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Abstract: We evaluated the toxic effects of phenanthrene (PHE) and zinc undecylenate
(ZU) on the population growth rate (r) of the marine diatom, Skeletonema costatum.
The rof S. costatum was determined after 96 hrs of exposure to PHE (0, 25, 50, 100,
200 and 300 mg L™") and ZU (0, 5, 10, 15, 20 and 25 mg L™"). The results showed that
rin the control (the absence of PHE and ZU) was greater than 0.04, while rin the
treatment groups decreased with increasing PHE and ZU concentrations. PHE and
ZU were shown to reduce rin a dose-dependent manner, with significant decreases
occurring at concentrations above 50 and 10 mg L™, respectively. The ECso values of r
in PHE and ZU exposure were 136.13 and 16.95 mg L™, respectively. The no observed
effect concentrations (NOEC) were 25 and 5 mg L™, and the lowest observed effect
concentrations (LOEC) were 50 and 10 mg L™". These results indicated that concentrations
of greater than 50 mg L' of PHE and 10 mg L™" of ZU in marine ecosystems induced a
toxic effect on the r of S. costatum. These results can serve as useful baseline data for
the establishment of safety concentrations of PHE and ZU in marine ecosystems.
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M 2 (Martinez-Llado et al. 2007). = A S| AL7] 7 (International
Maritime Organization; IMO)+= fF71ed=4d9 sk

A7 A4 F AHFF O R Q% ZHE L HHUY /Y A75l7) Yste] AdrgEzog §n 97 45
o] AL GO HFHES 7|oJot= Zor I8 o AE Z8tA1 713l 1Al (Martinez-Llado et al. 2007), 573
U (Reddy et al. 2005; Lee et al. 2017), Foll= oA 2 o= o] E2 WL gl MRS XA w FAISkL QAT
ol ool A== -7 2 2% = (antifouling paints; (Jacobson and Willingham 2000; Hwang et al. 2018), ©| 7] f

AFPs) 9t 22 f71=4ol o3t @ o] F7lske FAt o r U R R HeEwE g Wl &R
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PAHs)= 77|99 i34 ed=de $H2 Stz
o] ZA5}A|Tt naphthalene, benzopyrene g phenanthrene
(PHE)¥ #o] tfF-29] /44440 Fgo] wrtal &4
2] AT} (Chiapusio et al. 2007). 55| PHE+= H2oll’d B2
2 3% HolA ohE pAHs Hu}b 52 A5,
A= Aol S4 5o siFE=2] thiat B AL =
1] 4= 91th(Shin and Kim 2003; W et al. 2013). T3, W&
H] &5 (endocrine disruptors) 2 BF5] 2] IMOO)A] A&
o] S TBT (tributyltin)= HHA5H7] $la] AP a2
cuprous oxide (Cu,0)%} copper thiocyanate (CuSCN)E 7|
HtO 2 copper pyrithione (CP), zinc pyrithione (ZP), zineb,
ziram ¥ zinc undecylenate (ZU) <} 22 S5 A2} irgarol,
diuron, sea-nine 211 (SN) & chlorothalonil (CN)Z} Z-2 H]
SE5AE st AFHESE It (Jung 2012; Shin et al.
2015; Soroldoni et al. 2017; Amara et al. 2018). @A A1k
ol tit =9 F7F A AT, Zu= thE
Fe o] Hlsf dia o= 54o] Yot g 47} 4
Y= QIA] 24TH(Lin et al. 2006; Hwang et al. 2018). PHES}
ZU &2 771 dE42 shdE-sol R g+ FHo
A =& =2 HEE (Lam et al. 2017), HEA L} Q15
SF GAQtollA] FH o] fF4- W = E Tk A 2004 o1 =
A g ARf7E QU (Kim ef al. 2008). T SfqH40] &
et Asier Fofiactold A e =g o] Futsk 7t STt
Stal @ Fx| o] Sl Aoz HATEY QIth(Lee et al.
2011; Lee et al. 2015). PHE®} ZU 22 f7]0d9=d2
Qbofl MAsh= vt AEolAl FFe & Aoz =
™ (Hwang et al. 2017, 2018), & - ITFH 0 2= 7o A%
FFS n|E Ao ot

