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Abstract: Single cell transcriptome sequencing technology enables people to get rid of the interference of cell heterogeneity, thus
realizing the exploration of gene expression and transcriptional regulation mechanism at single cell level, as well as the recognition of different
cell subpopulations and special cell types, which is of great significance to the research in the field of phylogeny. The traditional model organism
Caenorhabditis elegans has become an important model for single-cell transcriptomic research in recent years because of its fixed number
of somatic cells and clear trajectory of cell differentiation. This paper summarizes the development of single-cell transcriptome sequencing
technology and its application in the research of cell lineage analysis, single-cell trajectory inference and neuronal cell Atlas of C. elegans, and
further prospects the future research direction.
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AL DL A e A 20 S 5P D) 2009 4F:
Tang % V0 Al T BALN 4% S 20 I 5 7 s, FEAE/D
5 D 224K R B B 240 i v S TR 22 DA R Y 5
JE A 15 (splice junctions ), B IK ISP T B0 i K
) AL 43 B T4 2019 4, Ryu 2517 A1
scRNA-seq 22 1fill T $00 I 401 P AR B It A o 4k 1Y)
SRS, FRAE T RN KT R S R SRR i, E
BT X —FOR N TR R 7. 2021 4F Le
4 171 scRNA-seq 55 CRISPR # AR %454 FlF 2 BT
RIBGBIFE, A& F R AAAEMIE LT, Bl
DR TARFE T 2R WA RIBE R . IR,
AR TV ST T H AR T R A A
B ) B R SR A R AR ARG T O R, IR
58 T scRNA-seq [ FYERE.  H ATIE T 540 i K P
A ST AP T AR AE g 0 R ey
Fp by (2 AT TR, SR
A

75 0N B AT 2 HUR S — 91 Se B B AL 91 (1)
ZAEy D, HE A R (25°C AT AL
BRI 3 d)AREYN CEisfbi 4 i 25 0.25
mm, WHEKA 1 mm) HSEBEH, BEAZEY 5
L2 R T HE W 0 ) T B R AR
K, BlA PN NG SR TR R, F5 BT
OB AR DL, Lh AN 2 B 5 [ . A
LAl 2RI T SRR AR, AT B i A Sk 2
HOR I SRR LU S B ot AR AR AL 1 = 2 A
DUASEARY B 55 T A 2t %) B A 5 S 21~ F o
TAE, — e Tz R — 25w, Ji—
D7 TR T AT Z AR P L R B8 Rk . 43
TN . A R E VLG DL S i 5 5 2 55 )
M EEA

ATOKGXT seRNA-seq 1) 4 Ji& BRUR LA e HEAE 55 10
FaAF 4 s rp B TS DA T A 21, X AR B
Dy EiE— 2P J
1 SRR AR A

FEHE (1) scRNA-seq 5% 5yt F2 40 F5 5 20 iy 43 25
SR SCPEAEE . il IS R 43 A
A3 VO T R 43 5 5 AR Y L R A PR
BT G R AN A 1 L ORI A 4y

"' ( fluorescence-activated cell sorting, FACS ). 1#
Vb SO LA RO AR O 5 (laser
capture microdissection, LCM ) &, MEBER LD
A IREA ] LR RS R R B LCM 7 5 73 2 B
AN, BRI EER AN AR A . BRI, (H2R
2% g, AR 2R A 2 i A A A T
I¥] 7 ZH il 2 A0 N B W, DT 23 B S A R B A
1l 75 24 Ak Y YR T 3 e — 2 R 1 T AL g
BHE R HLHATIRE . R ERSCR— R B A
MR HARAIAL T Ben 5o, fif i it oy
S BN PN PR e S 0 iR TR R AR TS Y,
SRR 7 AN SR AL s S B0
e SRl P AT B AR T BRI RS R A A
LS MRS TS 2, AT U 4 A2
AR R AN A . A0 e A AR B R R A R
PEFRICEE 1 A9 A5 A TR S RS2 2018 4F,
Brasko %' JF & T MU 2 MBE 5325 ( computer
assisted microscopy isolation, CAMI ) A, 565K %
SyRTEA . HLAR > R U R AR U B
M1, iEid LCM BB R EUE T A Shoh bnilicsk, 4
=T EEMENE. 2020 4F, Lamanna %5 (26) 4 a8t
T AT A B SR RO B (digital
microfluidic isolation of single cells for-omics, DISCO ),
W5 AT R e A, U FRAZ R K
YRS, JERE AN I e R S R T R SO
AU IUAH SCIR , 0T FLAT PRSREARSE 1 1) 2 DL 4 JH A 7
AT HT B E 2 T

SCPERG T AR IO AN B9 mRNA S e 5%
7 cDNA, FETTH T 7 R AR cDNA FEAET
T3 ZE N TG RETG AL e R R R Y, H
T H 0 A N 2 S AR 19 Uy 5 PCR TE RSN
FLAEY I Y, R PCR M scRNA-seq $t R A
Smart-Seq/Smart-Seq2 2110 x Chromium "', Drop-
seq L J\ SCRB-seq BZJ\ Seq-Well (33 LI I sci-RNA-
seq M AL B RSN SRR Y H R A CEL-
seq“sJ\CEL-squL%'\inDropsH”U\& MARS—sequJ%O
TESCPE Ry ek B b, AT DA 41> 200 L Y mRNA
2 L 25 T2 A 5 URE 9 23 R IR AT (unique molecular
identifier, UMIs) ™' #EfThRIC. 2 FARINAF il T
DX 53 W7 BT A5 reads f& K I8 T 7] — mRNA 434 )2
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K A [a)— B K #E  19AN [7] mRNA 37947 5545 D1,
[EieM s (Sun LR O EE PS4 RS i A
Fpmic T RE s B (557, BN IUARARICE IR
BN B S 22 B A C X O DL, TRIA T T
O3HT, AR R S A AR P A T AR L A Ak B
e FaR BT

VS T N 0N V5 85 @ N BTl S K B
Ding % ) g B ZE RN AT R IR G, A
A1 JE I A% AR (PBMCs ) A/ B2 JZ2 % (mouse
cortex nuclei ) 3 MEEARZEARY, FEH & T Y scumi
i A, X2 AP L i & (Smart-seq2 Fl CEL-
seq2) A5 AP & 3 A (10 x Chromium, Drop-seq.
Seq-Well, inDrops D5 SCi—RNA—seq) TEHT T
8o HEREIR, 1R P R T, PR
% Smart-seq2 Fll CEL-Seq2 TE K I R [A] A S5 RE E
mRNA B R J7 TR AR L. X T EH e i
JERWESE, X PR B R0 T sl . 7E
¥ FBS 5, 10 x Chromium #ERf 2 55, Smart-seq2 .
CEL-Seq2 Fl inDrops #& B fz 4o 7 J37 Ji A% T 1
Drop-seq. Seq-Well 1 inDrops i A f% fIK, Smart-
seq2 RO TE SOl A i b BOA WAL AR e i - sci-
RNA-seq (8 AR 2 Fifd 25 B0 200 i w8 40 i A 280 6 ) 1
JUILIOE71

B 53 T LR ) S SR B 25 S 3Rk R AR TEWR
A () R AR A i A8 1 D) K Se 44
VE#ETT BEXT scRNA-seq $H 4 57 12 3 g g 4,
Hit, et fp, scRNA-seq B E s
T PAL R Ak FEYE S AT SR — R Y OGP IR
THBREOAR I MR e 22, AT 7R 1B A 51
LIRS M TR B R AR i
ooy SN R, TS 22 i Bl o i S A2
BEBL RNA 2% . BRI 1 Pt 1 DA K SO
WP AN 56 4 25 i R P 25 7E seRNA-seq Bl 5 I A
SR FIHEOR 22 5 o BT SR W] DA A T
U, X R 22 5 AT e SO U — A ARk
s 19— S g FEA I — AL AR A [|] ) — Ak,
FEA A — A 7T S B4k DRURH R A it A At B
PR KK, FEASTAL A — 1 mT T B DRy %
SCPE RN TR i A AN S, JJe o e i
PRI TREAE S AT AL, 38 S B R A] LAE— 25

