A SR IR Jan. 20, 2025, 52(1): 101-113

Microbiology China CSTR: 32113.14.j.MC.240272
tongbao@im.ac.cn DOI: 10.13344/j.microbiol.china.240272
http://journals.im.ac.cn/wswxtbcn Copyright ©2025 Microbiology China All Rights Reserved

Fit 551k

2 ] B2 2 U R R R A SR I R

XNEEL, BR>, gl BEE, REX, #R"

1 Wi R K2 WS TSR, Wi St 310023
2 Wi EEZy R Aapkleesa e, Wil AUl 310053
3 BUMBECE YR AR E, Wi B 311215

XIFEE, Mk, mil, BRERE, RMESC, B2, 0GR AN I BRI R[], AR, 2025, 52(1): 101-113.
LIU Maomao, CHEN Huan, GAO Yuan, ZHAO Beibei, RONG Yawen, HUANG Jun. Advances in bacterial single-cell
sequencing[J]. Microbiology China, 2025, 52(1): 101-113.

H B aRAARTaRRFanticmdn g ) b kR E, FEBEZEREHAK
B EAE R PAEE R EZNER, A@MBBMRERAHEFTRT ERIK. L@manF s
menfe R H T, fed Faf A, Fsss, whAREE ). mRNA 42K, F1
42, £ PolyA B. #F4+ rRNA bk femio st B 5, 2134 F A mitey & minnF 7k
REEERTFmE. AT HRXEERF AL m R RN RS, AFRA TR RS
RTZERT@BANL@BNG Tk, AXRAAERTRFRRE G @E L mieisFanFiLR
EMFER, BRTHBEAEESN T XERARER T@AWGWRFTRGOLT, § & N4 X5
RBEFOAA . @E L@ FTARAR TBE TR, ROBERT WAL T AN, #
W AR R T R AL .

X8R mE; Bamien g, mE g, 4k

Advances in bacterial single-cell sequencing

LIU Maomao', CHEN Huan??, GAO Yuan', ZHAO Beibei!, RONG Yawen"!, HUANG Jun™’

1 School of Biological & Chemical Engineering, Zhejiang University of Science and Technology,
Hangzhou 310023, Zhejiang, China

2 School of Life Sciences, Zhejiang Chinese Medical University, Hangzhou 310053, Zhejiang, China

3 Hangzhou Digital-Micro Biotech Limited Company, Hangzhou 311215, Zhejiang, China

Abstract: Intercellular heterogeneity in bacterial populations is a crucial factor determining

TNIUH . B K E SR RI(2021 YFF0600805)

This work was supported by the National Key Research and Development Program of China (2021 YFF0600805).
*Corresponding authors. E-mail: RONG Yawen, awen1211@zust.edu.cn; HUANG Jun, huangjun@zust.edu.cn
Received: 2024-04-08; Accepted: 2024-05-30; Published online: 2024-06-25



102 (YIS Gk Microbiol. China

bacterial antibiotic resistance and virulence and plays a key role in host-pathogen interactions,
posing a major challenge to the control of bacterial infections. Single-cell sequencing is a
powerful tool for detecting cellular heterogeneity. However, bacteria have unique biological
characteristics such as small genomes, low cellular mRNA contents, and high proportion of
rRNAs in the transcriptome, short half-life, PolyA tail-lacking mRNA transcripts, and thick cell
walls, making the eukaryote-based single-cell sequencing methods impossible to be applied in
bacteria. To overcome these obstacles and promote the development of single-cell technology in
bacterial research, researchers have successfully developed the single-cell sequencing methods
applicable to bacteria. This review systematically summarizes the bacterial single-cell transcriptome
sequencing and genome sequencing technologies proposed in recent years, describes their
characteristics, and discusses the application prospects of bacterial single-cell sequencing in
revealing bacterial drug resistance, aiming to shed light on the subsequent the related research.
Bacterial single-cell can deeply reveal bacterial heterogeneity, improve the accuracy of disease

diagnosis and treatment, and support microbiological and infectious disease research.
Keywords: bacteria; single-cell sequencing; bacterial infections; transcriptome

AR BR I — S AL A B I RE R ) A L i
JERAY, TTEAAET ARF A IS,
1E2 5 LE Y BRI AR 3R i R #536 SR
HARERNASIRE . A PR A (E
I T BEDRUK- B | L DA 2 78 PR3 A8 A0 55 A
R PHATE B AR S, R AR
PR TR 24 P55 B T 7 1T o 2 TR S T o A T
B —FhF B, W 40T 2 M EE 1 LKL
BTy, X AR A7 2 G E ) S B 241 (L
R o B AR R 24 1) e — i R R R S R T
SRR, HAARR I RV e [ —Fh e, AN
SEHER AR R W R B A R A 24 5o
8 T X ARG 1) 240 T 1t 245 AP FE DU AR 3R
TINS5, X AT RE S S EUR A I A
PRI, im R ok T E Rk, Hal
JE I PP B ARAE g — s Y T H., BEAE M LA
20 B B 2 TR R AR R R R Rk L AU S A
S BN T T 25 57, R T ARSI P B R
TER AR S 2 s S R IR, $2 8L TIRA
PR A0 TR AR IR A o

