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‘. A human is a mosaic of different cells

[llustration by Tarryn Porter



he updated dogma of molecular biology
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.. How can we characterize cell populations?

Post- Post-
transcriptional translational
Epigenetics modifications modifications




@, Advantages of single-cell RNA-seq

Undetailed and Inability to resolve
incomplete picture cell populations

Bulk tumor

Detailed and Identification of

Dissociated tumor . : :
complete picture different cell populations

Population of
interest




@, Advantages of single-cell RNA-seq

scRNA-seq Bulk RNA-seq

OI5
@

@ |
&

Adapted from Macaulay and Voet, Plos Genetics, 2014.




Power of single-cell transcriptomics technologies

..... gt Karusaey 2020 Vol 17 Na. |

“The single cell revolution is just -

nature methods ERPTRPRIS: I &

Method of the Year 2020:
Spatially resolved transcriptomics

BREAKTHROUGH
of the YEAR

Science 361, 594-599 (2018)

METHOD OF THE YEAR 2019
Localization microscopy twice as precise

L
A cryo-EM-based structural prateomics approach
‘ le I l ‘ e Time-resolved crystallography at the European XFEL

Magm:t:r_ resonance at high speed




@p Single-cell RNA-seq studies over time

Upward Trend in Single Cell RNA-Seq in Publications

25,000

20,000

15,000

10,000

Count of Publications

5,000 88

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

mm All RNA-seq Publications R Single Cell Publications empemSingle Cell Share of RNA-Seq Publications

Parse, 2025



“ Main application of single-cell transcriptomics
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@p The human cell atlas project

HUMAN
c E LL Home HCA Areasof Impact News Publications Data Coordination Join HCA Contact
ATLAS

MISSION

To create comprehensive reference maps of all
human cells—the fundamental units of life—as a
basis for both understanding human health and
diagnosing, monitoring, and treating disease.

Sequencing all the (37.2 trillion!) cells in
the human body

> Sanger Institute, MIT and Harvard

> Mark Zuckerberg and Priscilla Chan
donated $3 billion for the project

> Started in 2016, first draft for release in
2026




Potential impact of atlasing initiatives

A. Atlased organisms

Mus musculus

B. Potential impact

Identification of
novel cell types

Malaria parasite
Plasmodium
berghei

Caenorhabditis
elegans

Danio rerio

Homo sapiens - adult and developmental

Cellular interactions Drug discovery

@ and medicine

Understanding of

chromatin states
vl VP\SF

~ . Improvements in
regenerative
| medicine and
= in vifro models

Signalling networks Tissue organisation

Anna W.C. et al., Biochemical Journal, 202o0.
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% Short read vs. long read technology

2nd Generation 3" Generation
» Monoclonal amplification on a » No amplification
solid surface ok > Sequencing on single

N 7 >
> Sequencingincycles . 4 w b molecules g
» Short reads A J » Longreads NN
> High number of reads &7 _ %87 > Low number of reads

Humina B 5t X3 L1850 e PacBi@®@ ©Qtanorore

Technologies



@, Standard short-read DNA library preparation

Fragmentation

dsDNA

4

— Adenylation

End repair and A-tailing

4

@x ;s 7 3D
Ligation h: T‘1
— —,
@ l' -
gtish "ﬂﬁ)
PCR lificati ! A
amplification - b

Integrated DNA Technologies, 2026 ﬂ



@ lllumina sequencers

iSeq™ 100 MiniSeq™ MiSeq™ NextSeq™ 550 NextSeq™ 2000

Production Power Population Power i

L
)

NextSeq™ 2000 HiSeq™ 4000

NovaSeq X

] S
NovaSeq™ 6000

lllumina 2026 ﬂ



@ lllumina sequencing method

Sample extraction Fragmentation Cluster Growth : - :
(DA G RNA) | " | &AdapterLigation | T LCMster Srow High density cIusterformatlon
. IS ot = 1) Fragments annealing to flow cell
" 2) Reverse strand synthesis
3) Dissociation
F. Bridge Amplification P F . .
serl. DI < |l ® ® 4) Bride formation
b - @ - RERF 5) Bridge amplification
AN T pe I ) Repeat.
@ ®) 7) Dissociation
v 1 -~
1" < il —
A e (VO K
Flow Cell Dissociation

