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Bisphenol A is a representative endocrine disruptor and continuously detected in aquatic
environment due to wide use, resulting in adverse effects on growth, development, and
reproduction in diverse organisms as well as human. Structural analogs have been
developed to substitute BPA are also suspected to have endocrine disrupting effects.
In the present study, the time-dependent expression patterns of ecdysteroid synthesis
(nvd, cyp314aT), receptors (ECRA, EcRB, USP, ERR), and downstream signaling pathway -
related genes (HR3, E75, Vtg, VtgR) were investigated using quantitative real time reverse
transcription polymerase chain reaction (QRT-PCR) in the brackish water flea Diaphanosoma
celebensis exposed to Bisphenol analogs (BPs; BPA, BPF, and BPS) for 6, 12, and 24 h. As
results, the expression of nvd, cyp374al, EcRs, USP, ERR and E75 mRNA was upregulated
at 6 h exposure to BPF, which is earlier than BPA and BPS (12 h). On the other hand, HR3,
E75 and VigR mRNA levels were elevated at 6 h earlier at BPS and BPF than at BPA (12 h),
but Vtg mRNA level was slightly changed within 24 h. These findings suggest that like
BPA, BPF and BPS can also modulate the transcription of ecdysteroid pathway - related
genes with different mechanisms, and have a potential as endocrine disruptors. This study
will provide a better understanding the molecular mode of action of bisphenols on

ecdysteroid pathway in the brackish water flea.

Keywords: Bisphenol A(H|AH|=A), Bisphenol F(H|AL|=F), Bisphenol S(HIALES),

Ecdysteroid(E |2 £ &), Brackish water flea(?| =4t 2HE)
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= (bisphenol)2 Z2tAE KX, 50| ZE, o EA| £=X|
[SHH AFE |0 2toDi(Beausoleil et al, 2018), X[
AHEO| B7tetol| met = 2E WoME X&He=
ALHLiao et al, 2012) Pg Wo| AHEE|0] 2 HALS
b|spheno| A BPAE THEHN 2HA n2EHZ2 YH
QIZtg Zptot CHYDH ME0|AM SEE9 7|58
W OAE e
Ht RACHSegner et al, 2003; Canesi and Fabbri, 2015). [}2FAf
BPAE 2018EHEEH ZHALZIOM ALEO| MTHE|Of 2ET(ECHA,
https://echa.europa.eu/), O|E CHAISH?| 8l XI2WHX| 16572
BPA 71X FAMS0| HLE|0f CHChen et al, 2016). Ol &
H| AH|-=F(BPF; 4,40-dihydroxydiphenylmethane)@t H|AMH|=S(BPS;
4,40-sulfonyldiphenol)& ME Z&, A5, E&E(dyes), XtE &
Hl & CIFH 20t AL &0l 2t BPARL HE0] 2t '-Hoiw
=4 ZEE 10 UCHCabaton et al, 2009; Naderi et al, 2014). £
ot 0fM HIAHE X FAKME B 20 BPAZICH 13370 ng
/g dw) > BPF(XICH 9,650 ng/g dw) > BPS(X|CH 1,970 ng/g dw) =
O2 =/ A== Ht UCKLiao et al, 2012). X2 -_rLE E3l BPA
T FAHEE WEHA ngt 283 ASLt
(Rochester and Bolden, 2015)
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UZF(Crustacean)?| EOIPE2 LIEH =2
of oo ZHEEI 7HM|Ql HE, L4, Hey D2|0 440 5%t
1} 0| CHLafont and Mathieu, 2007). Ecdysone neverland (nva)Oil
olsff ZHAHENM BHE T gp3rdar FHXL] AEQ
sone 20-monooxygenased| 2|3 2l 20-hydroxyecdysone
(20HE)Z H2HE=ICHLafont et al, 2005). 1 CtS 20HE= ecdysone
receptor (ER)1} ultraspiracle (USP)2| heterodimer®t Z2tst0]
SO =E 0|35H0] ecdysone BtE HEO| U= RHEXZ(HR3 £75

sl Y

292! ecdysteroid

| ecdy-

vitellogenin (Vtg), vitellogenin receptor (VtgR))2
EICH(Nakagawa and Henrish, 2009; Miyakawa et al, 2018).
estrogen-related receptors (ERRs)= TS Z2| estrogen receptors
(ERs)2F FEA MYO| RAISIH HSSHHOE 7t2 A2 ¢
A UCHLaudet, 1997). ERIF ZEdt= S H2EZ A0 ==

