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Abstract: Microplastics and nanoplastics (NMPs) are considered one of hazardous
contaminants in marine ecosystems due to their toxic effects, such as reproduction
disorder and oxidative stress, on marine organisms. Although water temperature is
rising due to global climate change, little information on the toxicological interaction
between NMPs and temperature is available. Therefore, in this study, we confirmed
the toxicity of NMPs (polystyrene [PS] beads; 0.05- and 6-um) on brackish water fleas
(Diaphanosoma celebensis) depending on increased temperature (30°C and 35°C)
at individual and molecular levels. In the chronic toxicity test, the group exposed to
high temperatures showed an earlier first reproduction time compared to the normal
temperatures group, but it was delayed by co-exposure to NMPs at 35°C. Notably, the
total reproduction decreased significantly only after 0.05-um PS beads exposure at 30°C.
Interaction analysis showed that first reproduction time, modulation of the antioxidant-
related gene (GSTS1), heat shock gene (Hsp70), and ecdysteroid pathway-related genes
(EcR_A, EcR_B, and CYP314A1) were closely related to temperature and PS beads size.
These results indicate that microplastics have size-dependent toxicity, and their toxicity
can be enhanced at high temperatures. In addition, higher temperatures and PS beads
exposure may have negative effects on reproduction. This study suggests that various
factors such as water temperature should be considered when evaluating the toxicity
of microplastics in marine ecosystems, and provides an understanding of the complex
toxic interaction between water temperature and microplastics for marine zooplankton.
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EetaE2 V1A, A4, AE, 9= T ot 2ofollA
o] &= glow ZEAE ] AHdA "y Ado] FZtHo|
whet A AAA Q] A T AL o2 Zrfstkar 9ot
(Geyer et al. 2017). ATt o] 2] FAH3L He|E 5]

G2 et e AEdo] HFH R FEE T2A
2 g SetAE oo it Iilo] FEs| 7 skl
JTH(Cézar et al. 2014). S2tAE-2 AA| oF #H7 =9

80%°ll Eol= A2 A& A 91O (Jambeck et al. 2015),
k7o) Zerrele shrol ma Sol ojg Ea, 4
Q)Aof| o5t B4kl AESHA ol 52 AA 22 vA|
E2tAE (Microplastics, MPs; <5 mm) ¥ Wi ZehA
€] (Nanoplastics, NPs; <1pum). 22 Eald 4= TH(Zby-
szewski et al. 2014; Frias and Nash 2019). "|X&2AH
T Ee g 1 e Doz Q19 47 AP
S 41FE % o] B 2 7| 2 ek o
7%l )8l oF £ SlePRRe] 9 713 & 9
£ 29U U7a0], o1 G 5 Ao
44 e, OAFERE Wk A AEAS 52 4
o o =0l HalE HE Sltk(Cole et al. 2015; Jeong et al.
2016; Lu et al. 2016).

A2k AN ol % =2 S7Fe 247t
27F @lo] mof HAERE MAA Q] 7] &2 A olth (Xie et
al. 2010). A3 T2 22| F5o] P2 <
FE 2 YA HAEL] F7H(Jang et al. 2022; Kim et al.
2022), HE Al (Yoon and Park 2022), Z|AF(Park and
Park 2010) 5 347 e o712 4 glem, Yol 5

7(] _/:_“]_x-l og

3% 2 A7199B 0L BT 47 0 @B 54 o
ol & 2ol 33Ha 4 YL WL5}cHPatra of

al. 2015; Haque et al. 2020). <+ AHS 257} ok H
n|q|ZatAElo| ot =4 gko] ZslEch= Anpr) o
T EHEL B4 o] |7 FolA 21 v Itk (Jaikumar et
al. 2018; Kumar et al. 2020; Serra et al. 2020; Hasan et al.
2023). 2™ =751l siFEENA vIAIESAE
T 2 A Bt dFel et A= vl mlERt A
Zolm, sty o] Eetad e dY 20 A= 1H
o off 0|59 AeAgo] sidEol nAs dFl Hie
7t Hasiet

2|2tz &dh= 7154t WS Diaphanosoma cele-
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bensis= G ot} A YoM F2 AA5hH W2 dB
T 9 2k UL AEo] 7HeRt 47 Rk
Ol 52 NUPYEHA HollA Attt 49 A2} 7ho] o
oF A= 047:10].1— Aste ot Qx} AH|RE, 149
ZF719} 2+ 37] (adult- 413~1,112 um),
51 =0 0 A FolA = gjoF e EA
gl At E4S 7 %E}(Maraal and Hagiwara
2007; Yoo et al. 2021). D. celebensis<= 11} 42244 1]
AZgAe 9 YL ZaAel e AZTH 4= glon Al &
= ——H EE]—/\E] 011]—__4 }sﬂ‘:' E./l'] O:]o]:—Q— 1147}01-

==

7] A AP EF o 2H 85 o] St (Yoo et al. 2021;
Cho et al. 2022). =3}, 20~35°C2] W2 2 H {0l A 4§
Z% 4= Q1o] (Park and Park 2010) "|A|E2tAEH T =2
20| 54 JoAES Ao A Aow g7t