Sequencing by synthesis
1) Denaturation
2) Incorporation

MoL Fluorescent
: nucleotides
8 are detected

i B 3) Imaging
| 4) Cleavage
Sequencing by Synthesis 5) B Repeat'

AGTACTCAGCATT

(SBS)

overlapping determines
the genome

Created by Biorender.com




‘. Short-read workflow

Sample Accuracy Detection Accuracy Algorithm Accuracy
[ I [ |
Sample Cluster Sequencing Base Variant
Preparation Generation Chemistry Calling Discovery
e Diversity of library e Cluster density e T e Per-base e Coverage e Error-free e Consensus
® Fragment uniformity e Cluster intensity y Quality Scores  Uniformity ~ Reads Variant Calling

Factors that Contribute to Platform Accuracy

lllumina 2026 ﬂ



‘. Long-read sequencing

PacBio Oxford Nanopore
I
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e Long-read lengths e Ultra-long read lengths

MicrobeNotes.com, 2026 ﬂ



OVERVIEW OF SINGLE-CELL
TRANSCRIPTOMICS TECHNOLOGIES

ISOLATED
SINGLE CELL

a5

BARCODED Pass.
ot

D i
Hmmmm: =~
e ——— — e ‘9\ \

SINGLE-CELL ATLAS & .
GENE EXPRESSION ANALYSIS 4

/A SINGLE-CELL ATLAS & ™7&
” GENE EXPRESSION ANALYSIS
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Increasing throughput of single-cell RNA-seq

Manual Multiplexing Integrated fluidic Liquid-handling Nanodroplets Picowells In situ barcoding
circuits robotics 2 r
_ / A -
e el Y ®
e o G (o
ﬁ = =
Tang et al. 2009" Islam et al. 20112 Brennecke et al. 2013%  Jaitin et al. 2014% Klein et al. 20153 Bose et al. 2015% Cao et al. 2017°!
Macosko et al. 2015 Rosenberg et al. 2017%2

o
8

100,000 CQO /sci-RNA-seq

g WARS-saq  OyiaSey © norop - DroNG-seq
% 10,000 o O o
c High-throughput STRT-seq CEL-seq o @) O e % g@—Seq-Well
@ 1,000 - sequencing of RNA ‘ P o @© o
[} from single cells O
; 100 ~o oO 6) o© @o
1L SMART-seq
| | | | | | | |
2009 2010 2011 2012 2013 2014 2015 2016 2017

Study publication date

Valentine S. et al., Nature protocol, 2018. m




@y Current single-cell RNA-seq methods

o] S
o Manual / FACS Integrated Droplets Microwells E 3
= liquid handling fluid circuits 1st split
(<] ’ .
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= .; [ © 0 0 o759 @ e 0 2nd split
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l3rd split\
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5 |
o. STRT-seq, Drop-seq, CytoSeq, SPLiT-seq,

SMART-seq / SMART-seq2, In-Drop Microwell-seq, Sci-RNA-seq

CEL-seq, MARS-seq Seqg-well
SMART-seq3, FLASH-seq
Throughput

Anna W.C. et al., Biochemical Journal, 202o0. m




@y Single-cell multiome methods

G & T-seq and DR-seq sc M & T-seq scTrio-seq

Macaulay et al, 2015 Dey et al, 2015 Angermueller et al, 2016 Hou et al, 2016

_ Transcriptome Methylome Transcriptome _ Methylome  Transcriptome

REAP-seq and CITE-seq scNMT-seq

Peterson et al, 2017 Stoeckiuset al, 2017 Clark et al, 2018

Perturb-seq and CROP-seq

Dixit et al, 2016 Datlinger al, 2017

- Transcriptome _ Transcriptome - Methylome  Transcriptome

DOGMA-seq ISSAAC-seq

Mimitou et al, 2021 Xuetal, 2022

Single-cell and Spatial multi-omics, Vandereyken et al., 2023.
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% Single-cell multiome methods

DR-seq
Transecriptogenomics
Ga&T-seg
Perturb-sag
CRISP-seq
schMT-sag -
schaT-zeq
scTric-seq
H H van Strijp .
» Huge variety of methods available O se i o
REAP-saq MF #
CROP-saq MF -
scCO0L-sag -
scNOMe-seq . .

