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Abstract Single-cell multimodal omics technologies have emerged as a revolutionary approach in the life
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sciences, overcoming the limitations of traditional bulk-cell studies and single-modal omics focusing on
isolated analyses. These cutting-edge techniques enable simultanecous interrogation of multiple molecular
layers-including genome, transcriptome, epigenome, and proteome-at single-cell resolution. This review
provides a comprehensive overview of the fundamental principles, methodological features, and broad
biomedical applications of single-cell multimodal omics. We first introduce the basic concepts of these
technologies, followed by detailed explanations of key technical principles underlying genome-transcriptome
co-profiling, epigenome-transcriptome joint sequencing, and proteome-transcriptome integrated analysis.
Furthermore, we explore their applications across diverse fields such as tumor heterogeneity studies,
developmental biology, neuroscience research, and precision medicine, while also discussing current technical
challenges and future directions.

Keywords single-cell; multimodal omics; cell atlas; biomedical research
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Fig. 1 Classification of single-cell multimodal omics
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Table 1 Comparison of analyte capture technologies across different molecular layers

e e i 38 5
sy R m?ﬁiﬁ%"gg&gﬁémﬁgmgm i S P TFE ES ST RRK, RS
BWGIS  ARRRBATER, AEESHE 6 ANREKRRL, RAESAGRAS  REHAR, 2Rk
A% ROMBERIEAS, SRR A 85 TR, AT

22 HBESEFEEGRASA,

(1) ¥ s 0B PR 20 2 B 20 S Rl 1 ] i
MR P KA SERANEE, KERA
KPR AAL 5 B R TE AT B i, e B4R
IR A A B R A S R S AL e e, Ak )
T DNA A8 5 0 BE K R B W2, 8T kS dE 4248
RURAR . DU S 5 JE DR ZH 7K P A A 1 48 Jk TR
RKIEMW T WLl . G&T-seq 1E 7 F WA R M+
AR, MHT/BRIEEEKEVFR, H\r4i1 DNA
DRAT o2 BB A AR e SR AN, 5T i
20 f AE K 5 Bk X 1 % AP, TARGET-seq
ML T AL BOR, 38 2 B iy A i1 40 P 3R
fif i A2 ) DNA/RNA BTSSR, TR 18
RAS KM 76 B, JFIE IR FH S TR A A A
SRNAR Z T B SC VR & g, K B S 6 E AR
THEZ) 5000 A H40H 5 —Fh 3T RFLAR I
$i R DNTR-seq U381 H#AZ A5 (direct nuclear
tagmentation) [A] 25 Hifj 3K 5 41 P 1) 3 [K1 20 DNA 1

R SRAE R, BREIR B RN A M K HAE B
[FIF, il DNA S HIi 7, St 7o 2 i A
B T TR,

(2) e e 1 -FR B A% 2H 2 B AS 2H 22 R 0] [+
D fENT DNA HEAE . et fiinl Kk, HEARE
i B e €00 JoT — o 235 ) S5 30 W A R A1 5 LR 7
SRR E RO, RHRHT Qe (0 PUIRES 5 2R R IA
NS, PR R Ay vk, B E AR
F o 550 B S BB A 4 i B S 2 5 4 R DR 4 I
R A L 2 A H 2T 152 seM&T-seq Hi K .
scM&T-seq 3T G&T-seq /7L JREE, FI HHLER >
2 DNA 5 mRNA, ZEALFEF4] DNA, #T7 R
) B i P A e A0k T SR A 4 2 R 4H HH B A
s, (R AE A e KLY Smart-seq2 i Fe X 5 20
SERCI Y. %07 OB TN ROV i T 40
Jfl, %€ T ko A % o AR ) DNA 4L 55 o
55 % T A 3 IR 2R GA 2 TR 2 R e MY sci-
CAR-seq FEARNIE & AN 40641 A 75 TR 1



131 w7,

S AU 2 RS A AR T K 5

mRNA A% 7 1 5| W7 A 2 %35 1) TS & B
B, X EASYH M P ) mRNA R G 6 5 3k 47
Frich, SII IR EE I 5 B B P A S 2H 5 e £
a] Rt B I EIHEAR . 258, SNARE-seq HiA
¥ ATAC-seq 93 A\ FE K 4 111452 3k 7 #1] (adapter) %
e B AT H mRNA W7 51 P0iR 3 1 22 28 A J2 (poly
A tail), | CAA B ERAH MO 5 = B[R] g e I 2
Rl R A et i n] Je ko e s dl- e i vl Ko vk
Z RS 220 3 7 AR AN W S S, I
AT KE#E. i, Xo25P9F KK ISSAAC-
seq F A T XECFRIC I ¥, FE SRS & 1 [
I, BRI ST BCIR S 5 AL R A B
P BT, 320, scNMT-seq $ A it
BRor Bz San i, S aR iR A L A B,
A [ B AT BN 2T B DNA FF AL . Jeta it ml Jr
PRI A 3 N FIRIRE RS, a7/ RS
Jo W TE BSGO E H 3R 0 R R 4 e 2 I Bl s AR
R BeAh, LiZPF R T scCOOL-seq $ A
ERRAN M )S , FIF DNA H S # F B M.CviPl
Xt Gt 5 I X I GpC A7 i BE AT 7k 41 B 364k
Fric, (A 23 B9 40 B A 5 4 B o R B R 20 A i
SEAME R, SIS M SR R 20 45 D%, DNA
AL, et RS AR AT . —&
DASK,  Guth i — 4 4540 5 5 R 2k (1) SR AE 7 T
I b R Gt T AR FH S 2R DR R 4 AT B R I
PRk . JE RN 2 RS A AT, RN
RIS 3 AT et i = e S5 M RBE R 3R I, REfp i
SRR A RAE R R A HER R B,
HiRES FEA S0 —FF A0 Mg AT B A7 e e A e £
R SR (3C), Fd i i 2 o 1k o B R AN 4
M, XM AT EDT, gzt TN REAG
KB T~11.5 K3t 7469 /> 540 i (1) % S 4 0 =
LR AH B, P3RS IR 6 517 A2k
DKIAD 317 435 >3 tt i 25 A AR B4R Y. GAGE-
seq Fll 1 41 & 2% T2 4 £ 55 W& ) B ) & 5 A 4 A
P e €0 5 = 4 g5 F AN B S P i,

