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RO B TR RS E AT, N Ah R RS R
GSTs BB KA HER AL A B VIR, B
un, 7 %F(Paralichthys olivaceus) Fll Hp & 45 5% &
(Eriocheir sinensis) GSTs HEPRTEEL B hiE T Kk
KR Tt KW (Crassostrea gigas) GSTs
LA TE S0Pk £R BE i an N AN S M R i T 1
KB EE LSRR, W, WREEEY
GSTs 5 A 7E £R B2 72 A sk 2 v 1% 2 25 A5 A i) iy
FUAEE, Xt T e B BT S A By B B 355 B Tt 3
P B AT 2 BSOS A E

FER IR A SRR T ARSI ] (Mollusea) . XX
5¢ #W (Bivalvia) . 7 #4 Bl (Veneridae) . 13 11 )&
(Ruditapes), J&) . J”#hEMER D125, FEHEE IR
FF7 2 o0 A0 T30 E A m AL i b X, 2 3R E ok
L GeitE Kk IR 5 I 26 2 —DB), JEA SR I 4R 7
Hid 300 U7 t, AittFEE R 90%!Y, AT
HEZNAETME. PR AN, mEhaRihariag
X AR A AT 1L KA oA B,
ARk, AR AL 9T e IR A 2 AT 4 0 T R AR
AIREZ 5 R i THUEAL B I R SR Y, Jf 4
BB O . AR E N e AR R
B PO SR, AEA IR GSTy RN AEEL
A5 Ak e i e ) 2 AR R M 1o AR AT 1 A BH A
Ftk, A AEE =AM GSTs 3& R 7E 20t R AR 1k
T By AL, AR AR S BT A A B A i AR
FHALH, BeAE 1 & ik 3 B A S 2 5 520 ™ i 12
BEIE TR AR AT

R B AR R =R AT GST N K S 2otk
B JhE R ARG RRIE, AT T a5 R S
RIS GST N FTE(RpGSTs) M 5, IXF
RpGSTs 47 T P SVRHE > At MR et AL o3 B, T
S P E B PCR Jrikda /R RpGST N %
FEFEA R WA 0w 1 2 R B 3 2 AR v i SRR
3, WFFELE R A W FE AL i A B A B R L
il K it AR L B P AL BEIE S5 TR A K

1 #MBEFE

1.1 RpGST EEREHREEREBHXERS
M NCBI ##s B b B 8 AE s i A7 SE P 21

(GCA_009026015.1), #5¢hi[Mercenaria mercenaria
(GCA _021730395.1)] . K4t Wi[Crassostrea gigas
(GCA_902806645.1)] . HF 35 ki Ul [Patinopecten
yessoensis (GCA_002113885.2)]f) GST & 541,
i 1d TBtools (v1.098769)! 4 {1 () BLASTP i)
YoE R IR AT GST A:H; i “hmmsearch™$
5 WO B 18 )E 41, A4k HMMER (v3.2.1)
GST C Z5# 5 F1 GST N 4% 4 5 (PF00043 .
PF02798)F(HMM) &3 Rk HMM 2558, fii
A Pfam (http://pfam.xfam.org/). ] HAE AL 242
W5¥ T H. SMART (http://smart.embl-heidelberg.de/)
1 NCBI 5T 38508 P (NCBI-CDD) T H (https://
www.ncbi.nlm.nih.gov/cdd/) 43 # X 2& 3% 7€ 13 51,
4L HMM, PFAM, SMART #il NCBI-CDD H?
RIIORSE GST S5 bRitE, ik ) JE A i
tf GST B F G 0L FITEL AT ExPASy
(http://www.expasy.org/tools/) 43 AT JE Ht = W4 1
GST JEHZ R MG AR . By T8
HS R A AT L R KM ST B E AR 7 I 24 A
MR8 80 o A S0 40 i 2 {37 T2 Euk-mPLoc
2.0 (http://www.csbio.sjtu.edu. cn/bioinf/euk-multi-2/#)
XF Rp GSTHE N F 15 1 53 38 7 W A7 S0 40 i 5 ot
T A Totools B 7E Lk 2 il Y (L4 € 157 &
12 RpGSTEREXRERZLESH

