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ECRA TR GS G, B A RNA P A WP R A SRR R B 53 AR AR Tl 28 T ik

B — A~ A S 2 WS SR A RNA U 4
ARWAT T B, A RALE B Smart-seq .,
MARS-seq (massively parallel single-cell RNA
sequencing), Drop-seq (droplet microfluidics-based
platform). 10xChromium %5 = i &% 51 24 it %% S 41
I PP HE A, Ay g s B2 e PR 3 IR 41 1
B HAR SR,

B A HOR B AT, BN L RNA I 4L
AR A TE [ R AL™, IR A AN T B,
TR JE T2 M5 B B W 2 T+ . 10xGenomics, BD
Biosciences. Ilumina 55723 w] AHZAHE T 548 g 0
F¥-5. Hr 10xGenomics WM i N 12 . %
V-5 I A& 1) 10xChromium HA 8w 19— B AR
BOE™, B AR R D AL A
I HAR A S5 A T R R Ak . B
R EEEHAG R Ir 0msR A sh koK g
FHERAE O EHE, B0 a8 ] — PR 4
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2 3% WA IR A, IZEOR Tl AL K B SO
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RNA I ARG i 1l 4 7k AN [R) T A3 Sl e
A0 Bl RNA I 5 (scRNA-seq) 1541 fifd % RNA
Il 7 (single nuclei RNA sequencing, snRNA-seq).
scRNA-seq 77 Z2F H bn 21 23 25 0 P 40 it B,
Xof 0L ) A7 106 A e R, — M T e 2
HREAR M H] £ . snRNA-seq & X H b2 2147 40
MOAZ AL, X 40 A 1) 58 B MR B K,
— W TV IR EREA I ) 5 o X PRI i i 4%
FHEEKEMYE, scRNA-seq 1XiE F T i 240 218
A, AT & K400 (B KT 40 pm) AYFE
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3 Sk PSP L S AR AR (8T 1) SCPE AR EE )
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Fig.1 Schematic diagram of single cell RNA sequencing
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(a) sample preparation, (b) library construction, (c) data processing, (d) data analysis.