scCARE-seq $ AR %4 [A]— 40 g 7 (1 Hi-C v B
Y fut% RNA RIS, M 21 B B S EAS N R
V68 40 L P 4 €80 I 5 R R S AL I, s e
05 = 2 45 ) 5 400 i iy 2 A0 A0 400 i 3 A R S
PEEY, ChAIR FARE TR T &, 8
) SN BT PAZE  B  EN G] I&  N 2y AP | B P
RIEE R, HRSLK T IRBGE 10 754 F4i i 5
PP, LIMCA 5 A D 3 5t 4 343 B ) — 40 i 11
Y ARAZ AN, SR IR 43T B4 e £ 5 =
Yegt A KGN E I, RERR
PG00 R R RO R

(3) e S A1 - B 1 20 2 A A A 2 R (R I 3R
RS I B A S0 L P 256 TR 8 S K ST Rt 9L 2 1 1)
RIEFE. HTAEEFERE. IR E
5. BAEMER AR, Rk
mRNA /K5 8 [ i 5 2 B8 A7 7 A R
FEMAE G, A AU 2 A HF R ARG
A T 2 e LA 240 P pAY () — Ak [R] A s RT i 1 3Rk
(R ECSIR L, A BR AR AR 1 24 FH RN 3L R 3R A 1 %
PLEI (It 7 BB . BRI CITE-seq”'f1
REAP-seq" i AR Al FHFUART AR 2 AR 0 41 AR 2R i
B X RRA G S  S A R 0 T & T
f, A4 I A E R BT L S 5 Skl — i
T AN RNA-seq U7 3REL . Blan, 76 4
FEREFE T, CITE-seq fit [R] I AS W 4328 441 A (1) 225 K]
TR E R EAEY, ek iR
T 40 M B K Th e RS R AT, 52K
[, RAID-seq A& i G 8 K5l 5 2 7] B 43 A 48
P9 R 1 B R Ak B R R A A Y Bl S TR
TR IR R, IR 2 18] e A A I 2 1 4 AR
13 TRORHERE (03 2 TR

2% 8] 22 4 A B R REAE (R B 4L 42 1045 5L )
WARAT 7 A%, SIA R RH . BEHEH, &
ML, BAAEZ AR ARG S, By
WA N =4 A, i, 73 [H ATAC&RNA-seq
A2 [A] CUT&Tag-RNA-seq $52 A 73 5l S 8L T A —



6 £ R B OR 2026 4
*2 BMMSRSEAREESHTE
Table 2 Key parameter comparison for single-cell multimodal technologies
ok LA A B R ik REARZAY
G&T-seq"” el FERA 2015 WYY s HiggE, ~200 M GBS
DR-seq'"" . HEE 2015 TRIH 54 B BUE, ~50 441K Ij;E
SIDR-seq"! 72 e AL 2018 B HIGHRS i BG, ~S0 MM iR
TARGET-seq™! FEAL, SR 2019 PeRee-l! e B, ~5000 MM 0 5/ 414
DNTR-seq" 2 e AL 2020 Wy i s, ~600 AT A0 F /T AL L
sci-CAR-seq"” FEF L Yt A R 2018 P Re-El! sk, ~50% ot B, > 1 I G F A 4
SNARE-seq”! PR, Yetn 5 AT Bk 2019 A% B, ~90% ot B> AN AR A4
ISSAAC-seq™” B Yt R 2022 HaEE & B> AN AT R AR
SMAT-seq®  HE3AL DNA TIEIL. RETE 0016 gy B BIE ~60 M AR
SONMT-seq)  #RAT DNATERIE. SBETR 16 sy o CpG KB HIEEAT o, ~200 M AIE
snmCAT-seq™ FORAL MBTEMIENE. RO )y oy s 5, ~5000 M 2 R /HEEL 1
A Kbk
2 i ALk AIE . N ; N
scCOOL-seq"” DNA A, g mal e 2018 LB AR, ~15000 FEFEJE )X H5E, ~200 41 4 &
. 6 el FEERIALE DU . . o . ;
iscCOOL-seq™ DﬁA%EF'%H:\.%é%}%?&Ti 2019 WEAE 5, >18000 HEEZITIXE b, ~700 MK 4IRE
scTrio-seq™” 4. EEA. BWA 2016 YIRS #, >3 CpG L /4 1%, ~25 AMip bl
HiRES™" AL, P SR 2023 A% s, RS S 3 wL ST A1 &
scCARE-seq™  HEg4l. Petaff =4isity 2023 B HSHRS B HH %
GAGE-seq™” R, PR RAE 2024 A% w2 Hise, 1000 AN ZH BT AL
LiMCA™ LT, PEFR ML 2024 LB B s, ~200 AN ML 5 /HT A2
charge  FORAL SREREEIE RET 05 maws) FoSUMIE E
a 1% TR
CITE-seq” W, FmmEEA 207 mawe o SUPREEREREAE o Ditmm s
REAP-seq™! R, RiEAH 2017 HAERS g, JLH AR E E A AR EY W, >1 JiA4ii Pt 2
RAID-seq"" . EAd 2019 A% &, ~10 FEFBEASREY %, ~500 M 2 7
ASAP-seq™  EEEEM. REFALE 2021 W% B, MEMEREAFEEY & >1 AR A &
> += - Yu
PHACE,  WORdl, REELUL RERT 20 magsl & BFREEEATARE & ST R S