RO AT AR IR GST JER WL R, X
WESERG | KA | AR TR DL | TP ARG B8 (Eriocheir
sinensis) FBE 5481 (Danio rerio) GST W2 IR )T
GNHEAT RGE LB 44T, i GST ZBE/R )T 51 i
MEGA 7.0 % #) ClustalW 27, i HEBIAS
Bk AT X} 5%, i2 FH 2P # (Neighbor-Joining) v #4) £
ZEKREW, KESE bootstrap [HIX'E A 1000
WHEH
1.3 RpGST EREHREMEREE . EF DL
et T i

T U Y RpGST R R L 52 PR <1 2
H 25 M4 3 %) 2 HE R 7 471, 7E Tbtools #i 4 I 7E 4%
il A PR 5 4 s =l BN 2 80 MEME
Suite (v5.3.3, http://meme-suite.org/index.html) /3
¥ T RpGST ({3 F; NCBI-CDD il T RpGST
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PR ST 45 M 3,
14 HEMBELRE

STESRERET 2022 4 10 A SR A IR S M T,
S FE K R (27.4+1.94) mm, 7EERBE 30 SCER A,
TR 20 °C . R 30 WK PR
BFE 7 d, WA REK 1R, PSR ek
(Chlorella vulgaris) 1 YK, thPEEMRARE, FrIEEE
WA AT A% SR TR K S LT P 2R B R 40 FaE i
TIMROK B B RN 15 Mk Bk T 2
PR R 8 A SRR e, H bR A S
FEmtAEEl, BB 0h, 12 h. 24 h 3t 3 LSS
BUEEHE A7 5 IR A U7 ZE-80 CH-TT,
DME S 22T RNA $2HCESS, Hor 0 h S sL g xt

15 S2M4EEIE T RpGSTs fEIEE ER T AFiE
PR MIRIE DR

SEHG R HT Trizol YEHRI RNA, FI IR 738
Y& i (NanoPhotometer™, 78 &) 4G il] RNA 144l
J&, $EH ODago/ODaso fHTE 1.8~2.1 Z [H] ) RNA £
mn T IR 22525, 1.5%B B WH e I v Uk Al RNA
Jiir; HiScript III RT SurperMix for qPCR (Vazyme,
HE) G B cDNA, 26 & 5850 i 51 938 i
Primer 5.0 (http://www.premierbiosoft.com/) X {4:1%
(& 1), LB LL p-actin FEF NS IR IEFT

F1 ZHEHXEE PCRIHAHEAMNSIY
Tab.1 Primersused in RT-qPCR experiments

51912 %K primer name J¥51(5'-3") sequence (5'-3")

RpGSTAI TGATGCCAGACGATCCTTACACAG
CCGCAGTACCCTTGACCAAATTTC
RpGSTA2 GGAAAGTTTCGCCGCCATTCG
TATCCGACAAGCAGGGTTTATCCG
RpGSTA3 GAATGAGTCGGGTGCGATTTGC
CGGCTCTCTCGTTGACATCCTG
RpGSTA4 TCAGAGGAGGAAGGCATTGAAACC
CACAGGTCGCCGGTGAACTC
RpGST C 3a GTCCTTGCGGTCGCTGGAAC
AGGCAGCGTTCCTTGTGGTG
RpGST N Ml AGGCAATGGATCTCAGGCATGG
CCCAGCAAACCAGTCATTCACAC
RpGST N M2 ACGGTCAAACGGTGGCATGG
GGTGGTGTTGTTGTCTGGTTGTG
B-actin CTCCCTTGAGAAGAGCTACGA

GATACCAGCAGATTCCATACCC

qRT-PCR, il RpGST F& K R i b1 2tk i ik
S0 AR AR W30 )5 BF R AR AL 21 iy R Gk i
qRT-PCR J2 Jii 14 % (20 pL)fd$%: 2xChamQ SYBR
Color qPCR Master Mix 10 uL, 5 1474% 0.4 pL.
DEPC /K 7.2 uL, 4% ¢cDNA 2 pL (500 ng/uL), <
NFEFE A : 95 CHIASYE 10 min J5, 95 ‘CAEHE 10 s,
60 CiB k30 sTEFF 40 UC; Jrfi 2 ly: 95 °C 155,
60 C 605,95 C 15s. FRRMEEHE, FIAH 2744
Pt I AR R 2635, SPSS (v26.0)4K (4 47 24
)7 2253 H, GraphPad Prism (v8.0)4K {242 il 3
HRRHIEE . B8 E 3 ANMEYEE M 3
MHEAREL,

