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Reactive oxygen species (ROS) generated by harmful algal blooms (HABs) exert detrimental effects on aquaculture
systems. Fish gill cells deteriorate upon exposure to HABs, suggesting that internally generated ROS in HABs influ-
ences the external environment. Therefore, we investigated the internal and external changes in ROS concentrations
during growth using fluorescence staining of four representative HABs: Alexandrium affine, Chattonella marina,
Karenia mikimotoi, and Margalefidinium polykrikoides. The concentrations of H O, and O, produced by A. affine
were low; H,O, from M. polykrikoides was primarily detected internally throughout the experiments, and O,” was not
detected. High H,O, and O, concentrations were observed in K. mikimotoi during the death phase, with weak exter-
nal O, concentrations. Regarding C. marina, which produces large amounts of ROS, H,0, was observed internally
during the exponential phase, whereas weak O, concentrations were measured externally in the stationary phases.
Collectively, our results highlight that ROS concentrations and internal/external distributions are functions of HABs
and growth stage. These differences indicate the potential allelopathic mechanisms of proliferating HABs and sug-
gest a possible impact of ROS on aquaculture organisms.
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M OE = I Stk o] JEs] A7 = o gtk ghrollA 2 44k
TE o7+ A=A EQ] Margalefidinium polykrikoides

P A A ol A= A8 4% D FAb Azt (=Cochlodinium polykrikoides) <} X] o}7}u] -2t 2]3} o) 7
gk ks 1L, YR T2 S ek Qi ¢ 2 R/R ZAALE iR kL Q)T M. polykrikoides7} 2§43 5}
ofA & 7I1A= & theFeh F2 vx = A= A 9 L g4 Ak (reactive oxygen species, ROS)ol| that 7L
THAnderson, 1997). 1990 AThFE] A|A| 2 0. & F-a 2] 0] 1 f4o] Aot a1 itk o 7] ROS# 2 aMAkslEatt) 74, Atk

o] 58 ol4 RASgIct. ofo] whet Az Ul bl el
A, 3, OAI(H2]) ol Tt A0k 714 o] 2 o]
S0l gl Aok A2 QIak GFAlolRo] HA el
of7u] F2fo] gk A 0= WEH O, 7 9] thE 82l0] 9]

She, o] =24 By 55 xRt A2AE 5 ROS
5 Wol Aaksteial &e 7 Chattonella marina®) 73-$- A4
ROS7} o} 57 sARel e Qlekal A+t vl 91w (Cho et al,
2022), ThE thelR A EEHAE oA E8E3 o] & ROS
£ A A3tH(Diaz and Plummer, 2018). ROS= H] &34 1
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WBOHOR G SSPNEO AR 7ol A AeEo.
= s, At sjof ol A= v W = =(1015-10°
mol/L)& ZA$cH(Diaz and Plummer, 2018). ThF AbA7}F 3
ok 35200 4 9] ROS - =384 alo] 7 2[ul 4]
ozl & A Slct.

£3] 520} Zo] ABBFAE] hF FAH A4 F
2 ROS 5EE of7|g 4= 910, &2 ROS7} allelopathy =
283k 4= glo] AR o) & 7M5A4o] Qrh(Hansard
etal.,2010; Rusak et al., 2011; Diaz and Plummer, 2018; Yang
etal., 2022). A1}A 0 & 2% Q1AL o3t o] Fo] A2 A
3 gl AL oAU S-S Bt A2 2= Hs)7] fleiAl= of
T 4] L 2AH WakRe fA4 SE A Gk AT
7hdash, 1 Aol A2AYE2] ROS A4 A=ot 22 A7
#) 227} vhego] Hlofof ghe. 3k, ROS A4o] AlEEH=
E9] 47 dAet dgz1ol s Fake et dEA §
S 1}(Oda et al., 1995; Kim et al., 2005), & 2= &0 AAFs=
A 98] 22101 ROS7H AR B ALE %7k of H Aol 7} 9]
EA, A% T F ol A7) Wol MAEs=A] 5o AlFA
9 A= o2 BEE Alolet. utebd] Hze] O3 o} ]
A HAUZES Be FAHO R FE] e e
S| ROS HIE -9 B2 W AAebA 8 A4 Hxol tfgt AT
7F Z a8}t

