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Abstract

Embryoid bodies (EBs) are aggregate of cells that contain three embryonic germ layers. They can be formed
by direct differentiation from pluripotent embryonic stem cells (ESCs), which serves as a useful model for
understanding early embryo development. Due to the mixture of different cell types, it is necessary to
investigate EBs at the single-cell level. Here, we describe a robust and straightforward method for single-
cell gene expression profiling during mouse EB differentiation frommouse ESCs (mESCs). The protocol is
modified from a widely used method in the SMART-seq family, which only requires standard molecular
biology techniques and lab equipment. It allows for accurate 30 counting of transcript at the single-cell level,
which helps reveal cellular identities during EB formation. Combined with perturbation experiments, the
method provides an opportunity for mechanistic studies of embryo development at the single-cell level.
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1 Introduction

Mouse embryonic stem cells (mESCs) are pluripotent cells that
have the ability of self-renewal and the potential to differentiate
into almost all cell types of a mouse [1]. Under appropriate culture
conditions, they can be maintained in vitro indefinitely while
keeping the state of pluripotency [2–4]. Importantly, cultured
mESCs can be directed to differentiate in petri dishes into embry-
oid bodies (EBs) that contain a mixture of cells from all three germ
layers (mesoderm, endoderm, and ectoderm). This is a process that
recapitulates several key events, such as gastrulation, during early
mouse embryo development [5]. Therefore, the in vitro EB differ-
entiation system serves as an invaluable platform to study embryo
development. It has many advantages including easy genetic manip-
ulation and unlimited cell numbers, which allows mechanistic stud-
ies that are often difficult and time-consuming in vivo. Due to the
heterogeneous mixture of cell types in EBs, it is necessary to
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characterize EBs at the single-cell level to pinpoint different
responses of different cell types during the differentiation process.

With the development of the genomic technologies, it is now
possible to sequence the genome, the transcriptome and the epi-
genome of single cells [6–8]. Early single-cell studies focused on
analyzing transcriptomes of rare cells, such as oocytes and early
embryonic cells [9, 10]. Current studies mainly use single-cell
technologies to characterize the cell composition of complex tis-
sues, annotate cell types and put cells back to the spatial context
[6]. There are two main types of technologies for transcriptome
profiling at the single-cell level. The first type is droplet- or
nanowell-based high-throughput technologies, where thousands
of cells can be captured in droplets or nanowells by barcoded
oligos. Cell barcodes are added at the reverse transcription stage,
and only 30 or 50 of the mRNA is sequenced. The commonly used
methods of this type include Drop-seq [11], inDrop [12], Seq-Well
[13], Microwell-seq [14], and 10� Genomics [15]. Gene expres-
sions of thousands of single cells can be profiled per experiment
using these methods, but special equipment or expensive commer-
cial platform is needed. The second type is plate-based methods,
where single cells are isolated into each well of 96-well or 384-well
plates. Alternatively, a combinatorial indexing strategy is used to
avoid single-cell isolation, and single cells can be identified later by
combination of different levels of barcodes. MARS-seq [16],
STRT-seq [17], SMART-seq [18–20], Quartz-seq [21], CEL-seq
[22], SCRB-seq [23], sci-RNA-seq [24], and SPLiT-seq [25]
belong to this type. These methods can be implemented in any
lab with basic molecular equipment, but they either have low
throughput (limited number of cells) or low sensitivity (limited
number of detected genes).

The single-cell technologies have proved to be very useful in
the field of stem cell research. For example, they have been widely
used to characterize the trajectories of early embryo development
[10, 26–29] and investigate the transcriptome heterogeneity of
stem cells under different in vitro culture conditions [30, 31]. In
a study where the 10� Genomics platform [15] was used to profile
the single-cell gene expressions during EB differentiation, the
authors found several distinct cell populations by day 4 and day
6 and described a detailed differentiation trajectories in the process
[32]. Interestingly, three different populations of cells on day 4 are
revealed which possess distinct pluripotent signatures [32]. A more
recent study combined CEL-seq2 [22] with genetic barcodes to
profile gene expression and the lineage information of single cell at
the same time during the process of EB formation [33]. The study
found several branching points and provided a detailed lineage
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relationship among different cell types during the differentiation
process [33].

Among all the single-cell transcriptome profiling technologies,
SMART-seq3 is one of most sensitive methods and has a unique
advantage of being able to interrogate full-length mRNA [20]. In
SMART-seq3, all procedures, from cell lysis to the final library
preparation, are done separately for each individual cell in the
wells of 96-well or 384-well plates. Libraries are pooled just before
sequencing [20]. Though sensitive and powerful, the entire work-
flow is laborious and expensive.

Here, we described a modified version of SMART-seq3 done in
384-well format, where we introduced barcoded reverse transcrip-
tion (RT) primers (Fig. 1a) at the very beginning of the protocol.
All cells are pooled after cDNA amplification, and the final library of
all cells is done in one tube. Finally, the 30 end of the transcript is
sequenced, and gene expressions are quantified by the unique
molecular identifiers (UMIs) in the RT primers (Fig. 1b). The
modified method can serves as a useful alternative when full-length
transcript is not needed. It reduces a lot of hands-on time and saves
a significant amount of reagent cost. Only basic lab equipment is
needed to execute the protocol.