A2 I copepod, mysid & ZZ4FOl it HAlol FkS
BEICHE 217t A9 LKAndersen et al, 2001; Segner et al., 2003;

Ghekiere et al, 2006), 425 ERR2| 7|50 CHsiA{= OfZl A7}

=
UzFe

S2EZ35i0t

7|5t EHE Diaphanosoma celebensis (Crustacean, Cladocera,
Sididae)= HEd X|ZFE OtA|Ot2] STHX|YOM F2 MAlSH
Ch 1XF AH|XI2M Ol F FAITO0|M X[0]2] HO|Z 0|8 &=
= 6H‘)““"EH74|01|)‘1 F8 oHX| HEXEM 2% ddsS H
St ULk Abg0[ 80[3tn, 2 7|7t 21, Chg MY 7HX[Q] 7|2t
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o
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i

ol Zoh, & RX7t 755t
Ch= H HEE 7KL A0 Y 2FEH
of Cist MEf=-dsHE o170 0| 8|1 R/ CHMardal and Hagiwara,
2007; Kim et al., 2018; Bae et al, 2018; Won et al, 2021; Yoo et al,,
2021). ®2[2| 7|1&
ool 2
SZo ek
52 HMAIgH Bt QUCKIN et al, 2019, 2020, 2021).

£ AF0ME 7|4t SHE9| ecdysteroid 24(nvd p3T4al),
receptors (ECRA, ECRB, USP, ERR), St%l 42 RTXIS(E75 HR3,
Vtg, VtgROIl Thol H|AT& L& QAMKI(BPA, BPF, BPS) =0
e AlZt ol EH H*ﬁ BIStE ZAISHAR; SHRICE Ol H|AT=
o 8%, &l X Ao ojXl= ¥

ARE Sl ecdysteroid signaling pathwayOl|
HRte| &9i0| HIATH = FZ= AN =2 Al =5
slsto 2 AR YA Ol MAIG) Qe OjE =
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ool thelf 2AHH =F0|M Olsst=Cl =20 & ZOICt
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1. A 42 Y

7|54t 2 S Diaphanosoma celebensis= ot ¥tet7| &2l
(KIOST) O 2 HAI|A 2% 2ot st getSatrsh M
YIS 2AEEY HHHUN HYE D A= AS AHBSHRICE
ME2 84 A(Instant ocean, France)S 15 psuZ M Z30] 02 um
ZHE 03 = AISSIYL, Y 2E& 25+1°C, EF7|= L:D
12AI1ZE:12A12H ZHC 2 HIYBIRILY. Chiorella vulgarisE 20| 2
FRUD, U4 40 - 45 x 10° cells/I¥ HS3FRILL,

2. HAHE 7= |FAM =& AE

HIAHE X SAH Q! BPA (2,2-Bis(4-hydroxyphenyl)propane),
BPF (4,4'-Methylenediphenol), BPS (4,4'-Sulfonyldiphenol)E Z &t
BE A2 st AZ0| gle 3t Sigma-Aldrich Co. (St. Louis,
Mo, USARLZLH TOiStY AFESIAULE 2F ZE 9 stock solution
2 BPAS| A2 6 mg/ml, BPF 10 mg/ml, BPS 23 mg/ml7} =5
dimethyl sulfoxide (DMSO)0ll =0{M ZH|SIRICE |HAL Eod o
a2 98l BPA (3 mg/l), BPF (5 mg/l), BPS (23 mg/)S
(&E T 200 7HHl/ 200 mi) 4 THH[O O, 6, 12, 24A|7H =EA|H