WY e ta i v] ot/ S s 5 R R R
K B TR B BARILAT S 1A A 2R B AR 4y
HERAIRARR, 724 B i Rk 31 A 41 i
W, MO T —SHmme R, W
Tagore 25" 3@ 5t 43 #r A /N 0 B firi o 78 1O i 496 7%
SRR R I 2 S B AH A% RNA 5 T 48
AR B i R A s 2H M 4 R R AH I 7
Zx i) 7 MR I R kL ) 2 RS A A I, R E

H — AN DU REAE Do b 2 1) 8 200 PR B AT B 4 75
SCRIUESS S EAE S

Ik, KK MF (long-read sequencing)
FEOR B GINE— BT T 520 2 15 A A i
MTHE JT. 2023 4F K& AT H scNanoCOOL-seq 3 A%
G 7 =AW TG, ] 5] i AS I A 24 B () 5 D
A . DNA HUEAL . Ge i ot m] R % 5%
H, KM AR 300 bp $2TFZE 900 bp' s



131 w7,

S AU 2 RS A AR T K 7

X — R A TN 51 BEAE T T4 B R 41 X IR 3=
WAL AB MG B [ A2 4, 4nfE K562 A1 HFF1 4]
il F o 55 DNA W EEAL 5 e 00 )5t a] S 1 7 3
5 DX 3 K B S R R
2.3 HESEFBIRES A

L2 PR 2 RS A A N 22 A R A A A B S
B, HEHE A E %O AR TR R B R — 4 AR
ANFBAEAE (A, RUWHERFEA . HEER
Hy FATES, WHERERM B AMHLR S, fE5
—HEZE T 4R e B RS MIAE R R 55
— S 2R P AR AT L, B R 2 N R
kS G SN S RSN R= 0 SR o DN
MER, SFEAFRBSEMEAKME: i
Qb PR PSR e B PRSI o) — P I B
&, NmMERRKEEEGEE. CIFRAZESE
B A T IEAR T SR B ] 43 KRS (B AE
A3 AR e B A (30T X 2% B30 RN R
M) REAT 3 e, e A A B AL E ) T4k 2
DU ERBERN B flu: BT
Python Al R i& & i) MOFA+ & 5 38 i 11 5 5 2%
H14% 43 HEWT (variational inference) B ) £ 4 1 1%
YERAE, NI XT 22 A2 B dl Bk A el A7, T
Python ¥ 5 [1] Total VI F2 J7 i ixt #if 42 ) 2% 27 5] 2
BSEAR A MR RAE, MREA R B R A 1)
Wars | RO ZE AR, e 2R RS IS
YERAE™ . JEAE 25 IR AR 5 22 A 2 2 1) S =
PITEAEDR 1, HX O3 78 R 1 18 0 Bk = AR 2 i
Feo HbAh, HIT4HMR AT RELEAS [RIREAS S IR 3 1
Iy FHHE, DR SeRRAE W] R AE v B A
FHERT 5, G 9 28 S92 1 S B T MBS 1 4
I 53 vt S0 ) R AR ABA I, AR i E i A AL Y 4
il BT 5 &0 BV X ok AN A AR 1) 1]
L RS — IR 2R W 4550, R A A B 2
A R AE T B — . filn,
Hao 253 F R 15 5 Seurat F25 51 N BRI
AEE, WRIEAFIBIES A E, S A SR

ML AT, Rk, NTEBREARKEHED) T
BEETEM IR . Fln: FET Python 1B S
[¥) CLUE #% i i 5] NS RE 5 () R AE T 23 7],
XA AT IRAL A% 2], DN T B A [F) A5 25 1]
DRl 73 3 28 AN R 7= A 0 B AR R ), e e o 22 182
[) ) Bl S 44 3K 8 SR [ AN ) RS 1 R AIE 8 5 3] —
#2P; T Python 1 5 1 MIDAS #2 7 A i i
TR B 2 > S FH 1 B 4 i %2 20 2 1 38 v B8
IR XS FF . B4, #HERS IE S A ThARE,
TETH BRI BSFNRATE A WAE 5 7 Th 7 H R
{77 A

3 BAMSRSEHFRAEEYESFH
RAPHIN AR

3.1 MESRMESHIMEMR

BN 2 A H A EOR B R T R BT TR
S k. Blan, 7620k g8 i a3 i
Zachariadis 25"z ] DNTR-seq $% A 58 i 4> %=
L HZBEHP T, BB EARRYE
DUECSR N 0 b B, X 8T v BEAE VR 9T I AR
HER I IR B Y, SRR AR 25 b i AE
YERT . 25Meiith, Wu Z5P2E i s g s 2 B 4
oy M o g B R A 88, I SLC25A13 Kis s
A R A Mg B EAE G, 5 CD8+T i fidii s
TR, NRPEBIT AP RI S A 78 WA . i
AL ST A 52 2 T B A M 2 RS A i
wn, ELEEBEU R, Bian 255 T4k 1
scTrio-seq ¥ AR, #EARERFH . RMAHF R H
e, HEBWEHAIE, RKIMEMIEAE AL R
BTl s AL A8 S L, $RAR SR MEE AR
JE 11 AT HE 2 bR & A i B o IR R TN B
fife Jof 983 3 A IR RN R BE ) R 9T SR M HL AT
B
32 RKHE5HUHAR