LERE M, BT DU BN R | IR R E
W T e 5 AT AL AR T LAXT scRNA-seq
BT RS, JPeld e, BT AMTRIEA
APRAF D RER AR AR L S AR AT 2 L
2 BPEFRANFRAREZ B E
2.1 TR FHAR

B e 5k 41 W P 2 R (single nucleus RNA
sequencing, snRNA-seq ) 3 4 240} 4%+ ) mRNA
PEATIN R, AH L ALAY scRNA-seq, A3 8ok T 40
SURAE M AN B BOAR G )R, — i, 5 Bl
snRNA-seq £ AR M IZ 2 A9 LSRN 4% B v 40 15 400 Bt A%
Feor B e B AL N4 55, fli153 snRNA-seq FAR
Al R T B R R R R 55T,
FI A snRNA-seq £ AR 0] IR A T A2 45 551 i 1
L7 AN, ARG A I R AR AE AN
JHO A B AR AT AT B SRR I g Tk, R
FA P e SRS R SR R AT R Ak, Tl
snRNA-seq &5 RE N T HR1E 3 AR e SR LIRS 1 A
MK (4710

2016 4F- Lacar & S ok snRNA-seq 7 AR 73 #r
TS ph 2o Y B 2] RO LA (immediate early
genes, IEGs ) MUFIRIHLL, MITTRHA N B 28 0SB
FCREAL T A ULf% . 2020 4E, Koenitzer 55 [49] SE:Rul
X EE /)N BT 40 BfL 1Y) snRNA-seq Fll scRNA-seq (i A&
B, snRNA-seq W T IR 1T A 41
KAVKGMIBE S) . Weber 55 ' T 2021 4E%F 19 £43EF
B i 9 I PRS2 PR B N BRI 7 44 % BREH N B
AR AL 2 11.6 JT AU HETT T snRNA-seq, #ff
E 1AM A . A0 A SpR 2SR 40 ) A A A
SR, PR R I R AE SR O SR
HE T E R AE . 2022 4F Gupta 25 1 X A R
Aot LRI 200 2R v A I A 2 AR RS I 24
TR, M T scRNA-seq, /X4 snRNA-seq £
AR Z 45T mRNA Y5 B, EABSARERS 12 451
HH scRNA-seq ITRETR A A0 B 7 4 I 25780, snRNA-
seq ARG T XHEARIELL R AU IR ], JEHGE
R 20 i M i Y S
XEFAKIGARIRE O, izt T MR
(RS B AN 2 ) 6 TR R
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22 ATHRZRMNEF S 6L mAe T a5

FA

FEF AT (next generation sequencing, NGS )
V-5 1 scRNA-seq TERERL, Jo 2 PR R vT AE
SHIARZ RGEMETRZE, TOEAT RO I L R 2H i 45
a8 S LA B SR AR (A A AL % % scRNA-seq 15
5 = A0 FE 4 R (third generation sequencing, TGS )
S S, W E U 4K eDNA, ZRIBGS it
TS RNA 73 F 1591, ANMAT DL 2542 i A
FERZ s A8 5+ ( single nucleotide variant, SNV ) £ {ill
AT SEPEFN p B, 3B ] LAk — 2545 7R B PR AT A2 5
B FVHTIL A S S SR, AT AR A ) 240 i
A REDR Bk L,

H w25 = A8 ¥ £ R LA Pacific biosciences
(PacBio ) A Oxford nanopore technologies ( ONT )
FMFs 7] R0 F 0 PacBio Y1145 U 19 B0 03 1
SIS A AR [62]( single molecule real time, SMRT ),
JEBEE K SMRThell #5845k 5 DNA 2R £ Al [ 2 15 %17
S (zero mode waveguide, ZMW ) 1, AR Gkt
PRICIEZ AT BR 40 ZMW I 25 e AR L e X, 434
&AW (VT A0 A R RE AR 2, AR AR L e
ZMW i) AT 4 B SEAE S BT ONT f1y
AR AL P B AR A ik 8 145 5] RNA 5L DNA 73
TG AOKAL, X — A A SRR DR H M B AN
()77 LR AR Y FB AR 5, DA g BE b 2, A
A6 i 1 Bl 07 L RT3 o A L ) R AT AT A
T, AT S A AT A4 T ONTY = 330 4%
7= AT PromethION ' GridION ", MinTON "7’ J%
Flongle . Jrh MinION 1 Jg i #4780 i 7 ol AL 00 12
ASC, B T PG A B 2 A ) S8R P R A A ) 31
G530 . PacBio 1Y Tso-seq £ A AT L £ W 52 i [7)
— 2% cDNA FFHII5E BN Fr,  PRLHCII e HE T 5 B g
I ELAE K G 57 20 52 2 M AN g FE TR ] T3 ( gene
isoform ) & N H 7 T A B4 B9 R B T ONT B T
] LI mRNA 5% 40 cDNA #E47 00 22 4k, i a]
LA B4 mRNA I IR0 mRNA b A 00,
G PCR 3 3 B0 £ BB R 0L AR R 4
R A BEFEE AR AR g 1 7 A E AR PR
LM R 2 BIR AT B AL S Calternative
polyadenylation, APA ) U S E R 5 IneRNA T

ETARRME 732y, mArEsk, MR Gl g
e s AR G =AM P B E, e kKi
S 2H 2 I I S A 1] B2 K P2 T, 2018 4F Gupta
25 0 Tlumina 3 TR S Tso-Seq HAMSE S,
FHHIH 10x Genomics -5 TF K T B4/ RNA 54
M (single-cell isoform RNA sequencing, Scisor-seq )
TR, FR AT S E AP AR B At 2R 7, B
TGRS E T/NBUNEYCRA L It &
TE St A M LA K /N TS A L, 4 7R T BT R A
&4 (distant splice sites ) 7EAN [A] 21 127 o i 5 S
AT BIE T /NVE Geneode B3 1 Hh (Y
HEDRI AL VE BE( L 2020 4F Fan %5 52 BEHY
scRNA-seq FARYSONTHESS, TET SCAN-seq
('single-cell amplification and sequencing of full-length
RNAs ) HoAR, FFLU Ry Bl BITAA X 3 1/ BRI
WENGAS TR B B BER A, %7 9 338 NIk A B9
27 250 AR R A . WIFEARRY], ML ET
NGS V- & 1 scRNA-seq, SCAN-seq 7L & 5.2 i
PS5 07 AT ) A0 e e PR e R A 0T T HL AT B g 19
R E Lot ]o [&] AR Lebrigand i (78] PP T SeNaUmi-
seq SR, A ONT BoAR | 41 R IE i bRic 7 ik
LY e i VY L L B B E e L)
B T RBGS R 2 R FAEEM AR, @il
/IS BUVRIG R o ) e A B 2 e, B 173
—FORTE ALK I3 Ar RNA BRI A2 TR 2
SIERTRE
23 HBmpns A A RAB K

