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1.1 SEIzh#
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1.2 XWHE

1.2.1 F5Ia8 M =R 3L R 4] SCFE gk
% HeCHSTII JHIU'™ . fdi[f] ORF Finder il
HcCHSTI1 FFJC B BEHE(ORF), % it = X154,
HEAT PCR ¥ 34, X =9yt 47 e i I it 47 00 ),
WO UE ST () IR0 o ] Phyre2 Sl T 2 1 R 45
¥4 ProParam I SMART 4332k X EE A FE Y
PR 2 2 BR300 B8 1 5 45 R BURRE .
MEGA7.0 #1F, LA neighbour-Joining J5 #:(NJ %)
W HcCHSRII 25K B, i Chiplot!™
PR G E B BT B SR SE 4
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Tab. 1 Software and website information
used in this study

£ FR name Mt website

ORF Finder https://www.ncbi.nlm.nih.gov/orffinder/
Phyre2 http://www.sbg.bio.ic.ac.uk/phyre2
ProParam https://web.expasy.org/protparam/
SMART http://SMART.embl-heidelberg.de/
MEGA7.0 https://www.megasoftware.net/

1.2.2 & RNA $2H5 cDNA &8 f#iJf] TRIzol
PR = AL SR L AR . SR L P SENL.
T4 ORI T e ) Y 3 RNA L {8 FH 1% 35N i
LUk 0 IE BT B RNA 5B A9 52 8% M 9F il A
Nanodrop 2000C ## il #2 43 o6 % B T o 46 Il
RNA ¥, ffif] EVO M-MLVRT Mix Kit with
gDNA Clean for qPCR Ver.2 LA} i, [ »Ki ok A
IR LU 3 RNA 255 5 cDNA.,

1.2.3  SI¥migit  F SRR, A o
Primer Premier 5.0 &1 HcCHSTII 5|%¥)(F 2).
1.24 #F# R X B R X E E (QRT-PCR) #& Ul
HcCHSTI1 BERALRRKIEE i EF-1a AN
Z3EH, @it qQRT-PCR $ AR HcCHST11 # —
FAMWLIEA A AP R IR, P8 TB Green
Premix Ex Tag 11 {5 & (TaKaRa, H AUt f5Hd
BIRMARG AMEAREL), R 274k a3
o EEIE: A=HBER CE-NZEH C 1H,
AEA-TTREHSENER SNSER C E2EH
14 fe KAA
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Tab.2 The primers used in this study

5| ¥) £ FK primer name 59751 (5'-3") primer sequence (5'-3") & usage
HcCHSTI1-1F GAACGATTGCCGAGATTAGTGA FE 5 56

HcCHSTII-1R
HcCHSTI11-2F
HcCHSTI1-2R
HcCHST!11-3F
HcCHSTI11-3R
HcCHST!11-qRT-PCR-F
HcCHSTI11-qRT-PCR-R
EF1-oF

EF1-aR
HcCHSTI11-RNAi-F+T7

GCTGTCTACAATGGCGTCATAA
TTATGACGCCATTGTAGACAG
GAACGCTATGGAATGCTTCT
AGTAGCACAAGAAGCATTCC
GGAGATTGACGGATATTACATC
GCATGTCGGTTTATGACGCC
TTTGATGCGCATTCCATGCC