102 TH =2
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TFollA= mAE et E T Yle g2t E o] o]
Astol A olBA Wekd 4 9la] sfels] Sl
A EWE D, celebensisE A TYEE ©]-2olo] JiA
FollA] YAl v2= TS ElotgoH, Ay 4
9] FF2 Zelst7] Aol 4] (ecdysteroid H =) H 2~
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A AR ES et n FAE/de Aol A vt
P EHE D. celebensiss ©]-8otTt, 7|44t
EH S v 913F *1F o= (15 psu, pH 7.8 +0.5, D.O.
8.0+£0.5mg L) ¢1F S5 Instant Ocean (Aquarium
system, France)= ©]-8-5t] A|Z3H3Tt. 1.6 L2] 153l
7F AR 2L F2 HlA 74t EHSE-E 2F 400704 HY

Z[_t H, &L 25+1°Ce F57] dark:light=12-h:12-h
Z719] #i%7] (Plant Growth Chamber, JS Research, Gong-
ju, Korea)oll Al BiFSI ™ SiF 52720 Tetraselmis
suecica (1.0~3.0x 107 cells L) E Ho|HEZ Y 555
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22 N8N M=

HE A 892 0.05-um®} 6-um 7719 polystyrene
beads (PS beads; Polyscience, Warrington, PA, USA) 35
| (25g L)< Q1% slioll SlAste] Alxstalon, &
gtAg o] BARS 9 E4HAIQ] Tween 20 (Bio-Rad Inc.,
Hercules, CA, USA)E H7F5k1 1027 221 A2 (20
kHz, 90% amp.)SF3t. T S/A19lS 913t PS beads
"% Cho et al. (2022)°]l @2 0.8 mg L& A5H 1L
AR 242 919 e AFelAE=0.1, 1, 10mg L™
9] EL7t HEE Al-GAS Al xstglon, B4 Bk
= AE-8992] 0.001% (v/v) ©I5F7} = EE 53Tt

et A eis10m A £ WIS AR A R A
@ )2} AT ARES A5 91 5 E5l A
S 14900 ARSI, A AT A3 5 Al 4] el
& A Z3 PS beads A28 (0.8 mg L)<= 12-well plate

=

of 3mL 11, efolt 2] 24 A3t H|gke] 7|44t EHE
S welld 17HA1HA Esto] & 129HE 0= Z3s
Aok WA BEE =elS 1o 50 mL Bl AE-8H
< 40 mL A9, Bjojid 2] 24A17F B[R] 7|44t EH
5 8 HIAT 5704 keESto] 4dHRo 2 Z18Y5He]
o} Az met AT AT E Rl IR LEAES T
suecica (1.0x 10* cells mL™)E i g5t Y5t 1L
Hj )= 2dmbtt =8 BiA 2 A5 wA|skleh /a3t
e Hst SlS 9t LE3EA PN T AlE-E
(0.1, 1, 10 mg L") 250 mL H]#°ll 200 mL #H-$-12, Efjo]
W 2] 49 5 7|54 EHE 20070A1E 48417 B eE

stelom & 7|7t 5 wlo] I B S AAISHA] 9k
o}, B =4 9 E 3z I Bigt gels 9R e
5] LE3AEL o2 2% 27 (25, 30, 35°C)°llA 2
7} FdsHA 3=

2.4, $MXIE QMR B8 E uE
A S SAsP] iste] 74t =Eso] A At
ol Alzbd Ao dVdEs eE 44 H 1241
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A ANAE Felskalom, A A A7 B o] fof
= 2441 Felskal A A F At s e E 7
Q11447 =25 7154 S8 5 A7 e A1 A
o 58 BT gto] AL AT JgEL 2 28

oAl PS beadsoll le&?t F 1497+ AL = HARE AAE
ALt = 7|4t 2R JHA 5 Alof 71Eske
Eq. 1°]l w2t 7RI 437852 57 5H3Ith (Rico-Martinez
and Dodson 1992).

r=1In[(D:/Do)]/t (Eq. 1)

r=7NA1Z 4FE, D= 2F ML L=
Dy=27] WAl B, t=F W& 7|13

]

2.5, Total RNA =% 9 cDNA gHd

AT et gele 9fsh 48/\] { 5<F PS beads
Aldgd =Ed 7t SWE2 BF ZH5H 1.5
71 %] TRIzol reagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA)E ©]&d}o] +&
9} SFAL total RNAS FESIAT. FE total RNAE
NanoReady touch (Life Real Inc., Hangzhou, Zhejiang,
China)E °©]-83t F=& &Ist32H, 500 ng®]
RNAE ©]83t9] cDNAES /35H3lth cDNAS &4
< RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA)E o|-&3}| =33
P om, I3 cDNAE TE buffer2 108 3|43 F 54

2 2.490] o] g5},

mL microtube®l <&

2.6. Quantitative real-time polymerase chain
reaction (qRT-PCR)

PS bead r&of & 6o §]’ 2EY A B {5372 9
/Rg/ﬂ = | 01{7\}4 l:ﬂ-i ] q]@ Kol =y }%g SRS
otH 7] 9Jste] D. celebenszs—‘l] FASE G4 FH} 5F
[Copper-zinc superoxide dismutase (CuZnSOD), Mangan-
ese superoxide dismutase (MnSOD), Catalase (CAT),
Glutathione S-transferase Sigmal (GST-S1), Glutathione
peroxidase (GPx)|Zt @S 22 &2 e {42 3%
[Ecdysone receptor A (EcR_A), Ecdysone receptor B (EcR_B),
Cytochrome P450 314A1 (CYP314A1)]< AT (Yoo
et al. 2021; Cho et al. 2022). €52 A 42 3%