2 HREHMH

21 RpGSTEEZFRHGHREEREBHERSH
AR IR R R 2 P L S E ) 7 > RpGST 4
NG, 4% 4 4> RpGstd. 14> RpGST C_3
12 4~ RpGST N _Mu, RpGST & [ i BRAL P JBt 43
Mréh B (36 2) 5" RpGST PR 505 1 51 1Y 5L
BHKEWE N 168~1722 aa, RpGstA3 &K, K
1722 aa; RpGST _N_MI ifd, 4 168 aa; RpGST
FE AR TR MWS)FE 19.40~190.17 kD Z i), H
tH RpGSTA3 B K, RpGST N_M1 #/)N; T i Bt
W 25 YL R 5.06~9.74, Hid 6 4> RpGST
AL SR/ N T 7, B RER o G L L 55
MR PEZE M, RpGstA3 45 HL i K, RpGST_C_3a %%
IS N S 0 € = B TS IR T S
PIFEAEAS R RE B 1 SR K M B I i B R 4 B0
Bl 54.87~96.41, X128 82.08; 4 2 13 2%
R, RpGSTs £ 3@ o T4 i .
2.2 RpGSTs By @ik E L
WY R EN A, 7 N AEAEG A GST
FIRMANI S 153 AR 7E 5 R e e fk (& 1), H
T RpGstAl SENTESR 1 SYL@iR; RpGstd2, Rp
GST N MI 1 Rp GST N M2 ENLfEH 2 S Y,
1; RpGstA3 FENTELS 4 S YK, RpGstd4 EAL
TE55 10 S YLt ik; RoGST C 3a SENITEHS 16 54
GRS
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Tab.2 Protein composition and physicochemical properties of the RpGST gene family
IR AT . oK B Jig 10y 7%
ST S 1D e i FIHLRRELH faa n\j‘ﬁlg/llma SRR KM T /ﬂgﬁﬁ#ﬂ;’ﬁ
gene name gene ID chromosome nqmber 9f molecurar theoretical pl grand average of ] ) VB
amino acids weight hydropathicity  aliphatic index
RpGst Al RpG00019457 1 233 26.82 5.97 0.181 88.63
RpGst A2 RpG00005358 2 262 30.4 6.5 0.21 96.41
RpGst A3 RpG00013161 4 1722 190.17 9.74 0.788 54.87
RpGst A4 RpG00022328 10 262 30.42 6.5 0.21 96.41
RpGST C 3a RpG00069394 16 295 33.09 5.06 0.499 84.34
RpGST N M1 RpG00006490 2 168 19.4 6.43 0.354 86.96
RpGST N M2 RpG00006496 2 544 60.36 5.58 0.329 66.99
~ 0 Mb i
Gistdd GST C 3a
GstA3
- 20 Mb
Gstdl
- 40 Mb
- 60 Mb
~ 80 Mb GstA2
L GST N _MI
100 Mb GST N_M2
— 120 Mb
Bl 1 RpGST FEFZE GG ko1 &
Jeta i R R AR 2, 22y ’“@Mik AR
Fig. 1 Chromosome location diagram of RpGST gene family
Different colors in the chromosomes represent the gene density, and the chromosome length scale is on the left.
2.3 RpGSTs E£RE%#). £F o= O 45 CDS
/\ GstAl H‘H EBIRX UTR
RpGST FEHGEH5E 7 4~ 53 ) JE R 45 44 7R 72 1] aautz FH
S
WA 2 7R, AN P S BEARR], RpGstd3 fix
B Gout3 HH-H—H— gt
K, RoGST N _MI HeJs, RpGstA3 2HA 1 A~EHH
PEIX(UTR), B T RO (RpGstd3 . RpGST_N_ Gouds 1
MI R Rp GST N M)W Fol(CDS Sk fete  O57-C3a
254b, [FBHIEN ) CDS MR R JE (RIS TH  OSTNMI
1 ) — 2t GST N_M2 [HH—-HH
74~ RpGSTs FHEMA LS5 10 MRSF o 3R)
VST ST LSS S
ft) motif (& 3), EILMITHIKEEHH 13~50 aa TS S S