T ALY scRNA-seq 23 il U8 Ji 28 2R A o 24 Jifa 1]
AOAH LI, AT 25 2R 4 0 i 2 e 2 LA
11175 [ i LB AU B A T3 — e 7 B2
23 [ SR 2 2 BOR RE 6 ] I 42 AL A S 4L 45 B AN 2 )
R, B 5 e vt B R AL 1 BoKF
RIS, A B T B LR A B SR B 40 i
M O 2 S R AN A IS SR, AR TR
GER S () e A BOR PR 25 () s AR e K
(9 AN [ 7 T 8 2E AR BN M I 0 7007 175 L
i TE TR T AU AR IES . BADIE .
S FIICIFNI AL . ST A 0] LA TR Ao S
MR, AW TV 2 A R BOR A E M A
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B BT AR T A Bk W 51 A 4 B Jy AL 4% HDST
( high-definition spatial transcriptomics ) 5 Slide-seq £
Ao HDST $ A =S [8] S5 IE A R 41 F i H 22 4)
F gk RNA P, Slide-seq £ A MK RNA M4141
Y1 R 5 DNA AT Bk 7 B EIH AR
fil #% LeM B 5 Geo-seq ( geographical position se-
quencing ) Bk, Hi Geo-seq FrRGES scRNA-seq
FLCM, EWFFE A 5% AT LU Hy /5 40 i By 2 1) %
FAGE, HATe T/ RIS . /) B A
3 FRRPIVE (425 ()4 S A 29 s By TR
28 32 Fi AR seqFISH ( sequential fluorescence in situ
hybridization, seqFISH) ~ FI MERFISH ( multiplexed
error-robust FISH ) "M fC %, seqFISH HE 0% YE B0 5 )
BRGNP AR S W, TR BRI P AR A B R
75 W) AT L AT AL Cin situ visualization ) "7
MERFISH i FHZH AR5 | SR LA R A6
e e, AT LR B A i S E BT Rl RNA B9 75
DIEGN S A E N, — AR 2 H AR smFISH (sin-
gle-molecule FISH ) B{G 773k %7 0 4T A0 I 437 #E i
FiARLL FISSEQ ( fluorescence in situ sequencing ) AR
1SS (in situ sequencing FISH ) "* ') & STARmap ( spa-

tially-resolved transcript amplicon readout mapping ) o0

SRR AR, W] LIRS [ E 2H 2 BN AR A
) mRNA JEA7 B0 . BE TR & 2 B HOR A
SPLiT-seq ( split pool ligation-based transcriptome se-
quencing ) (QH\PETRI-SeqMﬂLﬁ DBiT—seqMM%‘fo Hr
SPLiT-seq 3 AR 5 2 #4234 0l LT T MAAR
JR T bR i 5 oA s FO S U B T, A7 A
A TSR S

2015 4F Satija & [95] KAG T Seurat 73 ¥ 1. H.,
A RIE S T HALEE S scRNA-seq H 45 F1 bR 10 Ak
AR TN e 52 8 SRAE W A0 M 0 5, T LA 28 A B
1 ( Barchydanio rerio var ) W& i S A 5 %) 52 4 B
TR S G A Y s ]S LR, 2021 4 Srivatsan
ORI T Sci-SPACE R, KSR FESIFI AL
AR, I scRNA-seq BYFB 4B ST 361 AR
AR, BEMH AL E AR B, TR0 B A i o Pt
AR, RS R bk 1 2 () S5 5T P )
2022 4£ 5 A Chen 4§ (571 | Stereo-seq A, X
— R 1) 4545 DNA 49K BR 068 - ( DNA nanoball

(DNB) -patterned arrays ) i {7 RNA 4 3k £ A 52
IR B0 5 ) e S 2L e, R X —FOAR A 1
/N BV iR 2R 8 Hh G S 5 R A 1R B TR 28 ] R A A
o, T T/NEASE LS R K. F—)
H Wang 25 1% of S5 86 B 00 VR s 1 407 HRLUES) BT A 9 B
AT Stereo-seq FF 4z B T X I B 451 4 B 20 Jifg 2 [a) 4%
SEAEEE, Xia 2500 F a4 Stereo-seq £ A fiff
B 7 AR T R b T 2 R A4 [ 240 R ) e sk 2 2% 5
FRs 2R AN 2 AR B RS . 2022 4F 11
H McKellar 4§ L100] %A T STRS ( spatial total RNA-
sequencing ) FEA, L JEAL RNA A5 1c 52 %S (] 4
RNA W7, SEMil 4% RNA . ARG 5% RNA Fljk
B RNA, X —HARGE T80 RNA SRS 5% 5%
Py %5 A K1 RNA 43 #r, Gl STRS SCPE b iy R 5 4%
I SR AR BT e SR A A T L ST B 240 L ) B S L
(R 1),
3 BAMERANFEARESWEFEZRF

IRz A
3.1 ZaMLiE R AT VAR da BT e

YRS R IR G NS AW AL o, 7
A A 5 S [ 240 6 2 R R i B A i 4 24 ) 1O e
IR A B R R P AN B AE EC MR, 5 kb R S I R
TR, 56T 2] S5 BRI o (I ] 18 — 1325 3k {1
B, AR AAT 2 — 24 RNA RS Y e
[y 1 R P AN P 25 A B T 4
AR E A2, R GGE 3 seRNA-seq EL#E
JE LS IR0 B RIS, 0 T BAR 400 B 2R 1Y
TGS, DA MO IR 3l W 730 & 7 8] 1 1
R BAEEGE S WIRAE PN i i s B AR
2 Jf A e R B — R S S P, R R G
IGCHIUAR 4 T A RS2 BRI, B “Ph
(R R/ RN 811 OE" BT 13131 Pa e X i)
S R AR AT O, 25 T 4 A DR 25 i TE 4
AL SRR AN ST Y AN, R s R R A TR A
22 0 {5 Bl RNA velocity 1T 3410 7 e U 1) O i
i) (4 2L 52 M 1) RNA velocity Bl mRNA 3 B (4 45
fb, W HILA veloeyto F1 scVelo, A [A]H/5 R 4 i
RAS . B S AL 38 By ) B ARG ik e 3K g Bk
DR 1O R i R PR 3k M ok T DL i
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Table 1 Single cell spatial transcriptome sequencing technologies

AR 23 1) 2 5 ¥ EE7N il e W4 ALK EEPC
Name Spatial encoding method Target Approach Subjects of research Subcellular Reference
HDST SR BRI mRNAs i /NI E 24 e [87]
Slide-seq ¥ SIZ R mRNAs o /N BV o [88]
LCM DI H mRNAs # /NEUA E [90]
Geo-seq WAYIE mRNAs R NI # [91]
seqFISH OGN A AL RNA I NI L R P [94]
MERFISH B FHOIENA5E RNA = UNCEPNI L35 2 [96]
FISSEQ e SIZTY AN | mRNAs i NIEAR ST 4k 4 e [97]

IS ESIZTY A | mRNAs = NN S = [98]
STARmap B2 )Y U mRNAs = N 2 [99]
SPLiT-seq IRATE RNA 2 JINERR BRI R 201 4 [100]
PETRI-seq RAE mRNAs 2= il = [101]
DBiT-seq RAEE mRNAs 2 ANV 4 [102]

Monocle3 T HAUFEAT, SCBUANMIIRIE 2 or2 . 4
VB, IR 22 5 3R 0K S M R BN e N
PGS 5 B BRI R R & . BH
HFEE I —Fhom R A RIEERY , H A AT E 221
HH 75 T B 2 e R 1 R T AR AR A 8T
A0 i Bl ScRNA-seq £2AR, AP A B AT DL 42
Ji A% Gt e L~ WIETE R BRI, 76 B 20 i /K 2= TR
B 7R 75 0 B4 B 240 i 1% 2800 o R LA R R
SR Y oA