B2 B H R K B YT TR



8 £ &

HEoOR 2026 4

7 RTAT A B PEER . Argelaguet %5 B F
scNMT-seq A 7 #r /)N BRUE W IR e id 78, 4878
TARF R ZH b FE b DNA 34k, Yeta ]
ot 53N RIB BB K R . Wang 5%
T Stereo-seq I FH FHIAR, Ll R 4K B
WM 3D HRA R o 2 S H R, RGN
TR A0 28 A A I S B S B0 T N
%, XIUTAENEE Y F I i se it 7 AT 4y
TIEZMZ%. MR, KELEWREERZERT
AR . ASHE SR 252 P BN i £ RS 4L A
Fo B SR AR IR -UE-IR 7 IRAH SR VR A ik
B2, ARG 7K ST 20 A7 BE i 5 i 4H 23 b 4 2
gy HEFERHER Z R SRR, AR THREWE
E N

Y Ay 32 R 2 T R OB R 2 S H
A B BN R Ak . 7R 3 I o AE O AR A AT
Mimitou 23 T ASAP-seq £ A [F] 5 46 ) 24>
A e 5 T RS 5 B AURRIA KT, BB
% 05 T CIR A5 25 550 Fh i i R 1 A
HEAREMIRMALS S, R T KRG 14
ARG . RNA SREE AN FS Z 57
AL ES— A, Nam S5 )0 Bt i
I A F 2y B ATV PR CD34 4i, #E4T
SR H SRR 43 Y (GoT) &, 75 541 g RNA
Fr W [RTIRE SE BT R882 5 AL 1~ (1) A [ 5 [K] 7 28 A
FIEAL AN, B DNMT3A 9748 5 85 i 41
S S IURE R i PE 4k, (RFER A ERK-AO R
I BE ) A R EAEE R AL R4, (R B
FbR SN A T4 HAR B RIS KRR, AR
F WAL 24 2 T 78 DNMT3A 82524t 56 51 2
Polll #EAR X 35 S 5 & CpG 38 58 /7 (1A% H 34k
33 #HERFENHA

PR 2 S L S R TE E I 2 RS
P A A P AT B N . B, Xu 25
ISSAAC-seq 5 A 7E [F] — 41 B 2% P9 A6 I G €20 )5 ]
JAENEER ZGE, fd TGS 10 000 4

/IS RO B J2 2 RS s i T, e ST 3
R B 2E o A B SR R S R R A e, RAE
FE R R IA T8 SCI 020 i 2 A w1 S e 6 5K
RIS TR N T2 9 o 4 s s
FE A PR 2R I8 5 Gu 8 ot ] S M (R AU Re sl A8 784k
HAHERXRR. B+, Nguyen 2%+
Patch-seq 3 ARSI R 28 o % s 20 5 e AR B
FRIE Z B HEE, % e T 5ME R MHEx
i O B 3 ) K A ZE BEAFAE o 10 Luo 25 PhE it
snmCAT-seq £ AR [FIFHf 38 1 A RAT Bz )= 240 28
(1) B R g . YLt i n] e AL Sk 2,
BT ZAME AR A R, s T HIELS
R RIEZ [ MR, RIL T AR PR
AR KU e e 1 2
34 REBEMR
BRG] EYEAE R E S R
AL A HE R . i, Fiskin 2% T
PHAGE-ATAC i A s 81 #4117k “F 25 (1 3R
I8 Gt )i n] ok J 28R iA DNA b [ 38 5 1 [
RTINS ON R AR G % A i 3 AT R -
JRERE AT, BRI A AR, SCIdniR NS
SEASHT, HWIIRA] SARS-CoV-2 Hll R & M ;
Hu 2™z il CITE-seq £ R 454 CITEMO #.41 iy
ZRSOITEL, BEHEFHASEAHEE, X
i liIREER o411 i DR SN R = it ) 8 i b A
M, T T 2R, ORI TR IA L FibR
Ry RNERR7 RV R IR U
ZSHZ I R 3k 3 Fis.

4 HERSERE

4.1 HEIEARBRRME

LM 2 RS H R OR BAREAS T R
J&, ABUIAETE RSB M 0, JLH R AER MU
FERAR M . Fln: seM&T-seq $ A 75 E 4K
— AN DNA A1 RNA 7385, 85 70347 2



13 ok

Fia A YA B A 2 ROR SR R N 9

R3I ZRTEFWRER

Table 3 Research advances in multimodal omics

A3, TR % EZ BN IAEEES TN FERIL
Ji IR AF 7T SV bk AN AR A LRI, B DNTR-seq o S5 P LTS8 PR AN IE i I v i 25 )
4B i FERIH . R FEatd scTrio-seq LA A4 AR S5 L TTAS IO 1 3844 28 S el BT
KRB MNRIERRE DNA HEAL, Yo fiin] Stk Haed scNMT-seq RIFIFE 2R R 3h A58 e 2
R4k E W Pet ] k. Bk, ZSEd Stereo-seq SIS AL 23 B2 0 R R 4 )
AR A BUN et e, A ASAP-seq ﬁ?ﬁiﬁﬂmﬂhﬁﬁﬂiﬁé@@f RNA FIREEA
E'e
o B i 1 SR ER R RGO, Fkd GoT DNMT3A RAF AR5 AT Polll FEAR X 455 S
SE CpG I 33 7 HAIG Y 3246
U201 NSRRI Bz J2 et i) v Bk ISSAAC-seq E2@1’&‘—7‘%@Dﬁﬁ&‘f%ﬂﬂ%%@é%&%*ﬁﬂ
PSS
ANRIF AN Z T s, AR HURRIE Patch-seq T2 TC R TR S ) SR JE R B Hh A PR A
NG 3 R HUR S . G R AT . R4 snmCAT-seq R A i s i 2R
G R N A BARML. Qe Rk, Zkifk DNA  PHAGE-ATAC SARS-CoV-2 IR &K
T
NG 0L A% 20 g EAM., A CITE-seq LR L bR M AR IR S e 2 R 1A
RN AL