VEIRAZ AR, Al A0 4 2 AT — A

SEREM AR, ST A SR A Py A 1A
iR e B0 MR THZAY, MEm
PR Z AP I T A R O MERE , Ak, 2
mRNA A E.4 PolyA B, S H mRNA &
FEPERZEL, TRl , AT A mRNA & iR,
Kk H rRNA 7E5% 4l rp o A ), i il
S NGB P70t mRNA B —EMEE, AT
ve RIX e Pk AR, AP LA T Z2F0E T4
AT A BRI TR s, DA R AN I AR AR
At mRNA B3R A 3G 0 F, HEsh 7R g i
I 7 7 240 TR 2 S0 1 R 5

B 248 N P R TR A TR R I, AN Y
A Bl T B A A TR LE A JE TH B N BT A R
FIALTR, IEHES) T X5 R R T A B P A 24
PEIB BRI SE, AT B F BT 795 996 1 12 W Al
BURIBFZE™, HE AR [FI A AT DAHE B & A 97
TS e M L AR R AR SR R A 3 T
PR U1 IR PR R ORS D A AE E
Py B4 G KA SRR I B AR P g, T R e
A i A, BRI, AR SCRAE T I AR IM
B 4N B B A MY B SR 4 ) Y (single-cell RNA
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sequencing, scCRNA-seq)$:z A F15A. 4 Jfg J DA 21 0
¥ (single-cell DNA sequencing, scDNA-seq)$ A&
FHRE A, [RIBFR AT T 45 Fh 7 78 52 B L
LB S o FESL LA b, X PR E H I P B
AR TE G TR T 24 B 5 5 5 1A 0 2 S0l A & e M
o AT S e 22, LUASE 2 B 248 ) e AR AE
] P R G i T R B A 2 e ) 1

1 B2 5 SR

PUAR R 12 A0 A8 7 200 TR IO, A A
2, DT AR 1 TS 245 P4 2 ) 1 2 2 S Jo e
{45770 AN T B B 3 O ARAET AR R o
scRNA-seq % ARREMSRZ AL K H a8t 1%
S R ) PR 200 TR RRE A e A A ) £ 6 28 S T 1)
A BT PR S ARTE 78 AR OIS N . AT A
LR T 2K 3 Ay S S e B AR 00 AT ) A ) e A
11 R, St B 2 W R v I AR AL T
THE, Ak, —RSNANE scRNA-seq £ AR 2
Y, FEALRE LT 2 HIR KO AR E ) scRNA
7 7% (multiple annealing and dC-tailing-based
quantitative single-cell RNA-seq, MATQ-seq)*"
WAL A ARIC RNA FIN T 0 Ji 4% 26 1815 43 B
(prokaryotic expression profiling by tagging RNA
in situ and sequencing, PETRI—seq)[m NG

B % 4 0 % s 4 % J7 1 (microbial split-pool
ligation transcriptomics, MicroSPLiT)P? | J£:47i%
258 6 A 2 38 (parallel sequential fluorescent
in situ hybridization, par-seqFISH)*! | {44
AN RNA Il ¥ (microbial-single-cell RNA
sequencing, MscRNA-seq)*I5FFREF 1 40 B
J¥ (probe-bacteria sequencing, ProBac-seq)!**!, Kk
L IT 4T 2 8 AR 99 JF (massively-parallel
multiplexed microbial sequencing, M3-seq) ¢V
44 RNA 1| (single-microbe RNA sequencing,
smRandom-seq)?7145 . X B 7 457 A A6 H BRI S

T scRNA-seq 7EMN 5T 40 B 5 o P Jy i i o 47
PE, FERIDETEBUR B a R S . 259 i i
TE AN B T 25 PR S S A A X
1.1 MATQ-seq