2 Materials

Prepare all solutions using ultrapure water (ddH2O) and molecular
biology grade reagents. Room temperature means 23–25 �C.

2.1 mESCs

Maintenance and

Embryoid Body

Differentiation

1. Plate Coating Solution: dilute 1% gelatin in DPBS to a final
concentration of 0.1%.

2. Stem Cell Culture Media: DMEM + 10% fetal bovine serum +
100 U/mL penicillin + 100 μg/mL streptomycin + 0.1 mM
2-mercaptoethanol + 1000 U/mL LIF.

3. EB Differentiation Media: Stem Cell Culture Media
without LIF.

2.2 Single-Cell RNA-

Seq

1. Oligonucleotides: dissolve all oligonucleotides in ddH2O (see
Table 1) to a concentration of 100 μM. Store in �80 �C.

2. 50% (wt/vol) polyethylene glycol 8000 (PEG-8000) solution:
dissolve 25 g PEG 8000 powder in 25 mL ddH2O. Once the
powder is fully dissolved, top up the volume to 50 mL with
ddH2O.
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Fig. 1 Schematic view of the sequencing library preparation workflow. (a) Oligonucleotide information of the
protocol. The identities of different parts of the oligo are color-coded. (b) The library preparation steps starting
from reverse transcription to final library
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3. FACS buffer: dissolve 1 g bovine serum albumin (BSA) powder
in 100 mL DPBS. Pass through 0.22 μm filter and store in
4 �C.

4. Lysis Buffer (freshly prepared).

Stock For one well Final Concentration

50% PEG-8000 0.4 μL 6.67%

10% Triton X-100 0.03 μL 0.1%

RNase Inhibitor (40 U/μL) 0.04 μL 0.53 U/μL

dNTPs (25 mM/each) 0.08 μL 0.67 mM/each

ddH2O 1.45 μL N/A

Total 2 μL N/A

5. Reverse Transcription Mix (4�) (freshly prepared).

Stock
For one
well

Final
concentration

1 M Tris–HCl, pH 8.0 0.1 μL 100 mM

1 M NaCl 0.12 μL 120 mM

(continued)

Table 1
Oligonucleotides

Name Sequence (50– >30) Comments

Barcoded
RT Primer

CTACACGACGCTCTTCCGATCT[8-bp well 

barcode]NNNNNNNNNNTTTTTTTTTTTTTTTTTTTTTTTTTVN

See Table 2 for
the well
barcode

Template
Switching
Oligo
(TSO)

AAGCAGTGGTATCAACGCAGAGTACATrGrGrG rG indicates
riboguanosine

cDNA PCR
Fwd
Primer

CTACACGACGCTCTTCCGATCT

cDNA PCR
Rev.
Primer

AAGCAGTGGTATCAACGCAGAG

Library PCR
Universal
Primer

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

Library PCR
Index
Primer

CAAGCAGAAGACGGCATACGAGAT[8-bp plate 

barcode]GTCTCGTGGGCTCGG

See Table 3 for
the plate
index
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Stock
For one
well

Final
concentration

100 mM MgCl2 0.1 μL 10 mM

100 mM GTP 0.04 μL 4 mM

100 mM DTT 0.32 μL 32 mM

RNase Inhibitor (40 U/μL) 0.05 μL 2 U/μL

Template Switching Oligo (TSO) (100 μM) 0.08 μL 8 μM

Maxima H-minus RT Enzyme (200 U/μL)
(Thermo Fisher, cat. mo. EP0751)

0.04 μL 8 U/μL

ddH2O 0.15 μL N/A

Total 1 μL N/A

6. cDNA Amplification Mix (freshly prepared).

Stock
For one
well

Final
concentration

KAPA HiFi HotStart ReadyMix (2�) (KAPA,
cat. no. KK2601)

5 μL 1.67�

cDNA PCR Fwd Primer (100 μM) 0.05 μL 0.83 μM

cDNA PCR Rev. Primer (100 μM) 0.05 μL 0.83 μM

ddH2O 0.9 μL N/A

Total 6 μL N/A

7. Column Wash Buffer.

Stock For 50 mL Final concentration

1 M Tris–HCl, pH 7.5 0.5 mL 10 mM

100% Ethanol 40 mL 80%

ddH2O 9.5 mL N/A

Total 50 mL N/A

8. TD Buffer (2�), store in �20 �C and discard after 3 months.

Stock For 1 mL Final concentration

1 M Tris–HCl, pH 7.5 20 μL 20 mM

1 M MgCl2 10 μL 10 mM

Dimethylformamide (DMF) 200 μL 20%

ddH2O 770 μL N/A

Total 1 mL N/A
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3 Methods

3.1 Thawing and

Culturing mESCs in

Feeder-Free Condition

1. Coat the flask with Plate Coating Solution: add just enough
solution to cover the bottom of the plastic. Leave at room
temperature for at least 5 min. Remove just before plating the
cells.