» Continuously increasing e ===
o secs wiin
sCi-L3-RMNASDNA .
SNARE-saq

» Different targets paired-sea
scCAT-seg
Perturb-ATAC
iecCO0L-saqg -
snm3C-saq
4 H scMethyl-HIC - -
» Many not commercialized ccDaméTsea .
TARGET-zeq .
ECCITE-seq
RAID-sag
DMTR-seq .
SHARE-saqg
ASTAR-seq -
SMNARE-seq2 -
CaTECH .
Paired-Tag
scSET-zeq .
Smart3-ATAC
scMulti-CUT&Tag - *
scChaRM-zeq -
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Single-cell and Spatial multi-omics, Vandereyken et al., 2023.



@y How does single-cell RNA-seq work?

Generate cDNA and

Isolate single cells amplify it
from complex tissues

N o

Lyse the cells and Sequence and
capture the mRNA analyze the data




@y RT-based approach

v" Captures actual RNA

v High-throughput

=3’ or 5’ coverage only

= Less sensitive compared to probes

Cells physically
separated

Combined processing

e N e W W e N e N
<~ VITTITITIT

uml
l RT

TN AT\ N\ ARAAAARA
: VITTTTTTTT T

2™ strand cDNA synthesis
v

—— L vvnny cco—
o VITTTTTTTT T

cDNA amplification
v
AAAAAAAA DT e
VITTTTTTTT I

J' Fragmentation & ligation of 3 -adaptors

(UIVIVITIVIVIOIS] o —

| e VIVIVIVIVIVIVIE]  © —

lllumina P2

l RT & selection of 3"-fragments via PCR

N AAAAAAAAEEEET )
17T [ ©

l

Sequencing

Adapted from Picelli, RNA Biology, 2017.




Probe-based approach

. . Probe Hybridization
v Works with fixed sample
' PO, -3 .
5 Ba‘go
: Ms- 5 @/
v Lower price compared to RT 3T Lhs C
g T 5
mRNA Target Site
v Very high throughput and sensitivity lprobe Hbiidization
5' — / ’
- Sequencing probes instead of RNA ’ N RNA Target it i
-Organism probeset required Probe summary: Human WTA Probeset
- >18,000 coding genes specifically detected
: _ - >55,000 probe pairs
= High cell number required - Design strategy: maximize specificity, sensitivity and sequencing efficiency

10x Genomics, 2022. m




@y Single-cell RNA-seq methods: full-length methods

v" Provides full length coverage of the transcripts

v High sensitivity

«Low throughput

= Expensive

Cells physically separated

mRNA

AAAAAAAA
T NVTTTTTTTTT =

l RT & template switching

EEEEEGIGHG 7 W™ ™ S 7 W AAAAAAAA
cCCC - NVTTTTTTTTT ==

)

l cDNA amplification

| — [ cle] AAAAAAAA
T acc - NVTTTTTTTTT =
—
l Tagmentation & library preparation
GGG LY.LV VYN —
| —— - NVTTTTTTTTT ==
i5 index
-

flumina P5 - p— S

— —
<—— EEET
N T ]
 E— |

Sequencing

Adapted from Picelli, RNA Biology, 2017.



@ Single-cell long-read RNA-seq methods

Different cell types Different isoforms

0 mm A

N\

Short reads

Long reads

PacBio, 2022



Combining single-cell with long-read sequencing

Chromium Single
Cell 3' or 5' Gene
Expression

Visium Spatial
Gene Expression

Cell partitioning

|

OOV

000000
000000
000000

Qoo
Qoo

[l
g8 DDDD’

Section mounting

GEM generation

O

Histology and image capture

Full-length cDNA

Short-read library prep

Long-read library prep

Short-read
sequencing with
lllumina NovaSeq
system

Long-read
sequencing with
ONT PromethION
system

Long-read
sequencing with
Pacbio REVIO
system

10x Genomics, 2022
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% Droplet based Platform: 10x Genomics

v" Current standard in the field
v" Simple workflow
v Multiomic applications

= Cell size <go pum

= (Clean samples crucial

.