TCAAAACGGCCGCAGAGAAT

GGAACTTCCCAGGCAGACTGTGC

GGATCCTAATACGACTCACTATAGGGTCAGCGTATGTAGACAAGGTGT

sequence verification

i SR ST
1 PCR
gRT-PCR

RNA T3

HcCHSTI11-RNAi-R
HcCHST!11-RNAi-F
HcCHSTI11-RNAi-R+T7

CAAATGGAATGCAGCGGTCA
TCAGCGTATGTAGACAAGGTGT

RNAi

GGATCCTAATACGACTCACTATAGGGCAAATGGAATGCAGCGGTCA

GFP-RNAi-F+T7

GGATCCTAATACGACTCACTATAGGGAAGG GCGAGGAGCTGTTCACCG

GFP-RNAi-R
GFP-RNAi-F
GFP-RNAi-R+T7

CAGCAGGACCATGTGATCGCGC
AAGGGCGAGGAGCTGTTCACCG

GGATCCTAATACGACTCACTATAGGGCAGCA GGACCATGTGATCGCGC

HcCHSTI11-ISH-F+T7

GGATCCTAATACGACTCACTATAGGGGCATGTCGGTTTATGACGCC

JEAE 258

HcCHSTI11-ISH-R
HcCHSTI11-ISH-F
HcCHSTI11-ISH-R+T7

TTTGATGCGCATTCCATGCC
GCATGTCGGTTTATGACGCC

ISH

GGATCCTAATACGACTCACTATAGGGTTTGATGCGCATTCCATGCC

T RPTFRIZAE T7 B3 T)5850; BORZ TR RSN 0%,

Note: The sequences underlined with straight lines represent the T7 promoter sequence; The sequences underlined with wary are used to increase

transcription efficiency in vitro.

1.2.5 BRI 5H HcCHSTII EREDGER
EENM ] T7-RNA RAEEE G M EARRMERN

RNA ¥R41, FHH 8 AR IC A PR ET R 4 57 v b 52 Ao
IR . — AW i S R IR 2L 4% 1 2 3R B
BEEE 6 h, SRIGTE 4 C FHEREF] 20% 0 HER A
Wrf 24 h, RIS HHRYRYI A Hl(Leica CM1950,
TENY) R o 223 E RS 5 R bR o 2 25 s
Jnsi 28 Jir 457 2% s2 A IR & 1L (AP) (-4, rhE])
MG A5 R AT . 7 RS N SR 245 5 ol A
AL PG R WS-10, HEDFREE .
1.2.6 HcCHSTII RNA F# 4 Yan %20
Jrik, X HeCHSTII #17 RNAIi SE55 4% I8 T7 High
Eifficiency Transcription Kit {7 & (24, T H)
A dsHeCHSTI 1 GFP (FATEXTIREL), A5 149
W 2, i FHBEIREL 22 vhi (PBS) i B dsHcCHSTI11

1 GFP Y % 60 pg/100 pL, 1435114 100 pL 7
BIE 0 dsHcCHSTI11 . GFP (BAM:XT R4 Al PBS
(25 % B A )7 5 31 = A L %) A 5 L R A )
3R R

G587 KREINE N AT RNA 421,
FHl QRT-PCR ¥l HcCHSTI1 33k, 218 1.2.4 1y
D73 T QRT-PCR FARKG M o X B SELH 2L =
WAL DL 5238 Ve B T, (0 FH 9 4% H 7 2 74U BE (SEM)
WE IR R ETE B L5 .
1.3 SZitoth

DL 38 45 M 22 (X £SD) R 50, il A
SPSS 20.0 Fl GraphPad Prism 10 {4754 785085 704
2, qRT-PCR 25 54 2% H 5LH 2 7 22 73BT (one-
way ANOVA), K H] Duncan LT 2 E i, 4
P<0.05 N EHE A G2 0 EM 2R
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Mo AL C. G, TH3lhE 28.6%, 23.2%, 25.9%,

22.4%., =AM HcCHST11 E I H 279 M4

21 BEERFIISHMRGEREN

=MW HcCHSTI1 %7 (GenBank:
PQO041469. 1) )J7 5| 4 K1k 2245 bp, FFH ]
HE(ORF)K: 840 bp (&l 1), SMART & ¥
HcCHSTI11 MR 1 3] 141 4wt Sulfotransfer 2

FLERH A, F ProtParam il i 7k HcCHSTI11 &

F A5 F 38 CrasaHa238Na000420S 13, ST BB
4553 A4, ST IREEZN 32795.28 kDa, & HHE
WAEH R 9.11, BMI A 66.70, Phyre2 FiUiill &/~
HcCHSTI FE AW ZHA5 B 32% 1 o-1RIE, 6%

LA 2), WESFIIER 1 PRUKGE SR 5y pi, 14% 0 LH 4 (& 3, & 4),

91
30
181
60
271
90
361
120
451
150
541
180
631
210
721
240
811
270
901
300
991
1081
1171
1261
1351
1441
1531
1621
1711
1801
1891
1981
2071
2161

