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Size-dependent Transcriptional Modulation of Genes Involved
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As plastic usage increases globally, the amount of plastic waste entering the marine
environment is steadily rising. Microplastics, in particular, can be ingested by marine
organisms and accumulated in their digestive tracts, causing harmful effects on their
growth and reproduction. Cytochrome P450 (CYP) enzymes are known to metabolize
various environmental pollutants as detoxification enzymes, but their role in crustaceans is
not well understood. In this study, sequences of nine CYP genes (CYP37044, CYP370C5 from
clan 2; CYP350A7, CYP350C5 CYP361AT from clan 3; CYP4AN-like CYPAAPZ CYP4APS,
CYP4C33-like? from clan 4) were analyzed using conserved domains in the brackish
water flea Diaphanosoma celebensis. Additionally, after exposure to three different sizes
of polystyrene beads (0.05-, 0.5-, 6-ym PS beads; 0.1, 1, and 10 mg/L) for 48 hours, the
expression of these nine CYP genes were investigated using real-time reverse transcription
polymerase chain reaction (RT-PCR). The results showed that all CYP genes possessed
conserved motifs, indicating that D celebensis CYP has evolutionarily conserved functions.
Among these CYP genes, the expression of CYP370C5 CYP360A7T, and CYPAC122 showed
a significant increase after exposure to 0.05-um PS beads, suggesting their involvement
in PS metabolism. This research will contribute to understanding the molecular mode of
actions of microplastics on marine invertebrates.

Keywords: Cytochrome P450(A|E3E P450), Polystyrene(E2|AE|&H), Microplastic(O|
M EEtAED), Gene expression(F AL &), Water flea(E2H 5)
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Cytochrome P450 (CYP)2 ChUst StAQASHO| LA 20
e sEARE XHY F7IQE=EE 4 e Eikle
=i O E EFREIM £tCHSantana et al, 2018; Snyder, 2000;
Wu et al, 2019). FOIA 7742 =R CYP family & CYP1, 2, 3
2 M FE S *HEO BYSE AR YA An, LHHE|

&2 steroidogenesisOf 2O{BHI 0 A2{X RUCH(Nelson et al,
2004). X|ZtZ(Cladocera)2| ZS genome 242 E3l| 4719| CYP
family (CYP2, 3, 4, and mitochondria)2 2% Zt clanOfl %3}
= FUA 57 A genome W HIEY F=O Ciol 20 E HE A2

Lt(Baldwin et al, 2009; Lee et al, 2019; Kim et al, 2021), CYP %X
Xto| 7|s0 ofet A= HUHLE RXSICL H=0| X2
OIMEZtAE0 =EE 8 S0 CYp |HAL Loyt Cyp

=
B4 PHO| WSS BT b YL AY Y 2HF 4B
A DIMZ2tAE0] CYp EA0| DX Yo Tt AL 0/
8 MoICt WakN OMBetAElol ofst 3 420 54 7]

3
2 O[3fi5t7] I5t0] DIMEEAE0] i R F WE0f O/X|
Ao oot 7P QL ATt O[O X OF BHTH(Shi et al, 2020;
et al, 2019; Zhang et al, 2019).

7|54t SHE(Diaphanosoma celebensis, Crustacea, Cladocera,
Sisidae)2 HE-ES LIEILT HIO| 0[5t B2 WEAK~14

AE Zt1 tH A (Parthenogenesis) e S22 CHYs 29

rr

=
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SO CiSh iy HEIA oM HIIE RIT 22 HF Bo=E
=8 E|0f 2CHBae et al, 2018; In et al, 2019; Yoo et al, 2021a;

SHZ0|A Cytochrome P450 &
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f%s*oﬂ w2t =0l 0X= 54 g
te{X QUCHJeong et al, 2016; Yoo
AF0ME 27| E O|ME2tAEQ
0| 29 oY EHF W=l si5 &0 OX= g2 =el
SHXE SIRACH, O|F Qs 7|=4t EHZO| clan 2, 3, 40| £}
£ 97 cytochrome P450 (CYP) SHAF Mol EME EM3ia,
MEZ L2 37|29 OJME2tAE (polystyrene beads, PS beads)of|
48A|2H = EE 7|bt SHENM Cyp BT Yool HHIE =
QIStaxt ottt 2 A7E siY s=2d EYIAE et OME
2tAE|o| XY +=FOMQ ME Fet 7T E olsldt=H =3
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7|54t EHE(D celebensiy®| HIY2 Q1S ol
Aquarium system, France)2 O|85+0] 15 practical salinity unit (psu)
9| Hro| 2ASHFE MESI HIYFZ ALZSIRLE YE Y
7101M =2 25°C, F7| 12 h:12 h (ightdarkS |XI5H0] BIQ
Sl HO|RIC R S|% =2 Tetraselmis suecica (1.0~2.0 X<
107 cells/)E OHY SE3HRAC