(% 3)o ZBEIE G motif 1. motif 5 Fl motif
6, Hth motif 5 Bl Z, A 7T MFIGM L . Kk
W5 EHAA R motif UEA —E 2, RpGSTAL Al

Bl 2 RpGST ZH5% 7 A W5 IR HE I 25 F e 5
Fig. 2 Schematic diagram of the gene structure
of 7 members in the RpGST family
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Fig. 3 Distribution of conserved motif elements of the 7 members in the RpGST family

3 RpGSTERAZRKREEBEFER
Tab.3 RpGST gene family protein motif information

T motif #E ¥ %1 protein sequence FHEFECH number of amino acids T 7EHE F 41 number of genes
Motif 1 EIHPHPELPIYIDGDVLITESPAILTYLARKY 32 5
Motif 2 QAEWSGTKFKMWPHVEKWLSRVKNQVH 49 2

WDTVHMSHSMYLRELERCALFD
Motif 3 AVFSGKMNGLNGVHRRPVELYLIRINPAC 50 2
RIIWFYALQHNIPHILIDVDF
Motif 4 DFAGYGITLQNRLLTESLISWANSELHRA 44 2
VGHSYIYPQFLEQYA
Motif 5 LGDSDFLTGNRITVADSFVYPILL 24 7
Motif 6 AEPARLVLVYAGLKFEDRQLEIG 23 5
Motif 7 MSEEEGIETEAKYHGKFRRH 20 2
Motif 8 DGVTVNEKAVVDMLLEEAMDLRNGIV 26 3
Motif 9 CLGQCCPICHDDV 13 5
Motif 10 DCDVRVKPVGACCFYCEEKY 20 2

RpGST C 3a AW~ motif; 1 RpGstA2 Fl RpGst4
A 74 motif, H#BHZIE motif 7, 3. 1, 4, 6, 5,
2 I FHES . KZ8 RoGSTA W5 1% motif 11y
B AT AR ST

T 1) RpGST 2 H#EA TRSFINAs (4 4).
motif 3 HAF7ET GSTA 2850, K] GSTA 285
WA ERIEE, RpGSTs B A#HAA GST 45tk
1, {H RpGstA3 it HA HE 7 R B /ML &
H #8 % % (Herpes BLLF1 superfamily) 25 #4 35 ,
RpGST N M2 i A5 von Willebrand [H-F C %I

(VWC superfamily)Zh 44,
24 RpGSTsZZEXB N

IR IERE G AT GST R py ik, XF IR
TIGAT . WESEHE L AT EE . MR R DL P ARG
BEMPE Y 28 4~ GST R FIIME T 258
KEW(ES), 25 R, X 28 4~ RpGST & 143
A RpGSTM (9 M), RpGSTP (7 P hELR).
RpGSTA (6 . 51)F1 RpGST _C 3 (6 M) 4
2%, RpGSTM 2K Fifx 2, RpGSTs AL AS Wi i 2%
R ST A SERE, 40 RpGSTM 251 RpGSTA 2%,
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Gstdl - . Thioredoxin_like superfamily

Gstd2 _- [ Gsta
ous G-00-GD INEEDIR G B Fovenuir sty
@ GsT N Sigma like

Gsitdd - - B os s
os7_c_sa - @ GsT N Mu

GST N M1 .‘l . GST_C_family superfamily
GST N_M2 l—". . VWC superfamily
5 ¥

L 1 1 1 1 1 J

0 300 600 900 1200 1500 1800

Bl 4 RpGST 15 7 AN WA I PRSF 25 46 3k o3 #r

Fig. 4 Conservative domain analysis of 7 members of the RpGST family

bootstrap
0.50
0.63
e 0.75
e 0.88
e 1.00

K5 6 MR RpGST H:F K IE A RGE K T
Rp: AFAZEUG(T; Mmer: WEFEUS; Cgi: K A4HWG; Myi: #F380 D1; Esn: RSB AL Dre: BE T fA.
Fig. 5 Phylogenetic tree of RpGST gene family members among six species
Rp: Ruditapes philippinarum; Mmer: Mercenaria mercenaria; Cgi: Crassostrea gigas;
Myi: Mizuhopecten yessoensis; Esn: Eriocheir sinensis; Dre: Danio rerio.

