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Abstract: [Objectives] Single-cell RNA sequencing was used to investigate the cellular composition of the
three hematopoietic organs-kidney, liver, and spleen of Gymnocypris eckloni. The study aims to systematically
map the cellular composition of these organs, and to accumulate scientific data for the study of the
haematopoietic system, particularly erythropoiesis, in this species. [Methods] Single-cell suspensions were
prepared and sequenced using single cell RNA sequencing software to clarify the characteristics and
differences in the distribution of cells in the haematopoietic organs and to construct a preliminary cellular atlas
of the haematopoietic organs of G. eckloni. [Results] Cells within the three organs of G eckloni were initially
classified into 16 subpopulations based on the sequencing results (Fig. 2). This, combined with the expression
of the top 20 differentially expressed genes and known marker genes for each cell population, identified a
variety of cell types. These included erythrocytes, neutrophils, T cells, B cells, dendritic cells, epithelial cells,
macrophages, vascular endothelial cells, myoblasts, fibroblasts, monocytes and neuronal cells. There is
considerable heterogeneity in the distribution of cells in the three organs (Fig. 4). The G eckloni had a
relatively large distribution of cell populations involved in erythrocyte functions, the kidney had a relatively
large distribution of cell populations involved in the immune response, and the liver had a relatively large
distribution of vascular endothelial cells and myocytes. [Conclusion] The similarity to the haematopoietic cell
types of the Zebrafish Danio rerio demonstrates the high conservation of haematopoietic cell development and
evolution. According to functional enrichment analysis, G. eckloni, like most scleractinian fishes, has kidneys,
spleen and liver, which are not only involved in haematopoiesis and erythropoiesis, but also play roles in
immune system development, response and other processes. Meanwhile, the present study complements and
improves the study of the haematopoietic phylogeny of G eckloni from a single-cell perspective, shows the
characteristics and differences of cell distribution in different haematopoietic tissues, and provides a certain
research basis for further predicting the developmental path of erythrocytes in G. eckloni.
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Sample Raw reads Valid barcodes Mapping reads Cells Fractionreads =~ Meanreads Median genes Total genes
' Kidney 334936 175 98.1 80.2 6123 58.6 54701 963 21200
JiF Liver 332799 455 98.4 86.7 1901 56.0 175 065 783 19 847
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Fig.1 Map of filtered celular information of the single-cell RNA sequencing data for kidney, liver and spleen
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a - c. Filtered cellular information violin diagram: a. Kidney, b. Liver, c. Spleen; d - f. Scatter plot of filtered cells: d. Kidney, e. Liver, f. Spleen.
nGene. Distribution of number of genes detected in individual cells of each sample after filtration; nUMI. Distribution of number of unique

molecular identifiers detected in individual cells of each sample after filtration
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a. t-SNE plot for all clusters; b. t-SNE plot for different clusters in kidney, liver and spleen; c. UMAP plot for all clusters, d. UMAP plot for

different clusters in kidney, liver and spleen. t-SNE. t-stochastic neighbor embedding; UMAP. Uniform manifold approximation and projection

Table 2

K2 FAREHCER

Marker genesfor each cell subpopulation

MR Type of cell

FRiCHE K Marker genes

LI Erythrocyte
R4 A Neutrophil

T 401 T cell

B 4fiJffl B cell

| Je 4H A1 Epithelial cell

EL W4 Macrophage
135 P B2 4H A Vascular endothelial cell
JUL4H I Muscle cell
FREFYESH Fibroblast

H %412 Mononuclear cell
PHE I Nerve cell

B TR Dendritic cell

hbba2, hbae4, cahz, hemgn, npml a, gatal, cmyb, kif17

mmp13a, mmp9, mki67, mfap4
trag28, zap70, rps29

cd79a, ebfla, epb41a, tnfrsf17
epcam, cytl, krt4

grnl, grn2, clqc

spry2, etv2, oit3

actclb, mylpfa, mylz3, acta2
colzala, tcf21, mme2

lyz, csflr

elavi3, tubalc, rtnla

tmsb4x
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Fig. 3 Cdlular annotation of all cell subpopulation in kidney, liver and spleen of Gymnocypris eckloni
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13 FEA WA T LA SR I 20 R S A E R R =R L 2 0 <77 -