[Heat shock protein 70 (Hsp70), Heat shock protein 90b
(Hsp90b), Heat shock cognate 70 (Hsc70)]<= D. celebensis
AR glolefHo| 2z e SFE S, Z47E] primers
FXAE = [Hsp70 (F: 5'-CACCATCACCAACGACAAG
-3, R: 5'-AAGCAGTAAGATTCCAAACTATTC-3'),
Hsp90b (F: 5'-GAAGAACTGAAGACCACATTTG-3/,
R: 5'-TGCTTATTACCGCTCTGCTG-3'), 12|l Hsc70
(F: 5'-TTCAGGGTGGTGTGTTGGC-3', R: 5'-AATGG
TCGTGTTGCGTTGG-3")] Al&rsto] ARg-stSITt. BF2l
FA2 SEE 215l primer setZ ZFHF 10 pmole, cDNA,
71231 SYBR Master Mix (KAPA Bioassay System,
Wilmington, MA, USA)E %3 & CFX Connect
Thermal Cycler (Bio-Rad Inc., Hercules, CA, USA)?]|
A qRT-PCR2 sttt PCR 272 95°ColA 10E
ZF g SAE AR = 95°colA 1533t WA, 60°Ce
A 127 Zetolw Aot GAE 355] esle s stith
Reference gene<> elongation factor-1beta (EF-1b)E ©|-&
stom, 544 C (1) al= HFFe® 274 W (Livak
and Schmittgen 2001)& ©|-§5to] A4 {42 Hd-S
Atelict. 7} Az 3ukEo 2 Basolch
2.7. A=A

.-

= Al A3}t g2 Sigmaplot version 12.0 (Systat
Software Inc., San Jose, CA, USA) T2 1345 A-8-5}
o] B (mean) = EFH 2} (standard deviation) 42

Stal 371 Aol AHgshth 2= 3PS beads k=&
o2 PAZF O Higt W 2k §igte] ohE fa Hd
9] A= GraphPad Prism 9 (GraphPad Software Inc.,
San Diego, CA, USA) 21583 o]-gsto] s 2f
15+t PS beads?] &0l e G-A=}e] “*&794 H3}
= 7t 2% 27194 PS beads7t e EEA] 2 152 7|
+O = PS beads == E9] A {7} ‘?—J@T—% Alist

O™ MeV software (version 4.9; Dana-Farber Cancer
Institute, Boston, MA, USA)E ©]-83l heat map< A|
Zrstoint. 2t A9 =9 FAA 242 SPSS version
26.0 (SPSS Inc., Chicago, IL, USA)S ©]-&35}to] 15t
o}, 7|54t EH S0 A2 7o) 9 {2421 I o] H st
0|2 2% E= PS beads 5 T ‘E‘i—’v‘—/] P> 44
AL (Shapiro-Wilk test, p>0.05) ¥ Luiz] FAHEA
(one-way ANOVA) o2 BAstl o, 7F 2|39 1]
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3.1. 29} PS beads2] 9Hd =
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g0l YRz

B AFoA 7|4t EWEL] A AR AP =2
T30 ¥ 35°C) 2o & T4 EEF 2 2
(25°C)°ll e&H F¢HETt 242} 0.95, 1.11Y H-2l5HA o
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2= e Slsklen (Fig. 14), HIE AR &
oJsHA = °‘?<IUP 30°Coll keEH TIFOA F Al 9
S7P7F B Tk (Fig. 1B). Le{U 42 7t e A

FE o= WEEZA] 294 th(Fig. 1C). Park and Park
(2010)°f = 2 A7-9] A¥pet vR7I| = 30 B 35°C
oA viFH D. celebensisS] 739 25°C WY 153} Hlw
off bl A A AlHE BAskel o, 5] 30°CoflA
HFE TFolA 7P o & A AYAEo] YEPES B
WoHGIHE AdY AFES =9 Aol FANESY &
55 (Khan and Khan 2008) ¥ of\§#] thA}(Khan and
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(A) First reproduction

(B) Total reproduction
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(C) Growth rate
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Fig. 1. First reproduction time, total reproduction, and growth rate in Diaphanosoma celebensis exposed to polystyrene beads (0.05- and
6-pm; 0.8 mg L") under different temperature conditions (25°C, 30°C, and 35°C) for 14 days. The asterisk indicates the significant inter
action between temperature and the size of PS beads (two-way ANOVA and Tukey's post hoc test). Different lowercase letters indicate
significant differences between groups exposed to different NMPs at the same temperature, and uppercase letters indicate significant
differences between groups exposed to the same NMPs at different temperatures (one-way ANOVA and Tukey's post hoc test).