2012 4 Hashimshony i (3] TR T —FiEd £
FEAMEY 1Y scRNA-seq $4R : CEL-Seq. 7E{RSME
SN 1S mRNA ZHTHH T B AR D FIREA R
M T mRNA R 46 /D[]8, ] CEL-Seq
BARXS F5 0 AT £ e LA IR iR & 5 i R AT R OE
UIEIWNAY RS N 8 -R/S kAl DO N TP el
PV (95 SIS 52 TR 2016 4F Tintori 46 11
BT 5 N B A2 IR IG DA AZ RS BB & 5 21 16 21 i
BBt #, s RS o B an i b A T scRNA-seq,
SER T BRI IR TR g R, R T
TE 30 4 5 B BB 200 ML ) 4 i PRI 2R 5 s 2 JE AR
B IR T — Al a4 52 B B 7T
T H . WS T B P S T AL 4 A
o] 22 S R I, 24 T R B R RO E B
MISEHED . 2017 4F Cao 25 Y TP & T AN AR
5| RNA )% £ K ( single-cell combinatorial indexing

RNA sequencing, sci-RNA-seq ), WA RS FER
SR AT B AN AR e SR 2, X — ORI T
20 Ak PR R AR S B RNA SERE i T4,
D THERRON . PR SRR — R, B A T
IR P42 0 1.2 4 HUTRS A S 2l H SR Y, 9
X 45 20 U 278 H ) marker JE RS T8 R IR G B4
(% 2). Fernandes 22" F 2020 4EHLH T —Fh 438
F 5 75 W B A2 d B A0 M B A T R, X — 7
SRIET FACS £OR, R B[R] 20 A0 2% 15 10 55 R S
PRI L1 gl iy, SEBL T XA S BN i A 3zt
T G40 AT B AR R ) A B ], b T
FACS 4316 5 B T H g R 40 B %) 45 2k 1 7 A= 70
SR, FERENSAT ALY B A AN e T 2022
A, Niu 28U IR R T AN RAER, KB E T
IR B A 1 Dt i R TR IO i B T 1) B0k & ad
o, RERERGRTEEE . B S AT M2 A
WA T IS SC R, FEWFTE N 5 AT LS i 3
it PR K G A 7 BRLAAR A N ZH ORISR 45 7
FREE I IG & A i B . 2021 4F Wang 45 s ZE
TALE TSI AR N B 7 S IAPE) scRNA-
seq B, & LT —AANMIEE L, JRE T —
ANES YR A0 2 B ) AR JZ AR AL, iR T ik
RIZ R R ORI R X — R T3
P R R A2 T A PR A A A A, 2B
KT L 2= i F T
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Table 2 Marker genes for terminal cell type annotations

A Cell type FRicFEH Marker genes

LA R HE)Z Muscle and mesoderm

ceh-13, ceh-34, cup-4, cwn-1, dmd-4, dsc-1, egl-20, ehn-3, exp-1, eya-1, glb-26, hlh-1. hlh-8, let-381, lgc-26, mig-

1, mls-1, myo-3, pal-1, sfrp-1, unc-30, unc-62, unc-39

M Pharynx

aff-1, agr-1, ceh-2, ceh-6, ceh-19, ceh-22, ceh-45, cwn-2, dmd-4, eli-4, eyg-1. fos-1, glr-8, gly-15, hlh-6, inx-12,

inx-20, irx-1, lec-8, let-23, lys-8, mlt-8, mlt-11, nhr-25, nhr-67, nhr-239, pax-1, phat-1, phat-2, phat-5, ref-1, ser-
2, slt-1, spp-7, tnc-2, tni-4, tnt-4, tix-1, unc-62, unc-129, W05B10.4

FAEFTAL Duct and pore
% Intestine

ST HLURN A0 L
Hypodermis and seam cells
JBE B2 e R 20

Glia and excretory cells
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3.2 AP R AU B AT R

TR 2R g w2 oA Vr 2 AL R B ThaE, [
B} 4% FEL AR AGRRAE, T i o e 1 2
TR A B FIRA T AR R 22 50 22 [ ) 22
S TN BT U TR AR, RS
AT RS, o g il B BE g
iz ] scRNA-seq X} 75 0l B A2k He i 28 ou 4 Mgk A 740
Mr, A B T4 2 on e 5 vk h B A A v S L
5y THRAEER R, JEMffATse M4 R b
A2 LTS SR

2021 4 Ben-David 25 """ F| FI scRNA-seq $%

A, AE T T B AT 2 R 0 A T A0 i 28 R S 1
= eQTL E7 (cell—type—speciﬁc trans expression
quantitative trait loci hotspots ), iX & eQTL F# 5 7] L)
M RH DG S8 B 20 I i A% Lol i R AR R AR, FSEN
DUIA] I A BT Bl 28 R G b A B LR S eQTL 5K
JE, A A TE PR A ST A 28 50 b HAT AR RO Y
eQTL. X — TAERW, &l scRNA-seq £2AR, Afi]
AP A R 2 S B Y eQTL E (248 /s R AR 53 1Y
OrF-REA, o3BT e XU R A S e MRS S [
4 Taylor 25 ' (i FACS M TS BAFFLR Ht 14 4t
A A b 2y P 2 A M T AT seRNA-seq, &



2023.39 (6)

AR LR S 2 I P SR R HCAE T T B L P A R 165

PRt 22 2 TR 2 ol 2 A i B s K] 0 e 22 1A
ZARMIAN R 2 g U BFFE A SRR AL TRz oT
PR R RO AP 2 R G R S5 A AT AR = (8]
MIARTHIR R, RUIEER B RYM 2T0 A R 26 IR
R P BAARFEMIER, JthZooiE I RER) it
FEIERNIFTE 2S5 T 2EAE . 2020 4F Sun 25 7 HESE
B P25 P D REAH OCHE 1, VRIS AR L fih
VEARZEIE” AT R SR I, DR B B HR R 4
T MEC-8/RBPMS J2 fil it 1 22 0 U BE A 0 75 S 1K
X — LA Xk B B R S 240 i S R rh S RE AR G4 H B
IR HA R FE XL, A TRRF kAT
USRI T 22 B B B HAARAIL
4 BHESRE

B P e SR AL I PR B FRAT AT IR AT A
faZ ek, JFIRR Z A tE (5 B sh ks
R, FEE M TAERITE, —2mil RS
IR FERAE AW & ok . ATAC-seq (assay for
transposase accessible chromatin with high throughput
sequencing ) i AR AT DL 3 R 4] Hp i G o )5 it
X3k, T scATAC-seq LSRR ( single cell assay for
transposase accessible chromatin with high throughput
sequencing ) B 15 45 ATAC-seq Ji 2 5 Tl T 1A% B 4
MR G HARMEA G, FEAE G0 ATAC-seq 1Y Al 138
b AT S BANAAR IS S A 1 B AT 4y
Br 3 6 M, 7T 55 scRNA-seq 04 S A 2 2
BB AT Z A g 2 T ARSI
sciATAC-seq ( single-cell combinatorial indexing assay
for transposase accessible chromatin using sequencing )
Hr 2R Firk 0 L ) 0 P A I T A R 2R T P JRE
T 96 LA P ILARAE—ie, HEAT OGS R
4 3k (FACS) '™, 2021 4 Durham % ' ffi Ji]
sciATAC-seq £ A WA 75 T B AT 2k By 12 &)y Ha (1% 544
Je g o m] e Mt JF R — RGBT 9 Dirichlet 43
FC g, $RBE 7 A0 S B S e DR 4 07 1
BT B . I AF SR BHIE A 51 7E scATAC-seq [ 5 fi
EREEETF %% T Pi-ATAC ( protein-indexed scATAC-
seq ) sl uATAC-seq ( nano-well ATAC-seq ) 3
dsciATAC-seq ( droplet microflfluidics scATAC-seq with
cellular indexing) L125] R AR Pi-ATAC L3 ELRRL

it [ B A ) SR A A BRI P4 DNA 450,
T HRN A 3R B AP A 5 a5 A% PRI S AR I 2R
UATAC-seq " 7E scATAC-seq HEAl b3 30 40 K 0%
RUTR R GEIs NI AR, BRI A, B s
R R, AEEIE S ZH ¥ 0. dsciATAC-
seq " [ EE A AILR S SR, BT 4
R A TR Y scATAC-seq AYTEEORIE . FEik
F scATAC-seq Z R, LR85 75 B SLI B B Al FHE |
5B S As v . A Ak i o B 9 AER
HE,

