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Cost per Human Genome

$100,000,000

$10,000,000

Moore’s Law
$1,000,000

$100,000

$10,000

N I H National Human Genome
Research Institute

genome.gov/sequencingcosts
$100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
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—KillE ({XF+: sangerilllF)
F—NNFHEENEAER, BEEER-RIE (Frederick Sanger) &8, EREZENEFDR, BHWERE
ZE =R (ddNTP) SREEIDNAR S RMEZIEINSELMNFNZG, Bt AWIRELE LN,

M (183: illumina, £X)
T—RiEEAR (Next —generation sequencing technology) , XifEEEMEHEA (High-
throughput sequencing) , BILI—REFHTINTHEILERSEDNAZ FHITRIINE.

=M ({X%: PacBio, Oxford Nanopore )
NanoporeRiIKEHER A3 NMAE, SEHRIKANFEREAR, BERNILINZEIDNA LARELENR, MFE
AEEHREIR.



—REBENMEEAR (Sanger)

E TR UNFERARRNF LFEBEKAESangerfR HAYER LA, $ERIDENFRIZOREZddNTPAY2’
3 mEPASRE, FEIESRAXERIERIIIERTT AN R B, MTTSEDNAS B N T,

First generation sequencing (Sanger)

1 Genomic DNA . = L. _ ~ I I .
2 Fragmented . = - emm  mm - e
DNA ‘L
3 Cloning and amplification "' o emeassseeaRR
. 3. GACTAGATCCGAGCGTGA..S
4 Sequencing  mm —e— S e .
5 s L A G A I ... B ...CTGAT...
_ — ..CTGATC@...
, | ..CTGATCT@...
5 Detection R
| AN ..CTGATCTA@...
CTGATCTAGGCTCGCACT :
...CTGATCTAGGCTCGCACT...




—REEANEREAR (lllumina)

Tuminalll FiARRIRIEZ R DNAD FREH I EREE—RIFEC A L, A= PCRYT 18, SEEAZR— T \HIDNA
iR, BHEBISOURCAMZERIZ MIAZIDNAYE 8RN —MZERE flaRE— 1 ONES XMESS

wra NS NEIFICR TR,
- \/ || -1,
LU Fragments Add adaptors Attach to flowcell .

NovaSeq :_ ' l" : PL . !{'\\I. !/f\: . II : Il

Bind to primer PCR extension Dissociation

|~ &%
W M

/
/ ) o /
. l Cluster formation

‘o ©/
/@ 4
\ '/, = ./7
NovaSeq 6000 £ /
Sequencing Signal scanning




—REERANERAR ($£X-Complete Genomics )

A DNBSEQNIFEEEXAREDNB (DNA Nanoball , DNAZEKEZ SRR, JRiSayS 1
L, SSRERRYIES, DNBG#EEZEPatterned Array (FINIBERY) BTN,

DNAZERIKEF AR —Z M 1 BHEIRETR

T =amye || BEEFTIE (| EFEHETE

A EEDNBSEQ-T7FAY
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BdfE]: 2022-05-07 VEE: S

HAVREXER, EERHRIENIBXIEBRIPSEEFIRSF 7 HAINEEhak, 8#&:

1. BZEYA (Mllumina) SEITEAEIE (MGI) B9 "WENIFFFZA (Two-color sequencing technology)" ZFIEL,
2. [AZE4A (llumina) IFPIRBIBEF 2 EPHFITTRL
3. B XIS (MGI) X183 3HMZZETTE(E.