Iz H A

MEME Y L MY A

225 M. polykrikoides (NFRDI CP-001, 54 £&)
@} Alexandrium affine (NFRDI AA-001, 5% E2))= =9
Skl el o] 58 o 881%itt. Karenia
mikimotoi (KM02 KSS, ¥+ A& Wal)e} C. marina (LIM-
PS-2000, '8 Hely U8 W S aoRtsa Ul 4 2o
Hko 1222 218519 tHFig. 1), vz o 2= s dl o)
golato| =3 32(200-500 uE/m2/s, 12 h dark cycle; Master-
Colour CDM-70W; Philips, Amsterdam, Netherlands)E 33
Ao 7 ARESI AL, 42 20, 25°C, 281 A (Guillard 1975), &
& 33 pus 2794 1L polystyrene (PS) bottleof| vl %3} T,
AJsz D= #3k= o] 5o g En|7(DE/AxioScope 5; Carl
zeiss, Oberkochen, Germany) 2.2 7 735} c) 2 2520 A
AEEE NS Bl 71T e Al D= o2 o] 4
of t JAIA AH=EFSTh(Guillard, 1975).

u=log,(N-N,)/t-t,

w: A< = (/day)
N, N 224471 9] 2719 A17H (D) T Al e
At A5R71ZHED)

Fig. 1. Microscopic images of phytoplankton used in the experi-
ment. A, Chattonella marina; B, Margalefidinium polykrikoides;
C, Alexandrium affine, D, Karenia mikimotoi.

Fig. 2. Chemical structures used in staining methods. A, CM-
H,DCFDA, 5-carboxy-2,7"-dichlorodihydrofluorescein diacetate
acetylester; B, MCLA, 6-(4-Methoxyphenyl)-2-methyl-3,7-dihy-
droimidazo [1,2-a]pyrazin-3(7H)-one hydrochloride.

Hrd=E A W - 2 ROS &4
H,0, and O, assay

A28 AE U)-9]% ROS [FAHel4(H,0,), Z3H4ks}
= FHE(0,)] =32 gl 9fsto] ROSeE Sol4 oz uhg
sto] 254 Y2 B9 WFAFS ARgsto] A a5t
ArH(Fig. 2). AT AES AMAI2F 5-carboxy-2,7-
dichlorodihydrofluorescein diacetate acetylester (CM-H,D-
CFDA)E o[ &(HT5E 10 uM)sHalaL, Z2Ipksks ehejz
AEZEE 6-(4-Methoxyphenyl)-2-methyl-3,7-dihydroimid-
azo [1,2-a]pyrazin-3(7H)-one hydrochloride (MCLA)& o]
(FF%= 100 uM)ste] QraxolA] 1587 HHg-AI7] 5 33
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Fig. 3. Changes in the population of each phytoplankton species over time: Sky-blue circle indicate the sample for staining observation.

u] 7 (DE/AxioScope 5; Carl zeiss, Oberkochen, Germany)-©-
& 7} A a20] g whe-S WSkt A2 AE A A
32 - 95 ROS mholg 9fsto] 2F AR e A|(27], Ale4471,
QP7], 27 ])oll 7] QIAINS B4 ROS H W ZEE B
stk

SIA (Sequential Injection Analysis)

34 % ABE(MM) ROS (H,0,)2 £41517] 913k SIA (se-
quential injection analysis)®| ¥ 2|+ th3-3} At sfl4= 5 o}
Aslearl ol ol vhgelo] shshiae ol 2ol
B kSRl oJs A AbslEe] S AESl S
3-aminophthalateS WH=C}. o] 7l o] vlehAMe] 2 Uiz 7PH A 3
A(425 nm) 232 A © 7|1 photomultiplier tubes (PMTs)=
o) 7|2 S ES FoTh B4 BRL Tl BHE gukg
ol(diethylenetriaminepentaacetic acid, DTPA)& S&X U1,
22 Q4] blank L9} 9|4 28 DTPAR §71,
Ferrozine (3 7Hd 2|43} A|oF} £uli5 §4 o] A&} mix-
ing zoneol| Al sl dojup= A5 3ehig-S PMTZ
=233} =3 AR E ROS S22 AH3} 517] Ysho] o
A ROS AR 5T 27102 A2 ok $siole
o, 4 EAE ROS =& SIAE ©|-§5to] S5tk