MATQ-seq &3k T 2 FEiR KO R H E w1
L% scRNA-seq J7i%, 5] ATEER 73 FFr
A/ PCR P 22, X EL40 L5 RNA 1Y
D S BT 4807 1) R 0% A R vERS, 2020 4
Imdahl PR Tk, i AR 0 s ok
7 % $ R (fluorescence-activated cell sorting,
FACS)SE I HLAN 0 B 1 53 25, 08 P il e 12 24
MM SE AR T4 scRNA-seq 33 #2114 it 234
R XEASE, S BTN A TR A B R Y, {HE AR
FEAEEREOR | R B E, 2023 4F
Homberger &P —404k, 5IA AshfbdiA
IR = R0 ) 30 3 S i SuperScript IV i 11 4438
£ F E ¥ (depletion of abundant sequences
by hybridization, DASH)J /775 2Bk rRNA. UL
R ERTE T MATQ-seq FOREEIAS I E 7 AL A
R, AR R sSRNA, [RAS LR T
FERUASI B TR B . PiAb)E ) MATQ-seq
XA TR A A5 T BP0 T TR (Sl monel la) #E 47
LR IR AT BB T 5 B AH L R ) R A 57
TR e S A S TR 5 A
5 VIRH DG 1R 99 S AR 1) A% 5 i 25 PEHIL I Gy 8
o B MATQ-seq SR HARZN I 451 2k 470
S DRI PR A I3, 3 FH T WA At S 2 it 4
A BRAIFSY,  AnE G 2 2 H A 4 B AN RE AME
YR XL MEAERER T OR G R I, AT REHE
IR PR T 24 6 DX e EL A R R I T 2 AL, T
145 W P AME LA A2 2 e T A E R T R .
FIHAZ AL AR X 33X SR A AT I 3 AT DL SR HROG B
Fm A R B, TR AR A0 B A9 T 24 52 o 1 N &
JEHLE, A BT, REhiARG
FFROR -
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1.2 PETRI-seq

PETRI-seq J&7E 47325 % 42 i i 2
R(split pool ligation-based transcriptome sequencing,
SPLiT-seq)P Bk Al |, i AN #ric RNA 43
Prls A% 25 1 R Gk 1) — R IR AS
scRNA-seq J7ik. TR B 5IBSR#Rh, #id J
JINEEA T4 IR BT ) e e 471 A 4 S e A 8, A
T REAR T I FP iAo WiF5E % {8 PETRI-seq XAk
THEE A %) 42 v €57 449 2K 77 (Staphyl ococcus
aureus) fll X % T & (Escherichia coli) 19 7R & k¢
ARPEATIE, 452RFKW] PETRI-seq $LARREMS =
SRE I 2 Hb A AR B 2 PGB M T A 2 TG R
PER B FE SR A, G T A 1R R Rk
P PR BLE AT i A, — 2D AR A TR AE 1
FARNAEAUR T BFFE A S8 2 6 B AR
H 4 v €0, 2 R DN e i B — 1> 5 DL %) 240 i I
BEETES N IR IAE S, X 2 DARKBr B
RIGHF ARG FEASHEA T P A B0 1 HoAG e JHAH
KRR | B E A RS MEASL R LY &
B TR BT X e L IR T PETRI-seq
TE S BT 52 2R AW A W e 5 o 20 A (] A ROIRZS
B SOIRSBE T, B R AT Y SRR Rk | #R
ST 2V A AR A T E LA, A
AR 2 1 TR 24 R R BT i 5 s 1 i
1.3 MicroSPLiT

MicroSPLIT [A##5E T SPLiT-seq AR, J2&
it 2 A 2 TE RS AR 10 H AR 18— v 30 o 5 40
RNA PR o (A i -20 0 5 it A 1 20
JfLEE IR poly A iR B X mRNA 17 2 5 IR
T ERALERAE , G RRO0 XoT A4t A0 e 4o 7 v 4 7R
2 JE SR A XE D mRINA il SRR A Pk 22
7% N Gl MicroSPLIT 43 Al Rl B 2 16 4T 14
(Bacillus subtilis) A~ [F] A= 4 B B 1) 55 K 2 35 161
a7 HAE K I N BRI R S R, R T 4
P HEZEACIEE . IS N B B R AR T T A

PRl 36 8 5 B 14221, 25 2R 3R B MiicroSPLIT 7] ]
TR 22 Fh R e B 40 1 A0 N A0 S B, kT
57 A0 R T 2 B o 3 B T3 A R B AR
FICAL B 25yl P S, T 800h
J7, IR AN B i 251k Y 0E— 22 & R o MicroSPLIT
REA% R I 20 H 4 B2 =35 0.142% M 41 i A,
AN T HAE 78 5 AR BRURAS A OC 1 2 DL 40 IR 7
CARRE ) J5 TR ) 3 2 A I B A X L
S, MicroSPLIT 7ERF 57 40 1 S5 o 1 Al
TEAT R 5 TS AU T 3L R4 i 4 P i 24 7 L
AEBMAE, B AT YGRS AR T OC B
AL T A BRI T B
1.4 par-seqFISH