RIFRRRFAS £k EamRHREEHEREER, hREAEE—BEMEEINEN. RIIBMRE—&, O
FEIRARCIFFENTIRRE, BHABSIRZNNF, BIMGHLESANES, BTERRERA

e
o

TREE

202255H7H



=KEERNEREAR ( Oxford nanopore )

AT
EMiniONJZOERT . —FPEBEHDNATGE , ﬁﬂ‘ﬁ’_ﬂ%\m"\%

FHELO. S1TDNAFEMNIRSTR eSS
FRNEG TN . MimiEetiFzl, _ "\0\"

Bl A AcTCoG T
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EZNEIHiN}$57

> AERIRT /N, D ERERE R
> AERENERAEE

> SRR EZEE:

> BARMRNASERYEER D ploy AEE,

> BREEREDNAY EHEREX

rRNABEZS

Raes et al., Cell, 2022
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Generate barcode droplets

SYBR
stained-
droplets

100 pm

Add lytic enzymes

Encapsulate bacteria

Re-encapsulate and tagment
Single-cell

tagmentation

Lyse encapsulated cells d
Add detergents, i
proteases Re-encapsulate
\\
% A

Incubate

Barcode tagmented genomes

mix

Oil

| il

Fragmen / "
ConstA Barcoae-c—

3
~ Fragment
Barcode

cycle

¥ %Afﬁﬂﬂ’@ﬂz&t?_ S RRRYIRAS R
e, REeERHFSEERERE
QEH IQEHH@ EIRIARZE PR IEX

EogERR, LA R AT FRIER4H
H’@Eéﬂiﬁ

Abate et al., Nat. Biotechnol. ,2017



| g EEEEEEN

A
. OF
o 0=

Ercapsuation ()
% ncapsulation Q
u <)

S~ ®

» Pooling — Barcoding
& N~ f ) ; h
\ _ N
j L |

Barcodes
B 100 ¢
w 75F <
< =
D 501 &
o «h]
o =
S o5 3
0 1 ] 1 | | |
0 20 40 60 80 100
Purity (%)

F,

w/KA——Mlicrobe-seq

Whole-genome
Amplification

Tagmentation

Adapters ~( Genomes

100

751

@— S. aureus: 2.8 Mb
—&— B. subtilis: 4.3 Mb

—e— FE coli 5.1 Mb
| | |

-v— K. pneumoniae: 5.4 Mb _|

20 30 40
Number of SAGs

50

> BERENMEHRES BRI
HEKF, REEMREEETS
BT —RIEHLER, L
PATERZEY E

Zheng et al., Science, 2022
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YN

MicroSPLIT

Bacterial cells (fixed)

Permeabilization and V,_\

x1034.
1217 B. subtilis (45.4%)

30 g - 1443 E. coli (53.8%)
o5 ' - 22 Mixed (0.8%)

B. subtilis total UMI counts

cell wall digestion (gffzf _4\}
\Tf(jfizf"{
| T3S e e
0 5 10 15 20 25 30 35 40x103
mRNA enrichment /7 z22mooom22 N E. coli total UMI counts
! MRNA*AAAAA 3
" rRNA y c
L 3000; MRNA rRNA:
3 40000 i
Three rounds of ¥ 8 i '
. . 2 i
split-pool barcoding = 2005 =
Q
2 20000
= 1000
> 10000
01==8 m=mr 0
V BS EC BS EC
D Cluster

Uniquely barcoded cDNA

Lysis and library prep v

v

Kuchina et al.,

e 1-B.S. HS
e 2-B.S.

3-E.C.HS
e 4-E.C.

» 5-E.C.CS
tSNE1

tSNE2

Science, 2021

Cell preparation
(~5h)

Split-pool
barcoding
(~6h)

Library
preparation
(~6 h)

\
Cost, US$0.056

per cell

PETRI-seq

{ Fixed and permeablized cells:

Blattman et al., Nat. Microbiol., 2020

Barcode 1:
RT L L] L
Barcode 2:
Ligation
Barcode 3:
L L] L
Ligation
Cell lysis
-
T
mn Mn
L1 - - L | ]
i il
<
Primer Primer
binding UMl BC3 BC2 BC1 cDNA binding
[ e I I I <]
e Linker Linker Hexamer «——
Read 1: Read 2:
58 cycles 17 cycles