25 SEEME TIEREWMFER GST EER & H RpGSTAI Fl RpGST N_M2 Fixf ik & 48

FiERK TEI S, RpGSTAL HYZIAIKF- B30 i (7] SiE (AR
RpGSTs {EfiE 24 h J5FiAEHERAE T BETHE, 24 h FIREZN 0 h 1Y 20 £5(P<0.01);

(El 6). RpGSTAI. RpGSTA2. RpGST N M1 Fl  RpGST N M2 {335 /K - Fifi 6 i [] ZE < A I 2%
RpGST_N_M2 WAV BEME R g inmi - Fh&, 12 h RIBw LR 0 h (1 4 £%(P<0.01), 24 h &
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ok *
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i S —‘7 g S i S S 6
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I8 10t I8 20f I8 I8
2 S 3§ 2 S22,
hE b g 2 h
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0 12 24 0 12 24 0 12 24 0 12 24
HfjE]/h time FifE]/h time F5}jE]/h time 5 [E]/h time
n=3; x+SE n=3; x+SE n=3; x+SE
*
1 * **
61 * 20- o 80 -
eS’,I Sl EI
i :| Eg 5 T %5
ﬁ% Al -ﬁ%% 15 %%% 60 -
=4S s s
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%»a 'iég 10 [ Eg 40
g :| g E| g
Ul & 2 Z| & 2] &
Qo
S o Se 5F o 20F
S 82 Sz
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e B o e
0 0 0
0 12 24 0 12 24 0 12 24
f}[E]/h time i [E]/h time Hisf[E]/h time

K6 SEREINA T RpGST KK Z 0 0 7E FE A B2 5 A1 P IBRAR v A9 A X R 3k K -
*FRoR 0 h A 22 5 B35 (P<0.05); **FIR 5 0 h A b 22 5 b 2 35 (P<0.01).
Fig. 6 Relative expression levels of RpGST gene family members in the hepatopancreas of
Ruditapes philippinarum under acute high-salt stress
* indicates significant difference compared with 0 h (P<0.05); ** indicates extremely
significant difference compared with 0 h (P<0.01).

BEZN 0 h 1Y 46 £5(P<0.01); 1fi RpGSTA3.
RpGSTA4 Fl RoGST C 3a ({35 3K 7K Bt 360 At ]
(R HE TN S B AT 5 5 o
2.6 {KibBEhE TIEREEMITFATER GST EEM
FirwER

RpGSTs 1€ S HEARER W8 T 1% 22 35 48 1k UL &
7. RpGSTAI . RpGSTA4 . RpGST C 3a . Rp
GST N M1 HI RpGST N M2 W23k 7K Bt 45 i3
B ] 3G Iz 20 7t i, Ho RoGSTAL F1 RpGSTA4
R A X 26 3k B A8 Ak 35 (P<0.05), Ml 12 h )5
RpGSTAI {363k 02 0 h i 120 7%, 24 h F ik 2
0 h %) 150 f%; 4b¥f 24 h J5 RpGSTA4 [ FAE 2
0 h 4 150 1i%; 17 RpGSTA2 HAHXT 263k 522 fL B
iy S ENED T WS | R i i =Tl =

RpGSTA3 HYARXS 2 3 12t 748 A W) B 5 30 i ] 4 1
IS T = e BEAR
3 itig
3.1 RpGSTs & & F FI4FE &L ot

B 278 XK AE S GST FE R %A T T
S SLR A5 AT, IS IG DL (Mytilus galloprovin-
cialis) VYU At (Sillago sihama) . 8E(Cyprinus carpio)
U201 {0 i R X HE R AT 1Y GST 3N K i
PEAT RGN IE . AWEFEAEEE 1 7 DR E IR AT
GST H, 732 3 3, AL3E 4 4> RpGstd ., 1
A~ RpGST C 3 M1 24 RpGST N Mu., GST C #%
I MBI UL 2 T REAL BB Tk, GST_N 4544
AT BE H A A L (GRX) Rk, WIFh 4544
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Fig. 7 Relative expression levels of RpGST gene family members in the hepatopancreas of
Ruditapes philippinarum under acute low-salt stress
* indicates significant difference compared with 0 h (P<0.05); ** indicates extremely
significant difference compared with 0 h (P<0.01).