par-seqFISH ${ RSG5 & 1 1% 8298 6 i A A%
A2 (sequential fluorescence in situ hybridization,
seqFISH)PHHIIFATIRIMGCR &, & — R ZE W Fh
B scRNA-seq /1. seqFISH BEWSTEFA 41K
FEILEERCT F2r1, W RNA, DNA FiE
FiT, IR S =EEP . T seqFISH
I AR AR, BIFSE N DU I B - Bk
& T par-seqFISH ik, RISk & 1311 AG R
] 16S rRNA /) —ZLR%El, AT LA SR m x4
Tl 240 AT R A (RS T 19 25 PR 3R AR 0 1 2 B 28K
RPN GZ R AR AL AT DL B0 i R0 43 9 ) |
RSO AR IE R IR R = B R R, &
RE B0 20 1 vh i 0 S B (AN A 25 ) B
A TR ) 5 BE DR FRIB R AE AR DGR, IR AT
fifk 240 JHL £ BE A 42 ML ) SR A s A ) B S EE
Par-seqFISH . #f W A T 4 2% 2 5 i
(Pseudomonas aeruginosa) 4 77 Jii¢ A ) Fl Az 4 s
FIRE, Fa7n 1 401 ) B8 78 i [a] 12 8] b Bl 1
FABLER, JRBL T WA A K - 20 300 RBE 7Y 15
JEHE S S Btk UESE T Rl — AR W AT LA B
A ) A 3SR 1 L A AR T SR
AL B R 23 (0] 43 BERE J) , par-seqFISH At
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FAMGEEY R REH AR TRt T TRl CRRERREDY, R T HAEM TN

BT H Bz BN T AR KGR FEA, 7]
DU 7R A e B A IR B T i A AR AR K
PTHLE, XX T8 SR I2 WA E YR YT T
FREXEL, AUTIAEIT .
1.5 MscRNA-seq!?*

MscRNA-seq (5% T M20 Seq®) &4 Bk
/I T FH Y 1 3 i scRNA-seq 45 AR Y _MscRNA-seq
FE 12 A IBCHR 240 B 20000 1) e S AL BB, IR A
TR G 4 T 1 5 R 3 3k 88 5 B 7R AN [] 2R 855 v
B A AL 4 A T T SRR o K X R S Al TR
T2y . B0 | RE R AN B 5 1 R A AR
RN E RMHEEN . ZE-E &0 & A
EIRER TR scRNA-seq Fi AR B & A
B LB B, A2 H#ES) scRNA-seq 7E-5 411
A 2 1 5 il A 5 0 AR T 4 1 P, Sy X H
i " U3 ) 240 TR TR 24 R J e [ A 4k S 0 P 1Y
b .
1.6 ProBac-seq

ProBac-seq /& — il F§ DNA #R4EF ZE AR
ORI 5 T4 scRNA-seq W) 7621, %
J5 gk FH AR PR AT 5 408 N 19 H A8 mRNA ¥ 51
PSS Ay A Bk T mRNA FEfF R %
&, BIMEAE mRNA & B ARG O T tREA 2K
i1k mRNA 43 fii 1] ProBac-seq X i # 27 1
FERE ARG FF B #EATI0 7 , AR T 2 A
MR, /R T8 SRR, X sy
R IRIG SER S V5 i S R 6 B IR AR
W A BREUA . ikt AE Sk S 2
AR, H—UESE T ProBac-seq AI LUKS
T LA M ) B SR AL AR . X BEARAE S PR AR
MEEAT R . FERIBIT I AL Tk A Y HoR
SR o I AR AE SEBRR AR 5% A (4 L A
& 9 AL R B RS B R T (Clostridium
perfringens) (5%, /8 T 8 28 Rk 09 5 Bk

PR PRI IS O L AEE AR R 7 =07 TR B M .
XS S A Bl T TR 5 e D A S0 e 1) O B
K2, KICHEDREY S, hik
THEE X IR 97 R A BT AR R T 24 B A S
ProBac-seq AR BN @R 1T HAEM B e 1t
5L R DT (AN S 30 IR S5 56 13 55) S AR
SR SN RE T TN RE T, A B T3 R e BT
HAEY) R S g, WORMESh T & BUEY
ST K R