2 A= SHFEEA HollA AAE di &5, -2
vet A AQtdoA S Hoks AEEHIER] Skeletonema
costatum ] NATLFE (r)& ©l-&oto], | FHE 54
A A HFEFHAI R 71F (MOF 2018)°]l w2t PHE
o U9 =437 AAISHH B3, F9FEE (No
Observed Effective Concentration; NOEC), H|AFF 5
(Lowest Observed Effective Concentration; LOEC) & Hh=
A5 (50% Effective Concentration; ECso) & A A5, ©]

1L AEdE

A AYEL PR S, costatum (Greville) Cleve©] ™,
Sh= ol P A 27238 (Korean Marine Microalgae Culture
Center; KMMCC)OlIA 2ol gh24ollA 6714 ol
Al st Mg EE 200+1.0°C, FF2 BT
= -85t 3,000~4,000 Lux, *¥71+= 10 Light : 14 Dark
E A5 £/2 ¥1A] (Lananan et al. 2013) 2 Bl FoFFACE.

2. 871298 5554

A @l AH§-2t PHE (phenanthrene 98%, Sigma-aldrich,
USA)T} ZU (zinc undecylenate 98%, Sigma-aldrich, USA)
+ DMSO (Demethylsulfoxide, Sigma-aldrich, USA) of =0
100,000 mg L™'9] stock solution. ©. 2 A 25}t A&
Azoll AH-E DMSO2] HHl-sEE 0.3%= 8L
&5t S. costatum®] g7l G v|AA] Y= A= =
SIS TH(Okumura et al. 2001). S. costatum 7NA-/37Eof| 1
Ae 77129220 9%= 47| 9159, PHES ZU
9] stock solutions HwH 2FAdl== 3]Al5te] ARE-SHS
o 7712949 k& sk dHAAE 55to] PHE
20,25, 50,100,200 ¥ 300mg L™, ZU = 0, 5, 10, 15,20 &
25mg L' 2 A5k

o 1

ro

3. Hig=2

50mL test tube®ll FEERE AT AJH-SHS 2+ 30
mLA BFOAGAT AT DEFE R 677 2

o, ZpA| S B FZ -2 Table 1°1] YEFATHMOF 2018).

4. 71M12 ‘88E 573

96AIZE HiF T 8. costatum @] r& A5 $18l fluoro-
meter (Tuner Designs Model 10-AU, USA)E ©]-&5to] 7}
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[e]
ZUEF SIS T ofafje} 7
HZ12] ro] 0.04 0144 72
51 tH(MOF 2018).

r=(InN;—InNy) /t

Table 1. Experimental culture condition of Skeletonema costatum

Test parameter Condition

Culture type Static non-renewal 96 hrs toxicity test
Photoperiod Ambient light condition and 10L:14D period
Light intensity 3,000-4,000 Lux

Temperature 20.0+1.0°C

Salinity 30.0£1.0

pH 8.0+0.2

Chamber volume 50 mL test tube

Solution Filter (0.45 um) and sterilized seawater
Solution change None

Test solution volume 30mL

Culture medium /2

Initial cell density 5,000 cells mL’

Experiment period 96 hrs

Acceptability criterion >0.04 population growth rate by the hour

25 mg 1!