(R TSRt SR B o P PRI 55 NS T DA
SO UE AR IC A RBE AR,  1T ELIE BEFZ 4 AR
AR, Z5EIhRe T, XAELE A
ITHAMAA (EZEFE 20210, 40N
FEAR i 5 O B 428 DR 7 S o Mk 2 B A
MFIEZE S, SRt e e i i SRR I 45 1)
HHTE. Giladi £ (2018) ilF5Z, Cebpa sZ&if
2533 N\ Bl F A ia I OB R 1, 1rf8 A PULT 6k
o= BH L 5 B AR dh M SOk A B A s 1 4304k
32 {EIEAFERE A E 40 ELE A

b A0 B PP e R I R G R B H 1
I, AR R & iz Bs
FLACIR BT, (HOCT AR PR N LA R K B
B IR A AT . R A TR RS
Tk A TR SR 3G L A AT N IAE R e SR
BARX AP FRBSZ— (Ra K 1991),
TEBE R A ARG (0 R SRR PRI,
A FL i O 4 I T AR AT o i
FLLHMRE DL, AFE DA 1L
I 5] PR 2 S5 AR SR B A

AHIE TR =i i 3 B 00 SR A S 4
WP AR AT T AHM R b, ER . Th
RE & £ 0 i AN i A S B It o A, e T 4K
B AR = o3k I 7 P () A B SR A . AR A
W7 25 F¥s =Fh 28 B WIS 738 16 4
TR, g6 RN MU AT 20 N2 R RIS IR
Mo Fibric R F RE (FRIE 2022, kmH)E
2022, ZEH 2023), A0, 1. 5F110 WEHf
RNANFEZRBI L A0, 2 A 8 TERE A Hokig
M, 3PHEN T 410, 4 WEEAM ISR, 6
AN L R a7 AN ERELN, 9 RN
A A B2 A, 11 AR WL, 12 SEAE Rk
LR, 13 WA NERAZYEME, 14 WHAN B
i, 15 WHEAMEAM. 22K (2023) @
AR RNA T2 T B f Sk 14
BITE, Y5 7 13 PR, AT,
G MAHZHA . 1 FRRRR IR RAHAP . 3 FhA
[ B TRT 240 B 2 A [ B B g P 40
WETR RN AR . B 20 B 43 R 1) [ M D

B #RE4HAE. T MRELHAELL S ) . 2
B (2022) T8 BET A AT S R S 4
M, %€ H 10 Fhan s, f4E Hepl . Hep2.
Hep3. T Zff. ek stz amp. k5 vk B
diff. RHEEVENI. R, B A
CLAHM X BERIF T 45 5 A SO 9 25 SR AR,
YR F R R . IR R =Fhs
g b, UERR TR G RS E R R
PREFIE . ERARIE I 200 AR AN i 240 P 1 28 2R 7 6 A
NP AR, (R E N SR S SRS
YVEEIE ST P MBERA, B
Fto Paul & (2015) % HfE 2 HH 40 Mo AAdk
1790 HT, ¥t SguE LML FRE KM LT
T (PR 2R - B R AH A R A% - 20 SR AH At i 1
%53 18 FLAE, IR L4, Ei%
YT A B AR AR VAN AR 8 B AN R RE FE 1)
e etE. Villani 5 (2017) GEHUEE ASR
JE MFE AL & ThE S R B AL K Sl i B
HRIAY 9 6 AR, BTGNS EA% 4 T
B, HE—D R T AR A R R R
SRS . Xie &5 (20200 57 7 IEHIEM T
I I /A 20 PR SR B S s, SERSE T
32 PG MR, 2t 78N e B N LR Ea4H
MRS, B2, EARRFRMLERT, AR
B 5] PRI PR 8 A A A 28, X AT e AR B T B
2l b A I P 945 JEE D & A1 SR B 4y K
WL ARG, AEEE, Ll FEEEm
YT R AR D HLLGROR S . A — Rl T g
ST, TEBERRARAE AR SR P, 3 i 2
A ] 5, 1 2 Hp R R T R A7 5 I ()R
FETCTEAHIIX — B[] P 48 .