1.7 M3-seq*

M3-seq & — M AGRIBERSHE
rRNA EFRMZEA KRBT Z2EHH
scRNA-seq FAR . B f I BURE 4 5 VA% R il 11
5Pt DNA #4F 5Bk (RNA, BERRIE T £ K
PHERYAE rRNA s AR py U, X8gm 177
138 18 A R B . M3-seq BEWETE BN SE 5 43
Fr 2 WA A I ZE R R 450 R IR, i
AR R A AL A . F5E N B M3-seq
XECH A AT b, BT M A A R
VRIS AL T 40 TR 0 X BRI R 7 AR g TR A g 1Y)
LR RO WY R M3-seq A Bh TSI 40 B
XA R AR . W pH (E . T SR IR 55 2
355 FE 1 038 7 BB ST g 200, Ak, AR A
AT A 50 e TR A 0T A T P R S PR TR L R
PG EUR I O N S TR S NN ) O
14 75 AR BIL T L R s T A 1 3 1 e RAGE, X
A BT B BB A R B TR AT 7 DAL I
YT . M3-seq 38 28 U F A3 A (AR P A A
A 2RI, DA RS 42 H A BT I 6 T 7E 1Y
B R, U RG R B AE R
VPR T . R4S M3-seq fEAL B 40 M 05 A
rRNA £ FRJ5 A YL, (B ILAE DI 20 i 250
TGS [7) 240 A %) &4t 47 R 23 4 TRIAF AR R 2
5, AR S P
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1.8 smRandom-seq!*”

smRandom-seq A& — P& T ik %) 75 4 i
= RE R seRNA-seq /1. %077 % FIRGHL
1WA Y cDNA, | R S0 8 R
5 gt IF 455 5T CRISPR K rRNA 22
FREARLIE S mRNA, HASLEMEECER . W
FivRe Stk o A8 P54/ N E sk RE ) s AR
B WA BIFIH smRandom-seq XFAbFHid:
RIE TR AT LB, RN
BEMERT, A EA AR SOS mm i Fi4L
PEAR ) IR B A TR A, 3 S8 A AT RE A2
FePi A RPN i BB T, X R
AALIG I T X 240 B R v A 22 AR, Wl
NI R RPUAE R BUA YT R ISR AR TV A R 2
filh o 7E 2 Ve BE 2R P ARAE TR R AT B A A
ANFE RN, £5EH) RNA-seq Z0% T iX
AR PEH smRandom-seq 1R HIZRAE T X Fh
StE. eAh, K smRandom-seq L FH T ANIH]
20 TR B FEASUE— 2B UESE T i H R RS 8 7
20 TR IO B85 R AR A R Y sh A AR A
FHAZ7 30T LA A48 77 S A AR T 245 0, 3K % 9
W TR . BB A: RIRYT T R R M O
IR b Y AR BRI A e B R
TN B i A WD AE 4 0 50T B 5 s e 78
AL 6E, smRandom-seq i A] DL F & il = 24
W R VR S M AR AR R R T T
1.9 7[E scRNA-seq /5 5LL %R

Zg b, XL EJUFD scRNA-seq 35 A M
JUE . AL, mRNA fiERGCE R o BEAR S5y T
WATZEA R e, Wk 1 Fros. A7 iEE T
I, MicroSPLiT . smRandom-seq &5 1 LA SZ B &
R, RS AL HEA BT BT T I A
B, RIS rh 42 2 403 A= ) 2 2
S, DN 4 7R 240 B A AR TR Y S e R

MATQ-seq # KL, (HEMREES, A1)
TN B A i T RO A R A B A R T 2
s ALl o E R B 7R, MATQ-seq. PETRI-seq
F MscRNA-seq AHH T HAM LA BA 5 5 1)
REGE, BIR PETRI-seq Fll MicroSPLIiT 23k
FAK, Hi T 1R L, GE
JB, FEANM A BE AT I, MATQ-seq 1] LAiA |
AR HER, 1 MscRNA-seq. ProBac-seq il
smRandom-seq 7] LLIAEI B/ VA0 ], fE
i S 31 U A PR A A TR S N2 S, A
T 24 S ARSI o 33 X5 A& BT Ay i 24 B ) A
TR YRR T AR A1, MicroSPLAT
MscRNA-seq. M3-seq fil smRandom-seq H.- A
73 (A5 B PR BA B8 T, F T B 4 R Y AR EAE
A BR8Ny of 7 2 CHE % . MscRNA-seq #
smRandom-seq ifi H TR G HEAIT , XX T3
A YRR IS TR AE R R G ERT . RIE )
L BRI W AR YT 5 Dy T B R

XEEHAR LM Hm PR | il Ee s R
HHCRE %) R P Bl ) T A8 TR A2 2 AT O B I 5 R AR
K, ATLMES MY Y AR RS L
AT R JE . seRNA-seq $7 AR XS5
BRI B LR B S A%, T LR G SL bR
RIEFEA IR