S(Instant Ocean,

2. NEEH

M ZF9| 37|¥ PS beads (0.05, 0.5 X 6 um-ZZ)= Poly-
science (Warrington, PA, USA)OIlA TO4SL0] A&0 AMESHRICH
E2tAE9l 37|9F WEl= FAF FXF #0|Z(scanning electron
microscope, SEM; Apreo S Hivac, PEl, USA; JSM-5600LV, Tokyo,
Japan)t 2= &4 7|(zeta-potential & particle size analyzer, ELSZ-
1000, Osaka, Japan)E &3l &QI5IRHCHYoo et al, 2021b).
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TE OF g 2000t2|2] 7|4 EHEO| ALEEI2H, 0.1, 1
10 mg/L &E2| PS beads (0.05-, 0.5- % 6-um Z&)0l| 484A|
CEEUCL b E she 2ESEAE 20E EOE OHX|A

Z2Xt0] AHBSEACHYoo et al, 2021b). 8l== LH PS bead

2|5l tween 202 AFESIY Y, XF & 0.0001% (V/v)

D% Hototglen, 1E 2 f% sl ‘== H sonication

(20 kHz, 90% amp, 10 min)S Z&SHRACE
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7|54k SEHEO| Cvp REAL 95(clan 2: CYP370A4, CYP370CH
clan 3: CYP35047, CYP361A1, CYP350C5 clan 4: CYP4AN-like
CYPAAP2, CYPAAP3, CYPAC33-lkenQ] MY HEE 7|44 EHE
transcriptome database(&tBCigtn 2AtE/gst AN THA

Table 1. Primer set used in this study

mo rir

KX
T=0

SHOISHAULE cDNAE

A= - o120

2 NCBI Conserved Domain Search
(2021)2t Han et al. 2019)2] =&&
= conserved domain®| OfO|: it A<
0|&3l0 clustaWZ alignment®t 2 neighbor-joining method
(bootstrap value = 10,000)2

5. Total RNA =Z 3 cDNA

PS beadsOf| 48A|7H =& = 7|

2z 0|

9t NCBIQ| BlastX searching= &3l 2HI8IICt Conserved domain
1Y

3

2L OISHRA T Tian et al.
RALE. Phylogenetic tree
83t0] Mega ver. 11

=A5to] ARUCt

A FHE2 1.5 mL microtube
2 &7 500 pLO| TRizol & (Thermo Fisher Scientific Inc, USA)S
0|83 w3t SIRAL, O] HZEA L0 M2t total RNAS
FACE Total RNAS| == 3! &=+ NanoDrop (MaestroNano
Pro, NaestroGen Inc, Taiwan)dt agarose gel electrophoresisE &
500 ng2| RNAZ5E{ ReverTra Ace qPCR RT
Master Mix (Toyobo Co, Osaka, Japan)S At&3}0] BHdatRiCt.

CYP classification Gene (GenBank accession No.)

Sequence (5' — 3)

Amplicon size (bp)

. GCAGGAAGAATTGGATGTCG
CYP370A4 (MT799303.1) 85
: CAGAACCGCCTCAGTGTAC
Clan 2
: GGAGCACTTCCTGGATGAC
CYP370C5 (MT799311.1) 84
: CCCAGACAAGATCGTTTCC
» CAACTGCTACGACACTGACC
CYP360AT (MT799278.1) 112
. CTCACATCGCCATACTGCTC
. GTCACCGTGCCGATTTATG
Clan 3 CYP360A5 (MT799282.1) 132
. GAAGCCGAAAGACAAGAAGC
. GATCGGGCAGTATCACATC
CYP367A7 (MT799289.1) 98
: CGAAGTGGAAAGGTTCAGG
. CGGTGCCCAACATCAAACG
CYP4AN-like (MT799250.1) 134
. CTCCAGCGGGTCGGTAAAC
. CGCAAGTCTATGCCAATCC
CYP4AP2 (MT799252.1) 97
: GCACTAAAGGGTATGTACGC
Clan 4
. CCCGAGTTGAAGTATCTGG
CYP4AP3 (MT799253.1) 102
. CCCCAGTTGAACTTGTTGC
. GATCCTGACCGTTTCCTAGC
CYP4C33-likeT (MT799267.1) 154
. CGACATGGAATCGGCGTAG
. CGGCTGTGTCGT TGAAGA
Dc EF-7b (MH636295) 93