et al. 2015; Sussarellu et al. 2016; Yoo et al. 2022; Jeon
et al. 2023). BF mAEAEHo| 22 g4t EHE
Daphnia magna (Huang et al. 2022), 8ZV% Tigriopus
japonicus (Lee et al. 2013) 5 &3 EE EFAEANA
Frolet A Adl dFS Bagt AdY A3E9] A=
e g, 2 dolA 250ce] 230l 1 PS beads®] &
22 D, celebensis®] A A2t XA 2| AA7]A] ofct
(Fig. 1A). 2121} 35°C ] 27| A<= D. celebensis2] A 3
2 NS ZF0.77%(0.05-um PS beads)™} 0.65% (6-um
PS beads) | AAIZ L, 30°C 27141 0.05-pm PSOll =
=9 7NAIZNA PS beadsell =& HA] o2 1F Hl
sff & At 71 2.330H] F-oJ5HA| HAE AT (one-way
ANOVA, p<0.05) (Fig. 1A, B). ©]= PIAIEAES 23
e e dEA] Aol 2 2k oA SFE &
Urh= A A7-=29] At A2 (Haque et al. 2020;
Hasan et al. 2023).

Hasan et al. (2023)2 =2 2% 2719 29 &5 9
5+ Oreochromis niloticus®l~] polyamide (PA) $JA+2] 4
FA7F 571 4 9lom, olof whet pA IAtE IRt HY =
d 9 22 &4Fo] S7Ieke HAskinh TS Serra et al.
(2020)-Z D. magna®l et PS beads®] 54J0] =2 2=
oNd F7HE & Slee HAlstlon ol w2 kg ¢
s S7FeE tiAF 8715 B Hol HHEo] e d=d o A
£ 7dskste %ol 2 4 qotal FAsIIT A¥ 4=
ol AvtE 1T o = & 2204 571 PS beads
O A 54 FdF2 730l D. celebensis®] °HA]

T

ro rlo —l>
o m rlo b
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At 2 S 5-Eo] S7Fokal, o|2 18] PS beads 2] 4410]
7kt W2 & Stk ShAT =2 2kl 71
PS beads2] A4 54 F3FE PS beads?] HF 3 A
Azjo] s Astr] o= ZF 2= 27X D. celebensis
o] $5F, 9J7& ¥ PS beads 2 52| Wit tigt &+
7F ]l A7t E asiet,

3.2. 2% U PS beads?| g/ =&0| Yitet HA,
AEYA, HA FE 2 UKL Lo
0jXl= Y

&7 el 2ol AEAl e A Y] &
d=d2 Aol osf il Aoz HiEd & 3L
o}, sEAEE o] 29| tiA oA w2 vk T B
3 AtaFol AL & qlow, Bdt AT ol
e EZARY ot A nEAEES &A1 4 Ao
(Magnani and Mattevi 2019; Mailloux 2020; Juan et al.
2021). itet a4E ol et BAAAES Al A st B9t
At O] ZAE SR AR HSA T E dEE 4
Y5, 52 DA (heat shock protein, Hsp)< &,

S TRt 2E#|2of ti-gske] A
A=A FE2E AL 75e SRtEA T
NE s F= AR A UthH(Wong and Do 2017).
o229l ecdysteroid= WiH S22 dFo=

7} (Crustacean) ] 2] 748 2dsto] At A4,
A 5ol T8 92 o= o= dEA th(Lafont
and Mathieu 2007). CYP314A1- 274 IH

)

O

MEmiru&‘l%Hzi

ecdysone=



¢l 20-hydroxyecdysone (20E).2.= HgcH= H-E 488
Star, o] 2 A HEHE 20E+= ecdysone receptor (EcR)ll 2
Fotol 519 s2R Aus FASFo RN 255
4% A M-S 242 4 A (Zhu et al. 2006; Niwa and
Niwa 2016). T4 o}5 G40 84 @ §47 1@
Sl= QUER LZo| 2 AEFA 95k 2 AJA =4
FFS F7lek] QIR f-83t AR ERE F-g o] gt
(Trestrail et al. 2020; Cho et al. 2022; Yu et al. 2022). E3]
£& AEYAE AR A HAE WS T,
s} A2 5 A cheke Wolv12 Az o) stE o]
& = 2™ (Park and Kwak 2014; Xu et al. 2018), 1
2ol =28 Ae2 AW P8e fAs] Hs) o
o At a4 B 4F4 @i Age STHIPIe A
O = A4efA QIth(Park and Kwak 2014; Han et al. 2018;
Rahman and Rahman 2021).

=k Hoo] mE 7|4t SR s a4 B F
A S FAzre) I HekE Sl A3 25°C W
H] 30°C =5 Z71o|A CuznSOD ¥ Hsp709] W3 o] Z}
7} 4.62-, 9 3.74-foldTHE ISl F7F5HAT (Fig. 24,
B). & A9 2t fARH A S w2 2%
zZ7e =EH 8717 Tigriopus kingsejongensis (Han et
al. 2018),
2010), 8 2% Chironomus riparius (Park and Kwak
2014)°l14 F7He AAE, 4TS f70] I
it a4 B44S Hustglon, 57 = Crassostrea
virginica®] Hsp 770 Yol &2 250 &4 7
2 37HE 4 8-S E15F¥tH(Rahman and Rahman
2021). A2 3L AFeF 2B A0 AT AT H

(lol

r

SItt2|AH-$- Litopenaeus vannamei (Zhou et al.