2 HEEAEMEEANF

P20 i 5 AT L0 5 A Xk B A e ) TR
HtArmAaE A= F b, AT ERA T
M AR T S BRI . ZEORAT T
RUIE- SN BRI SN EZTE- S Rl b s B TS B 4
JEGEG ST TR SEZ, IR SR Y
FEANEFIALRE 30 10 001 48 1o S0 F) i PR 4
A, MAERA A % A E0R T i)
FRE IR
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Table 1 Characteristics of different bacterial scRNA-seq methods
T WY BUIRES 0k BN RZEEEC  TRNA mRNA 8%
Method Applied organism Throughput Cell number  JEIRIFEL Detected (%) (%)  Resolution
Reads/Cell gene
MATQ-seq ¥PI'TECH AR 96 ~10M >375 (CF-H5%) - - PR
Salmonella Lower >375 (mean) Super-
resolution
PETRI-seq KJ#FTE Escherichiacoli & 3563 ~9k - 85 15 AR LR )
S (a B AR High 75 25 Single-base
Saphylococcus aureus level
MicroSPLiT KT [ 1443 ~40 k 138 (‘P 71 28 Bk ok S|
Escherichia coli High 138 (median) Single-
A ZE AT 1217 230 (P i) 9 90 cell level
Bacillus subtilis 230 (median)
par-seqFISH Hi ZR {5 5L B = BT - 105 - - AN 53T
Pseudomonas aeruginosa  High Thousands 25
Single-cell/
molecular
level
MscRNA-  RARESAIFE. & 1 000-20 000 — 150-200 - - B ff /T4
seq KIGFFE . % w5 High (GRIbE 9] L2 5
AT SRS R | 150-200 Single-cell/
LW AOHRERT) (median) subcellular
Mixed bacteria (Acinetobacter level
baumannii, Escherichia coli,
Klebsiella pneumoniae,
Pseudomonas aeruginosa,
Staphyl ococcus aureus)
ProBac-seq i 5 S fFT B = BT 1073 241 (P i) - 1020 EA4H /3741
Bacillus subtilis High Thousands  (MIFIREE) 241 (median) JHL£5 53]
1 073 (average Single-cell/
depth) subcellular
KT 1070 165 (FHi%0) level
Escherichia coli (MFEHE) 165 (median)
1 070 (average
depth)
PR T - 439 (%0
Clostridium perfringens 439 (mean)
M3-seq e 2 A A T [ BETA 720 (hOig) 298 (PAED)  75-80 — A2
Bacillus subtilis High Hundreds of 720 (median) 298 (median) Single-cell
TG thousands 1902 (FPi%) 151 (P %0 level
Escherichia coli 1902 (median) 151 (median)
PR . S - -
R R A
Pseudomonas aeruginosa,
Saphylococcus aureus
smRandom- {RAWOGHRE . ik & 7 645 ~50 k 1 000 32 63 PO /I 41
seq ZETAT ) High (i %) L2 )
Mixed bacteria (Escherichia 1 000 (median) Single-cell/
coli, Bacillus subtilis) subcellular
level
—: SCERH AR BNAASCME R .

—: The relevant information was not found in the literature.
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2.1 HKARNAE

2022 4 Bawn P L T —Fh scDNA-seq
Ji%, FIFH FACS 73 B0 Al kA 4 BRI
HY SEAMFF, R EpEE . ]SRN
BN G TR Y FRAZ T R 2 A PE (single  nucleotide
polymorphism, SNP)., % J7 4% H TRV T IR
PRI (%) 6 9878 AR AR PR N VD B BT A R ) T iy
1k, BN T BAT AR 25 SNP BERE, &5
RUTEDUAE R T W RESTE4E:F Z AR
A A Jre R 2 M . A, Eak SNP 2 AT F &R
SR BWIRE, JR T A AR AE R R )
T3 AN AR YT X RSN i T
X RETE T A A AR 22 ST A B SRR A SR TR A
AR PTAE RGBT L AU AE R DL R
PrA R 25 PR S A I B R B X

HARIREE R iE 99% M T AE W i AR 35 7%
MWE5E, s it . ke A
A A SN S P D5 T, B AT R S AR R Y
HOA A Z R RO H T R SR AT O vk
F A XA Gy B SR DB AR M R, BT
KATEFEW N scDNA-seq 5 AR 7B A4 X}
TRUEY By B R 2

2022 4 Zheng ZFEPEH] H BT RUR R
) v A P LA L SE DR A Y /7 Microbe-seqo
Microbe-seq AR BA R 3P, AFFE
55 3% BIR] DA 25 0 i A T R i v AR SBCERAN i A=
/IO E RPN EAER = S N B W eice g O/ o8l Rk Y (X1
Y B oF ik, Microbe-seq AEMS 4% &
JoT e TR AR AR R A, Tz TR 2 8
WA RE TS, HAR A R R i 478 2
K 1 Fis o 98 A 5B Microbe-seq v A
B A IR AR IRAS T 21 914 AP G SL R 4
(single-amplified genome, SAG), M H 2 R
76 YIRS B R 2 T H T B R R 2K F BE DR