2020 4 Sun 4 1T 5 X 75 I BT G 240
JIEAT scRNA-seq, 4558 ) 94 AP E 1 (875
FLR R ARG AS RNA ( non-coding RNA, ncRNA ),
FEXF neRNA J& 75 50 [ Jif 4 Az i A P A L RE D A sk
WRIBIAT TIRR . BRILZ AL, B BTt 250E
Xif 22 Fh LA LI Y H AR AT, R A 2 A
2 W ¥ (single cell multi-omics sequencing, sc multi-
omics-seq ) ST EHE R A - FERUAREHE L flan
ScTrio-seq ( FRANME = 212200 % ) B[R] B 7 SR A iy
KPR LN 2 P8 DR 5 (CNVs ), DNA HEEARZ
RS SCL T = mAFIMF 7L X —HF 58 %
— 5 AT T BT B A ) 35 R OC &R, TR T
i I P TE R YT HE A, S5 —Jr T Ald@ A DNA 5
RINA o 58 75 () 4 L 960 TIE 84 7 26 PR W i 217,
BN K- 22 21 500 e R BT K sy 75 R AT
2 AR SCRIE S SR ABT -1 15 0 B X0 55 T R A 2k e
AN T T R A B L B SR PR IR, 2022 4
WormBase & A T PSS 87 T, 435I H AR
BHRENL HZRFRIRDHT (sedefg ) VAL FIA
AT ARAL AL BE ( Wormeells ), 7 EAFFE N G XF 22 & %
1475 T B TR 1 scRNA-seq SR HEATIR A$24E 10,
FIR,  BRASA 28 0 A el s 0 A (] 2 8 £ 1 5 3
TNy Kb 3R 22 R ST AR T 7 A AN [F) A 5 B HARAIL
FANTEAE, 75 I BT dUE S F 5 po 22 o0 D RE AL
B AR 255 scRNA-seq £ AR s 7] UK K
A2 LIRS AL LA K Z2 S W58 AR SR i R Y
B J3o AHOCTAEA W] RE B WAL 46 NS AE N Y & 55 2E
Yy 22 1 R B AR, X THRE R . Ry
T 1P ] AT 45 Ao 222 0 140 PR EL A B 3 S



166 4 % ¥ A @ 48 Biotechnology Bulletin

2023,Vol.39,No.6

5 & 3 #k

[ 1] Hwang B, Lee JH, Bang D. Author Correction: single-cell RNA
sequencing technologies and bioinformatics pipelines [ J ] . Exp
Mol Med, 2021, 53 (5) : 1005.

[ 2] Huang S. Non-genetic heterogeneity of cells in development: more
than just noise [ J ] . Development, 2009, 136 (23 ) : 3853-3862.

[ 3] Tay S, Hughey JJ, Lee TK, et al. Single-cell NF-kappaB dynamics
reveal digital activation and analogue information processing [ J | .
Nature, 2010, 466 (7303 ) : 267-271.

[4

[

Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage
years [J].NatRev Genet, 2019, 20 (11) : 631-656.

—
(9]
[

Tang FC, Barbacioru C, Wang YZ, et al. mRNA-Seq whole-tran-
scriptome analysis of a single cell [ J ] . Nat Methods, 2009, 6 (5) :
377-382.

[ 6 ] Ryu KH, Huang L, Kang HM, et al. Single-cell RNA sequencing
resolves molecular relationships among individual plant cells [ J ] .
Plant Physiol, 2019, 179 (4 ) : 1444-1456.

[7] Le C, Liu YM, Lépez-Orozco J, et al. CRISPR technique
incorporated with single-cell RNA sequencing for studying hepatitis
B infection [ J | . Anal Chem, 2021, 93 (31) : 10756-10761.

[8] Wei Y, Zhang XD, Hu MM, et al. Advances in spatial transcriptome
technologies [ ] ] . Progress in Biochemistry and Biophysics, 2022,
49 (3) :561-571.

[9] Ma LF, Li HY, Lan JP, et al. Comprehensive analyses of bioinfor-
matics applications in the fight against COVID-19 pandemic [ J ] .
Comput Biol Chem, 2021, 95: 107599.

[ 10 ] Tirosh I, Venteicher AS, Hebert C, et al. Single-cell RNA-seq sup-
ports a developmental hierarchy in human oligodendroglioma [ J ] .
Nature, 2016, 539 (7628 ) : 309-313.

[ 11 ] Holmes G, Gonzalez-Reiche AS, Lu N, et al. Integrated
transcriptome and network analysis reveals spatiotemporal
dynamics of calvarial suturogenesis [ J ] . Cell Rep, 2020, 32 (1) :
107871.

[ 12 ] Wahane S, Zhou XX, Zhou X, et al. Diversified transcriptional
responses of myeloid and glial cells in spinal cord injury shaped by
HDACS3 activity [ J ] . Sei Adv, 2021,7 (9) : eahd8811.

[ 13 ] Celegans Sequencing Consortium. Genome sequence of the

nematode C. elegans: a platform for investigating biology [ J | .

Science, 1998, 282 (15396 ) : 2012-2018.

[ 14 ] Bargmann CI. Neurobiology of the Caenorhabditis elegans

genome [ J | . Science, 1998, 282 (5396 ) : 2028-2033.

[ 15] Corsi AK, Wightman B, Chalfie M. A transparent window into
biology: a primer on Caenorhabditis elegans [ J ] . Genetics, 2015,
200 (2) : 387-407.

[ 16 ] Wheeler MB. Taking the pain out of writing objectives [ J ] . J Nurs
Adm, 1981, 11 (5) : 12.

[ 17 ] Fuller SA, Takahashi M, Hurrell JG. Cloning of hybridoma cell
lines by limiting dilution [ J ] . Curr Protoc Mol Biol, 2001,
Chapter 11: Unit11.8.

[ 18 ] Legut M, Sanjana NE. Immunomagnetic cell sorting [ J | . Nat
Biomed Eng, 2019, 3 (10) : 759-760.

[ 19 ] Gross A, Schoendube J, Zimmermann S, et al. Technologies for
single-cell isolation [ J ] . Int J Mol Sei, 2015, 16 (8) : 16897-
16919.

[ 20 ] Decarlo K, Emley A, Dadzie OE, et al. Laser capture
microdissection: methods and applications [J] . Methods Mol
Biol, 2011, 755: 1-15.

[ 21 ] Li HJ. Single-cell RNA sequencing in Drosophila: technologies and
applications [ J | . Wiley Interdiscip Rev Dev Biol, 2021, 10 (5) :
€396.

[ 22 ] Hrvatin S, Hochbaum DR, Nagy MA, et al. Single-cell analysis of
experience-dependent transcriptomic states in the mouse visual
cortex [ J | . Nat Neurosci, 2018,21 (1) :120-129.

[23 ] Sanz E, Yang LH, Su T, et al. Cell-type-specific isolation of
ribosome-associated mRNA from complex tissues [ J ] . Proc Natl
Acad Sci USA, 2009, 106 (33 ) : 13939-13944.

[ 24 ] Zeb Q, Wang C, Shafiq S, et al. An overview of single-cell isolation
techniques [M] //Single-Cell Omics. Amsterdam: Elsevier, 2019:
101-135.

[ 25 ] Brasko C, Smith K, Molnar C, et al. Intelligent image-based in situ
single-cell isolation [ J ] . Nat Commun, 2018, 9 (1) :226.

[ 26 ] Lamanna J, Scott EY, Edwards HS, et al. Digital microfluidic
isolation of single cells for-Omics[ J ]. Nat Commun, 2020, 11( 1 ):
5632.