D celebensis

|. ’= E" 7|7=o| :I.A-IEA-IA|04° E73 H 24 h- LC5 a
S EMfZ OXIAl SZOfA 7ix*6+@'Er|n et al, 2019). &%
DMSO SE & 005%= 9A UUD AESHY| L=8H= S0t

=2 JhHe YHEX AUCH i% 7|2t S HOILE MER By
e SeHX (%o, BF M2 3HEe2 /L)
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3. Total RNA =% 9 DNA gd

ANEHEEY ==& M= eppendorf tubel 22
9| TRIzol reagent (Thermo Fisher Scientific Inc, USA)E €0 =&
o} StRACE Total RNA % F 1% agarose gel electrophoresis2t
Nano drop (Maestrogen, Taiwan)2 0|8 B4 % & M2 ot
RIC}. Total RNA 500 ng2 cDNA 40| AHS3IH D, cDNA THA
2 ReverTra Ace® qPCR RT Master Mix (Toyobo Corp. Ltd, Japan)E
A8, FZAF HEHof wat oSt

S ooHy 8

4. Quantitative real-time reverse transcription-
polymerase chain reaction (qRT-PCR)
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K| 1250CF 05°CH B7t510] BLEA|ZI 2 melting curveE &0
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al, 2014), RNAi 7|2 & 0|83}0] neverlands knockdown Al7|TH
ecdysteroid?| titre7} ZtA8FHA molting0| AMEZ N LMO|
X GEctn 8 g Hh UCHSumiya et al, 2016). In S (2021)2] ©

T A0 W2, ecdysteroid M0 BBt nvd KTAL

252 bisphenol F0f| 48417 EAZHES I 15Z0ME 25
Uaste G442 2L LF A7 M2 YoS 245 2 o
T 2NN e nvd ST YT2 BPA L E Al 12AZH0IA 7HE
=AU (Fig. 1A), BPFOIA = 6AIZHMO| 7Y =7 LIEFSCHFig.
1B). HtH BPSQ| AR 24A|7H SQF AT ThH] ZAE YoS &
RUCKFig. 10). Mvd AL L0 Thoh Hjmet Bt i Zukot
2oz St 2 A7 Aote HAHER0 & Al 0|
[Tl ol HiglE ecdysteroid AT MZ CHE gAloz
Y2 O 5= ASS MAIFH.
Ecdysone2

cyp314a10i 23 42 2= ecdysteroid ! 20-HE
2 HM2He|0], nuclear receptor familydfl £3H= EcRL USP2| hete-
rodimerQI' Agtsto] FHH| oA ecdysone response element
(EcRE) £2|0fl Z&3tAH ElChYao et al, 1993; Zhu et al, 2006).
Chironomus riparius (Planellé et al, 2008; Nair and Choi, 2012;