Fz1 B RNA NFRAREKZFRENY £ A
Tab.1 Applications of single-cell RNA sequencing in aquaculture animals
Z }'é ALy, 3 Y I
Ao o oy WL W B30k
classification species organization approach/platform research direction references
HHESN) JeB ¥4t Oreochromis niloticus LB scRNA-seq; 10 platform P75 2 PR [26]
Vertebrata  jg@widk s Oreochromis niloticus I scRNA-seq; 10x platform % %%Q‘%E S 4 [27]
SR
KW EES  Cynoglossus semilaevis bt scRNA-seq; DNBelab C4 tﬁﬁiﬁ ISy RER T [28]
JL P
A Cynoglossus semilaevis GEEL scRNA-seq; DNBelab C4 0 555 20 i [ [29]
R BEE Epinephelus coioides i scRNA-seq; 10x platform RGN ZEINFERT B ) [30]
i 2 i P
AT ABLf Epinephelus coioides jrg scRNA-seq; 10x platform AR 5440 i Pl i [31]
KEEWE  Scophthalmus maximus scRNA-seq; 10x platform o 2 20 i 1 v [32]
[ =717 NN
NN )
KEEWE  Scophthalmus maximus g&'f%‘ . JBJE.  scRNA-seq; 10x platform G I 41 L PR [33]
i, 5
KUyt Salmo salar filf snRNA-seq; 10x platform 4 i PRI [34]
KUyt Salmo salar JFE snRNA-seq; 10x platform T 320 41 A e e S o [35]
)T 44 i P
KVGyeEE  Salmo salar Sk scRNA-seq; 10x platform I B I I R S e A [36]
fita %
KPP Gadus morhua EHAE scRNA-seq; Drop-seq I ECL 4l P [37]
W, AHAMA. ARG A sl scRNA-seq; 10x platform G 925 401 i P [38]
Chelonia mydas, Trachemys scripta
elegans,
Chelonoidis carbonaria and Pelodiscus
sinensis
W% Oncorhynchus mykiss 14 i scRNA-seq; 10x platform 1?;?}5$H1$% g2 [39]
TS BT
UTH%  Oncorhynchus mykiss B4 scRNA-seq; 10x platform AEET B R [40]
P
% Monopterus albus A scRNA-seq; 10x platform Eﬂilﬁ Lo o4 [41]
Pk
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“ER
5 it 415 WA T BT B4 301
classification species organization approach/platform research direction references
BHESH T Paralichthys olivaceus SkE scRNA-seq; 10x platform I B Y5 3k 4 [42]
Vertebrata Pl
eI Protopterus annectens fili, 8 scRNA-seq; DNBelab CF110x  Jili. #8240 iy & i [43]
platform
Wbyt Lates calcarifer IES scRNA-seq; Drop-seq G S0 A Pl [44]
RREY) WHGHGRS  Ciona intestinalis i L2 ff scRNA-seq; DNBelab C4 S [45]
Urochorda WESIGHS  Ciona intestinalis AR scRNA-seq; 10x platform N AR E L] [46]
B RIERS  Ciona savignyi iy} scRNA-seq; Smart-seq2 IR 1 R [47]
R B R Patiria miniata i scRNA-seq; Drop-seq N SRS [48]
Echinodermata yeyepn Strongylocentrotus purpuratus WEJIf scRNA-seq; Drop-seq VR 230 L 5 2 P 7 [49]
WIFNE  Strongylocentrotus purpuratus IR scRNA-seq; 10x platform RfE R B it % [50]
LIUENE  Strongylocentrotus purpuratus )4 scRNA-seq; 10x platform &) A i [51]
Rilek] HEAU  Exopalaemon carinicauda #3241 scRNA-seq; 10x platform A i P % e o [52]
Arthropoda M) J
FLAEXTUR  Litopenaeus vannamei — FJERE scRNA-seq; 10x platform %Eﬂaﬂ I I A4 [53]
5
FANESTUR  Litopenaeus vannamei LR E scRNA-seq; 10x platform IfL 948 E 4 i P % [54]
FLYNERTUR  Litopenaeus vannamei MUK EL scRNA-seq; 10x platform WV AHTR & 5% 72 T ifi ik [55]
4 i Pl
HABEXMR  Marsupenaeus japonicus MLk EL scRNA-seq; Drop-seq I 9h8 EL 290 i Pl i [56]
PET X Penaeus monodon }%H}iéﬁﬂﬁ@ﬂ 1k scRNA-seq; 10x platform 'Z‘?\’E&Hﬂ% ;l\;ﬁﬁﬁﬂz? N [57]
4 T
L7 ¢uNmILY] s Wi Crassostrea hongkongensis IR ESL scRNA-seq; 10x platform i B R T I 41 g P [58]
Mollusca TG Crassostrea hongkongensis LR E scRNA-seq; 10x platform 1t 41 fife v [59]
WRSRFE D Patinopecten yessoensis P52 L4 scRNA-seq; 10x platform P L4 i el [9]
& W s HERFEMDIKEE  Clytia hemisphaerica  FKIS/KBEH A ZS scRNA-seq; 10x platform EAN AR 240 L [60]
Coelenterata

TR B AR R 7R W0 G RE SR SRS 3l 9 =
B A1) B N e VI U 2RO e

21 &%

L2 i A SR AL P B AR AE f 2E e R
ERTELB YR Y B AR 2 A K
WL, ST T 0] 3 S e ML R AR Bk E R A
%[26-29, 34-36] R

FE G B ML 98 7 T, Niu % 29 1 R
scRNA-seq 2z il T8 % % 9E 1 3 5 1) e 5 20 Mo 5%
SRAENE, S BAIM . T 400 . ARRe = vkl
JfLBEPE LML (NCC) FlERA%/ L AR (Mo/M®) 4 Fif
YIS Y, TR i A S SO R R R R R R
NCC #—2H1 453K 4 AR, IR H firh NCC
RS — R e R IR, AR SE 28 NCC (1943
b S HAEAR S B HE I ) T 0% R 48 rh B D Re B9 4
T EEGEE . ZTIEZ I hvenl FEFE Ry
SEHFIE NCC A & MR A S st T i Bk s /R
Wu 25 H| F] scRNA-seq ¥ e % 2 £ 3k B 40
ML AT, SR i S Pl e 40 i RE (B 4 i
T 4NA . PURIARAE . B WA I FIAR SR A0 A ),
HT AR AG I 2 4 Fp VAL, 00 R R ZEEME A
ARG 028 T 4 M S e 2 200 it 1) O R oAk 4 it
THZ%ER. Wang 5 FlH scRNA-seq Z: il 17 4}
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WA BN S A RS, 153 5 Fham s .
PN . DRI . BB TTAM . faR
AR PN R A, RGNNV L5, S pe 4
i v B s 4 s B S 3 EL R 2 e R ¥
FHAFLEEDZED, L4t GLUL #1
GLU3 Zi % il > fe 2, BUIESE 72 RGNNV
FEMY 5 AN o % WF 58 Bl FH scRNA-seq 4 AR a1
WPk T 18 00 a5 2 B AN I A e B R AL, oA
i b £ 208 S 1 3 BRI A A SRt TR L