100 mg L1 200 mg L

izt ARl 94 742 SigmaPlot software
(SigmaPlot 2001, SPSS Inc., USA) 2| Student’s t-test= H|1l
skem p7h 0.05 olstd wf Folgt Al EvtE wds)
Ak S. costatum®] NAEZE - Rt ECso7t 95% A1
2471 (95% confidence limit; 95% CI)-= ToxCalc software
(ToxCalc 5.0, Tidepool scientific software, USA)2] probit
SARE ol-8ste] E45H%1, NOEC?t LOECE & ¢
software2] Dunnett’s testS AH-8-5F] =A415FS] Tt

2

1. PHE?} S, costatum®] roj| 0| x| = Hgk

PHE”} S. costatum®] rol 1] %]
wom, 219 r2 0.04 ©1%F

50 mg L1

300 mg !

200 pm

Fig. 1. Representative images of cell density of Skeletonema costatum exposed at different concentrations (0, 25, 50, 100, 200, and 300

mg L") of phenanthrene.
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>~

131712 (MOF 2018)°] F-a5}3itt. 8.
52l 25mg LA 0.041£0.002

NFYEEH
o

costatum° r2 HA
2 o279t 017 Holrt Yo, T oLl B

L pHEY} 271848 ke oEA o g 7hAaste AFS

At somg L™ oA ro] 594 (p<0.01) 0.2 4

0.06

e
2

Population growth rates (r)
e
5

0.00

Control 25 50 100 200 300
Phenanthrene concentration (mg L)

Fig. 2. Change in population growth rates in Skeletonema
costatum exposed to phenanthrene. Vertical bars represent
means£SD for three replicates. **indicates statistical signifi-
cance at p<0.01 compared to control.

20 mg L1

517] Al&Fsted, 100mg L 5ol A= ro] 0.028 £0.002%
2 Y] 34%, 200mg L™ el A] 0] 0.017+0.005= 61%
Hastaod, A s 300mg L oA r& T
< 4= JUSITh(Fig. 2).

2. ZU7L S, costatum®] roj| O|X|= BY

ZU7Z} S. costatum®] roll B]2]= 92 Fig. 3¢ YErR
ou thETFO] 12 0,04 0|40 2 A7) HFst)
S. costatum®| r& ZU &7} Z71erE S oE&F oy
Tashe A4S HI, 10mg L™ =04 ro] 0,040+
0.001% = tH] 594 (p<0.05) 2 & o] A2}
310, 1Smg L™ H ol 4] r©] 0.033+£0.0012 TR thH]
21%,20mg L0141 r©] 0.006 £0.0012 87% = FZ 51 3
Astgon HiEk 25mg LT A= r2 AFE 4= §l91
o} (Fig. 4).

3. S. costatum r-& 0|23 PHEQ ZU9| =S/ 17}

PHE®} ZUO =29 S. costatum®] r2 L E25To| B

25 mg L1

200 pm

Fig. 3. Representative images of cell density of Skeletonema costatum exposure at different concentrations (0, 5, 10, 15, 20 and 25 mg

L™") of zinc undecylenate.
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=/d9E-E-?1 Sigmoid FEHE HEFA T (Fig. 5). PHE

i3t S. costatum r&] NOEC} LOEC= 242} 25, 50 mg
L™, ECso2 136.13mg L™, ECs502] 95% Fiducial limits=
85.90~198.28 mg L' 2 & et Zuoll tidt S, costatum
2] NOEC®t LOECE 72} 5, 10mg L™, ECso 1695 mg
L_l, ECs02] 95% Fiducial limits™= 15.73~18.47 mg L2 v
EFS T (Table 2).

=2 AN

0.06

Population growth rates (r)

5 10 15 20 25

Zinc undecylenate concentration (mg L)