: GGCAATGTCCAC ACTCTG
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De-CYPA4AN-like
C-helix I-helix K-helix =
Dc-CYP370A4 WQEQR SAES EVaQR 7 Dc-CYPA4C33-like
Dc-CYP370C5 WaD VR TETT: KESWMR
Dc-CYP360A1 WKE VR DTT. HEVLR -
Dc-CYP360A5 WKD | R DS NES LR De-CYR4ARS
Dc-CYP361A1 WKH VR ETT EALR lan 4
Dc-CYP4AN-ike =~ WRRTR EGHDTT. KEALR Do-CYP4AP2 can
Dc-CYP4AP2 WKSQR NDTT. KEALR 64|
Dc-CYP4AP3 WKSRR EGHDTT. KETLR
Dc-CYP4C33dike W GRR EGHDTT. KEALR Dc-CYP361A1 clan 3

PxRx motif Heme-binding domain

Dc-CYP370A4 PERH e KR

Dc-CYP370C5 PEH STGKRS
Dc-CYP360A1 PDRW PRN
Dc-CYP360A5 PDRW PRN
Dc-CYP361A1 PDR 5SGPRS
Dc-CYP4AN-like PDR S PRN
Dc-CYP4AP2 PDR S PRN
Dc-CYP4AP3 PDR S SRN
Dc-CYP4C33-like PDR S PRN

51 Dc-CYP360A1

70
Dc-CYP360A5
Dc-CYP370A4

Dc-CYP370C5 clan 2

0.10

Fig. 1. (A) Conserved domains identified in the nine cytochrome P450 from Diaphanosoma celebensis. (B) Phylogenetic relationship of
nine cytochrome P450s belonging to clan 2, 3, and 4 from Diaphanosoma celebensis. The Neighbor-joining tree was constructed using

Mega ver. 11.

6. Quantitative real-time polymerase chain re-
action (qRT-PCR)

=
A0 CFX Connect Thermal Cycler (Bio-Rad Inc, Hercules, CA,
USA)OIA 2MSHALE. |REX 520 AFESH primer FE & Table
10] LIEHRHCE qRT-PCRE] HH32 95°COIA 15 B4 2, 95°CO|
M 1021 60°COIM 12% & 30 ycleS TSP, ME & 33
SHESL] TIME(QUCE B RERIS| AT EHE housekeeping
TR £F-76E 0|83 EFoIA2H, 244 method (Livak
and Schmittgen, 2001)01l 2[S A 4| AL

QXL 2512 SYBR Master Mix (KAPA Bioassay System, USA)S
o)

7. SAEH

Sl=m4 Cvp FTRIS] EH 2 SigmaPlot version 120 2ZEQ
Of(Systat Software Inc, San Jose, CA, USAYS 0|23}0] H(mean)
+ BT HA} (standard deviation, SD)2 EA|SISICE O1& 7t E7
& F9olg2 SPSS version 230 AZEQIOIE 0| 835+04(SPSS Inc,
Chicago, IL, USA) one-way analysis of variance (one-way ANOVA)
2 B|usttt sAZMHM SAY Rld2 p < 0052 EF5}
RACt.

ME

M MEO| 54 24

1.CYP &
7|4t EHE transcriptome databaseM| A clan 2, 3, 40 &3l=

T 24719| cyp FTXE &QI5tY OfH|MES Solf O[ME2tx
B =0 B3 20| /A & IWE MESIRUCHdata not
shown). SiE SHAHE BlastXE S8 SR, Kim S 20210
olelf &gl BRofl 2t 22} dan 2 (CYP370A4, CYP370C5), clan 3
(CYP360A1, CYP360A5, CYP361A1), clan 4 (CYP4AN-like, CYP4AP2,
CYP4AP3, CYP4C33-like)0l & |’h 1O 2 Zolx| ULt

Cyp CHER RloH M= 2 ME ZROM & EEE
O LR Rl & OfL|2t QR0IA 7|03t oistEl WA L
SHbiotransformation)0fl &0{dt= Phase 10 {Edl= =Sz A0
Ct mp2td ME00 B2 372 Cvp 8245 71X e F