FEMT, XN FEE 5y 1 A% B AR FE, DRI 3845
Fi 4= 5 DR 4 P 6078 5 08 3 EPY; scCOOL-
seq £ A HBE [F] B KL WU A PR £ &= 1 4H B A g
TR, BRI, ETAARIIFE, W sci-
L3-RNA/DNA AR, HINE—ERE Fiem 74
PRALERRE T, AHEHE (AR B 0 AT AR AFAE,
B AEARE BE A>T AR I 1Y R A A B AT T
i 2 ) — S ) . BN i 4 S 6 A AT
SR R, I AR A T 40 BRSPS A
BN L. SRAh, ARG AR A ] 2 4
S0P AT TG PR AR, PR A R R AT B AR A
FRAEE AR e . A, MRT KBRS
HEEHR TG B ARSI AR, PR T HAEE
SIS E AN . FIRE, SZRTF AR AR
(R 3E &, dVfRp T R B A SR R AN [F] )22 1 1R 201 B
AT SR BRI T, 2 H AT AR R 1 7]
4.2 HESHHEEL

YT B 2 A A A 2 PR A I e B s X AE S
B TRk . BRI S R 2 S A )
BTIIAZ 0 )8 . AN RIS B RV RFAE 46 5 L i i

M R0 7 A AP AR R 2 5o BEAT A T 7 S i %8
GARYRARN T ERE, ZEath2 A
AR AE, RATEN RAE AR EE R . mRNA,
WA RN FEERBEREN, ML
i A RIT I RORE A Y BRI, Xy
R BE AR I AT R AR T Re B BUEME S
WERE, BTSRRI R R AR, &
A il Z 3 3 3 P T A 22 oS S B 1 T SR A
o TR I,  ASRIJ7 1060 Hds 1 3& A A
[l Seurat. MOJITOO Fl scAl 7F H H ¥ & 3£
B, T total VI Al UINMF £E /K 738 & i R B
H— A, SCOT Ml total VI J7 1% 7E RNA 5
ATAC. RNA 5 (45 $o 8 & h R B,
I3 7E G 5 0] S ME TN, LS Lab 1 #E# FE H
w0 AN, HEIRAS AN SZG 5] N R G iR 2
ZREB LTS — DB . AESLEF 4 .
AR, EEEIEANG, #Walaes NBARIRE,
AL AEY ¥ 2% . A CCA Fl Harmony
SRR B BE A X IR RS 1 L U R AT A
1E, {HAE 2 B B b 0 B ORI Rt



10 £ R

HEoOR 2026 4

TE RS He () TH R T VSR AL H 25 5 A U 2
H BT A i o i 1) R, [RI, BE S 2 ARSI T
ERH R, BRI 4 e I,
X 5 R 2 R A A SR ) AR 2 A B I
I PRk A o
43 KEKERARSRE

SLES ARG T, KSR T S A 2
HEp 462 HEE % . Oxford Nanopore il
PacBio SMRT & = U 77 & g E %42 Il DNA
FOEAL S R L bR, 5 1R A ShAb 3
S DNA HEtfb. scNanoCOOL-seq $ A fELE
BN 2 L PN [R] B R 0 R ZH P DU S . DNA
FREA L, Bt iim] ot AN s 2l . K Kpr it
FERF MK CpG 5 1 H SRR S H R
RIEACT IS, ML 2 920 0 4 ] 1 2 00 3
R 34T o ek, A AR 2H 2% A0 IR it 41 5 4 5 2|
ZRISH AR P R EETT ), XK A EE R
MOAREHE IR RRACH A . R, B¥E N TR R
RAEN THEITE R o A HHE ) 2 S H
WEFEIIER N s AT B8 47 H A2 40 AN g b 22 B s
[ (1) 52 2% SR K

Il RS FH 7 THT, B 20 0 2 B A S E R v
BT RS R I . i o A B A
K Z A H SRR, 7T LR A5 A A G T
S, FRSAMEAIRIT . B, fEMERIT T,
45 G B A i 22 LS A 5 40 i RN 2 ) BB DR
A BTN B F R ITWN . thah, TR ARIE
1oy B B 2183 21 A A T 6 8 HE S B g
ZRISHFRR GRS W A, Em ik
IR 0 R A oK T AL

5 & g
AN A 2 AR S R R S B

N FIREER, USRI HRER T4
M PR AN B A R G A LR . AECAR f

FERFE, MBS E. 5Ty AERIE
SRS HAN I BT 2 S A 2 A T A B VR
PERIE BN B RS8R TH. MM A BEEORE , 123
AROEMR S KEEWS. faRi 2 miks
ST A T ARSI AR AT, DY BB ML A A
TFRGE R IT 2t 1 7. BRI B R
A BE o B R SRR, (B I
AT EIAN D, AN 2 AL
WP AR SEHES A G B E AT ORI AL 5, A ST
SR I B e R L 34K o

& £ X

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

[2] YaoF, YuP, LiY, et al. Histone variant H2A.Z is
required for the maintenance of smooth muscle cell
identity as revealed by single-cell transcriptomics
[]. Circulation, 2018, 138(20): 2274-2288.

[31 LiZ,YaoF, YuP, et al. Postnatal state transition of
cardiomyocyte as a primary step in heart matura-
tion [J]. Protein & Cell, 2022, 13(11): 842-862.