R 2E, R BLIR]— A0 G T4 T AR ] L R 5L RS 1
BLREZ T AR AN TR bR A RS, s
' Microbe-seq 7E 7~ FE V% N o A= W0 A0 B AE FH
fREJIB7, Microbe-seq 34 /il T X Gl Ak My VR
02 25 ) B DRI K P 5 B AR P 5 I P P LA, X
WEFE P A B 25 Ve Y K SR AL 1 B A R
S, RPUAE R R B P A 2 P A B 4
Fo [, ZEAREER T RMPF AL,
WEFE B ATBAT LU SR A s e B, 2k
Y. BEANEA T ™ i T R SR T B
2020 4 Chijiiwa SF0P8IF K T LT BERE (1) 5
AN P 38 I R 410 7 SF- /5 (single-cell amplified
genomes in gel beads sequencing, SAG-gel), %
-5 AT LA g 38 A O A R 8 R A T A T
HAes M, JERE T Wil A Wik o B i 44 o
2022 4F Nishikawa ZEPI%F 3 AR VEFT T ok, 42
75 1 16S rRNA JE[H IS, if 4578 1 40 G A
TR A% S e, O R B 20 e A Eh g
25 5 YL 1 B PR AL 7B 757k . Hosokawa 55140
254 B A AL TN BE (propidium monoazide, PMA)
1 SAG-gel £ T —FEEXHTE A TE 1) scDNA-seq
75 PMA-SAG-gel. PMA-SAG-gel i 32 4 &4l
il =1 775 24 P 4 R DR ZE 1 R AR LIS A BT 1Y)
BEDIAHAR B, B PP T A0 i A
PUMAEYIGITROR |« 38 BRAR Y i [ A i A% 1
AR N e G IR A AR, WA BT
PO A3 T 7E DT AR R AL BT TS BEAE 15 1Y 4 T T
Pk, farn HLmE 2 HL, T AT B AE R ARG A
EHYA R4S HF . Kogawa AT
SAG-gel V-5 I A& 1 — P EAZH i 57 0 BRI 2 1 13
K 2H 28 i A2 (single-cell amplified genome long-read
assembly, scALA), MG F% 4018 1l e 4otk Hh
FEE T S8 48 B FRAR By 18 BE [ 4 (circular SAG,
cSAG). XA Bh TP 8 40 L o 4 B 1 42
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1 Microbe-seq TIEREBAMFBRITRE R ITRIRERFEREERT  A-G: Microbe-seq I 1EWFER
R s S P YR BT A A A A P b 50 R A VR T, B R T TR PN 2 AN i S BRI DNA,
SRIG AT A3 ALY B 6 9 38 5 1) DNA FTWE 323k, Bt (A 7 R e 9 (R AR 25 A 1 TR P 17
DNA, B RiEPN A DNA IR @8N F; H: B uEwas gl L s d i, 1 %
e 2R N 3R 5 e S I R0 A SR A 2 B B B AR TR i el

Figure 1 Microbe-seq workflow and schematic illustration of the design and operation of the microfluidic
devicel®”. A-G: Microbe-seq workflow diagram: Initially, cells are individually encapsulated in droplets
using droplet microfluidic technology. Subsequently, cells within each droplet are lysed to release DNA,
followed by whole genome amplification, and the amplified DNA is fragmented and ligated with adapters.
Next, DNA within the droplet is labeled with tags that have specific sequences, and finally, DNA from each
droplet is pooled together for library construction and sequencing; H: Design of a device for isolating
microorganisms and the process of microbial isolation; I: Device design for adding beads and polymerase
chain reaction reagents into droplets and the process of barcode coding.

E X AN AT B SR A AR N 2R R R X BT SERTEILER 2
WA R Y 2 REPE SRR T BOR SCHF 22 NG
SAG-gel ¥ & L HATAE SRR P 5 ik 55k Bawn &£ Y 1497575 T FACS X i 1
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32 SAG-gel FERHETERARITLE