Zy A 2= 0] 2|4 AAE(specific growth rate, u)E 2 H K.
mikimotor7} 0.40 d' 0.2 7} =9F0 ™, A. affine= 0.34 d",

M. polykrikoides:=0.28 d'!, n}X|2tC.2 C. marina+=0.21 d'
O 2 7P SeItk(Fig. 3). A 2AE0] H Y == C. marina 7}
39,700 cells/mL& 2|31 =3}k, K. mikimotoi’} 13,700 cells/
mL, A. affine 7} 9,500 cells/mL, M. polykrikoides= 8,000
cellsymLZ 71 Yokct, i o] Az Eo] AeAA7] &
< 2|E]7]of| ROS A/do] 7] wfZof &2 2o e A wE
HAES 7H) ABEYTEL PolRol FFS uld b
Aol ¢ =11, allelopathy 2 2182} 754 S A] AtH(Diaz and
Plummer, 2018).

SEAIRE 2 AAtof] &fshH ROS A8/ o] 7H ghekar deA Q)
oo o] 71 ZsHA Yehd C. marinaZ}t 748 2 4
e el Ao ¥hsto] 7oA 7MY B Al E
H It M. polykrikoides 4] Th& ol W8l 752 =3k
Ok Fn|7 whE A FHA R 73 ROSE E3ict wheba] 4]
&0 EY ROSE 23431 S HolA] gbghe
™, A5 ROS AJAkefo] Wal v Wierl w5 5 4o
ol W& & 7Fsdo]  ALS R Helrh
HMAMEO M=Z e ROS M Hlw

Chattonella marina®l ROS MM EM

ROSE 714 gol| Bdsks AEEdaELE 427l Chat-
tonella -2 22 A& FollA= ROS 34 7|2}, straine A
2] 5/ ztolo} 72 Ae|ehAQl dA-t7) 71 Eis] 3= 9l
tH(Oda et al., 1997; Kim et al., 2007). 1 % C. marina®] 73-%-
1990 o]l =2 A3l WitolA AxE dorle Fo=, F
B YR} Fatol| A FAlol ol Azbet ol E = 2T A
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Z URIF o= UdefA Qlrh W& A5tollA| Chattonellas;o] A
/d3k= ROS7} FAlo| 7 Abdell 2 ojgirial B ustglrt
(Hiroishi et al., 2005; Kim et al., 2007; Cho et al., 2022).
3k, @ o Lof| A= C. ovata, C. antiqua®} -2 tFE A AR 27
(Odaetal., 1997; Marshall et al., 2005; Portune et al., 2010) 2
Karenia, Alexandrium 5 44 2FH X ZF(Kim et al., 1999;
Yamasaki et al., 2004; Marshall et al., 2005; Mooney et al.,
2011; Griffith and Gobler, 2016)7} ROSE AJAJgtc= 721 &
A3} tH(Table 1). B Yo7t Marshall et al. (2005)2 3}skdt
& E45 F3] dinoflagellates, raphidophytes 5-of 431= 1]
Al 25 3759 AR A 58S Aot et AEE
2t Eo] 2ABHES AT 2= 9k AL uha| W)

H AY A3 = ROSE Wol Ay *“ d8k= C. marina®] H,0, =3
S AE U B 58 AAoN 43 54 52 5903, 0,
= A ﬂ—roﬂfﬂ 7yl A= Sl C. marina®) O, = /\ﬂi

Qo] A Ftol A B2 =M e He _EEO}ROS
2 Al olia WETS o 4 e T(Fig. 4), H,0,0l v]a}e]
38 B 7} o) ekslo] AJAJo) 75.3 S oF 2~ glalth,

A H0, 842 Al Wil A 27]1 78 42 =4
B =m u|wA Q7o 74 AHA ek £3) 0,
© W)} R AA U A A5 7| 5] 7hA| 7] L
SR)02 upgste] 72 AE YRl 4 ZokA ALEUt. C
marina= M| 3E3EH|| 9123t enzyme system= F5 O, & 48
45101 o] 212k A1 2512 NAD(P)HE] chAka1 g3t 2 el A 2
@glo] 9rt.