Fig. 4. Change in population growth rates in Skeletonema costa-
tum exposed to zinc undecylenate. Vertical bars represent means
+ SD for three replicates. * and ** indicate statistical significance at
p<0.05 and p<0.01, respectively, compared to control.
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PAHst= A RE A5 ot RrisktE Sl
A BERIAJ e84 4 (semi-volatile hydrocarbons) 2FeH-&
of Zet=|m, n| =3k H 57 (US EPA) A= PAHs 5°ll
A 1652 EETE] AEARZ 25T (Ribeiro et al.
2012). PAHs= T2 7 G5 ¥ 3= 9] et
< U9AQ FFe FolA FRE R KA, F
FollA 719¥98k= PAHsE PHES 71 Wol Zalatal g
o} (Achten and Hofmann 2009; Ribeiro et al. 2012). PHE=
A7 (Psammechinus miliaris) | A1 FRA| L] g2t A&
< AAoto] FA7)Foll FFS 11 (Schiifer and Kohle
2008), zebrafish®] 7Z-$-oll= WA 2] A4S vhalistod]

ebdrd o & Y27 © ™ (Huang et al. 2013), human

Table 2. Toxicity evaluation using population growth rate in Skelet-
onema costatum exposed to phenanthrene and zinc undecylenate

ltems Phenanthrene (mg L™")  Zinc undecylenate (mg L™")
NOEC 25 5

LOEC 50 10

ECso 136.13 16.95

95% Cl 85.90-198.28 15.73-18.47

NOEC: No observed effective concentration, LOEC: Lowest observed
effective concentration, ECso: 50% Effective concentration, 95% Cl: 95%
Confidence limit.

10 >

(B)

09

0.8

0.7
0.6
0.5
04
03]
0.2

0.1 4

0.0 s e
1 10

Concentration (mg LY

T 100

@: population growth rate, Black line: maximum likelihood-probit estimate, Blue line: 95% confidence limts

Fig. 5. Concentration-response curves for the effects of phenanthrene (A) and zinc undecylenate (B) on population growth rate in Skele-

tonema costatum.
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B-lymphoblastoid cell line®] MCL-5°l4+= Ed®Ho] &

573 (Sasaki et al. 1997)= WEHH A2, 4%, 3w ol
s Ot oA Ae=4de UEhdt TBTE tiAls)H

7] S1of AR E AL Qe A e Eme BAAE o]0 H
Fet 9 ohe AEolA =4 &S UEhdiA] &2
o] o]A& ozt (Nakanishi 2007; Antizar-Ladislao 2008;
Oliveira et al. 2017; Zecher et al. 2018), 2AYEA] (biocide) &
A4 B EA AEeAe 47 54 FFo] Ueites Ao
2 A Ut (Junget al. 2017). ZU= AT TR FolA
T 7P EAo] vt e A QAR (Lansdown 1991; Lin
et al. 2006; Hwang et al. 2018),ZUE FAASH= 22 = 7Zn2
Forg Aol Cuth2 2 & 71 Wol AEHE S5
20 2 A2 E] (Brachionus plicatilis)Q] r2 oA 4 9
© ™ (Hwang et al. 2014; Soroldoni et al. 2017), undecylenate
O] 2§ o= FHAEE) (Ulva prolifera) @] A} 2573
A 4 Qe=Aoz 01-341 12 Oh'/]'(]ung?,OIZ)

B AFET} S, costatum®] r= PHES}F ZUQ] &7t 5
s sRolE fgacte Ad= EAo, PHE
of &5 S. costatum r2] ECso 136.13mg L2 5%
5+ (Pseudokirchneriella subcapitata) 2} 2 =22} (Chlorella
fusca) B0} PHEC] 573 93FS & A ¥OITh (Altenburger
et al. 2004; Baun et al. 2008; Turcotte et al. 2011; Zindler et al.
2016). ZU°l .eZE5 S. costatum r&] ECso2 16.95 mg L2
zinc pyrithione (ZP)¥} copper pyrithione (CP)¥} 2 T}
E dergo] HsiA AiFor S4do] Wrial wete
T} (Fernandez-Alba et al. 2002; Onduka et al. 2010; Jung et al.
2017). SEA|TF ©]- 238 undecylenate®] J&FO 2 BHE| 2
OF (Bacillus subtilis) | A 5/ B2 ZP > Ziram >ZU > CP
A2 ZUZF CPETE oF T vl A FAdo] et Ao
e (Jung 2012), A2 Foll IE 549 EOWE L‘r
Eftbs Zlo 2 hohEth PHES ZU 22 #7195
= Ex7le] =9 okekAel gjlo g nlA| 2R 2
Hof, et 5 o WS #HHoR fr|edEd
o] f w27 F2sk= Aoz AHA 0. 2H (Hong et al.
2008), 7] F2F o] % Al Y= S o] 4 9 Zoft
oA mM R Ao 4 Bl aaet g2 F Eol4
Q1 o]z sl &4, 54 B 54Tl 2ol vrett
= 708 &el4 Qth(Chan et al. 2006). TrEbA], 2 AE
oﬂ /\]-_Q_’B‘]- S. costatuqu' 71'_‘2_ U]Aﬂl E_Q] E/H}:H_CH7]- ];]-0]:
SHA| Uret= olfi+= PHES ZU 22 71 2 Eed& o