(A) Antioxidant enzyme genes

(B) Heat shock genes
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1 A Slth(Oghbaei et al. 2021). =2 =
= A2 o] Hols kst o5 A2 4
E &2 (endoplasmic reticulum stress, ER stress)
°F7]—E§ Z= QItH(Cao and Kaufman 2014). ©] ZHA
112 o] E]-27] (thiol, -SH) 2] AF5H4] Agto = Qs
2] (glutathione, GSH) ¥} &2 4telA| 9 4t
Tl o] 7152 AAaAZ| A W B AFe =
= o712 & Qi weEbA 30°C & 214 71
CuZnSODS| AL £ 2% Z70| D, celebensisOl 4t
98-8 BelFw, olot W7 57}
£ 3 S ek 9

AEY 2O Jofo] 2xA AEHARREH FLEHGS 7T

fl
.
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rlo
l.ﬂ
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oY
)
-
e

i, >
S
S
)

3
§

(7Y

o ¥
o
’;U
xuﬂ
-
=

SkiTh (Fig. 2C). & ﬁ:rliﬂ Aite} -?r/\}ﬁpﬂ Park and
Kwak (2014)2 112 279 &9 C. rzparms«] Z71=
F4tet F2H(SOD, CAT, peroxidase; Px 2 glutathione
peroxidase; GPx) ¥ 84 (SOD ¥ GPx) /37 oA A
Al T {2} EcR, estrogen related receptor (ERR), &
ultraspiracle (USP) ‘& o] 57} et 7o) Trd=
HIsHoH, o5 Eobxl & 7oA vrehd EH|
Al2ge] wete] vtz AASHAT webA 30°C 2k £
Aol S7HE EcR 77348 a2 B2 2% 27004
D. celebensis®] WZHI A7} 442 & a2 S, o]

(C) Ecdysteroid pathway-related genes

E 5- c - CuZnSOD e m /lsp70 59 m R A
z m MnSOD m /{sp90b == /R B
& 4 AT 44 Hsc70 4 CYP314A1
2 GST-S1
) GPx
@
@ 34
=
=~
oD H ]
P
& bbbcb b b,
* 14 = a_ a b
— a . a
: o |

o - e -

25°C 30°C 35°C 25°C 30°C 35°C 25°C 30°C 35°C
Temperature

Fig. 2. Relative gene expression in Diaphanosoma celebensis exposed to different temperatures (25°C, 30°C, and 35°C) for 48 h. Different
lowercase letters indicate significant differences among the temperatures (one-way ANOVA and Tukey's post hoc test).
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32 27 3 AA0] A7k mekd ek S
o AT SRR W 35°C0) 2N Hep70E A
ofgt TRo] AEds 9 A fAHAS] o] st
Gor, ol HEail e L& AN A woi7)2
B A 2 Sfsol 4Elo] At wl v A=
fAe] 28] o7t rebgy] el 4 glek

Sl Eet e e AR ofs) HAElo] horet 54
e e 4 glom] A%} AEwA B g4 4
AZeag ] gEAe A2 54 o LeiA ot

(Jeong et al. 2016; Cho et al. 2022). A A= v|AIE
gt~Elof LZH | ZE|H Brachionus koreanus, 714
At EWE D. celebensis, AATHe] At L. vannamei & ©1F
Danio rerio 2 Hypophthalmichthys molitrix°l| Al 2/d4t
£F0] S7F At a4 4 9 R EE Y] 5L 9
YA T fAte] Wst 5 AEH A 9 A BAT
ARt 22 9 WA 0] FFS B AI5HT (Jeong et al.
2016; Liu et al. 2018; Yoo et al. 2021; Zhang et al. 2021;
Cho et al. 2022; Pandi et al. 2022). ¥ A4 PS beads
o) g4 =4 52 B2 E A B fRte 3 d
= HSpAZIoH, o]5 FAA &l H]A|= PS beads®]
VT2 A4 2= 23904 M= v dde ety
(Fig. 3). Yoo et al. (2021)2] A+l W= D. celebensis©ll
A GST &40 B/ 9 GST-S1 -7-34H2] 'WAo] PS beads
gl ofsf ugsHA 8= A RA o™, whebA
GST-S1°] 'HE-E PS beads®| 54 FF2 J&s17] 917t
At A E2 AME 5 QS Aok dedn & A7
A GST-819] &2 30°C2] £71°14 0.05-um PS beads
L2 B M 2A STk e HAe™ (3.13-
to 4.15-fold, compared to non-NMP exposed group at
30°C; Fig. 3A), ©1¢F FAFSHAl 0.05-um PS beads =&l
O3t Hspoob®] '@ 242 30°CollA 71 =7 Vbt
T}(3.23- to 10.93-fold, compared to non-NMP exposed
group at 30°C; Fig. 3B). o|¢} FASH =2 2% 27
T QAEA kEo] AEHA §A% 9 A4 B4 ¥}
of A= FeA 59482 Rt +AES o817t
ATE Foll Hal= oIt Bae et al. (2016)< D. magna
oA 2] (Cu)2 AT BT D A A=l A
Aol B2 & A frolsHAl S7tsh= Ze gelst
9.2, Park and Kwak (2014)-2 diethylhexyl phthalate
(DEHP)®N k=& C. ripariusol A UeRd 4et 549
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Fig. 3. Heat maps of relative mRNA expression of (A) antioxidant
enzyme genes, (B) heat shock protein genes, and (C) ecdysteroid
pathway-related genes in Diaphanosoma celebensis exposed
to PS beads (0.05- and 6-um) and different temperatures (25°C,
30°C, and 35°C) for 48 h.
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Hsp90= &5 2l Aol Al HE & O]E—. BT
A E e Hsp70 4 ohE AR E 9
k= Ao 2 delA QUth(Mayer and Bukau 2005). Hsc70
gt d ~Eg|Asto] HAYSE Hsprooll Adsto] HotA|
A5t B} A2 o 2 2Ests oz oA g)
©](Liu et al. 2012), Hsp902] 'TA0] Z7+e 749 Hsp70}
Hsc709] 'F@ = F7ksto] @74 g2 3 Zol=t &
= 4 ek duk 2 121(25°C)°ﬂ*1 = PS beads 't &
o W2 Hsp9ob, Hsp70, 2 Hsc70 341 & ofifo] of
A=z A A D s As #2IT + A%l
1}, 30°C 74l PS beads =&ofl T2 Hspoob T H-2
Hsp70 % Hsc70°] ‘@ 3= A= -2 Ueint. o]
2iet AT AR of A A< ‘301 =5 fle
A58 X7t PS beads= 18+ Hsp707} Hsec702] 948 5
2 ol a3E Z2AY Hepoob o] HAe] w=A F7}
StEA e 454 S ane] I Al 2pol7t 2
R 7Fs7d0] EAISH, oI5 &s] flside w2 =
E 20A A HSp T o] e it whASh 71 <
@77} Bastch