= Kim & (2021)0| genome &X4& HA|SH Z1} D celebensisOf|
M 70712| Cvp RTXE Bk v Ut &2 CELOME CYP dan
2-40 £3t= FTEX E 9700l i3 conserved domain search
£ st 2t Moz H EEE MPE 7R3 U=H| N-
terminal2 7|Z=2.2 C-helix (WxxR), K-helix (ExxR), I-helix (xGxD/ET),
PxRx motif (PxRx), 12|11 heme-binding domain (FXGXRXxCxG) &
=M Z HH |0 RAACKFig. 1A). CYPE hemeprotein 22 A
Of Fe#*E 7HX| L QUO| LAl UMD} EHAE Fell| ZYAZCE
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M 7|1EE MBEAZ|E monooxygenase| BF & oHLIOICE
M heme-binding domain2 NADPH 2|ZX 0l
£ B2 Ct2 domain2Ct CYP |HX ZH0| &2 RAIEE &
Ol K27 (Han et al, 2015; Han et al, 2017), Pacific oyster (Tian
et al, 2021), X|ZIRWu et al, 2019) & CHLS oY FHE S5
oM 2&|1 QUCh £3] FxxGxRxCXG & OFX[TE Al 742 ZH7|
o siEste OG Yo T 71 BIMSHA LiEILE YEl= CIG,
CLG, d2|1 CPGE 1= Ht &L, 7|4 SHEWME CG
QF CLG7t F2 QIZ|ACE O|F DX M ZH7| T 7h2H £
o| HatIt CYP 7|50 ofH F&S O|X|=X|0f CishAM = & L
T HF SIX[2E O|2{3 XHO[7F CYPO| T+, &4, 12|41 J|& 50|
de Adstet 5% dgs HYY AR FFEst ULt
(Syed and Mashele, 2014). &= CHE domain®! PxRx motifet K-helix
domain2 22} heme pocket®| 7-& &ut Cypse| #+Z&9| oMY
slo| 523t A&tS $Hoh(Cordova et al, 2017). I-helix domain2
AMATL dotele JYoz LM o EZE threonine (T) T
717k tha 2detof 71048t A2 EE HE UTHChen et al,
2014; Tian et al, 2021). 7|4t SHEQ| CyP FTXIOAN & 2E
2 MEo| EMe IO Z HEE CYP 8A9| 7|52 LEtd
ol w4 QU

A= - o120

0ls BEE NE 7to

[

£ QXS

ALO[2] RALE

2 7+9| identityE H|uw 3t
7} 80~86%2 7}E

A1t clan 40| £3}

=UOH, clan 3

(60~73%), clan 2 (53%) =22 LIEFGHOH clan 70| RAEE
46~70% B2 LtEtSCHdata not shown). EZ=E AE 7| A|

£ 2MS MA[SH A1t 2 clanol| £3t=

= ZRYZ custers A

St Ao E LIEFSCHFig. 1B). Ol Hanilt Lee (2021)0] 213t

_|-'Cl\l

|

[¢]

rir o

|
%e

2
s}

r&

O|Hel B2

78 5o 8% 580|
Q o

=
7t o= 7|sof 2ofetttn e RUeLt

conserved domain2| &2 QAL Ij

|4 SHE Op TN FHA MES Bluet ASEHe 21t
SLSIAULE A ME ZHe| RALEZL clan
[

2ol =70t ASEM2l 2t &

ZHol| 15~21%2 A

o

3 U4 HO|

Aoz =t

I'Q[u

. DM Z2tAE F0 ME CYP |TX 2o

Me CYP10] &3t 524
Bo S20ME C

can 2,3 12|31 47} 9| R RLE=E| A0 Sa%t 9".3*
a

S SICHT 234K QUCHSnyder 2000).
7
o

Lt DIMZEtAEO] 2

Lf emerging pollutants2 &M UAS0= 751 CYP &
HRtOf Chet B2 M EE0M B 2™ UK BiCHTable 2).