SREES B RES L e L
QI SR A7 0,44 AlL’E 7HA]AL Q7] wiEe] +
2 A EHol|A O, 7} E cH(Kim et al., 2000, 2007; Cho
etal, 2022). H,0,9] 7%- O, oflA] f-eligt A7 T 554
Q= ol| S A A=A Bl A1 Al AR Kim et al.
(2007)0] 4=33t 917 A3} H,0,7} T3] 0,04 -aligt A
Lol A2 T2 = A 9] AHH 7)&ro] Q1= 7 o 2 " A

_ll:i_l\__

10 oflt

B

[e:

Table 1. Toxicity and events for each phytoplankton

. /‘\JA(-)]

2~ [e)
A s

Fig. 4. Staining results of Chattonella marina. top, H,0,; bottom,

0,; A and E, Lag phase; B and F, Exponential phase; C and G,
Stationary phase; D and H, Death phase; White arrow, Green fluo-

rescence.
th HO,= oF4] &7 o2 Al 22 Wf A|2Hllof] ofsto] A4
|31 E3] C marina®}t C. ovata®] 73 Al E U] L&lof &2 5]
Ao gt
Margalefidinium polykrikoides?l ROS MM EM

M. polykrikoidesi= =TWol|l A 71 B2 Az a3l & st
= TOR I 497 A= JIIAIEE, 19959 7649
o] Z|tff "laf| o] % A9 vl Az WY H3S Hoffith M.
polykrikoidesi= %401 79] o} 7] & uto} A4 AE F-H3hth
A Qlout AA7EA] 11 7)Ao eS| B A A= o
QYtH(Gérate-Lizarraga et al., 2004). Kim et al. (1999)2 &t
oA EeJst M. polykrikoides7} O, 2+ H,0,5 AJAJgtct
I B0, M. polykrikoides7} ROS A4S 53l of7}v]
o] 22 &4} o] 7 APES §UE Aolztar AFITHKim
et al., 2000, 2002; Shin et al., 2019). & Q127 HO, = M.

2~

Species Main toxic factors

Event

Karenia mikimotoi Hemolysin, ROS

Margalefidinium

polykrikoides remalysin, ROS, sulfated polysaccharides, noxiustoxi
Alexandrium Saxitoxin, neosaxitoxin, gonyautoxin, N-sulfocarbomoyl
famarense toxins, tetrodotoxin, hemolysin, ROS
Alexandrium Saxitoxin, neosaxitoxin, gonyautoxin, N-sulfocarbomoyl
catenella toxins, hemolysin, ROS

Chattonella antigua  Brevetoxin-like toxin, ROS

Ichthyotoxic, toxic to invertebrates, toxic to zoo-
plankton, antialgal

Neurotoxic, paralytic shellfish poisoning, toxic to
marine organisms, toxic to zooplankton, cytotoxic

Neurotoxic, paralytic shellfish poisoning, toxic to
marine organisms

Ichthyotoxic, neurotoxic

ROS, Reactive oxygen species. Cited from Landsbetg et al. (2019), Cho et al. (2022).
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Fig. 5. Staining results of Margalefidinium polykrikoides. top,

H,0,; bottom, O, A and E, Lag phase; B and F, Exponential

phase; C and G, Stationary phase; D and H, Death phase; White
arrow, Green fluorescence.

polykrikoides®| A|2E 5ol A = 1AL, 0,2 A -9 &
T Ao] kw2 QFkch(Fig. 5). M. polykrikoides 32 e
(271, A=71, 4871, 24 7]) ROS ket A3k H,0, A4 A
7710 71 ZFeHA 2R1E]Siet. SIARA] Aato A= M.
polykrikoides®] ROS7} A|=A34k7]0f| 2F 40 nM 9] 52 7}
% =Sk th(Fig. 8). 8HA|YE ¢FA o177} M. polykrikoides®l| =
F uf DAY= of7bu] 221 9] AR &4 W DNARS) 7} &
ZAEo] A/d5k= ROSE A7 21 JaFelAl= 714l A
7t a5t
Alexandrium affine2] ROS M4 E4