KEFEEH HeCHSTI 3£ 1Y) ORF J75) K 4ifid i R IMR)IT 5, /NG F R HcCHST1 3 F AR 4 hd X

gtceggtgggaaaagteggatctactttetggeggegagttttctacattttatacggtaacgectegeagatttacaatcatcecattag
aagttccgattgtcgacgctcttactcaaaagtatgaacgattgccgagattagtgaggE:QTCAAGTCAGGTTAGGATGTTTCTGAACA

ATTCTTTCAAATTTATGTTTGCAAGAAATCCTTTCAGTAGGATTTTGTCAGCGTATGTAGACAAGGTGTATTCCCCAAATCCAGTATATT

GGAAGAACTTTGGTATCCCATCGATTCGCAACAGCCGTCATAATGCATCCAAGCACAGTTTGACATGCGGTCATGATGCTACCTTCCCAG

AATTCCTTCGCTACGTCATTAAAAGTGAGTCGACACTTAGAAACCGTGATAGTCATT TCAAAAGCATGTCCAGTTTGTGCAAACCGTGCT

CAGTTCACTACAATTTCATTGGGAAGATGGAAACTTTCGAAAGAGATGCCATAGTTTTATTTCATAAACTTGGAATGAATTCCTTTGTAC

AAGCTATGAGCGACAAATTTTACAGCATGTCGGTTTATGACGCCATTGTAGACAGCATTAATGGACCATATCACTGGAAAATAAACATTG
N v v > A 1 VDS INGPYHWEKTINI
ACCGCTGCATTCCATTTGAACAGTCACAAAGAAGGACCTGGCGCAAGCTTCAGCTAAAAGGTATTATAGCTATGAGCCAGGGTTATCCAT
DRCIPFEQSQRRTWRIEKLA QLI K GTITIAMSA QGYF?P
TTAAAGAAGACGAAGTTTCAAATGAGACATTTATTCACGTGGCATGGAATGCGCATCAAAATTCATCTACGGACGAACTTAAAGCACAGA
FKEDEVSNETFTIHVYAWNAHQNSSTDETLIKANAQ
AGAATAAAGTAGCACAAGAAGCATTCCATAGCGTTCCTTTACGAGATCTAGAACTCTTTAAGAATGTGTTCAAAGATGATTTCACCATCT
K NKVYAQEAFHSVPLRDLETLFEKNYVYFKDDTFTI
TTGAATACGATGATACTCCTGAAGAATACTTTAATAGATCTCAAAAAGTGCAGCCAGTTATTCAGTATTTATCATTCAAAAACGTTE:Eh
FEYDDT®PEEYFNRSQKVQPVIQYLSTFZKNYV=*
tactagtacattctgtttagttccttttattgtacacattttctaagtcaagagggagecgacaatatataatgatacatgtttaaattt
tatatattttacgtcgaatatacatcggttctctagtcttttacaacgtatgctaattagaattcagaagaattgtttttaaaaagtcat
cgaatgagtcaatataggaacacttaaccagaaatcacatttctgatgtaatatccgtcaatctecccgacatcagtggtgagttttetgt
gaagatttggegtctttttagecaaaatctegeteggetttgagegtetagatttgtttaaacagaaccttgeategtttegtgagatett
caccaataaaactccgtgecgagggactggtcatcgaaactaatcaaaagggcacccataccctagtctegttcaggtatattateeggtg
gctccatgacatecteggecgttecgaggtetgettaaatgeatatetgatetetggaggectttecttaaagetettttgaaacaaaact
accaagatgtctgaacattttcattttcctagacatattcectgecaatetttcaaaccgaaat tgaattgaaaactttaaggeactecac
tgtatatgaaagaggtgtgtcttaaacgtttcaagaatttgetgecatattaaaagaatcgtggttgaacaccaagttctccaacaaagg
tacctagaagcacttagcaataactgagccaaagatcttcaccctaatatgecagtaaaactgtctatgtgtacgtcaatettgacgtca
tettgtectgacaatgacacaaggeatcegeatcaactattaccgecacaaccaatgetatgatcagegaccactaatattactgteatcea
ttgctactacctctactactcacgatgetattaatccaaaaatacttaaagaagacgaagaagaagaagatagggctgatgataatgacg
atgaagatgataatgtcgactatgacaactacgttgttgatgatgacgatgatatctatgattggaaatatacattttctttgtttttge
acgaatttagttcaccatgtaaaccacgttttaaagetttteggagetegegtttccaaaattatettagetgatggggaatattgtata
tatctggccataaaggacatggtgttttgattatcattagactattcattaaatcatagtccagecatgacgetggtacactgte