> PSR ERIRIESR
L, HEELSplit-
poolBy7 ZLEEIER
HRARRBAVRC, K
SERkFAZARRERY SR 4
FERNANE.



| g SEEEERENRRA-BacDrop

1. rRNA and DNA depletionin 2. Reverse Transcription 3. Droplet generation and
fixed and permeabilized cells round 2 droplet barcoding
_ _ 384 RT primers
y with plate barcode l
‘ (ﬁ) (CB1) Beads Cells| 4 o0il
e mana o seecee o
rRNA Sole U > — R TR EIARUETTsCRNA-
: l and round 1 plate ]
RNase Hy depletion barcoding o 7 seqf .
{ T3y -l ~ 0 Zndswand | SANKESREIINES-6MEN, FHEB iR
o N 8 = cDNA synthesis X _ -
R e A e - @ and round 2 REHAB”  (plate barcoding) #1 "W
o = .~ droplet 2T . N
NA W “.parcoding (CB2) SIS (droplet barcoding) B&H
DNase |l R l Poly A tailing at 3' " ' THE—R B4Rk
SR [ IS —
of cDNA ArAA
emmmmmmmmmneae —TTTTI ------------- —
L T L l
S . f] } 4. cDNA amplification and

Library construction
Ma et al., Cell, 2023



| g SEEEERENFRA-smRandom-seq

'Random 1
| primer CE)NA |
> Fixation Reverse | i/ dA tailing BIRE
oy transcription \ | barcoding
_— DY N > - i B E——
: e 7
Cell wall digestion | p 5 |
- | > AAAT|
R RNA
| = e e B o e s e = e e )
Reactions in situ
Enriched mRNA-derived Cas9 rIRjL\JA-derived Release
e \-,_\_ A
e Qﬁ P //‘ l Barcode UMI Extension
| _, N — ' ————TT N
Cas9-based y / AAA————— Primer
TRNA depletion 1 ) Break droplets = T release
= PCR amplification 2 s __ Extension
mRNA-derived A

> ETHEYE MR RMEREREREY ERR, REIERISSHL THMEY RARERERT, U SBERAEDT.

> BMAEFALMGNRISREEHTIERE, MTHAERNAKGNREES, 3253,

Xu et al., Nat. Commun., 2023
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%/K-smRandom-seq

enriched mRNA-derived

.

Sequencing

R=0.99 p<2.2e-16

Cell number: 7,645

2 3 4 5
Gene expression of rRNA depletion

Cas9 rRNA-derived
‘)ﬁ
' Cas9-based
X rRNA depletion
mRNA-derived .
(=]
100 150 other T
I RNA -
80/ B MRNA 5
< ~4
=<
@ = O
o 40 .~ O
s
20 ‘B
E
oL 18 £= |;
P - 5 8
‘i?x\ '\0(\ ‘?'\\\ e,"u\oo =
66'9 & O]

(Log10 (Count+1))

Xu et al., Nat. Commun., 2023



| g SEEEERENFRA-smRandom-seq

Two-species mixing experiment Gene counts for single E.coli
- 1200
= E. coli (80.5%)
§ 15000 B. subtilis (17.9%) e
= Mixed (1.6%) $1000-
= . @)
= - O
2100001 ; 2 800
S 1 L
a : =
o [ & 600-
« 50001 | S
= ‘ 2
é 4001 fagg
= 0 ol b S e B b 289
> < - - - 200 _=he CIIeII'nulmber .7’645
q}'}ﬁ bﬁ‘) %Qs:) 0 5 0 1B 20 25

_ Mapped reads per cell (thousands)
Number of E. coli UMI count

Xu et al., Nat. Commun., 2023
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What we get by scRNAseq

Lok 3]