A. affine= 1A =t AAetol &3] EASHAIT =& Uo7

2 Alexandrium &3 ge] Ha|A 02 e A 9t} 314

YR Haro| A= o] Fo| n|ofet 54L& 7

AUIL o F HARE YO7]A] QUATE TF2 Fof| Hla] o] 7ol
=2 ROS AEAS FUSFAUTHNIFES, 2023). whaba] F3
Ao = Etakal H F9 ROS WA B4 mhetst I 871 Q)
Utk & AE F5 ROSO A2 Y- & F R afolet Aut
H,0,+= A. affine A| 32 Y 0] S-FF-9] ol oFshA £3251%13L, O,
2 A. affinel| A= AEEA] &UTh A. affine -7 TAE (%=
7], A7, 9H71, A7) Ml ROS 74 A3 H,0, A4S
717151 47]) of 22 U ftell A @2 =4 S o
1 A=z YA E AL(Fig. 6), 0,2 A oA HEH A
FUTE SIARA] At g 7|47 AliE @] ROS7E ¢F 12
nMz oFstA| 4= UckFig. 8). 24l A-A o] wk=r
ARES 120 =5 (8,000 cells'mL)2] A. affineo]] *=Z3}5 =
it FAE FHAbs GolubA] YESITHNIFS, 2023). o]<f 2
o| A. affine7} ¥ 5t=ROSE| =& o o] Fo| A
/d8k= ROSE| -81/d- mjn|sirtal setE . ot A. affine

2 0

i o

Fig. 6. Staining results of Alexandrium affine. top, H,0,; bottom,
0,; A and E, Lag phase; B and F, Exponential phase; C and G,
Stationary phase; D and H, Death phase; White arrow, Green fluo-

rescence.
C D
»
H

Fig. 7. Staining results of Karenia mikimotoi. top, H,0O,; bottom,
0,; A and E, Lag phase; B and F, Exponential phase; C and G,
Stationary phase; D and H, Death phase; White arrow, Green fluo-

rescence.

O] 7 wtol whet f-3/d &f Abol & Helths o] wlhet of
& A5 o]-&3F F7HA7 e s
Karenia mikimotoi?] ROS M4 EN

K. mikimotoi= 2016 ¢twojlA HE HALS of7|3t 2 o]
Ao el A F2 TefE WA= H2APE2 ofyth
SEAITE Yol A= ul-e- 2 A E A el ToR
o] 7o} g7 M Fo] Salslch(Lietal., 2017). 2023 ol = U=
U, ot B9, 7R A ubd (B2 sk, opA A 23f)
ol 4 Chattonella 252} B50] 9thgt $AH 1S L oziTt.
whebs Fhro A 7] Risto] whE sjokeh o] WstE g%

A Tl E & = Qe T o2 1 Hr). K. mikimotoi
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(A) (B) (©)
Magalefidinium polykrikoides Alexandrium affine Karenia mikimotori
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Fig. 8. SIA analysis results. Black line indicate cell density and sky-blue circle indicate the sample for SIA. Red bar indicates H,O, concen-

tration. SIA, Sequential injection analysis.

O] ROS A4 ¥ A3} H 0, = A2 Y 2] Fe-9lof| oFaA|
B339, 0,2 29 K. mikimotoi= A 3 1) 2] 5-2] 7 A|o]
A o} eFstA| @2 BrEsh= A ERIsH ch(Fig. 7). 4%
A H0, A8 rA71(F871-327])ell Al2E el A
e =M PFE Hol AR YAAEUL, 0,2 HAa7|E
A5 A2 5ol g Ao A E2 =0 BE o
e A= 2 gelstoitt. SIAEA 23 ROSE oF
#7)-7+47)9] ) 30 M= LRt (Fig. 8). K. mikimotoi
£ 2 H2AE0) vl8l #5H ROSAYA 2fo|& Hol Ko
£ FolH o] 59 fallAd FAl = Zpol7t F FolthKim
etal., 2019).