FES I B FE B A AEALHRI 7T, Lin 52
FIIFH scRNA-seq A4 8 1 2= 1 7 65 O S5 %) S0 200 ffa 5
SR, %o b 3 ORI & B R A 9 A B A1 i K
SRR AE, 40 R AT A R R, i
5 FLsh i 90 & AR ARARL,  H AR B A0 S AR A
Ml AEAERURAE R, 5 R [ A AEAE S o
PO S A A R s, i T RS S A
(Macaca fascicularis) U3 ¥ J& = A0 09 A i3 B2 4R
HARSF o LA, BFGEE ) B0 L e A i by
TR SR £ R D A R AR TR ALY
g S AP AR TE AR MR 6 FR RN, K IR N fR
(9K Jirt 4 L Ca® {5 5 38 2R DG 25 DN 3R TR AR,
CaSR J&H Fl MAPK 1555 N ik LA, K5 H:40
Mo IR B 248 s AN R, AR R MK 7 &AL
T FNEME S P A 58 R G IR T BB &K
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22 HF%

RS E K P FRFE A T i R, RSS2
FKA: W 523 rh S 40 R e 1 B 2 2, A
5 FLOABEXTHR | BETIXTER . AR RS, F8
PO B PRI I 3E 1 2 HIL R RN e e A LI A . B R
Yo J% R G0 e JOH HESH W I e — BT 1H R 58, O HE
YIS R P R G — BRI H O E R A,
R TCH HESh W) 56 K s 4 M 1) 22 R M R D) R 7R AR
RFREE IR ARHRYSY, B2 By AR 1 Hh A
T TCHEHES Y e R G IIRENT ST, AT 3 RIS
R BP0 i 2 Sy 2H 0 P R AR X BR 2 10 e i R G
HEAT TIRAMESE, L 2RSS AR | i 4 i
TEARIBLH T 40 M8 B3, 0 8 1 W e i i
B, R T RS B B E AR G Y SR T RE

7 HARHEXF IR, Koiwai 250 AR 3 2R 20 g 54
SRIG A R E 6 Rl AN HISE A, K H A ST IR
MANMLHEAT T 58 —4r2, JRHEN T 215 i 40 il A
IR o3 A IR AR RN R S FEAE A0 A A A BT
Yang %55 5 B scRNA-seq #fi & T FLYH T XT B IfiL bk
EL 3 Fh B A e AN A . D A AR . ERR i 20
FUKLAHML , a8 SC T — o (4 E W 240 B A A (PRA%
AR AH M 2, MH2), AR RE AR AR Y
B LR (Vibrio parahaemolyticus), 5 ¥
Y E R AN bR O A — Bk, BRI A
FEHERT RESE 7L sl E 20 i A A e AR, Xt
PEARAETE A, — 2L IR ST 1Y W FL 3 ) 1 40 L b
ICHER AT DL T o E HESh Y B i M 2R A e . ot
Hb, BTRIR GG o T A A Y R R, J#E T
JUAP T A i 200 B 0 40 B 07 s, ek 7B
R R ML R MRS [ 53 2 1 40 L DD REAN T . 40
LT AR 5 RASTR) <5 7]

PRI 038 23 % MRS 0 i R G838 UE R, Il
20 L AR R BE 38 T 2 A A AR N B 2R BNy, A3
AN W A2 A PR AR Y, 58 3 R scRNA-seq 43
il 5 ML X B a0 200 B 3, A I UKL 4 i
FIVURE 240 Jf 2 FL AN Ve 6 MR A R 6 38 =
PR R 1 A M Y L ST R T B X
N FH JERG A 0 248 L P B 400 B 2 S TR, 2 il 7 A
SRS, fEEIA T, XTUF R PA AL R G
proPO R F WG, AMPs, proPO., GST45HE
I 25 DRUAS AT DAAE A %o BF 20 Bf A 1% b ie 3 1A
U 78X 20 i 53 A6 RN ) RE T 9B M vh A 4 AR
o BEAkh, WF5E A B LA I ) BR AE AR IR P aE T
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JFF Rt 240 4 o 20 M DS B 23 0 2 S AR S 5 T
ST A B R B AR, O PN X R S
A7 FHLRIBE SR AL T H 2R,