=S [a) ¥k % 4
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Commercially Available or Commercializing
Spatial Platforms

e N

Imaging-based Sequencing-based
» Molecular Cartography (Resolve Bios.) » 10X Visum (10X genomics)
» MERSCOPE (Vizgen) » GeoMx DSP (Nanostring)
» Xenium (10X genomics) » BMKMANU S1000 (BMKGENE)

» CosMx SMI (Nanostring) » Stereo-seq (Complete Genomics)
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Imaging-based
(Example)

START STEP o STEP o STEP o

FFPE tissue Permeabilize, fix Hybridization- RNA Assemble into

on standard slides — Retrieve targets specific probes and flow cell
antibodies bind to target

G&

F=E=
1=
I

=

Sequencing-based

(Example)

Oo00.

100 pm

I
et e

 —
55 um

Partial Read 1

Poly(dT)




] S RARIERAR-FISSEQ

a 5’ phos- Jegieicieel VN olclogie V.Nel. W NNN NNN -3 RT primer
3- -5 RCA primer
5" phos- -3 Sequencing primer
. ANA > —HEAEERATE, SRNARLSTEA
S— — W CONAY 87, AETERBRETHE DT,
Amine-modified |
Primer cDNA NH
e s > FIFREH<BRS I TEE B IS RRNA,

PAISIET CDNA FIMULAARE RIS VARG
N g2 L e

% CircLigase e
e ik RCA
== £ ampiicon > RETRUNFRANCIER, 2R

RECERNERFREAERE, SREERE,
RNA Bz EERFEIRE, RRRE eI/

Amplicon cross-linking ?iﬁ”ﬁ%{z =
. - H/Gho

. P
o 0 _':)., o Sarend Cross-linked
WMINL 8 3D RNA-seq
[ Y f b "
™, V- library
;,1\ | J ‘-T.* in cells

Lee et al., Science, 2014



] FEEERAREIR-10X Genomics Xenium

Sample Preparation Probe Hybridization, Ligation, & Amplification

FF or FFPE Tissue Sections Fixation & Permeabilization (FF) or
on Xenium slides Deparaffinization & Decrosslinking (FFPE)
/u\ @\ > XeniumEGETFFISSEQEAKET

\|I
o

Probe Hybridization Rolling Cirgrig c»Iqun‘r;tpuﬁcation
— —> v A —
=] ) > RABEESEISHAIMESER
s RIS TIB LB RNALL R,

Primer Hybridization for Amplification

ST > EEEISEIRENST, e
B/ TARIESS P, RIEKETARNAGE
/@‘\ TN, SCHVETTAIS P
—‘Q " @ T SRR R ARGk,
-
“ofm cycle A —> —>

e |

1. Fluorescent 3. Automated Slide 3
Xenium Probes Imaging
Analyzer R\ 79\ / :
& @
4. Probe

Removal



| g SEEERERIERAR-MERFISH

MERFISH: multiplexed error-robust fluorescence in situ hybridization

Error Detection

Image 1 Image 2 ImageN and/or Correction  Decoded Image

> ZERFBFEMBETHA: oJLUESER/ M+
T FRNARYEE NEFI=EIERL,

- - 1000 RNA species Expression Noise

Decode RNA S 2
Identity :’LS > FB—ARBREFCENEERNA, HPEE
T Copy Nurnber EERNAREBE FYIF IS S SR HIRE T
Expression Covariation . _ . . .
‘g HREHES, FIFBAAIRS. EERRERA
Repeat o ":T —_ sy == NS N — v N
—T> S [ FRESMNEE, FEE ZHEIRIASKIKE
e I
! jLaltibel A S
Spatial Distribution
Hybridize, :
Image, & > Viden/AﬁﬁﬁﬁﬂJﬁﬂﬁo
Photobleach —
Chen et al., Science, 2015




] A RAE R EIEA-NanoString CosMx SMI

a b Expose RNA ISH probe Cyclic readout with
Reporter

in tissue hybridization 16 sets of reporters

> I EHER. [RIZAIREIE RNA 5

) BEATERRERST.