[4] WangY, Yao F, Wang LP, et al. Single-cell analy-
sis of murine fibroblasts identifies neonatal to adult
switching that regulates cardiomyocyte maturation
[J]. Nature Communications, 2020, 11(1): 2585.

[S] Chen YN, Zhang T, Yao F, et al. Dysregulation of
interaction between LOX"" fibroblast and smooth
muscle cells contributes to the pathogenesis of
aortic dissection [J]. Theranostics, 2022, 12(2):
910-928.

[6] Teichmann S, Efremova M. Method of the year
2019: single-cell multimodal omics [J].
Methods, 2020, 17 (1): 1.

[7] Baysoy A, Bai ZL, Satija R, et al. The technologi-

cal landscape and applications of single-cell multi-

Nature

omics [J]. Nature Reviews Molecular Cell Biology,
2023, 24(10): 695-713.
[8] Zachariadis V, Cheng HT, Andrews N, et al. A


https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1161/CIRCULATIONAHA.117.033114
https://doi.org/10.1007/s13238-022-00908-4
https://doi.org/10.1038/s41467-020-16204-w
https://doi.org/10.7150/thno.66059
https://doi.org/10.1038/s41580-023-00615-w

L] Wk

Jis S PN AL SRR SR B R N 11

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

highly scalable method for joint whole-genome
sequencing and gene-expression profiling of single
cells [J]. Molecular Cell, 2020, 80(3): 541-553.
Macaulay IC, Haerty W, Kumar P, et al. G&T-seq:
parallel sequencing of single-cell genomes and
transcriptomes [J]. Nature Methods, 2015, 12(6):
519-522.

Han KY, Kim KT, Joung JG, et al. SIDR: simulta-
neous isolation and parallel sequencing of genomic
DNA and total RNA from single cells [J]. Genome
Research, 2018, 28(1): 75-87.

Yin Y, Jiang Y, Lam KWG, et al. High-throughput
single-cell sequencing with linear amplification [J].
Molecular Cell, 2019, 76 (4): 676-690.

Chen S, Lake BB, Zhang K. High-throughput
sequencing of the transcriptome and chromatin
accessibility in the same cell [J]. Nature Biotech-
nology, 2019, 37(12): 1452-1457.

Stoeckius M, Hafemeister C, Stephenson W, et al.
Simultaneous epitope and transcriptome measure-
ment in single cells [J]. Nature Methods, 2017,
14(9): 865-868.

Vandereyken K, Sifrim A, Thienpont B, et al.
Methods and applications for single-cell and spatial
multi-omics [J]. Nature Reviews Genetics, 2023,
24(8): 494-515.

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

Hu YJ, An Q, Guo Y, et al. Simultaneous profiling
of mRNA transcriptome and DNA methylome from
a single cell [J]. Methods in Molecular Biology,
2019, 1979: 363-377.

Guo HS, Zhu P, Guo F, et al. Profiling DNA
methylome landscapes of mammalian cells with
single-cell reduced-representation bisulfite
sequencing [J]. Nature Protocols, 2015, 10(5): 645-
659.

Dey SS, Kester L, Spanjaard B, et al. Integrated
genome and transcriptome sequencing of the same
cell [J]. Nature Biotechnology, 2015, 33(3): 285-

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

289.

Cao JY, Cusanovich DA, Ramani V, et al. Joint
profiling of chromatin accessibility and gene
expression in thousands of single cells [J]. Science,
2018, 361(6409): 1380-1385.

Ma S, Zhang B, LaFave LM, et al. Chromatin
potential identified by shared single-cell profiling
of RNA and chromatin [J]. Cell, 2020, 183(4):
1103-1116.

Kashima Y, Sakamoto Y, Kaneko K, et al. Single-
cell sequencing techniques from individual to
multiomics analyses [J]. Experimental and Molecu-
lar Medicine, 2020, 52(9): 1419-1427.

Lee J, Hyeon DY, Hwang D. Single-cell multi-
omics: technologies and data analysis methods [J].
Experimental and Molecular Medicine, 2020,
52(9): 1428-1442.

Rodriguez-Meira A, Buck G, Clark SA, et al
Unravelling intratumoral heterogeneity through
high-sensitivity single-cell mutational analysis and
parallel RNA sequencing [J]. Molecular Cell, 2019,
73(6): 1292-1305.

Angermueller C, Clark SJ, Lee HJ, et al. Parallel
single-cell sequencing links transcriptional and
epigenetic heterogeneity [J]. Nature Methods, 2016,
13(3): 229-232.

Xu W, Yang WL, Zhang YL, et al. ISSAAC-seq
enables sensitive and flexible multimodal profiling
of chromatin accessibility and gene expression in
single cells [J]. Nature Methods, 2022, 19(10):
1243-1249.

Clark SJ, Argelaguet R, Kapourani CA, et al.
scNMT-seq enables joint profiling of chromatin
accessibility DNA methylation and transcription in
single cells [J]. Nature Communications, 2018,
9(1): 781.

Li L, Guo F, Gao Y, et al. Single-cell multi-omics
sequencing of human early embryos [J]. Nature
Cell Biology, 2018, 20(7): 847-858.