23

T HRGT UL S LA AL 2% 20 B 4 A B HLRRAE
Sun 55 PR B DU EA 72 LA R SCLFR T 3 L4
BIPEAT T A0 G ALY, S DU KR4 i
BBV I (151005 i 11V AN 21 AN N 2 SR
EL AR S 20 P AIMEERE, 454 BrdU-PCNA XU
REDSCATI | P 28 TC R TP e €0 R L B0 R T 45 1
WL, AW T B DURE SCYL A 1) 78 5T 20 i RO pf 22
JGHYZS B AR AR o FFR 45 RAUE /R T i DL EA
FC LA 20 BE 0 20 e S B Pk, i L DL 2R LA R0
PR K A R D) e R AR A T AR B . PSR
# I scRNA-seq $ AR X 7 s 41 05 110 40 e 147 43
M, JRSERE 13 AR, 43k 3 Fh R
S 2 1) AN o 1 v 1 O S ez R o = 311 i o
(I R kA, JEEWTRE A0 32 B2 500 e 0 2
FE WL AR, RS, ST R A s A
DU J 53 AT 8 5 A 0 ) 30 ot 48 7 S S P
JO7, ISR £ s i = 1 A 3 e R A0 L,
ML TR, IR s BIHA AR ALY, X
Sk A s A A B3 e o LR AR T A S
A A LK T AR TS e s IR AL T AR AR5 B

2.4 FREZEh4D

TRz B, scRNA-seq 3221 ] T iH A
g B IRSrAL Z BOESE AR B4R 43 b H5 A 44
Mk &R, TR b R B, HREEE T
SR IG A B o P a A, IR AT
DAPT 1 C59 #1jv il 7) & #ii i 5% med IR Jits & 8 1 o 262
{55 % . Wnt Fl Delta/Notch i, Bij5, ¥
e BH 7 v IE DA 8 441 i 1A 2 i A A B 40 ) 200 28 A
KeFeikA k, #HT Veg2 i RN S CE R G
HEFE A Y (primordial germ cells, PGC) F 4k~ 5H
i 1 R BRI, LAk, Foster 2 2 1
A S Y = E AR 6 ARG & B B I B B
ML S 2E, FRUCE L 20 FRAHBEDIRES, XL
JIE SERE 30 R R e rh B ) Al R S, 4B R TR
L L 1 &0 25 1 Rl 1) 2 R S AR Ak, R it v
HEW & B RN IR AT IR S 4L T 8 S +% .

2.5 Hfk~=¥) G, KB
bR T R K = s KB AN, BN RNA
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T 5 AR O AR B B g b, 48R
R DL R RG oAb & B LS 4 . Li 6
XoF B A R S AE B A0 BT T BT A RNA U
JP, ST 6 MANFEPRA AR Al Mk, B
TR T KA R v ) sh A 5L R e sk G SR
FRAG 4 Tk £ 200 i IV 750 TR0 B0 B YA A Ol 2 2L ) 5
HEHE . Zhang "7 I H scRNA-seq # & T §# X
VA DA A2 B0 21 i i R 1 B0 B S 4 R, 3
WETE 47 PSR, I AN RS R T, B EE
K MBIERER R A ], RS R R S IR G
KB LS R 5 25w A

2.6 IKFEEhHIZMAE marker £ E B INIK

FEFRAR G SR o, R marker 35 G
WP ARG WA MR T 2 e e, B i b
OB . Al $R 3538 Y marker JE PR AN
BACEH LI 43 AT A S B R R, ACRT /N R 4 i
marker 3 H {5 B2 HErshyh i 2, H Cell-
Marker %5 9 2 5L W sk 1T AN FI/IN B 656 Rl 2H 24
2 578 FPAN IS | 26 915 N4l ifd marker S K7,
EARUNRAAL, 7K 39 ) 4 M marker 5 44
TR, JUHE W SE A D] 2 4F B AT ST
WZ . DIfebtoe i i R R . bR TR A
P& % ZFIN (the zebrafish information network) Z 4h,
Zebrahub F1 FishSCT {4 A2 /2 5 5 £ 1) P 4> i 2L
PR R S SR A B P, b RGN T B 2 A 4
MuZEAY (1) marker KPH M VAR 1Y) marker BEBH, A4
A PR T IR A AR B PR IRCY, Hirh Fish-
SCT J& H [ b 27 g 2 8 7 1) LABE Hy £k ot 1
1020 B i SR A AR o, R BT 8 A A2 59 B
20 25 A Y 116 4> marker £ K F 13 165 S A1E
marker & K DL K KB () BN A 3R 8 i Rl e . X gt
B PE AN 25 B £ 1) BR A1 Jf 27 S 4 i 5 it T
EEILAE R, WO HAL K= syt T EE S
ZAEE . HET4 AR K= s #sE = 4 A4
b Y 200 . marker FE PREICHE 127 o3 o040 i A SR 2 BOHE
i, BB A0 marker JERAR /L, FEE L5
FEARSF Y marker 6 o 451 42 55 40 B2 A9 marker 3
vasa. nanos. dead. end 55 "™, A4 BE 40 i
marker 3% Al DLT15, WCL38., CD8 %', [Hiit,
VFZ 7K™ 1) 520 W e S 2R 8504 e BB, R
FHE S A0 A0 M marker J PRPE AT 41 it 2 AU 4 Bh 43
B, X F—2b[a] Y5k L5 i ) marker JE[K, BF5Y
]G5 A S A B e B PO E i PCR. iR
I A8 S F AR EAT marker KL BGAIE, P T 40
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RIHETE o H BT A7 3R T — BB AR X DR ST 20 Y
BU(A0 T 400, B AN, EWEAN M AR ) 1% E D
s o AR, JEN — 265 A R 20 i 2 R
SE R