e

o
_ISZ

AR A AT 4= Qlo], £
A& 7H o U dlee g e

S-2uel= 3o Hittolm A )1719] 35% o] /o] of
Qbof] FAdsto] Lot A|Tr, T2 4AHde2] 9 g 2] 99
A BHZAPT o] F0 2] 11 It} (Kim et al. 2002). 53], Yim
etal. (2007) Aol W2 it A= 1177 sfiche] =
HES A A} PAHs 557t 8.80~18,500ng g ' dry
weight © 2 A, A I S5 FollA] He
EE YAt &40 e or fE5 o] Aot
ool A TBTE AQlgt ek =mo] 57t 214402
F7Fote A2 LAl QAT (Song et al. 2005; Lee et al.
2011, 2015; Soroldoni et al. 2017). T3 Zne P H A
& FH EHEA cut BEo] 7P A HEEH, o

534S YORR 4L FMIL 4 Y o2 g

71 dEdel ol
HT}H(Tam et al. 2002).

2|21 9t (Cedergreen 2014; Soroldoni et al. 2017). T2}
A, dAgteeo] EASHE PAHse A EvE UE 9 =
A xo] siFAYENA &2 FFe nAS 7] "
of +4, HA&E L AEAU A RUEHETS HEo] o
Gt BES o] 8T FAEIPT asih . weE

O

ol
Jt

N 9

OH*]'H—Z\_%—(Skeletonema cosatatum)J NAZAAAE = (r)
S ARgoto] At 7712 9E4 ] phenanthrene (PHE)
7} zinc undecylenate (ZU) 9] /48715 AAISHAT S.
costatum-= PHE (0, 25, 50, 100, 200, 300mg L ™)<} ZU (0, 5,
10,15,20, 25 mg L™)oll ZH7F 96AIZF e &3t o] ol & AF
ZE5IAaL, 272 r-2 0,045 T} ot A g 7|50l Hes
ATt S. costatum®] r-> PHE 50, ZU 10 mg Lol =
oAl T thH] F-ol5kA 7rAstr] Al&ell PHES}F ZU
O] FLTt SV E AAaEHE TELS UEHHS
], Z| 15591 3007 25 mg L' HEoAE ro] YEREA]
&3rh. PHESF ZUO B4 S. costatum ro] R FF s
(ECs0)2 136.13,16.95mg L™, F 45 (NOEC) = 25,5
mg L™, F A9 %% (LOEC)= 50, 10mg L™ 2 YEF T
E AAq FHEA Wl Al 8. costatum ] -2 PHE 50
mg ', ZU 10mgL" o[/d9] FrolA 549w A4
Aoz wWetEw, pHES ZU2] 7|F5E A4S 2% 7]
ZA R 2 F-85HA AREE Zlo|H
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AL AL

2 AFE 20199 =H4baerd AAATA (R20
19025) A+H] 2| P o2 At Aslaeitd A
IR e $I5 B 7 A Ef of| A 4~ 51SA Lt
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