e mdl B9 G4 LU g, b
beads '=&o] ThE A4 ¥l H32H(EcR_A 2 EcR_B)
=9 ¥ 35°C Zﬂoﬂ A 7P st S7skaeH,
30°C 2719 10 mg L™'¢] PS beads (0.05- & 6-um)<] =
2 EcR 7729 22 oot daAzl v (Fig.
3C). A2 X704 PS beads =&l w2 AEHA T
Axpe] Wl W7t 536 0.05-um EFwolA 54 4
o] Ao yehd Zvte g A4 B FAke]
2 At 2= 2A PS beads2] A7]°f| w2

AFol= TEEZ] 3t o] =2 2 =2} PS beads )
S0 D. celebensis®] 84 T F2e] Ao Jozt
85 UERd & QIAIEE, PS beads®] 2710l Hlof 2] H
Pt ol59] AeAgel 8 Fofet ¥3d= vedie 84
o= siAE 4 Qlrk T1-oll® E7-EL ecdysteroid =
7F AR E=0 A B wATE ks Ae 1
o, 35°C Z71 PS beads (0.05- E 6-um) ‘eZoll T2 EcR
7ol Ao AR 7 9 30°C 27104 PS beads
Eo os FolstAl Ao EcR Aol A2 PS
beads LeZof hE A 54 GFFo] 2 2 2730 E

35°C)°A oHE 4 a2 oulRttt. TS of2iet v
A ] e A o] 2ol v A

1T
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d

F'

L o o
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Combine effects of temperature and microplastic in zooplankton

3.3, MAIX| &, M%E, QMX} Wil 25 gl
PS beads 37| Afo]o] Y= X 3t

2] 7‘4}1 Al = Akt -’F) HXPE(,,) ol 71— &
AA; Ao gk 2=2} PS beads 710l tigF two-way
AR F A A Aol Rrolgt 4
A FFS UErd o Qs Ao w yeh oy, F Ate
g 9 A AEEC vAE ol A B
Z] 2kt (Table 1). A3 752 53l PS beads] 37|
7} e =40l = vEhd il I A SleelE =
ol & AolA= 30°cY] 240 =EH 7§ 6-um
PS beads =& “1ETHo] A A4 Al thsf o3t <
28-S Yehlt) BlE A AFolA el mliAl=
PS beads®| 418} 2EH20] =4 Jofo] A&t E o
2717 A5 VM HE A BAS 2 4 (Jeong et
al. 2016; Yoo et al. 2021), Jeon et al. (2023)°] A7-0] Th=
HAZ 54 g 2 71t 285 oy A diat
o BZ]= PS beads®] FFS nAIERIAEHE] 27] SO
Aoz Uehg o 22 HoFlrh RS2 PS beads
7} D. celebensis®] A 2] tiAte]] m] ]L B2 PS beads
of A7]o mE APl W 4 Pl s =
= 7 & Zol2t AIASHITE 6-um PS beads®] - D.
celebensis®] HO Y=} AR 7] = 0.05-um PS beads
of vlsf 43171 Wl o && £4& vehdi= d& 119
< o (Yoo et al. 2021), 6-um PS beads= <15} Zopzl =
o]} 457t 30°C £1elA A 4] Al thsh 6-um PS
beads 5012 A 2-g0] Lrehd A3po] Al 4 Qlrt.
e [ weke] B, 2B A T fAe
-2 30°CONlA] 0.05-um PS beads &llA & 7709 &
A2} (CuzZnSOD, MnSOD, CAT, GST-S1, Hsp70, Hsp90b,
Hsc70)7t 73228 9FS UEWl2™, 6-um PS beads
o] ofsl FF= T2 FAA= 470 (CuznSOD, CAT,
GST-S1, Hsp70)= YEFLTH(Table 2). o213 32
35°C 2k 2IM = Uep o 227 Aol uhet
PS beads®] 7)ol ThE A22-8 avE Bl 302=
o AA YeFETH0.05-um, 578 (MnSOD, GST-SI, GPx,
Hsp70, Hsp90b); 6-um, 57§ (CuZnSOD, MnSOD, GST-S1,
Hsp70, Hsp90b)]. ©1= PS beads lrZof oHE 4AHet AEE]
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Table 1. Results of two-way ANOVA with the influence of temperatures (25°C, 30°C, and 35°C) and size of PS beads (0.05- and 6-pm; 0.8
mg L") on first reproduction, total reproduction, and growth rate of Diaphanosoma celebensis