AR DR E R, e T X e
FSRALIE R I T EA1& B T RRAT AR ThAE, K
DIAEBE R = Fh 3 2% 5 A A AN S 5 i
M HRKEE, mMHNFRZERFNKE -
RS R R IE—EEH . T, B
ARG M T, S M g ERE, 7
75 A B Ao 92 S B P R B B AR A (Kaattari
etal. 1985). M50 &K (Ferguson etal. 1982),



<78 » 242 & Chinese Journal of Zoology 60 &

280 M TR AL bR 0 4 B v S 3 T 6
(Oncorhynchus mykiss) &P, #Eid 70%H17X
SHEAGRAE S ORI, B SRR E R
O R LT A 3 L SR AR, W] DU
AU HERR Gy, I AT DA IR 8] DA f9%
BEMHIEARFPUR (Agius 1980),

MRYEAN oA S R T, R =Fhes B
&M MR EER, BhS5W
ST A D e B A A oA o5 EEOR, B
PERIZHAE. MOOIRAIAE. T 4088, B 4188, B
Wi 2 6 A F A A A o AT o B ABOR, T b i
PN R A L RTULA i 23 A o LUK, HEEIIAE B AR
B O TIE MAE M E ST, BEH
R AR L, AN EENE 2 5 LR E AEH ,
1M HISRE R FE — € B s Dyae. BRI i 4
FSEAIR, (AHAAAES 500 R LL40 M T RE
UM AR, HENAEPEARAE 1) B — e MiE
MIIHE.

ZR ERTR,  AHE TR F B2 B s 2
FE AR e A AR — b idh 1 2% B (0 20 iR 1A
WE, AR AN TS S AR AR LR, T
M ERER EEIhRE, i = Fhid i &% 5 g
WL ox A ot . EEEE 12 PR, g
SR, R, T 400, B 40,
PEoORanAE . LA aniE. ENEgniE. MmN
S, WAL, T4, AR
M. WRABIIREE L0, EDERRERE .
MY S 5igim . aMBKIEE, mHST
R RGIIRE IR E—EEH .
HR S =i 3 B 40 M o0 A e B Ve o, HE T A
B RE L DR AR B G A E, FATReA
HEIE MAR T o ASHIFT M 20 B A FEE 0T FE AR
& M R G K G AT T — 2 MRS 5%
2, RIS A I 2% B e A0 AR TR
FEt, WY JE SR — 0 T AE B AR A (1Y) 21 48
(1R B B AR TR — g BT 7T Al
PR TS 1 AR (http:/

dwxzz.ioz.ac.cn) o

Z2 % X W

Agius C. 1980. Phylogenetic development of melano-macrophage
centres in fish. Journal of Zoology, 191(1): 11-31.

Akashi K, Traver D, Miyamoto T, et al. 2000. A clonogenic common
myeloid progenitor that gives rise to all myeloid lineages.
Nature, 404(6774): 193-197.

Alberti-Servera L, von Muenchow L, Tsapogas P, et al. 2017.
Single-cell RNA  sequencing reveals  developmental
heterogeneity among early lymphoid progenitors. The EMBO
Journal, 36(24): 3619-3633.

Dalmo R A, Ingebrigtsen K, Bagwald J. 1997. Non-specific defence
mechanisms in fish, with particular reference to the
reticuloendothelial system (RES). Journal of Fish Diseases,
20(4): 241-273.

Dong F, Hao S, Zhang S, et al. 2020. Differentiation of transplanted
haematopoietic stem cells tracked by single-cell transcriptomic
analysis. Nature Cell Biology, 22(6): 630-639.

Ferguson H W, Claxton M J, Moccia R D, et al. 1982. The
quantitative clearance of bacteria from the bloodstream of
rainbow trout (Salmo gairdneri). Veterinary Pathology, 19(6):
687-699.

Giladi A, Paul F, Herzog Y, et al. 2018. Single-cell characterization of
haematopoietic progenitors and their trajectories in homeostasis
and perturbed haematopoiesis. Nature Cell Biology, 20(7):
836-846.

Gordeuk V R, Stockton D W, Prchal J T. 2005. Congenital
polycythemias/erythrocytoses. Haematologica, 90(1): 109-116.

Hinton D, Lauren J. 1990. Integrative histopathological approaches to
detecting effects of environmental stressors on fishes.
Transactions of the American Fisheries Society, 8: 51-66.

Kaattari S L, Irwin M J. 1985. Salmonid spleen and anterior kidney
harbor populations of lymphocytes with different B cell
repertoires. Developmental & Comparative Immunology, 9(3):
433-444.