=

Morales et al, 2014), Gammarus pulex (Gismondi, 2018), Tigriopus
Japonicus (Hwang et al, 2016), D celebensis (In et al, 2019) SO
M ecdysteroid AE0| &0{St= ¢p374al, EcR USP RIS &
20| ofg] Lf2HA QOHEQ S0 LEXAS I ZEECE B
I E HE QACE BPAO| 0l RUAE2 L&E X 12412
moll 7rE =2 %5._%% E‘)@":f(Fig 1A). Cyp314a2| B0l BPA
| AL gp314a12] LHO| 2442 SOt 23
i daste dYS ERUCL Ol= BPF= BPARLH: X[ RA
ot AEZA %W% 7tX|H, BPS= 29[ AAEEU HHS
HE 0] A= 22 EQICKRochester and
Bolden, 2015).
3| BPA = E0| B LRAQ} FRB RTXIEE 28] 0|42 &
X &S +F2 ALK 23-fold, p < 0.05). $HH BPFO| =&
g = BPAO| EE 2% EL} 0|2 A[ZHl 6A|ZH0l &
FO| R2lstH B7t5tUCHFig. 1B). DLt UHAY2 BPA ELCt=
Al LIENSER, EcRs B EcRAZF & 28 BEE 1Y =7 Ldg
Ch BPSO| &S BPAQL RAISIH EcRAS £cRB REXIS|
E 12A12H ™ol 7t = SIS, EcRBZE oF 1.6H)
2SS ERACHFig. 10). In & (20190 2D D celebensis
FE 48M2t =EUE U BPAR} BPSOI M= EcRAZH
BtH, BPFO| =2 M ERrB7L O B7I5ts L2
ALY, Drosoph//a melanogaster embryo®t adult Al7|H|A EcR
isoform@| gt YA EcRAS X 230 22SIH, ECRBE
larval stageOilAl EL| 1bHS ZHESICIT Y2M UCKTalbot et al,
1993). O|2{$t ZIH= HIAHERT} ecdysteroid?| 20| 2213}
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Fig. 1. Relative mRNA expression of nvd, cyp374al, EcRA EcRB,
and USP in Diaphanosoma celebensis exposed to BPA (A), BPF
(B), and BPS (C) for 24 h. Different lowercase letters indicate
significant differences among exposure time and determined using
a one-way ANOVA followed by Turkey's test.
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Fig. 2. Relative mRNA expression of £RR, £75 HR3, Vtg and VigR
in Diaphanosoma celebensis exposed to BPA (A), BPF (B), and
BPS (C) for 24 h. Different lowercase letters indicate significant
differences among exposure time and determined using a one-
way ANOVA followed by Turkey's test.
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USPR| L2 BPARL BPFO| ERES W= EcR isoforms2|
IEHD FAR oF AZH 7HE =2 93 H3lE 2 QUCHFg.
1A, B). SHH BPSOf| CHB| M= 24A|Zt O|L{OI A A $io] St
SHA| ARUACHFig. 1C). BPA =F A| UsP L#O| Z7H= midge C
ripariusOl M & 2 10E HE QUCHPlanell6 et al, 2008). BPS =Z 0] A
USP SR} 2hedo| ZiAE O MEO| 48A12F EOME L
S|A LIEtLHE ZIK(In et al, 2019)2 BPARME CHE %8 7|1ME
#He Ao= HolL,

rOI'

2. EcdysteroidOll 2J8lf ZHE|= |t EH U4

Ecdysteroiddfl 23] ZEE|= &% FTAE T early response
gene®l £759t HR3, late response gene®l Vig®t VigR R
LASYS ZTASHRICE F7H2 OFA 1 7|50| F=oHR| EX|g
vitellogenesis@t 20 ACHD AHM U= FRR FTXIC| EH
Yo B ZASIALE Fig. 2A0A 2 HIQF 20| FRR FTX
229 S7H7t BPA = F 124740t 24 M| ZHOf A =HOIE| QT £750¢
VigR ST &si2 BPA =& 12A1ZHHO 25 25H) O|4 &
THSLALE. HR32E Vigll Ed L2 24M 200 7+ = 5718t
ALt SHH, BPF =& ¥ FRR RS EH2 6AITMO| 7t =

H(QF 2HH, p < 005) LHEIAUD, O o YTASE 2E 6A|IZHR
of 7bE =2 w2 HACKFig. 2B). BPSO| AR £75 1247t
M 7Y S LHSIHOLY, HR3E 6AIZIMO| 7HY = 2}
RUCHFig. 20). Vig STAL LHY 2 BPSE Heldte SAXHCR
/87| = SIX|T B2 3 FIISHK| 42 BHH, VigR &
MRt LY BE TETOM AlZEe KO0l UK BT
= S =20t

HR3%t E75E ecdysteroidOf Olsf ZHE|E ot FHXOIH,
Daphnia magna®lM HR3 |TXL2| L& 2 20HE ol S+t
HtH E75= HHES HO|X| LUCty EEl HE YUCHHannas and
LeBlanc, 2010). £3| HR3= vitellogenint chitin A&t Iyt 2t