First reproduction Significant interaction

of ss MS F P combination (p<0.05)
Temperature 2 9.27 4.63 19.7 <0.0001 30°C+6-pm
Size 2 1.08 0.54 2.3 0.1057 35°C+0.05-um
Interaction 4 4.00 1.00 43 0.0032 35°C+6-pm

Total reproduction Significant interaction

of 5S MS F P combination (p<0.05)
Temperature 2 1.45 0.72 0.2 0.8071
Size 2 12.62 6.31 1.9 0.1587 -
Interaction 4 32.85 8.21 24 0.0519

Growth rate (1 Significant interaction

of 5S MS F P combination (p<0.05)
Temperature 2 0.83 0.41 43.0 <0.0001
Size 2 0.00 0.00 04 0.7026 -
Interaction 4 0.06 0.01 1.5 0.2328

~o] Jgfo] Lo Lo ofd WsE 4 glon], TG 4. A =

T2 271(35°C) 2] A EetAE o] A7)0 43 glo] PS

beads®l| &J3t 4tetd] ~Ee| A 0] kS 7 o U= 2 A7olA= PS beads?] F/0] =& & A

< om|git}, | BE1ata *JEHXq e R 73hd 7Fs/d0] Q=] JHAl H /AR ol A Zelst
7} 271(30°C) 1A 0.05-um PS beads”F &% @-2 72} Ak A4 AT =kl 25X o)A PS beadsell ke EH 715

= 6 X176 a ]73')\— , = © = il = il ul

Sylo] Abo 28-S e on o] ot ZAA u]A| A EHEY] 4te AEH A W B ecdysteroid FE

gelage] e 44A 54 99 Fa¥ adow T HEAO) Tae TATORA A4 2 A 43

Ggalo] Zekaele] 2o} AL4E B Be B4 Qo U 54 93 o 45hE 5 91ee sk 5

ol

o] el 2= Q]2 W ofZr} 25 9 PS beads ‘cE°f| IE =2 AHUTAE Ho|

A T F7ARQ0 EcR_A, EcR_B 2 CYP314A1°] ¥ = 570 FHAHE (MnSOD, GSTSI1, EcR_A, EcR_B, Z1&]
d 248 % 123} pS beads?] FA| leEol AS2He I CYP314A)& H3fsh= &4 oA =9 A3H3&
o] 2 Zo 2 Yehton 30°Ce} 35°CoflA BE 37 ASsH7] Q1R R EEN B8 7Fs/do] Erh & I
9] PS beads®ll theh 528 o] W= ol= D £ UAIERA "l tigE 542 Frlstaat & off v|AlE
celebensis®] AJA0] =2 2 U PS beads &0 WHs gfAEo] 2ok 4= 279 425 Aot Tkt &
7 Wzt 4 glom, o] 59 FeAg JFS Frls| 23ty @47k vejEojok o aTt Q8-S AT

et A B2 FRE 4 918 on|gith e B o}, T3y rAlEStAE Y 25 0] B9 G 50| ©]
SFIL PS beads2] 2719t 4&74] glo] Z+ &% Z 7oA Vet afiot7] el thdet 54 W 2 (adverse outcome
AR A w9l o] AN mlFo] & i (Fig. 3C), & pathway)oll gt BF2H4 Q1 A7F D e ok Zojeh & A+
% 9] ®A2H= D. celebensis®] A4l Hil PS beads®] =4 + 7|5 St met Wolkeh= 4 2ol A nlAERtAE
FFE HoA7|E F8 a0 e £ QS o= ol siFs=E EF Tl niAlE FHAHN =4 FF= ©l

o o = -
s slioh= Hl o] 2 Aol

I
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Table 2. Results of two-way ANOVA with the influence of temperatures (25°C, 30°C, and 35°C) and size of PS beads (0.05- and 6-pum;
10mg L") on antioxidant (CuZnSOD, MnSOD, CAT, GST-S1, and GPx), heat shock protein (Hsp70, Hsp90b, and Hsc70), and ecdysteroid
pathway-related genes (EcR_A, EcR_B, and CYP314AT1) of Diaphanosoma celebensis