RSB SRR AR OIS 7/ S UK A N
TR K ZE RpGSTs RN A LI PIFp 4k #4
W, XAl g AR R ISR E R R A G, )
BT R A AT AR b aE I DR B AR AR T B
AR R . AR TPIE N ET | hEA
WERE S, LHE GST C Himi Ak & FIAEA
et bk — WAL, PP RpGSTs HySEF# A
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Genome-wide identification of the Ruditapes philippinarum GST gene
family and its expression characteristics in the hepatopancreas under
acute salinity stress
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Abstract: Glutathione S-transferase (GSTs, EC 2.5.1.18), a class of multifunctional detoxification enzymes widely
distributed in organisms, is involved in the metabolism of many toxic substances from both internal and external
sources, and plays an important role in protecting cells against biological and abiotic stresses. This study
investigated the characteristics of the Ruditapes philippinarum gene family (RpGST) and its function in response
to acute hypersalinity and acute hyposalinity stress. Bioinformatics methods were used to identify RpGST gene
family members and analyze their structural characteristics, chromosome localization, phylogeny, and expression
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characteristics in the hepatopancreas after acute salt stress. A total of seven RpGST genes were identified, namely
GSTAIl, GSTA2, GSTA3, GSTA4, GST C 3a, GST N M, and GST N_M?2. Chromosome localization results
revealed that these seven GST genes were located on five chromosomes. The hydrophobicity analysis showed that
all protein members had different degrees of hydrophilicity. The average aliphatic amino acid index was 82.08;
subcellular localization found that RpGST proteins were all located in the cytoplasm; and all members of this gene
family possess the glutathione transferase domain (PF00043, PF02798), which is associated with antioxidant and
detoxification functions. Phylogenetic analysis revealed that RpGSTs were divided into three subfamilies and were
evolutionarily conserved. The seven RpGSTs were divided into three distinct classes, with the GSTA class being
the largest, consisting of four members within the Ruditapes philippinarum family, whereas the GSTM class
consisted of two members and the GST C_3 class of one member. All GSTs in the Ruditapes philippinarum family
evolved into separate clusters, such as RpGSTA and RpGSTM, related to the wide distribution and strong
adaptability of the family. These results can provide a reference for the subsequent breeding of Ruditapes
philippinarum with high and low salinity tolerance. After acute salinity stress in Ruditapes philippinarum for 0 h,
12 h and 24 h, the hepatopancreatic expression levels of RpGST members in acute hypersaline (40) and hyposaline
(15) stress were detected by qRT-PCR. The results evidenced that the relative expression levels of RpGSTAI,
RpGSTA2, RpGST N M1, and RpGST N _M?2 in the hepatopancreas of Ruditapes philippinarum increased with
time, and the expression levels of RpGSTAI and RpGSTM?2 were significantly different from those of the control
group (P<0.01), whereas the relative expression levels of RpGSTA3, RpGSTA4 and Rp GST _C 3a first decreased
and subsequently increased. The relative hepatopancreatic expression levels of RpGSTA1, RpGSTA4, RpGST C 3a,
RpGST N MI, and RpGST N _M?2 in Ruditapes philippinarum increased over time under acute hyposaline stress.
Specifically, those of RpGSTAI and RpGSTA4 significantly changed during acute hyposaline stress, gradually
increasing with time, and this difference was significant compared with the control group (P<0.05). In contrast, the
relative expression levels of RpGSTA2 initially decreased and subsequently increased over time, while the relative
expression of RpGSTA3 first increased and then decreased. The expression of glutathione transferase under acute
low-salt stress was significantly higher than that under acute high-salt stress, indicating that acute low-salt stress
had a more pronounced effect on Philippine clams than acute high-salt stress. This study clarified the gene
characteristics, phylogeny and response mechanism of the RpGST gene family in the context of acute hypersaline
and hyposaline stress. It enriches the research data on the RpGST gene family in bivalve shellfish and provides a
reference for further study on the role of this gene family in regulating salinity stress.

Key words: Ruditapes philippinarum; RpGST gene family; acute salt stress; expression pattern
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