A4k}
282 Aok HeAQl wAZE FAd o 2 ALY & &F
Hujobd AA9] 7t 429 A s Hrt wof HX
O g7l & P& A ZUthKim et al., 1997).

7129 gt A A A o] e E2E EltH A2 BESH
s doll et -2 wiiZo] oA R 7|EEg HE R
Ag5kaL 9o, wEet FHAHCY ¢S Ao Al
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7|10 2 wo] 285111 Qi) 9.20] okaA] AE QAL 1Y
5}o] Sharrer and Sunmerfelt (2007)= 229 HEHA 7R 1.0-
16.68 02 A5 o, UV A47|E W3l AlL3lo] njAY
& Ao]aEL o|1l oA Eo] o EAGIH | L& E= A
& A5} ). EE Tango and Gagnon (2003)& =3koi koF
AN ~E 0] AJEEHA o1} A A of QL 3905191, of
o B2 AL AN FARSEE YK PHOR OPO
o o} B A7 2 U] AR FFL v HA) o)
A BHAck. e B Aol @ Ee] 9L Bl A A
so] 5423 S A% YRt Ago] 228 FUsY
31, 0]1% © 23} uk-2El e & 2B} A|71-S 231 AR Zo]| 3
otsict. whebA SFAEe] Sol Sl 42 Soli] 715
v o] OPOS} HE5HEE A4 1] OPO 552 57|
gro.2 Agsto] A% 31 4217HOPOS| g ot kA ot
k. FRH 02 PO &AM Z7MA7| T B w2
SBo] Abg40l £ A4 U A Alofol] T A Ft
7} QAdeh. AR = OPO =0l k- 2|3t} obrk
(Reiser et al., 2011). ‘g 2] &] ¥FpR]ARE5(96-h LC, )= 0.022
mg CL/Lo|, 7 X} W2 0.013 mg ClL/Lol|Al HAAA7}
YUERA] o= Aoz d2A QItH(Oh et al., 1999). ORP 7]
AL E4=300-400 mV ($HiHE 0.013-0.015 mg CL/L) 4=
o|th(Park et al., 2018). TFiE 7| &A= H 2] 9| 431*41*0111}
1A =2E Akt Aldte] 1AL, ARSE fsliA A%
M AR7 QR FRoiA @23 Al PR viget
7)ol stela & 9lek £ el e ol1e) A ung
et al,, 2018)°l4 A9 A7 =REHEL AFES OPO &
% 0.014£0.005 mg CL/Lof| A= th 22} v v]s}o] 5-2] 2 Q1
Zo7k glolont, 0.025+£0.010 mg CL/LAIAE froF o=
Hastgict. o]el st B Ao 4] OPO &= 0.025 mg
CL/Lol|A ol s o] ti27rut o2 o= b
A A AL 3 AR FEC 719E Ao s g
of. Z1eju 279} 0.014 mg CL/Lo A A7hAkEA 2 g o] ]
Sl 5 9 R gro] fol2 0 2 v fAIEIgE B
ol 0.025 mg CL/LE A% A 3ol A= 0.014 mg CL/L
of TRt 2Ag0] G4 9A AE A ergror
7] %9 ALRAIHE A5k Ao] A3)E|glch. o ThEgt
OPO 5% 0| e &2 A3}51A] 9F o w(Reiser et al., 2011), 214
5% of3h2 fAHolof Frte WiFolch, ARHoR 0 F
Ao 15k B Pt 9Als] S el o
6;) A O HA OPO %5 0.014 mg CL/L 208 &
5hE A184=0] S| ok 7L AR 7L Ps T AL R U
ehatet. 87 WA FAALle] SEAShIS 481 Slel
£ A8 91, S W9, D) Sk e el
*PIMIAE“J 57 55 aLestoiof gttt
& A= Moo fhFA A L o 2 g-oto] Blala 4o
LEFYWORLE T FFo] AA veht ARdAel e,
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