CuznSOD Significant interaction
of SS MS F p combination (p< 0.05)
Temperature 2 30.47 16.24 1838.0 <0.0001 30°C+0.05-pm
Size 2 2.13 1.07 128.4 <0.0001 30°C+6-pum
Interaction 4 11.67 2.92 352.1 <0.0001 35°C+6-pm
MnSOD Significant interaction
of 5S MS F p combination (p<0.05)
Temperature 2 1.01 0.50 425.9 <0.0001 30°C+0.05-um
Size 2 0.09 0.04 36.3 <0.0001 35°C+0.05-uym
Interaction 4 0.20 0.05 42.2 <0.0001 35°C+6-um
CAT Significant interaction
o Ss MS E b combination (p< 0.05)
Temperature 2 0.22 0.1 60.1 <0.0001 30°C+0.05
. ° .05-pym
Size . 2 0.00 0.00 0.1 0.9156 30°C+6-um
Interaction 4 0.04 0.01 b5 0.0034
GST-51 Significant interaction
of SS MS F p combination (p<0.05)
Temperature 2 2.32 1.16 1129.0 <0.0001 30°C+0.05-pm
. 35°C+0.05-um
Size 2 0.03 0.02 170 <0.0001 30°C+6-pm
Interaction 4 1.01 0.25 246.0 <0.0001 35°C+6-pm
GPx Significant interaction
of SS MS F p combination (p<0.05)
Temperature 2 2.98 1.50 550.0 <0.0001
Size 2 0.03 0.02 6.4 0.0068 35°C+0.05-pym
Interaction 4 0.03 0.01 3.0 0.0425
Hep70 Significant interaction
of SS MS F p combination (p< 0.05)
Temperature 2 29.18 14.59 2052.0 <0.0001 30°C+0.05-pm
. 35°C+0.05-pm
Size 2 2.08 1.04 146.2 <0.0001 30°C+6-pm
Interaction 4 9.98 2.50 351.0 <0.0001 35°C+6-pm
Hsp90b Significant interaction
of SS MS F p combination (p<0.05)
Temperature 2 779 3.89 604.0 <0.0001 30°C+0.05-pm
Size 2 5.73 2.86 444.0 <0.0001 35°C+0.05-um
Interaction 4 1.60 0.40 619 <0.0001 35°C+6-pm
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Table 2. Continued

il Significant interaction
of 5S MS F p combination (p< 0.05)
Temperature 2 0.57 0.29 26.8 <0.0001
Size 2 0.13 0.07 6.1 0.0083 30°C+0.05-pm
Interaction 4 0.13 0.03 3.1 0.0359
EchR A Significant interaction
of sS MS F p combination (p<0.05)
Temperature 2 4.25 2.12 301.7 <0.0001 30°C+0.05-pym
. 35°C+0.05-pm
Size 2 1.24 0.62 88.3 <0.0001 30°C+6-pm
Interaction 4 2.20 0.55 78.2 <0.0001 35°C+6-pm
EcR B Significant interaction
of sS MS F p combination (p<0.05)
Temperature 2 11.78 5.89 846.8 <0.0001 30°C+0.05-pm
. 35°C+0.05-um
Size 2 0.56 0.28 40.5 <0.0001 30°C+6-pm
Interaction 4 450 1.13 161.8 <0.0001 35°C+6-pm
CYP314A1 Significant interaction
of sS MS F p combination (p< 0.05)
Temperature 2 3.36 1.68 300.5 <0.0001 30°C+0.05-pm
. 35°C+0.05-pym
Size 2 0.26 0.13 23.5 <0.0001 30°C+6-pm
Interaction 4 0.32 0.08 14.4 <0.0001 35°C+6-um
N 9 At ZAA A A itet 2 54 T {247

s |
(GSTS1 % Hsp70) 2 ecdysteroid = & F-AZFH(EcR_

oA ZetA g Ui Z 2t AE (NMPs)S sl Eof A, EcR_B, ¥ CYP314A1)7} &= ¥ PS A=} A7) F2

=

gk A4 wal, ARk AEYA o B e = FEFS = Ao YERy o]igt Ait= vAS A
T o] T EA L] Feled=d F stz It go] 37] oj&2l 54 /AT S BojET B4
oh A 274 7|3Hele s =7 4SSl ol of & F7tz Qe 540] AehE o S u|eith
T Eotal nAERtAE T RS} 7Ho] A5k A 2 A9 S E Y 54 e o a2 5 o
T Zgof tigt A= AT elth mEhbA, 2 Aol ¢ 94 T v Eofof ftth= & AASHR o H, S
£ 7154t WS Diaphanosoma celebensis©ll T2t NMPs = Ed = Uit 2 uAE AT o Hobdl =
(polystyrene beads; 0.05-, 6-um) 2] 2= 5ol g = J 2 2rgof Higk o|sfE Alsd = & Aolth

2 WAl B FRAE ol A 18T A el A
ol A AN A2 2k ool S8 wEle Fe B
o 01} 35°C £ 2 PS beadsl] ZH AL 9] CRediT authorship contribution statement

o) o] = 2~ 200
°]'7i] A A= S & AFgh 4= 30°C, 0.05-pm PS beads®] YH Lee: Methodology, Data curation, Formal analysis,
E2g AolMnt FostA gastid a8 74 Writing-Original draft, Writing-Review & editing. JS Park:
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Methodology, Gene expression test. C Park: Methodology,
Maintenance. SH Cho: Methodology, Maintenance. JW
Yoo: Data curation, Interaction analysis, Writing-Review.
YM Lee: Conceptualization, Supervision, Writing-Review
& editing.
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