Table 2. Previous studies on the effects of microplastics upon cytochrome P450 family gene in aquatic organisms

CYP P450 activity /

Plastic Size Concentration Duration Species gene expression References

Polystyrene 75 nm 0.1 mg/L 21 days Daphnia pulex CYP370B+), CYPAC34(+) Wu et al. (2019)
05 g/ CrraC) CrPaan)
1 mg/L CYP4ANT(-)
2 mg/L CYPAC33(+)

Polystyrene 500 nm 0.29 mg/L 14 days Tegillarca granosa CYP1A1(-) Shi et al. (2020)

30 pm 0.29 mg/L CYP1A1(-)
Polystyrene 500 nm 0.26 mg/L 28 days Tegillarca granosa CYPIAZ-), CYPUI(+) Zhou et al. (2020)

Polyethylene 45~250 um 110 particles/L 96 h

Danio rerio

CYPTA(+)

Mak et al. (2019)

Aminated 1 um 20 ug/L 7 days Oryzias melastigma — CYPTA(-) Zhang et al.

polystyrene (2021)

Polyethylene > 90 uym 0.1 pg/L 20 days Danio rerio CYP2p8+) Limonta et al.
(2021)

Polyethylene > 150 um 5 mg/L 9% h Danio rerio CYPTA(-) Hanachi et al.

terephthalate (2021)

10 mg/L CYPTA(-)
Polyvinyl 2 Um 2.05 mg/L 4,7,14, &  Daphnia magna CYP314(+), CYP360A8+) Liu et al. (2022)
chloride 21 days
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Fig. 2. Relative gene expression of (A) CYP37044 and (B) CYP370C5 belonging to cytochrome P450 clan 2 in Diaphanosoma celebensis
exposed to different sized PS (0.05-, 0.5-, and 6-pm) for 48 h. Different letter on the bar indicates significant difference between exposure

concentration using one-way ANOVA (p < 0.05).

©
©

25 CYP360A1 25
0.05 um

&= 0.5 um b
20 | E=96um T

Relative gene expression
(fold of control)
o
Relative gene expression
(fold of control)

0 0.1 1 10 0
Exposure concentration (mg/L)

c
ok L b be
al |b ab,
a .
J m 0.0 ¢
0.1 1 10

Exposure concentration (mg/L)

®

CYP360A5
25

2.0+

CYP361A1
b
agab

4
| ;ﬂ
I b a
iﬂ]
| ‘ 2
0 0.1 1 10

Exposure concentration (mg/L)

Relative gene expression
(fold of control)

Fig. 3. Relative gene expression of (A) CYP360A7, (B) CYP360A5 and (C) CYP367AT7 belonging to cytochrome P450 clan 3 in Diaphanosoma
celebensis exposed to different sized PS (0.05-, 0.5-, and 6-um) for 48 h. Different letter on the bar indicates significant difference

between exposure concentration using one-way ANOVA (p < 0.05).

2 AF0Me 7|t EHS0 MZ2 CHE 37|2] PS beadsE
SEZHE BAZ EH = 9H9| Cyp SR LA HE &
HSIRACE Clan 20 3= RER CYP37044= 0.1 mg/L2| 0.05-
pmet 1 mg/Le| 6-um0fl = EE AE0M FISHA B7tdte &
A2 BYUOO(Fig. 2A), CYP370C5= 005-2 6-um0fl =E&E 1§
9| BE SE0IM RoSH B7I5te YdE ERUCHFg. 2B). Eot
clan 30l £38t= CYP360AT, CYP360A5 E|D CYP36IAT QTR
o| Wsig ATt At CYP360AT RAC] YHO[ 11t 10 mg/L
9| 0.05-2} 05-pm PSO| &S AEMAM & QEX2Z F2[3}
7 B7tste LME 2RACKFg. 3A). CYP60452| A< 11+ 10 mg
/L2l 005-um0f eEHS I FTEA LYHO| FOISHA BII5tA D,
0.1 mg/L2| 0.5-um PSOIME S7IHCLE 5= QEN A4S &
O|X|& LRUCHFig. 3B). SHH CYP36747 SHRIC| 12 1 mg/L
9| 0.5-ym PSOIl =EWES W ROISHA BIIUCLE HA| Sk 9

NS HO|X|= AATHFig. 3C). CYP family= CHYSH 2
of CH3t si= 1ol Zofste 14 siszARN CHYst
F=E EEH ME0M 0|52 s HE ZEICH=
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Fig. 4. Relative gene expression of (A) CYP4AN-like (B) CYP4APZ, (C) CYP4AP3 and (D) CYP4C122 belonging to cytochrome P450 clan 4
in Diaphanosoma celebensis exposed to different sized PS (0.05-, 0.5-, and 6-pm) for 48 h. Different letters on the bar indicates significant
difference between exposure concentration using one-way ANOVA (p < 0.05).
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