Lorenzo F, Dalla Venezia N, Morlé L, et al. 1994. Protein 4.1
deficiency associated with an altered binding to the
spectrin-actin complex of the red cell membrane skeleton.

Journal of Clinical Investigation, 94(4): 1651-1656.



13 FEA WA T LA SR I 20 R S A E R R =R L 2 0 <79 -

Nestorowa S, Hamey F K, Pijuan Sala B, et al. 2016. A single-cell
resolution map of mouse hematopoietic stem and progenitor cell
differentiation. Blood, 128(8): e20—e31.

Paul F, Arkin Y, Giladi A, et al. 2015. Transcriptional heterogeneity
and lineage commitment in myeloid progenitors. Cell, 163(7):
1663-1677.

Tusi B K, Wolock S L, Weinreb C, et al. 2018. Population snapshots
predict early haematopoietic and erythroid hierarchies. Nature,
555(7694): 54-60.

Villani A C, Satija R, Reynolds G, et al. 2017. Single-cell RNA-seq
reveals new types of human blood dendritic cells, monocytes,
and progenitors. Science, 356(6335): eaah4573.

Watcham S, Kucinski I, Gottgens B. 2019. New insights into
hematopoietic differentiation landscapes from single-cell RNA
sequencing. Blood, 133(13): 1415-1426.

Wilson N K, Kent D G, Buettner F, et al. 2015. Combined single-cell
functional and gene expression analysis resolves heterogeneity
within stem cell populations. Cell Stem Cell, 16(6): 712-724.

Xia J, Kang Z X, Xue Y Y, et al. 2021. A single-cell resolution
developmental atlas of hematopoietic stem and progenitor cell
expansion in zebrafish. Proceedings of the National Academy of
Sciences of the United States of America, 118(14): €2015748118.

Xie X W, Liu M Y, Zhang Y W, et al. 2020. Single-cell transcriptomic
landscape of human blood cells. National Science Review, 8(3):
nwaal80.

Wi, 2022. B SpT NR SE R E. B BY
b I = T R VAT

Fifhds, ThHame, SRR 2022, BT SR RALI R o Hr iz A
FEMIIENG L0 MR A R JEREE 5 IR, 4205):
776-781.

RN, 2016, Bt T fh i i A Sk B () 4% H) R HE B HC LR R b
KRR, Al MR R L 2 1 S

BEGH], BEEAE, KA, S 2015 (AR KT 2B TR E
SHPEBRIRIE AR, | ARG PER 4R, 35(4): 17-23.

IR, 2022, FETH A I 5 A B £ JFF U A e R PR .
bR et 3 S Y N TR VAT

224, PR, 2014, ST AEHEBRETLA R 0 W 5E 5 IR
fir. TUNIEH, 33(6): 923-925.

FEFL. 2023, FYHHEL RNA WFF AR 7 5D K o )i
R BRI AR R SR 22 AL iR S

Lety, MORHR, T4niR, 5 2008, FE67 k55 KA R
TREH. ARMERMK R BRI, 37(2): 190-193.

HEAFAK. 2009, B L AEHTRRER Cyt b 3E DR )5 5128 53 Fisi 4 %
FEPE. SI=HF AT, 30(3): 255-261.

EFEF, BrIIR. 2021, SR P RS I R G0 7 iR 5
B E R R, 43(17): 1603-1610.

FIEHE, AR, SBRIE, S 2023 35T S IR K R A
PR TSR SN AL BHRFIE A BT, PP I BR 2R 22 B 54, 45(5):
773-782.

FH. 2018, B 8 Y L OIS ROBAN S A I R i 4
brdifl. BAT R ARSI L A L

K, BEFEE 1991, F A IR A IS IX RRFIE K H T T b 5
A3 Hr. sk, 37(2): 135-152.

RZEE, SERL. 1982, W, il DR HARAL.

ENE, SO, HUE, S5 2008, FEUTENRTE IR K B IO
. AR RSN HARBIEERR, (7): 110-116.

KA. 2022, SRR R J H R Rk, TR AL, 40(9):
1390-1397.

TR IR, 2022, 2 I R ST HE T £ LL A0 R % 4 A AR B
BUBL K R KSR L A0 L