[ 27 ] Eckert KA, Kunkel TA. DNA polymerase fidelity and the polymer-
ase chain reaction [ J ] . PCR Methods Appl, 1991, 1 (1) : 17-
24.

[ 28 ] Wen L, Tang F. Plenany session: genetics [ J ] . Med J Aust, 1971,
2 (14) :37-39.

[ 29 ] Picelli S, Bjorklund AK, Faridani OR, et al. Smart-seq2 for



2023.39 (6)

AT - LN SR e B AR B HAE 75 i B A SR A (9 1z 167

sensitive full-length transcriptome profiling in single cells [ J ] .
Nat Methods, 2013, 10 (11) : 1096-1098.

[ 30 ] Baran-Gale J, Chandra T, Kirschner K. Experimental design for
single-cell RNA sequencing [ J | . Brief Funct Genomics, 2018, 17
(4) :233-239.

[ 31 ] Macosko EZ, Basu A, Satija R, et al. Highly parallel genome-
wide expression profiling of individual cells using nanoliter
droplets [ J] . Cell, 2015, 161 (5) : 1202-1214.

[32] Ni J, Hu CS, Li H, et al. Significant improvement in data quality
with simplified SCRB-seq [ J ] . Acta Biochim Biophys Sin
( Shanghai ) , 2020, 52 (4 ) : 457-459.

[ 33 ] Aicher TP, Carroll S, Raddi G, et al. Seq-well: a sample-efficient,
portable picowell platform for massively parallel single-cell RNA
sequencing [J] . Methods Mol Biol, 2019, 1979: 111-132.

[ 34 ] Cao JY, Packer JS, Ramani V, et al. Comprehensive single-cell
transcriptional profiling of a multicellular organism [ J ] . Science,
2017, 357 (6352) : 661-667.

[ 35 ] Hashimshony T, Wagner F, Sher N, et al. CEL-Seq: single-cell
RNA-Seq by multiplexed linear amplification [ J ] . Cell Rep,
2012,2 (3) : 666-673.

[36] Hashimshony T, Senderovich N, Avital G, et al. CEL-Seq2:
sensitive highly-multiplexed single-cell RNA-Seq [ J ] . Genome
Biol, 2016, 17 (1) : 77.

[ 37 ] Klein AM, Macosko E. InDrops and Drop-seq technologies for
single-cell sequencing [ J ] . Lab Chip, 2017, 17 (15) : 2540~
2541.

[ 38 ] Jaitin DA, Kenigsberg E, Keren-Shaul H, et al. Massively parallel
single-cell RNA-seq for marker-free decomposition of tissues into
cell types [ J ] . Science, 2014, 343 (6172 ) : 776-779.

[39] Fu Y, Wu PH, Beane T, et al. Elimination of PCR duplicates
in RNA-seq and small RNA-seq using unique molecular
identifiers [ J | . BMC Genomies, 2018, 19 (1) :531.

[40] Ding JR, Adiconis X, Simmons SK, et al. Systematic comparison of
single-cell and single-nucleus RNA-sequencing methods [ J ] . Nat
Biotechnol, 2020, 38 (6 ) : 737-746.

[ 41 ] Ma WJ, Sharma S, Jin P, et al. LRcell: detecting the source of
differential expression at the sub-cell-type level from bulk RNA-
seq data [ J 1. Brief Bioinform, 2022, 23 (3) : bbac063.

[42

[

Gustafsson J, Held F, Robinson JL, et al. Sources of variation in

cell-type RNA-Seq profiles [J].PLoS One, 2020, 15 (9) :

€0239495.

[ 43 ] Choudhary S, Satija R. Comparison and evaluation of statistical
error models for scRNA-seq [ J ] . Genome Biol, 2022, 23 (1) :
27.

[ 44 ] Chu SK, Zhao SL, Shyr Y, et al. Comprehensive evaluation of noise
reduction methods for single-cell RNA sequencing data [ J ] . Brief
Bioinform, 2022, 23 (2) : bhab565.

[ 45 ] Oshlack A, Robinson MD, Young MD. From RNA-seq reads to
differential expression results [ J | . Genome Biol, 2010, 11 (12) :
220.

[ 46 ] Fischer J, Ayers T. Single nucleus RNA-sequencing: how it s done,
applications and limitations[ J ]. Emerg Top Life Sci, 2021, 5(5):
687-690.

[ 47 ] Jovic D, Liang X, Zeng H, et al. Single-cell RNA sequencing
technologies and applications: a brief overview [ J ] . Clin Transl

Med, 2022, 12 (3) : e694.

[48 ] Lacar B, Linker SB, Jaeger BN, et al. Nuclear RNA-seq of single
neurons reveals molecular signatures of activation [ J ] . Nat
Commun, 2016, 7: 11022.

[ 49 | Koenitzer JR, Wu HJ, Atkinson JJ, et al. Single-nucleus RNA-

sequencing profiling of mouse lung. reduced dissociation hias and
improved rare cell-type detection compared with single-cell RNA
sequencing [ J ] . Am J Respir Cell Mol Biol, 2020, 63 (6) : 739-
747.

[ 50 ] Weber C. COVID-19 lung atlas [ J . Nat Cell Biol, 2021,23 (11 ):
1108.

[ 51 ] Gupta A, Shamsi F, Altemose N, et al. Characterization of transcript
enrichment and detection bias in single-nucleus RNA-seq for
mapping of distinct human adipocyte lineages [ J ] . Genome Res,
2022,32 (2) :242-257.

[ 52 ] Hu P, Liu J, Zhao JJ, et al. Single-nucleus transcriptomic survey
of cell diversity and functional maturation in postnatal mammalian
hearts [ J | . Genes Dev, 2018, 32 (19/20 ) : 1344-1357.

[ 53 ] Barwinska D, El-Achkar TM, Ferreira RM, et al. Molecular
characterization of the human kidney interstitium in health and
disease [ J ] .Sei Adv,2021,7 (7) : eabd3359.

[ 54 ] Lake BB, Ai RZ, Kaeser GE, et al. Neuronal subtypes and diversity
revealed by single-nucleus RNA sequencing of the human
brain [ J ] . Science, 2016, 352 (6293 ) : 1586-1590.

[ 55 ] Conde D, Triozzi PM, Balmant KM, et al. A robust method of nuclei



168 4 % ¥ A @ 48 Biotechnology Bulletin

2023,Vol.39,No.6

isolation for single-cell RNA sequencing of solid tissues from the
plant genus Populus [ J ] . PLoS One, 2021, 16 (5) : e0251149.

[ 56 ] Nandy A, Gangopadhyay S, Mukhopadhyay A. Individualizing
breast cancer treatment-The dawn of personalized medicine [J].
Exp Cell Res, 2014,320 (1) : 1-11.

[ 57 ] Patel AG, Chen X, Huang X, et al. The myogenesis program drives
clonal selection and drug resistance in rhabdomyosarcoma [J] .
Dev Cell, 2022,57 (10) : 1226-1240.e8.

[ 58 ] Gaublomme JT, Li B, McCabe C, et al. Nuclei multiplexing with
barcoded antibodies for single-nucleus genomics [ J] . Nat
Commun, 2019, 10 (1) :2907.

[ 59 ] Hu TS, Chitnis N, Monos D, et al. Next-generation sequencing
technologies: an overview [ J ] . Hum Immunol, 2021, 82 (11) :
801-811.

[ 60 ] Moldéus P, Rahimtula A. Metabolism of paracetamol to a
glutathione conjugate catalyzed by prostaglandin synthetase [ J ] .
Biochem Biophys Res Commun, 1980, 96 (1) : 469-475.

[61 ] Fan XY, Tang D, Liao YH, et al. Single-cell RNA-seq analysis
of mouse preimplantation embryos by third-generation
sequencing [ J | . PLoS Biol, 2020, 18 (12) : 3001017.