; cl d 5 i NN e
Veporer - vz (P41 cpore > BTN FRBNE B
reporter set 1
B, LA DRSS Y m
C Raw images X, y, zidentification I:FI RNA*D’_‘EEF_‘?—
o == 2o

0 > AL RNARGE BB MESHEZRIEN,
2 AJLARS FFPE I R#A, #ediQiRE R
. BERREES, REREFESM MR

R

He et al., Nature Biotechnology, 2022



] A RFNEFE A -NanoString GeoMx DSP

GeoMx DSP: JEARANSEEEEESHARMERHITES, JE—RAGIEHARY A ELISIX FEME

HRRIRAEED .

> BB BRI E BRI TIRALRIR, BBESAR CEERIZERRT, ERAnCounterf=1xR
ERAREINITHEE, NMERRREEERARIFE.

[lluminate

Region of Interest,
as Small as a
Single Cell

Target Complementary /
quel

ompleme:
s:
equence Indexing Oligo
M——— Sequence
Target RNA

UV-cleavable Fluorescent
probes antibodies

UV Photocleavable Linker A

ik - .

Target Complementary 1. Stain &
Sequence Hybridizati
i Indexing Oligo ybridization
-N\.—- Sequence

Target RNA

4. Collect DSP |
Barcode oligos ===
e

Repeat for
each ROI

2. Image slide & select ROI
5 Making library & sequencing



] e RA N R AN-Spatial transcriptomics

A
g ) Staining/Imaging tissue cDNA synthesis Imaging gene expression . RN ass .
% Tissue Tissue > %:.FJ? 'fl[*ﬁg*RNAE,‘Jfﬁ' Ejigigﬂ%ﬁlz*
E permeabmzanon removal
[ Tissue section . *"f: :{ RNAI)\J}-‘_ 1:357'( Iﬁfl:' Eﬂtﬂ ):II_ ﬁﬁ%’é !
% |‘| Cya { - TBRRK XS] i TR,

nucleotides

> FRHE=ESbarcode EZEHERAVEIN A,
A B ®Ponk ©Doc2g ®Kold12men, _.]- Iizﬂ—/ \t)JH_ EF'E’Jm RNA—I:I == g%ﬁ'ﬁﬁﬁﬁ'
FEEEMRNATEER IS,

Surface probe

Cleavage Amp and Spatial umi mRNA capture
site seq handle  barcode (ID) region

Glass slide

e 1 R T \ (TR

(ARNARERRRAN

> FREECHRARBMEERREES
£, BRRZRNFERAIIERFIIRNA
TR, MTIZER 7 BRY) A L5229
BERFRAER.

ID582 ID583 |D584 D585 ID586 |D587 ID588 |D589 1D590

Lundeberg et al., Science, 2016



] ZSEEERANFEREA-10X Genomics Visium

Visium: AHRFRUIGNEEREERFREAN—FEA, FERIIERNERFEXKFHNER, KE
EREAANRSERENMEER, VisiumEESHSpatial transcriptomicsii AL ETISE,

> REEEFRYS IR R R,
MERABREE, BIIRET

A FE17= >
Visium Spatial Capture Area with Visium Gene CELLS mﬁRNATﬁZﬁ}*ﬁ-ﬁﬁng_J;
Gene Expression ~5000 Barcoded Expression Barcoded
Slide Spots Spots TISSUE EE & s
51 153 153 > XSHEL) R TEIEFIENL,
EE =" m— 721
r +—59.5m m ﬁi iﬁj {ERNARELY, Z5EHENAYH

RIRET.
Partial Read 1 Poly(dT)