HEl FUXL Y3 KFots AL S oW, E75= HRIE AX|

o2 oM 0|59 42AE2 2o & oLzt Y at

Ef 2P of %'%k% 0| I CH(Hannas and LeBlanc, 2010). fE N 2

E759t HR3Q| ME LHE ol 42 Ol2fst 4228
3HlstE Ao 2 EOIC Vitellogenine 't A A"E'Oil M yolk
vitellin® 7 H|0| O, vitellogenin receptor (VtgR)2 =
3 cocyte2 MEE|7| W20 440 HHo| 520 g&S dict
(Hayward et al, 2010; Roth and Khalaila, 2012). £9] vitellogenin2|
L2 RS S ZEEY| W20 WEH[A Toj=Ee L =
48 238 317|= st Ho|QOAHZ 22 ACHZhong et
al, 2014). B4 EHEQ Daphniad M= BPARL NPY =g
2 I vig FHAS] EH0| &H F7tetlts 2107F ACHHannas
et al, 2011). @ AFOIM Vtgre| LHO| 743t BHH Vigo| L
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H|$H Ao2 HOICt In § (20201)2] ZIOA D celebensis®l H
£ 48A1ZH 2| Al vigel L0l 2 St HE Ao
E0M vigrel el S7H7t 48AIZHOIN vige| B
2 RESt=h HodS HezE Y &+ ULk

HXE=0AM ERO EX= LA UX| %2, {4l estrogen-
related receptor (ERR)7} 2 1%|0f R/CHBardet et al, 2006). ERRC)
st BASYME gametogenesisS ZHE £ A2 0H(Nagasawa
et al, 2015), ecdysteroid O§7§ ZZ0f #0{5}0] gonad develop-
mentS ZEY £ AUCtD LK ACHJin et al, 2017). D 2{L}
ERRQI' estrogenic compounds®| Z2&s30| i e 2Z40| &

ZOtCt MytilusE 0|83t HEO| M= £RRO| 17p-estradiolOf
SHA| %A LK(Nagasawa et al, 2015), C rpariusOl A= BPS
Herrero et al, 2018)2+ BPA, 4-nonylphenol, di(2-ethylhexyl)phthalate

-

olo r-|

—

S(Park and Kwak, 2010)0 =Z%|A2 I} FRR STXIQ| & 0|
S5 E07F QUCH 220 AM CHYSE LHEH| A Hoj=
X
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20 Chet FRR RS ot Aeh2 OFF & YoM UK &
20E ot 2 A 21
of oJs Helo] =EE =+ &
== 20|gt.
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810 D celebensisOi| M
MRt S ecdysteroid Of
o| HAHE #& RA

S80It 243 8
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0of B03HE ecdysteroid pathwayt ZE3
ecdysteroid MgHgof| Bojst= 2749 &
7 20| A= 87he] |HXLY| Cisl 35

%

H g A ME FEA EH Y

HAL 3 0| HAHE 72 |AM & AlZHo mat oE
MOl Agrg 2O0|X|s AUXT FFO| mat ME CHE EHS
2Ol {22 =0t BPSQt BPFE BPARME AMZ CHE 7|HoZ 7
=i SHEO| EH|HE nZAZ = Qe SHE #He UoR
Bolrt Est 2 A0 EAME ecdysteroid &4 X 59 ST
XHS0| ojste AR7F 2HA HoiZEel HMA el 2Xt
7t 8 % ASS BAULE FILZ ecdysteroid pathway & X
=9 U3 LH0| =F Al7tof wat ChEA LIEL| TZo A
o CIRtQl Al MES & AZHS HESALL CHYs =& Alzt
H HolE ZAIY ZRI} UL EF BP & FAMHZL ME0 0|
e =& sEE HYsHA olsstr| fIsto] s L X M2 F
SE ZF0| gt 74 A7t Hasiot
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