Kim et al. (2019)2] -4 o] 2, 54 F5(NGU04)
&} % C. marina®t 712 ARt 529 %2 ROSE A3t
AT ThE w52 1L 1AL o9 Zioh & Al AHeE
K. mikimotorg 0|83t ol =& AES zast A} o7
of A5t AEH AE FHHeFG] 21, 8,000 cells/mLofl Eal=
E2 FholE Bkl of f HAFHASHA] e Ao R W
of i Aol A ARHE FEE felAdo] B2 Ao & wekE
(NIFS, 2023). K. mikimotoi®] H,0, A4 3333 =t 2134
O 7 AAEA| A2 At HRE Faf WAt BaElo] 9f
O u(Kim et al., 2019; Marshall et al., 2003), ©] Zof| A Al =
ROSE= A2 EolA a3 8-S gt defA 9t Oda
etal, 1995). Egt U A EZFI =0l o1 ROS A4
&5 Zpol= o ST Aol o] ¢lek(Kim et al,
2019). Bt v AUk vlaE 93 o R tefst 75 &
Hate] 27149l o] 7 w=2A3 7 ROS A Algo] D aalet.
55 oI wat

af|Fo] 41 9] ROS+= W2 W& = ) o EAv A&
= 2] F7] wf 2ol s ol A T At a(mE AT A
AR, QU oFshA e w3t 5)olut 1o tigk A7t ol d
o} o 1813l ROS7} ol nlAl= &, FAEH

7FROSE A sh= A2AE9] Folde d3ti7l= 59 A
T7F A= eH(Oda et al., 1997; Kim et al., 1999; Tang and
Gobler, 2009, 2010; Flores et al., 2012). 5129t Alexandrium,
Karenia, Margalefidinium 5 03201 A ZAE|A F2lst
£ ROSE 544 B0 AAlo] A A O R AFE B W B
7} =& Yrth(Twiner et al., 2001; Marshall et al., 2003; Tang
and Gobler, 2009). u}2}A], T3] ROSY] At H=7| old
ROS7H §1 M4t HhS3to] ofH 2482 Aor|ex, &
= Alzo] T3} allelopathy, vfole] 2 7Hs} 22 The A
2o14 A5 Aol A] ofujat oJak sh=x] Tjelsz o] ¥
2 5tH(Daiz and Plummer, 2018). T3t 2 2 8&50] o]Fo] 0]
A= ool ot A7 Aat g Bol, 71, So] 424
20| k& 23 W= ob7}ulo]4 ROS®) oFo] 48] ket
(NIFS, 2023). wheha], 2242 o0] Hlal= ROSEEH ofzh
4] Fare] WaEhz Al o ROSS] A4 7128 e B
7} Slek. oleia QS-S 4AAE T H2AE ROST] 27
£ sjols}A) Hlmz gaH o of4] ABE A7l st
A Befshzn] F28 Aol

Ropal, 4z UoIAE] Ael ROSE FAAEY &
ket kS v A= AL0R 2ol A Stk ik ROSE A4S
O] j el ool A B, AlEEYAE QoA it
+ ROS+= 8% ROS fluxell A 7]ofgtetar def A Slck. &
gk ol of7hu|o| A Aj227} ap e AlEEFEE R ROS
7F RG-S E 7FeAE QUrh ek daEA gl A A
O A& 45(A. affine, C. marina, K. mikimotoi, M. polykrikoi-
des)y o|-§sto] A7 B 54k WAYsHE ROSE] W3t &
2o M Bl(H,0,: CM-H DCFDA, O,: MCLA)¥} SIA® 5-4]
staiek

147} A, affine’t ARSI HO,2H0; S 2L vlerstelo
™, M. polykrikoides®] H,0,= & A|Z 2] Yo A ¥zt
3L, O, = &R 2ttt K. mikimotoi®] H)O,2} O, &
i 27|15 2 E 7o wol] AAESleH, 0+ T2 Al 9
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