3 HiEH

PR A S 2 DN B AR ) R B R 2K Bl Y
A0 M S L TR . AR R AR L SR
P SR TR B T 5mA A9 TR, B H AR Y
PR REE AR/, JUHAE TR S (n
UMEEDE | DU2REE) rR R HTE A R H R
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Applications of single-cell RNA sequencing in aquaculture animals

YU Hong "  LINXi', LI Qi 2
(1. Key Laboratory of Mariculture, Ocean University of China, Ministry of Education, Qingdao 266003, China;
2. Laboratory for Marine Fisheries Science and Food Production Processes,

Qingdao National Laboratory forMarine Science and Technology, Qingdao 266237, China)

Abstract: Single-cell RNA sequencing (scRNA-seq) is a revolutionary technology for high-throughput sequen-
cing of RNA within individual cells. Since its introduction in 2009, this technique has undergone continuous
updates and iterations, proving to be a transformative tool in the field of life sciences. It has found wide-ranging
applications in developmental biology, neurobiology, immunology, microbiology, pharmaceutical research, dis-
ease treatment, among other fields, demonstrating broad prospects. The versatility of scRNA-seq lies in its ability
to unravel the intricate heterogeneity and complexity of RNA transcripts within cells, thereby facilitating the
exploration of different cell types and their functions in organisms. As scRNA-seq technology continues to evolve,
with advancements towards multidimensionality and spatial resolution, it has emerged as a powerful tool for dis-
secting complex biological phenomena at the cellular level. In recent years, the widespread adoption of scRNA-seq
has been facilitated by reduced sequencing costs and enhanced technology stability. This has led to its rapid expan-
sion beyond model organisms to non-model species like crops, livestock, and aquatic animals. The extension of
scRNA-seq to these organisms has yielded transformative insights into cell heterogeneity and function, marking a
paradigm shift in our understanding of these species. Notably, within the realm of aquatic animals, scRNA-seq has
gained substantial traction, driving a profound exploration of cellular dynamics and mechanisms underlying vari-
ous physiological processes. This paper provides a comprehensive overview of scRNA-seq technology, its sequen-
cing methodologies, and its applications in aquaculture animals, alongside a synthesis of relevant research findings.
It encapsulates the breadth of scRNA-seq applications in aquaculture, encompassing diverse sample preparation
techniques and sequencing platforms while highlighting its inherent advantages in studying aquatic animal biology.
Furthermore, it delves into the challenges encountered in applying scRNA-seq to aquatic animals. These chal-
lenges include the scarcity of marker genes, limited availability and inconsistent quality of reference genomes, and
the need for further experimental refinement in single cell suspension or single nucleus preparation methods.
Moreover, this paper offers a forward-looking perspective on potential applications of scRNA-seq in aquaculture,
envisaging its role in advancing our understanding of cellular function and regulatory mechanisms in aquatic
organisms. By illuminating unexplored avenues for research and innovation, it seeks to inspire further investiga-
tions leveraging scRNA-seq to unravel the complexities of cellular dynamics in aquaculture animals. Through
interdisciplinary collaboration and technological advancements, sScRNA-seq stands poised to catalyze transformat-
ive discoveries that will shape the future of aquaculture and contribute to sustainable practices in food production

and environmental conservation.
Key words: aquaculture animals; single-cell RNA sequencing; cell heterogeneity; cell linecage
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