[62] Jayakumar V, Sakakibara Y. Comprehensive evaluation of non-
hybrid genome assembly tools for third-generation PacBio long-read
sequence data [ J ] . Brief Bioinform, 2019, 20 (3 ) : 866-876.

[ 63 ] Rhoads A, Au KF. PacBio sequencing and its applications [J].
Genom Proteom Bioinform, 2015, 13 (5) : 278-289.

[ 64 ] Garalde DR, Snell EA, Jachimowicz D, et al. Highly parallel direct
RNA sequencing on an array of nanopores [ ] | . Nat Methods,
2018, 15 (3) :201-206.

[ 65 ] De Coster W, De Rijk P, De Roeck A, et al. Structural variants
identified by Oxford Nanopore PromethlON sequencing of the
human genome [ J ] . Genome Res, 2019,29 (7) : 1178-1187.

[ 66 | Tshiabuila D, Giandhari J, Pillay S, et al. Comparison of SARS-
CoV-2 sequencing using the ONT GridION and the Illumina
MiSeq [ J ] . BMC Genom, 2022,23 (1) :319.

[ 67 ] Lu HY, Giordano F, Ning ZM. Oxford nanopore MinlON sequencing
and genome assembly [ J ] . Genom Proteom Bioinform, 2016, 14
(5) :265-279.

[ 68 ] Jeck WR, lafrate AJ, Nardi V. Nanopore flongle sequencing as a
rapid, single-specimen clinical test for fusion detection [ J ] . J Mol

Diagn, 2021, 23 (5) : 630-636.

[ 69 | Quick J, Loman NJ, Duraffour S, et al. Real-time, portable genome
sequencing for Ebola surveillance [ J 1. Nature, 2016, 530 ( 7589 ):
228-232.

[70] Byrne A, Beaudin AE, Olsen HE, et al. Nanopore long-read
RNAseq reveals widespread transeriptional variation among the
surface receptors of individual B cells [ J ] . Nat Commun, 2017, 8:
16027.

[ 71 ] Abdel-Ghany SE, Hamilton M, Jacobi JL, et al. A survey of the
sorghum transcriptome using single-molecule long reads [ J | . Nat
Commun, 2016, 7: 11706.

[ 72 ] Wang B, Tseng E, Regulski M, et al. Unveiling the complexity
of the maize transcriptome by single-molecule long-read
sequencing [J] . Nat Commun, 2016, 7: 11708.

[ 73 ] Zmiefiko A, Satyr A. Nanopore sequencing and its application in
biology [ J ] . Postepy Biochem, 2020, 66 (3) : 193-204.

[74

[

Wang TT, Wang HY, Cai DW, et al. Comprehensive profiling of
rhizome-associated alternative splicing and alternative polyadenyl-
ation in moso bamboo ( Phyllostachys edulis )[J] . Plant ], 2017,
91 (4) : 684-699.

—
~
W

[

Gupta I, Collier PG, Haase B, et al. Single-cell isoform RNA
sequencing characterizes isoforms in thousands of cerebellar
cells [ J ] . Nat Biotechnol, 2018,36:1197-1202.

[ 76

[

Fededa JP, Petrillo E, Gelfand MS, et al. A polar mechanism
coordinates different regions of alternative splicing within a single
gene [ ] ] . Mol Cell, 2005, 19 (3) :393-404.

[ 77 ] Fagnani M, Barash Y, Ip JY, et al. Functional coordination of
alternative splicing in the mammalian central nervous system [ J ] .
Genome Biol, 2007, 8 (6) : R108.

[ 78 ] Lebrigand K, Magnone V, Barbry P, et al. High throughput error
corrected Nanopore single cell transcriptome sequencing [ J ] . Nat
Commun, 2020, 11 (1) : 4025.

[ 79 ] Eisenstein M. How to make spatial maps of gene activity - down to
the cellular level [ J ] . Nature, 2022, 606 (7916 ) : 1036-1038.

[ 80 ] Zhou Y, Jia ET, Pan M, et al. Encoding method of single-cell spatial
transcriptomics sequencing [ J ] . Int J Biol Sci, 2020, 16 (14 ) :
2663-2674.

[ 81 ] Vickovic S, Eraslan G, Salmén F, et al. High-definition spatial tran-
seriptomics for in situ tissue profiling [ J ] . Nat Methods, 2019, 16
(10) : 987-990.

[82] Rodriques SG, Stickels RR, Goeva A, et al. Slide-seq: a scalable



2023.39 (6)

AT - LN SR e B AR B HAE 75 i B A SR A (9 1z 169

technology for measuring genome-wide expression at high spatial
resolution [ J | . Science, 2019, 363 (6434 ) : 1463-1467.

[ 83 ] Nichterwitz S, Chen G, Aguila Benitez J, et al. Laser capture
microscopy coupled with Smart-seq2 for precise spatial
transcriptomic profiling [ J ] . Nat Commun, 2016, 7: 12139.

[84

[

Chen J, Suo SB, Tam PP, et al. Spatial transcriptomic analysis of
cryosectioned tissue samples with Geo-seq [ J ] . Nat Protoc, 2017,
12 (3) :566-580.

[ 85 ] Shah S, Lubeck E, Zhou W, et al. In situ transcription profiling
of single cells reveals spatial organization of cells in the mouse
Hippocampus [ ] ] . Neuron, 2016, 92 (2) : 342-357.

[ 86

[

Eng CL, Lawson M, Zhu Q, et al. Transcriptome-scale super-
resolved imaging in tissues by RNA seqFISH [ J ] . Nature, 2019,
568 (7751 ) :235-239.

[ 87 ] Fang RX, Xia CL, Close JL, et al. Conservation and divergence
of cortical cell organization in human and mouse revealed by
MERFISH [ ]J ] . Science, 2022, 377 (6601 ) : 56-62.

[ 88 ] Lee JH, Daugharthy ER, Scheiman J, et al. Highly multiplexed
subcellular RNA sequencing in situ [J] . Science, 2014, 343
(6177) : 1360-1363.

[ 89 ] Ke RQ, Mignardi M, Pacureanu A, et al. In situ sequencing for
RNA analysis in preserved tissue and cells [ J ] . Nat Methods,
2013, 10 (9) : 857-860.

[ 90

[

Wang X, Allen WE, Wright MA, et al. Three-dimensional intact-
tissue sequencing of single-cell transcriptional states [ J ] .
Science, 2018, 361 (6400 ) : eaat5691.

[ 91 ] Rosenberg AB, Roco CM, Muscat RA, et al. Single-cell profiling
of the developing mouse brain and spinal cord with split-pool
barcoding [ J | . Science, 2018, 360 (6385 ) : 176-182.

[ 92 | Blattman SB, Jiang WY, Oikonomou P, et al. Prokaryotic single-
cell RNA sequencing by in situ combinatorial indexing [ J ] . Nat
Microbiol, 2020,5 (10) : 1192-1201.

[93 ] Liu Y, Yang MY, Deng YX, et al. High-spatial-resolution multi-
omics sequencing via deterministic barcoding in tissue [ J ] . Cell,
2020, 183 (6) : 1665-1681.¢18.

[ 94 ] Thomsen ER, Mich JK, Yao ZZ, et al. Fixed single-cell
transcriptomic characterization of human radial glial diversity [ J ] .
Nat Methods, 2016, 13 (1) : 87-93.

[ 95 ] Satija R, Farrell JA, Gennert D, et al. Spatial reconstruction of

single-cell gene expression datal J ]. Nat Biotechnol, 2015, 33( 5 ):

495-502.

[ 96 | Srivatsan SR, Regier MC, Barkan E, et al. Embryo-scale, single-cell
spatial transcriptomics [ J ] . Science, 2021, 373 (6550) : 111-
117.