' ,\ > LUBSARIRNASEIR S AL

cDNA, HlENFE, K
BIFASE LT
SRR,

«— 6.5 Mm—

4992 spots
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%/N-Slide-seq

Slide-seq: XE2—MIGHRAFHAIRNARBEIRANSG L, REB=E CAUERIDNAZRAS
IR, EIUFE]LAERTEHRNARGIE

A Bead deposition

In situ mdexlng

Total time ~ 3 hours

/ . Transfer to tube
Q’*@

Section tissue

\ ;f T: T,. ‘?.“ \
ﬂawﬁfﬂ

RT, tissue digestion

Rodriques, Samuel G et al. Science, 2019



| g SEERENFRA-Stereo-seq

Stereo-seq Spatial transcriptomics at cellular resolution
DNB patterned chip Anatomic regions Segmented cells
(up to 174.24 cm?) . ' S

220 nm

B

» —MET DNB (DNA 4KEK) HNTEIDPHERERA,
/5

L J

RS WD BE£ERAEE. MESHER. SREEFANE,

> FSDNAYEKEESIFEARNARSRIBLES, IR
R ANANSIEE AN, TR
PSRRI,

In situ RNA capture

Mouse Organogenesis Spatiotemporal
Transcriptomic Atlas (MOSTA)

i S S 8 stages
FE————— s 53 sections

> NIRRT /\EREE R ER T RENE
(MOSTA) , ZEELSRARS RS REERSE T
NRRRE R EIEFERERRIEINZG R,

Spatially resolved
transcriptome

Chen et al., Cell, 2022




| SEERENRERA-Pixel-seq

Pixel-seq: ERAEEIZRRFEESEIRIDHFERANXFKANEZEDNATH (polony gel)

FHRHERATZEERES.

Fabricate ~1-uym-resolution barcoded DNA arrays

Method 1: Random barcode deposition
(requiring imaging-based sequencing of each array)

— - -

Method 2: Polony gel stamping
Clonal DNA cluster (polony)

1 RNA capture probe

IIIIIIIK Spatial barcode

-/ - /) -
3

Copy 1 2 ------

Pixel-seq: single-cell spatial transcriptomics

> polony gelits FHI=pERIEE R

5. BRI A1REKR
DNAREHIRL, BEiESWMIELSSEE
BOAEYDLRRER ;

polony gelits F RIS RIGHETARAR

JEs BT LABARAR A B s/ N 16
KEGEEW, BHLET Mg aEES
BERET B, H—2iRE T =a4AE
FRIDHER, BRI T BRMmEX
¥,

Fu et al., Cell, 2022



| g SEHRENRRA-DBIT-seq

DBiT-seq: FIFRMECHEAR, XWIRER#TRE, BEERRAPERREERIEHTTE
iR, MTSEIEY] R ERFHEESHIMRNATIEBRENL.

A < Add antibody-
~ derived DNA
o tags

Tissue Slide

Reverse Transcription (RT)
I Barcode A(1-5)

___-Poly-A

__ADTs
__Protein of interest

Barcode P«.(1:5{)}

Poly-A____

mMRNA

Tissue Slide

1%t PDMS, RT

Microscope

_— Build NGS library
2" PDMS, ligation i

\rﬂ/& /'

S _

g, NGS sequencing to detect

%'\16 mRNAs and proteins
cp.g,e _PCR handle Collect cDNAt PCR,
%g'- - and prepare library
__Barcode B(1-50)

Ligation I I

Transcriptome Protein paﬂéi

Tissue Image
(down to 10um pixel) (>22,500 genes) (20-100 proteins)

cDNA  Tissue slide

Liu et al., Cell, 2022



] SRR RA - Spatial-ATAC-seq

Spatial-ATAC-seq : FIBRFIMIESRAGAHLRHI TSR HERIE, FSATAC-seqfiANIFH T

TeERBRERREBRAR ST, S 7 STRRRGEHPRNEET N ERABEE

Tn5 transposition

/\
)

Barcode A ligation

Barcode B ligation

gEa sy

-AR[ .,

T

Deng et al., Nature, 2022
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