Bl 1 HeCHSTII #:H ) cDNA 51 B Ho 4 i i 2 2 1 51 B

R FHEX 43 ATGGEIRZE S F)F TAAK IS T); B34 26 sulfotransfer-2 25435 .
Fig. 1 The cDNA sequence of HcCHST1I gene and its encoding amino acid sequence

Capital letters are the CDS sequence of HcCHSTI11 gene and the encoding amino acid sequence; The frames represent

the ATG (initiator codon) and the TAA (the stop codon); The shaded part represents the sulfotransfer-2 domain.
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of Hyriopsis cumingii
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Fig. 3 HcCHSTI11 secondary structure prediction of Hyriopsis cumingii
Amino acids are colored based on their properties: polar amino acids are yellow, hydrophobic amino
acids are green, charged amino acids are red, and aromatic amino acids are purple.
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B EE T HAR4Z(P<0.05)(F 6). TEANENRAH
Uk — 2 R Ze e S, 4R E M, HeCHSTI 7
R ————— HNVERNZ) 12 3RIK, FEHME(OF). T8 (MF).
Fig. 4 Advanced structure of Hyriopsis cumingii HcCHST11 EP@%'%D V‘]@ﬁ:‘%ﬁm‘lﬁ %%gﬁ?‘l(@ 7)0

¥ Oryzias latipes XP_004070315.1
PELLf Danio rerio AA164169.1
- PHF TNE Xenopus tropicalis NP_001096546.1
‘gﬁ’ N Homo sapiens NM_018413.6
INFK R Mus musculus NM_021439.4
YN B3N Haliotis rubra XP_046542828.1
B8 Physella acuta XP_059141265.1
Z MRk Hyriopsis cumingii PQ041469

JEMREATHS Ruditapes philippinarum XP_060553218.1

100 FE5CME Mercenaria mercenaria XP_053372725.1
WL Dreissena polymorpha KAH3700821.1

b HIEIG D1 Mytilus galloprovincialis VD154403.1

(] — JEFENE D Mytilus coruscus CAC5392435.1

L %40 Mytilus edulis CAG2231188.1

00— WF3E B3 I Mizuhopecten yessoensis OWF34598.1
009 L BYBEIN Vistrum balloti XP_060064166.1

K5 RIFEFEY CHSTI B R SRR ¥ SR L) NT REER B W
Fig. 5 NJ phylogenetic tree constructed by amino acid sequence of CHST1] gene from different species
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T 1% S s S oH 0 1 "~ ) ' Ve
FEB P LAl BRI AL 2257 .36 (P<0.05). Fig. 7 Expression and localization of HcCHST1I gene
Fig. 6 The relative expression level of HcCHST1] in Hyriopsis cumingii edge mantle
in different tissues of Hyriopsis cumingii a. Negative control; b. Positive signal location map;
Different letters on the bars represent significant IF: in fold; MF: mid fold; OF: outer fold;

difference between different tissues (P<0.05). DM: dorsal mantle; VM: peritoneal mantle.
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2.3 RNAi T3 WFEF A R0

ST HUEE S, qQRT-PCR 45 WoR: 254l
(PBS) 5 FAYEXS BB 4H(GFP) LB i 22 5, i s2 ke
1) HcCHSTII FiRpaml, #H3h 83.89%,
KT IR 2 (P<0.05) (I 8), SEM HH 45 3t
N, BERESCA /N TR DL SE S5 R 1 B R T R 2
(GFP)MZE FI(PBS)HES 55, SCA iR R IH G
W, BN, M2 ZE IR Z T 6 H 2,
AN IERABFF AT, — Rl ik 1R 55 T AR A
MAESCH /N I 2 X IR (GFP) R 2 14
(PBS) 1581 A DL e iy #E 2 45k v, b I HE 1) 3%
FF, FRMEEH, BB, I B & iR A
WIS /B TF . V2R HeCHSTI s, ik ZEh
MA DL 0 AR 78, AR IR A R, Rk
Z[A] H B8O i iH 82 (K 9)
3 itig
3.0 BEEBBERFIGMERRSEHNLSHT

itk 5L 2 B i S — 2 01 B A 1 ik R A AT 1Y) AR 1
Ko TR B RSB (CHST1 1) 2 i R
AR RIS R L IEE, (FEremizlsh it
STz, ARSI D o ARG = AR
BEBRRR K H R B B W (He CHSTI 175 M3 g