Liu ZY, Chen YJ, Xia QM, et al. Linking genome
structures to functions by simultaneous single-cell
Hi-C and RNA-seq [J]. Science, 2023, 380(6649):


https://doi.org/10.1038/nmeth.3370
https://doi.org/10.1101/gr.223263.117
https://doi.org/10.1101/gr.223263.117
https://doi.org/10.1038/s41587-019-0290-0
https://doi.org/10.1038/s41587-019-0290-0
https://doi.org/10.1038/s41587-019-0290-0
https://doi.org/10.1038/nmeth.4380
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/nprot.2015.039
https://doi.org/10.1038/nbt.3129
https://doi.org/10.1126/science.aau0730
https://doi.org/10.1038/s12276-020-00499-2
https://doi.org/10.1038/s12276-020-00499-2
https://doi.org/10.1038/s12276-020-00499-2
https://doi.org/10.1038/s12276-020-0420-2
https://doi.org/10.1038/nmeth.3728
https://doi.org/10.1038/s41592-022-01601-4
https://doi.org/10.1038/s41467-018-03149-4
https://doi.org/10.1038/s41556-018-0123-2
https://doi.org/10.1038/s41556-018-0123-2
https://doi.org/10.1126/science.adg3797

12 £ R B R 2026 4F
1070-1076. [J]. Nature Biotechnology, 2021, 39(10): 1246-
[29] Zhou TM, Zhang RC, Jia DY, et al. GAGE-seq 1258.
concurrently profiles multiscale 3D genome organi- [39] Fiskin E, Lareau CA, Ludwig LS, et al. Single-cell
zation and gene expression in single cells [J]. profiling of proteins and chromatin accessibility
Nature Genetics, 2024, 56(8): 1701-1711. using PHAGE-ATAC [J]. Nature Biotechnology,
[30] Qu L, Sun J, Zhao C, et al. Simultaneous profiling 2022, 40(3): 374-381.
of chromatin architecture and transcription in single [40] Zhang D, Deng YX, Kukanja P, et al. Spatial
cells [J]. Nature Structural & Molecular Biology, epigenome-transcriptome co-profiling of mamm-
2023, 30(9): 1393-1402. alian tissues [J]. Nature, 2023, 616(7955): 113-122.
[31] Chai HX, Huang XY, Xiong GZ, et al. Tri-omic [41] Tagore S, Caprio L, Amin AD, et al. Single-cell
single-cell mapping of the 3D epigenome and tran- and spatial genomic landscape of non-small cell
scriptome in whole mouse brains throughout the lung cancer brain metastases [J]. Nature Medicine,
lifespan [J]. Nature Methods, 2025, 22(5): 994- 2025, 31(4): 1351-1363.
1007. [42] LinJL, Xue XH, Wang Y, et al. scNanoCOOL-seq:
[32] Wu HG, Zhang JK, Jian FC, et al. Simultaneous a long-read single-cell sequencing method for
single-cell three-dimensional genome and gene multi-omics profiling within individual cells [J].
expression profiling uncovers dynamic enhancer Cell Research, 2023, 33(11): 879-882.
connectivity underlying olfactory receptor choice [43] Miao Z, Humphreys BD, McMahon AP, et al.
[J]. Nature Methods, 2024, 21(6): 974-982. Multi-omics integration in the age of million single-
[33] Peterson VM, Zhang KX, Kumar N, et al. Multi- cell data [J]. Nature Reviews Nephrology, 2021,
plexed quantification of proteins and transcripts in 17(11): 710-724.
single cells [J]. Nature Biotechnology, 2017, [44] Hao YH, Hao S, Andersen-Nissen E, et al. Inte-
35(10): 936-939. grated analysis of multimodal single-cell data [J].
[34] Gerlach JP, van Buggenum JAG, Tanis SEJ, et al. Cell, 2021, 184 (13): 3573-3587.
Combined quantification of intracellular (phospho-) [45] He Z, Hu SF, Chen YW, et al. Mosaic integration
proteins and transcriptomics from fixed single cells and knowledge transfer of single-cell multimodal
[J]. Scientific Reports, 2019, 9(1): 1469. data with MIDAS [J]. Nature Biotechnology, 2024,
[35] Luo CY, Liu HQ, Xie FM, et al. Single nucleus 42(10): 1594-1605.
multi-omics identifies human cortical cell regula- [46] Liu CZ, Wang LH, Liu ZD. Single-cell multi-omics
tory genome diversity [J]. Cell Genomics, 2022, integration for unpaired data by a siamese network
2(3): 100107. with graph-based contrastive loss [J]. BMC Bioin-
[36] Gu C, Liu SL, Wu QH, et al. Integrative single-cell formatics, 2023, 24(1): 5.
analysis of transcriptome, DNA methylome and [47] Argelaguet R, Clark SJ, Mohammed H, et al. Multi-
chromatin accessibility in mouse oocytes [J]. Cell omics profiling of mouse gastrulation at single-cell
Research, 2019, 29(2): 110-123. resolution [J]. Nature, 2019, 576(7787): 487-491.
[37] Bian S, Hou Y, Zhou X, et al. Single-cell multi- [48] Argelaguet R, Arnol D, Bredikhin D, et al.
omics sequencing and analyses of human colorec- MOFA+: a statistical framework for comprehen-
tal cancer [J]. Science, 2018, 362(6418): 1060- sive integration of multi-modal single-cell data [J].
1063. Genome Biology, 2020, 21(1): 111.
[38] Mimitou EP, Lareau CA, Chen KY, et al. Scalable, [49] Gayoso A, Steier Z, Lopez R, et al. Joint probabilis-

multimodal profiling of chromatin accessibility,

gene expression and protein levels in single cells

tic modeling of single-cell multi-omic data with
total VI [J]. Nature Methods, 2021, 18(3): 272-282.