Table 2 Comparison of the SAG-gel platform and its derived technologies

TR AR Jrik BRZE R 275 3k
Technology Method Technological highlight Reference
SAG-gel T B2 5270 5 GO0 BEBR X B AN A TR 88, JFTEBE BECRR & [38]
PRNFEAT Z U A L 2 93 Sl PRI S 1AL N SR
31 J HEAT SR 48 AR — AL PR T 168 rRNA JE [ [ R
Isolate individual cells using picomole-level droplets,  Isolation of gel bead
perform multiple lyses and whole genome amplification Increases genome coverage
within the droplets. After fluorescence detection and Increases the recovery rate of the 16S
sorting, proceed with library preparation and rRNA gene
next-generation sequencing
SAG-gel TR AR I £ A BRI MORE 20 T 8 T MR B E 40 RIOK TR 70 B3 [39]
AR SR Hh R4 T 240 M 2 A A JE R 2R 1 . i) FACS & T IZ I R AE A
I 5 AT SO 5 AR — AU PE—2E 4R T 16S rRNA JE[H [l
Utilize ultra-low melting point agarose to encapsulate  Strain-level resolution
bacterial suspensions into 40-micron droplets for cell Applicable to environmental samples
lysis and whole genome amplification. After separation Further increased the recovery rate of
by FACS, proceed with library preparation and the 16S rRNA gene
next-generation sequencing
PMA-SAG-gel it PMA AbPRATGH S 77, BF1LSCANM DNA §788 , Gk Pl 1% 4n i [40]
Z 5K SAG-gel #4717 TR
Treat the bacterial suspension with PMA to prevent the The quality assessment of live
amplification of dead cell DNA, and then perform bacterial
sequencing using SAG-gel Applicable to complex samples
scALA K SAG-gel X FENHBEATH 1Y, R BRI F £ i 3 58 B RO PR L A 21 [41]

ARXF SAG WFF, XN SAG FRAFHY JSUIh S ANMIC 32 7 A ke Tk R4 1 v Ay ik 5 e 41 )

ST Z ORI LE, IRAIRFT cSAG

Amplify the genome using SAG-gel and perform SAG

sequencing with long-read sequencing technology. The

B3 22
Highly complete circular genome
Addressed the issues of chimeric

raw single-cell long-read sequences obtained from SAG sequences and amplification bias in

are then iteratively assembled to eventually obtain

cSAGs

genome amplification

FEHVATE SR IEAT 2B, das T A R RE LAY
B A8 A KT 24 PR T G, Sy B A TR A BT A
KIEJI T B9E MR EE T8 X HF . Microbe-seq
KHBORERA, BAmER . ARG
PEm R E, IR 2B e Rk IR A
WAE B R G B e 5, TR
el A WU RE Vs B RE ELA T PR AR R A sl 1 X 2 2
AR B S B, AP E A S R
GEHIGRIZ IR BT RE T A . SAG-gel M
HATHEBORF B BRI T X DNA (1%

PFRE AR, S 1 RE D 4R i SRR A
Jtie o X ARAAES) T X A ) Z AR
REFARBE A YIRESE , 38 Ry 4 P i 25 0k
[Fa L P e DR BARE 13 1 SR

DAL JURR A B A1 78 5 48 A 5 D 4
FR, TR B A REFIAE A ML S 4t T
ST H:, n] LU ik BT VR 7 B8 ORI
YO TR L S, 7S AR S oG B A
Py A A TR B T Rk T AT A 2 B

2 L
HI 5%,
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BT AN T e BE T AR R Y 2 A
AN PR AR KR, AP RO T2
TPk, MWRSEE P LA RGE . W A i AR ST i
YRR B BE I EOR LA, 30X T 10 % 4 4
TR AR A BRVE PR A O E S B I B R
JRGE A W)~ AL Yo iz W S5 1/ 2 SURER LA T
W LA, A I R R E Y | N i 2
R WERPURR Y% . MRS EEREN
HEARGT S, XA S AR B TR
AR AT TR S AL, 7 N SRR A A 1 9 45
U A AR

S, FALZA L I B R R T AR T DR K R By
B, AECHCAE 40 11 9 10 TS 52 21 22 31 Pk AR 1
2y A RBU/IN HE I 2% | JE I 2048 DL
AR5 SEI AT R B A2 5 YAl PCR 4 fi
7555 [R) ALY AT BE S WAL P RS BE A AT A RE o 0
B, /DB A B 45 A AR R R 0 A HE 2 A
SETIN T ERA 0 e S A R RS P AR M . )
I, TR AR I T TARAD G 2247 38 H LR,
AN 7 B AT ) 7 s v AL B 0 B T AR R R
AT R R

WG BE TS B ASWHEE , 3 T 20 T 1Y B
JE I P B AR, 22336 B R ARG R . R A
mhRE . EARA A, DL D) TR LA S
M 38 o W, T BB 3 A e o B B B o3 M
TERIFFEEM L, X IEARTE R R A e . B
AR Sh s, UARAE ARl . BEEGTT
e R i 2 4 S AT PP Y B R R R, e
AR E SR
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