B9 TSI AN R AL B2 = A LA B2 2R )2 AT B2 (9 41 4 v B 4

§ ; . AT
an b _ S e *af Z 3
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Fig. 8 Expression of HcCHST1I gene in the edge mantle
of Hyriopsis cumingii in interference experiment
ds-CHST11 was the experimental group injected with dsHcCHST1!
interference chain, PBS was the blank control group injected
with phosphate buffer solution (PBS), and GFP was the negative
control group injected with GFP interference chain, ** indicated

significant difference among groups (P<0.05).
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a. R Z 2000x B HE 2 EE; b, HOKZE 3000x B ERZ EME; 1. FATEXBL (GFP);
2. X HRAL(PBS); 3. 5L 41 (dsRNA-CHSTII).
Fig. 9 SEM images of the nacreous and prismatic layers of Hyriopsis cumingii in different treatment
groups during interference experiment

a. Prismatic layer image magnified to 2000x; b: Nacreous layer magnified to 3000x; 1. Negative control group (GFP);
2. The control group (PBS); 3. The experimental group (dsRNA-CHST11).
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Expression characteristics of the carbohydrate sulfotransferase 11 gene
HcCHSTI1 and its effects on shell formation in Hyriopsis cumingii
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Abstract: The negative charge of sulfotransferase can enrich Ca*" and promote the nucleation and growth of
calcium carbonate crystals by increasing the level of sulfation and transferring exogenous sulfonic acid groups to
polysaccharide chains. Although the pearl yield of Hyriopsis cumingii is very high, the overall quality of its pearls
is still different from that of seawater pearls produced abroad, which is one of the main problems that remain to be
addressed in pearl culture industry. Organic macromolecules such as proteins, polysaccharides, and lipids play an
important role in the process of shell biomineralization, collectively referred to as shell organic matrices. In recent
years, research on the biomineralization mechanism in H. cumingii has mainly focused on the functionalities of
matrix proteins, whereas the roles of polysaccharides and their respective synthesis enzymes in the
biomineralization of H. cumingii remain to be elucidated. The main component of shells is calcium carbonate,
which is similar to that of pearls. Thus, studying the effects of sulfotransferase on the formation of H. cumingii
shells may help improve freshwater pearl quality. In this study, the sequence characteristics of the sulfotransferase
gene HcCHSTII in H. cumingii were analyzed, and the potential functions of this gene in shell formation were
further explored using real-time quantitative reverse transcription PCR (qRT-PCR), in situ hybridization (ISH),
and RNAI and scanning electron microscopy (SEM) detection techniques. The results showed that the HcCHST11
gene open reading frame (ORF) was 840 bp long and encoded 279 amino acids, containing 1 sulfotransferase
domain. The tissue expression specificity analysis found that HcCHST11 was highly expressed in the edge mantle.
The in situ hybridization results showed that the positive signals were strong in the outer fold (OF), middle fold
(MF), and at the connection between the middle fold and the inner fold. After interfering with HcCHST11, the
expression of HcCHSTI! in the edge mantle was significantly downregulated (P<0.05). Seven days after
interference, SEM detection showed that the shape of the pearl layer’s aragonite platelets became irregular, and
carbonate deposits appeared on the edge. The organic sheath of the prism layer became significantly narrower, the
crystal surface was rough and protruded, and cracks formed between the crystals. Functional characterization
demonstrates that HcCHSTII serves as a master regulator in shell biomineralization, orchestrating the
development of multilayered shell structures (periostracum, prismatic, and nacreous layers) via sulfate-dependent
modulation of organic-inorganic interfaces.However, the specific mechanism by which HcCHST11 regulates shell
mineralization remains unclear and needs further investigation. The precise mechanism through which the
HcCHSTI1 gene governs shell mineralization remains undefined, and further exploration is indispensable.

Key words: Hyriopsis cumingii; carbohydrate sulfotransferase; gene expression; crystal morphology; biominera-
lization
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