[97 ] Chen A, Liao S, Cheng MN, et al. Spatiotemporal transcriptomic
atlas of mouse organogenesis using DNA nanoball-patterned
arrays [ J] . Cell, 2022, 185 (10) : 1777-1792.¢21.

[ 98 ] Wang MY, Hu QN, Lv TH, et al. High-resolution 3D spatiotemporal
transcriptomic maps of developing Drosophila embryos and
larvae [ J ] . Dev Cell, 2022, 57 (10 ) : 1271-1283.e4.

[ 99 ] Xia KK, Sun HX, Li J, et al. The single-cell stereo-seq reveals
region-specific cell subtypes and transcriptome profiling in
Arabidopsis leaves [T]. Dev Cell, 2022, 57 (10) : 1299-1310.
e4.

[ 100 ] McKellar DW, Mantri M, Hinchman MM, et al. Spatial mapping
of the total transcriptome by in situ polyadenylation [ J | . Nat
Biotechnol, 2022: (1546-1696 ( Electronic )) .

[ 101 ] Packer JS, Zhu Q, Huynh C, et al. A lineage-resolved molecular
atlas of C. elegans embryogenesis at single-cell resolution [ J | .
Science, 2019, 365 (6459 ) : eaax1971.

[ 102 ] Tintori SC, Osborne Nishimura E, Golden P, et al. A
transcriptional lineage of the early C. elegans embryo [J ] . Dev
Cell, 2016, 38 (4 ) : 430-444.

[ 103 ] Qiu XJ, Rahimzamani A, Wang L, et al. Inferring causal gene
regulatory networks from coupled single-cell expression dynamics
using scribe [ J ] . Cell Syst, 2020, 10 (3) :265-274.el1.

[ 104 ] Trapnell C, Cacchiarelli D, Grimsby J, et al. The dynamics and
regulators of cell fate decisions are revealed by pseudotemporal
ordering of single cells [ J ] . Nat Biotechnol, 2014, 32 (4) :
381-386.

[ 105 ] Bergen V, Lange M, Peidli S, et al. Generalizing RNA velocity
to transient cell states through dynamical modeling [ J ] . Nat
Biotechnol, 2020, 38 (12) : 1408-1414.

[ 106 | La Manno G, Soldatov R, Zeisel A, et al. RNA velocity of single
cells [ J ] . Nature, 2018, 560 (7719 ) : 494-498.

[ 107 ] Bergen V, Soldatov RA, Kharchenko PV, et al. RNA velocity-
current challenges and future perspectives [ J ] . Mol Syst Biol,
2021, 17 (8) : €10282.

[ 108 ] Qiu XJ, Mao Q, Tang Y, et al. Reversed graph embedding resolves

complex single-cell trajectories[ J ]. Nat Methods, 2017, 14( 10 ):



170 4 % ¥ A @ 48 Biotechnology Bulletin

2023,Vol.39,No.6

979-982.

[ 109 | Sulston JE. Caenorhabditis elegans: the cell lineage and beyond
( Nobel lecture ) [ J ] . Chembiochem, 2003, 4 (8) : 688-696.

[ 110 | Arnatkevicitté A, Fulcher BD, Pocock R, et al. Hub connectivity,
neuronal diversity, and gene expression in the Caenorhabditis
elegans connectome [ J ] . PLoS Comput Biol, 2018, 14 (2) :
€1005989.

[ 111 ] Fernandes Pévoa EE, Ebbing ALP, Betist MC, et al. An optimized
dissociation protocol for FACS-based isolation of rare cell types
from Caenorhabditis elegans 1.1 larvae [ J ] . MethodsX, 2020, 7:
100922.

[ 112 ] Niu B, Bach TN, Chen XY, et al. Computational modeling
and analysis of the morphogenetic domain signaling networks
regulating C. elegans embryogenesis [ ] ] . Comput Struct
Biotechnol J, 2022, 20: 3653-3666.

[ 113 ] Wang JJ, Sun HY, Jiang MM, et al. Tracing cell-type evolution by
cross-species comparison of cell atlases [ J] . Cell Rep, 2021,
34 (9) :108803.

[ 114 ] Taylor SR, Santpere G, Weinreb A, et al. Molecular topography of
an entire nervous system [ J ] . Cell, 2021, 184 (16) : 4329-
4347.€23.

[ 115 ] Seifert M, Schmidt E, Baumeister R. The genetics of synapse
formation and function in Caenorhabditis elegans [ J ] . Cell
Tissue Res, 2006, 326 (2 ) :273-285.

[ 116 ] Ben-David E, Boocock J, Guo LH, et al. Whole-organism eQTL
mapping at cellular resolution with single-cell sequencing [ J ] .

elLife, 2021, 10: e65857.

[

[117] Sun Y, Yu QC, Li L, et al. Single-cell RNA profiling links
ncRNAs to spatiotemporal gene expression during C. elegans
embryogenesis [ J ] . Sci Rep, 2020, 10 (1) : 18863.

[ 118 ] Baek S, Lee L. Single-cell ATAC sequencing analysis: from data
preprocessing to hypothesis generation [ J ] . Comput Struct
Biotechnol J, 2020, 18: 1429-1439.

[ 119 ] Shi PY, Nie YG, Yang JW, et al. Fundamental and practical
approaches for single-cell ATAC-seq analysis [ J | . aBIOTECH,
2022,3 (3) :212-223.

[ 120 ] Satpathy AT, Granja JM, Yost KE, et al. Massively parallel single-

cell chromatin landscapes of human immune cell development
and intratumoral T cell exhaustion [ J ] . Nat Biotechnol, 2019,
37 (8) :925-936.

[ 121 ] Stuart T, Butler A, Hoffman P, et al. Comprehensive integration of
single-cell data [ J ] . Cell, 2019, 177 (7) : 1888-1902.e21.

[ 122 ] Durham TJ, Daza RM, Gevirtzman L, et al. Comprehensive
characterization of tissue-specific chromatin accessibility in L2
Caenorhabditis elegans nematodes [ J ] . Genome Res, 2021, 31
(10) : 1952-1969.

[ 123 | Chen XQ, Litzenburger UM, Wei YN, et al. Joint single-cell DNA
accessibility and protein epitope profiling reveals environmental
regulation of epigenomic heterogeneity [ J | . Nat Commun, 2018,
9 (1) :4590.

[ 124 ] Mezger A, Klemm S, Mann I, et al. High-throughput chromatin
accessibility profiling at single-cell resolution [ J ] . Nat
Commun, 2018,9 (1) : 3647.

[ 125 ] Lareau CA, Duarte FM, Chew JG, et al. Droplet-based
combinatorial indexing for massive-scale single-cell chromatin
accessibility [ J ] . Nat Biotechnol, 2019, 37 (8) : 916-924.

[ 126 ] Hu YJ, An Q. Sheu K, et al. Single cell multi-omics technology:
methodology and application [ J ] . Front Cell Dev Biol, 2018, 6:
28.

[ 127 ] Hou Y, Guo HH, Cao C, et al. Single-cell triple omics sequencing
reveals genetic, epigenetic, and transcriptomic heterogeneity in
hepatocellular carcinomas [ J ] . Cell Res, 2016, 26 (3 ) : 304-
319.

[ 128 | Shapiro E, Biezuner T, Linnarsson S. Single-cell sequencing-based
technologies will revolutionize whole-organism science [J].Nat
Rev Genet, 2013, 14 (9) : 618-630.

[ 129 | Vermeesch JR, Voet T, Devriendt K. Prenatal and pre-implanta-
tion genetic diagnosis [ ] | . Nat Rev Genet, 2016, 17 (10) :
643-656.

[130 ] da Veiga Belirame E, Arnaboldi V, Sternberg PW. WormBase
single-cell tools [ J | . Bioinform Adv, 2022,2 (1) : vbac018.

(WHEREE  RIFEE)