High-Diversity Gel Bead Pool 10x Barcode Poly(dT)VN Pool
™ ' Collect RT Remove oil
- 1

10x Barcoded Cells 0Oil

Gel Beads Enzyme QF /& //-__ __'\
~

( ) s 5

U | . L |

AR \ /
™,

Single Cell 10x Barcoded 10x Barcoded
GEMs cDNA cONA

10x Genomics, 2022 m




% 10X SCRNA-seq assay overview

Assay types

Universal 3" Gene Expression —>Gene expression
—Immune repertoire analysis
—scATAC-seq

—>Fixed cells

Universal 5’ Gene Expression
Epi Multiome ATAC + Gene Expression

Flex Gene Expression

Protocol extensions
»» On Chip Multiplexing

»» Cell-surface proteins
: CITE-Seq
»» Intracellular proteins

»» BCR/TCR
»» CRISPR Screen

»» Long-read

10x Genomics, 2022




@p CITE-Seq with 10x Genomics

Antibody binding Single droplet encapsulation

f;-v-—\/\‘@ . s @ —
e N\ = |l

e mRNA & antibody-oligos Size selected cDNA library from
Celllysis in droplet hybridize to RT oligos & indexed ~ mRNA (300 bp)

— —

Size selected antibody oligo
products (<180 bp)
B TTTTTTT
B AAAAAAA I

p
/&Xﬁ

Created with Biorender.com ﬂ




" 10x Gene Expression Flex (Apex)

iR

== ‘]s;:f]ts.]. T

v Fresh tissue Sample-specific barcode U 1'.; J_.T- j * \
Frozen tissue VU010
y\af T cems o~ TiLE

FFPE tissue 3 A | 5 2 . ?'£ r'

OMA T it it o ® L]
mRNA Target Site AT L se e @ -
@@ P 30 3 3
¢ ']

—_— —

Cell suspensions 5-fold increase in scale over other CEEEEE) CREEREER
Nuclei suspensions multiplexing techniques 23888388 m 299283888
@0000000 [elejs]sjole]s]o]

Sample are fixed * Upto 3,000 samples per chip

* Up to 8 million cells per chip
Handling various types of samples (F,FF,FFPE)

More flexible for sample multiplexing
Only avaible for Human and Mouse

High number of cells required

10x Genomics, 2023 é



% Microwell-based platform: BD Rhapsody HT

v" Visulization of cell capture

v" Less sensitve for unclean samples

v Lower multiplet rate than 10x

v" Multiomic analysis

= Lengthy library preperation protocols

<2 BD Rhapsody

= Cell recovery lower than 10x

O Lysis Buffer

O,
(@) 08
O,
O

O,
O

O,
o0
O]

O,
Ol

: O,
%
O~
Ol
Of
Ol
Ol

o O

Lysed Cell

g

%

+

* !

90208
368030
DAOAOA0,
1050000
S (e(er(s)
20805050,
#9888
02020

Microwell
Barcoded bead
Viable cell

BD, 2025



" Microwell-based platform: BD Rapsody HT

.
e

Microwell %
mRNA
Barcoded bead Barcoded bead
: Cell Lysed cell

Load upto — Pair ONE cell with —p  Lyse cell to hybridize —) Retrievebeads —Jp SynthesizecDNA —pp  Library preparation

40,000 ONE barcoded bead mRNA onto barcoded TCR/BCR protocol
cells in microwell capture oligos on bead
J
|
poly-A mRNA/
Monitor and QcC ‘Unl poly-dT cDNA }
A \TS\Wa [/ \ 3
T RS
2835 sssesse
02020 2¢ OROARO=C

BD, 2023 ﬂ




% BD scRNA-seq assay overview

Assay types

WTA Gene Expression
Targeted Gene Expression
VDJ-Seq

ATAC-Seq + Gene Expression
Protocol extensions | -:-_-'
»» (Nuclei) Multiplexing .