https://doi.org/10.1038/s41588-024-01745-3
https://doi.org/10.1038/s41592-025-02658-7
https://doi.org/10.1038/s41592-024-02239-0
https://doi.org/10.1038/nbt.3973
https://doi.org/10.1038/s41598-018-37977-7
https://doi.org/10.1016/j.xgen.2022.100107
https://doi.org/10.1038/s41422-018-0125-4
https://doi.org/10.1038/s41422-018-0125-4
https://doi.org/10.1126/science.aao3791
https://doi.org/10.1038/s41587-021-00927-2
https://doi.org/10.1038/s41587-021-01065-5
https://doi.org/10.1038/s41586-023-05795-1
https://doi.org/10.1038/s41591-025-03530-z
https://doi.org/10.1038/s41422-023-00873-5
https://doi.org/10.1038/s41581-021-00463-x
https://doi.org/10.1038/s41587-023-02040-y
https://doi.org/10.1186/s12859-022-05126-7
https://doi.org/10.1186/s12859-022-05126-7
https://doi.org/10.1186/s12859-022-05126-7
https://doi.org/10.1038/s41586-019-1825-8
https://doi.org/10.1186/s13059-020-02015-1
https://doi.org/10.1038/s41592-020-01050-x

L] Wk

Jis S PN AL SRR SR B R N 13

[50]

[51]

[52]

[53]

[54]

[55]

Stanojevic S, Li YJ, Ristivojevic A, et al. Computa-
tional methods for single-cell multi-omics integra-
tion and alignment [J]. Genomics, Proteomics &
Bioinformatics, 2022, 20(5): 836-849.

Tu XM, Cao ZJ, Xia CR, et al. Cross-linked unified
embedding for cross-modality representation learn-
ing [C] // Proceedings of the 36th Conference on
Neural Information Processing Systems, 2022: 1-
14.

Wu WJ, Liu SM, Ren HL, et al. Unveiling the
oncogenic role of SLC25A13: a multi-omics pan-
cancer analysis reveals its impact on glioma
progression [J]. Cancer Cell International, 2025,
25(1): 76.

Wang MY, Hu QN, Tu ZC, et al. A Drosophila
single-cell 3D spatiotemporal multi-omics atlas
unveils panoramic key regulators of cell-type
differentiation [J]. Cell, 2025, 188(17): 4734-
4753.E31

XS, REE, B3, 5. OR-IE-IR 7 455 BRI
7R T T3 e J AE B0 2 i 2 A S 4 2 1 R
% (3], o E SEIR TR &, 2023, 29(14): 191-
203.

Deng LW, Tang Y, Yang Y, et al. "Disease-
syndrome-therapy" spontaneous abortion models
and application trends of single-cell multimodal
omics: a review [J]. Chinese Journal of Experimen-
tal Traditional Medical Formulae, 2023, 29(14):
191-203.

Nam AS, Dusaj N, Izzo F, et al. Single-cell multi-
omics of human clonal hematopoiesis reveals that

[56]

[57]

[58]

[59]

[60]

DNMT3A R882 mutations perturb early progenitor
states through selective hypomethylation [J].
Nature Genetics, 2022, 54(10): 1514-1526.

Nguyen ND, Huang JW, Wang DF. A deep mani-
fold-regularized learning model for improving
phenotype prediction from multi-modal data [J].
Nature Computational Science, 2022, 2(1): 38-46.
Hu H, Liu RQ, Zhao CL, et al. CITEMO™"": a
flexible single-cell multimodal omics analysis
framework to reveal the heterogeneity of immune
cells [J]. RNA Biology, 2022, 19(1): 290-304.
R, RIG R A0 2 A A SR Iy LA
B mt Fe b i R (0], ARk - R
i, 2023, 25(11): 3515-3522.

Liu LY, Wu QF. ScMulti-omics technology and its
application in acupuncture research in perspective
[J]. World Science and Technology-Modernization
of Traditional Chinese Medicine, 2023, 25(11):
3515-3522.

Hu YL, Wan SY, Luo YHY, et al. Benchmarking
algorithms for single-cell multi-omics prediction
and integration [J]. Nature Methods, 2024, 21(11):
2182-2194.

Mo, AEIRHE, S8, RS 2 BIR RS T%
ROV RE VRN [J]. 2 PR 2 22 5 8 A W52, 2024,
43(7): 1196-1213.

Yang P, Ren ZH, Yuan ZQ. Performance evalua-
tion of methods for integrating multi-modal omics
data [J]. Genomics and Applied Biology, 2024,
43(7): 1196-1213.


https://doi.org/10.1016/j.gpb.2022.11.013
https://doi.org/10.1016/j.gpb.2022.11.013
https://doi.org/10.1186/s12935-025-03696-z
https://doi.org/10.1016/j.cell.2025.05.047
https://doi.org/10.13422/j.cnki.syfjx.20230519
https://doi.org/10.13422/j.cnki.syfjx.20230519
https://doi.org/10.13422/j.cnki.syfjx.20230519
https://doi.org/10.13422/j.cnki.syfjx.20230519
https://doi.org/10.1038/s41588-022-01179-9
https://doi.org/10.1038/s43588-021-00185-x
https://doi.org/10.1080/15476286.2022.2027151
https://doi.org/10.1038/s41592-024-02429-w
https://doi.org/10.13417/j.gab.043.001196
https://doi.org/10.13417/j.gab.043.001196

	1 引　言
	2 单细胞多模态组学技术原理与方法
	2.1 多模态组学分子捕获技术原理
	2.2 多模态组学整合技术分类
	2.3 多模态组学数据整合分析技术

	3 单细胞多模态组学技术在生物医学研究中的应用进展
	3.1 肿瘤异质性与微环境研究
	3.2 发育与分化研究
	3.3 神经科学应用
	3.4 免疫学研究

	4 挑战与展望
	4.1 当前技术局限性
	4.2 数据分析挑战
	4.3 未来发展方向与展望

	5 结　论
	参考文献