»»  Omics Guard
»» Cell-surface proteins
»» Intracellular proteins

CITE-Seq
»» BCR/TCR
»» CRISPR Screen

»» Long-read

—> Global gene expression
—>Selected gene expression
—Immune repertoire analysis
= scATAC-seq

BD, 2026




v' Fixed samples

v Sample multiplexing

v" Super high-throughput

= Complicated and lengthy workflow

= Low cell recovery rate

Semi-automation possible

TESAn

Instrument-free scRNA-seq: Parse bio

@ Reverse Transcription @ Ligation

split| Fixed cells/nuclei are distributed into Split| The pooled cells are again distributed
wells, and the first sample-specific barcodes across a plate, and a third barcode is added
are added by in-cell reverse transcription. via in-cell ligation reaction.

@ Pool | All the cells are pooled together.

@ Ligation @ Lysis and Library Prep

Split| The pooled cells are distributed Split| The pooled cells are distributed
across a plate, and an in-cell ligation across several sublibraries then lysed. The
adds the second barcode. fourth barcode is added via PCR.

/|
SeCEeE

Sequencing and Analysis

Each transcript is assigned to a single cell

Barcodes
Genes 123 4
Gene A ———pm-un-am—m
GENe B el Cell1
Gene C ——mm-un-um—am -
Gene A ——-am-um—u
Genel B =—mamu-am Cell2
Gene D =i -mmum—um
GENe E  eii-i-—
. Gene F  e——mm-mm-um—um Cell 3
Parse Bio, 2022. Gene 6 —mmm—m

based on a unique combination of barcodes.




‘. Instrument-free scRNA-seq: lllumina PIP-Seq

v Fresh or MeOH-fixed samples
v Low cost and hands-on time

v Any (poly-A) species

= Lower sensitivity compared to 10x/BD
= Max. 8 samples/ 100k cells

= Low cell recovery rate

[llumina, 2025 ﬂ




‘. scRNA-seq methods comparison

1o I On-Target Mapped Reads
M Off-Target Mapped Reads
M Unmapped/Lost Reads
®10x-3’
g %07 ®10x-5'
S 10x-FRP
g 3000 — BD
S ®Fluent
€ 2000 — Honeycomb ,
§ .Pal‘se 10()'(:;:;ax 10x 3’ 10x 5’ BD Scale Scipio Honeycomb Parse Fluent
= 1000 — Scale 80K M Input cells [ Targeted cells 1 Recovered cells
®Scipio % 70k
s 60k
O T T TTIIITITT7TT 5 o0k
2 6 10 14 18 22 26 30 34 £ ;g:
Read Depth (x1000) Z ok | | |
o by b b b b b b b b || || s ELL

10x-3’ (1)
10x-3’ (2)
10x-5’ (1)
10x-5’ (2)
10x-FRP (1)
10x-FRP (2)
Fluent (1)
Fluent (2)
Fluent (3)
BD (D
BD (2)
Honeycomb (1)
Honeycomb (2)
Parse (1)

Scale (1) |E
Scipio (1)
Scipio (2)

De Simone et al., 2025 m



DEFINING THE
QUESTION

Single-Cell Transcriptomics

Experimental Design

Genomics

® &

Chromium

umina

BARCODES

111 TEDT I 111441

© © « ©® © 0
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Phase 4: Library Preparation
and Sequencing
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% Some common questions

Which technology?
—>Sample type, budget, logistics, throughput

How many replicates?
- More

How many cells?
—>What populations are you looking for?

How many reads?
—>What genes are you looking for?




Qg Finding the equilibrium

Costs == Data quality
Cell count i Cell viability
Sample number o e— Sample quality

6




@ Most common pitfalls

1) Complexity too high
—>Increasing quantity usually decreases quality

2) Technology does not fit sample type
- Choose wisely, know the parameters

3) SCRNA-seq is not necessary
- Do you expect different populations?

4) Pilot experiment skipped
—->Don't!




Qe 5cRNA-seq requirements

High quality single-cell suspension
»»  No clumps

»» Debris-free

» Sufficient cell number

»» High viability

0%

Viability:




“ scRNA-seq requirements

Debris
Clumps




% Conclusions

> Sequencing: short and long reads serve different purposes

> Most technologies rely on living cells

» Many new technologies emerging: choose your technology wisely
> Major technology providers: 10x Genomics, BD, Parse

> Define your research question well

» Most crucial parameters: viability, count, low-debris
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