2. Thaw frozen vials of mESCs in 37 �C water batch.

3. Centrifuge the cells at 250 � g for 3 min and remove
supernatant.

4. Wash the cell pellet with prewarmed Stem Cell Culture
Media, centrifuge 250 � g for 3 min and remove supernatant.

5. Resuspend the cell pellet in prewarmed Stem Cell Culture
Media, and plate cells into the coated flask.

6. Shake the flask back and forth gently to distribute cells evenly.

7. Incubate the cells in a 37 �C, 5% CO2 incubator. Change the
medium once every day until they reach 80% confluency.

3.2 Passaging

Feeder-Free mESCs

1. Aspirate the medium, wash the cells twice with
prewarmed DPBS.

2. Add just enough prewarmed 0.05% trypsin to cover all cells.

3. Incubate the cells at room temperature for 3 min, and check
under a microscope whether cells are detached from the bot-
tom of the plate or dish.

4. Add equal volume of Stem Cell Culture Media to inactivate
trypsin and pipette ups and downs to gently dissociate cells.

5. Transfer the cell suspension into a centrifuge tube, spin down
at 250 � g for 3 min, and remove the supernatant.

6. Resuspend the cell pellet with prewarmed Stem Cell Culture
Media by gently pipetting ups and downs.

7. Passage the cells at 1:5 or 1:8 ratios in coated flasks.

Table 3
Plate index

N701 TCGCCTTA N702 CTAGTACG N703 TTCTGCCT N704 GCTCAGGA

N705 AGGAGTCC N706 CATGCCTA N707 GTAGAGAG N710 CAGCCTCG

N711 TGCCTCTT N712 TCCTCTAC N714 TCATGAGC N715 CCTGAGAT

N716 TAGCGAGT N718 GTAGCTCC N719 TACTACGC N720 AGGCTCCG

N721 GCAGCGTA N722 CTGCGCAT N723 GAGCGCTA N724 CGCTCAGT

N726 GTCTTAGG N727 ACTGATCG N728 TAGCTGCA N729 GACGTCGA
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3.3 EB

Differentiation

1. Prewarm the EB Differentiation Media in a 37 �C water
batch.

2. Follow steps 1–5 from Subheading 3.2 to obtain mESC pellet
with EB Differentiation Media.

3. Resuspend the cell pellet with prewarmed EB Differentiation
Media by gently pipetting ups and downs.

4. Count cells using a cell counter. Then seed 2 � 106 of them
onto a 9-cm low-attachment dish containing EB Differentia-
tion Media.

5. After 1 day (day 1), transfer EB suspension into a centrifuge
tube, spin down at 250 � g for 3 min, and remove the
supernatant.

6. Resuspend the EBs gently with prewarmed EB Differentia-
tion Media by gently pipetting ups and downs.

7. Transfer 1/10 EB suspension to a 9-cm low-attachment dish
containing EB Differentiation Media.

8. Culture the EBs to the desired time points and renew the media
every other day.

3.4 Prepare Single-

Cell Suspension

1. Transfer EB suspension at the desired time points to a centri-
fugation tube. Let EBs settle down to the bottom of the tube
by gravity, and carefully remove the supernatant without
disturbing EBs.

2. Add DPBS to wash EBs, let them settle for 1 min, and carefully
remove the supernatant.

3. Add 0.05% trypsin to EBs and incubate at room temperature
for 5 min. Carefully remove the supernatant.

4. Add EBDifferentiationMedia to neutralize the leftover tryp-
sin. Let EBs settle for 1 min, and carefully remove the
supernatant.

5. Add FACS buffer to EBs and dissociate the cells by gently
pipetting ups and downs.

6. Pass the cell suspension through a 30 μm filter to get single-cell
suspension, and count cells using a cell counter.

7. Adjust cell concentration to 1 � 106/mL using FACS buffer
and transfer the cell suspension to an FACS tube.

8. Add DAPI at a final concentration of 1 μg/mL to the cell
suspension, leave the tube on ice and proceed to FACS.

3.5 Single-Cell

Sorting

1. Dilute the 100 μM Barcoded RT Primer stock into 2 μM
concentration in a 384-well plate with ddH2O. Seal the plate
and it can be stored in�80 �C for up to 6 months (seeNote 1).

2. Prepare the lysis plate: this can be done by preparing enough
Lysis Buffer, and aliquot 2 μL into each well of a 384-well
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plate. Then add 1 μLBarcoded RT Primer (2 μM) to each well
to reach a final volume of 3 μL per well. This lysis plate can be
stored in �80 �C for up to 6 months (see Note 2).

3. On the day of the experiment, take the lysis plate out of the
�80 �C freezer, and thaw on ice.

4. Adjust the FACS machine setting and nozzle position: put an
empty plate with seal in the FACS machine, and sort 20–30
single cells per well to the wells A1–4, A21–24, H1–4,
H21–24, P1–4, P21–24. Check the drop on the seal, and
adjust the nozzle position such that all drops are in the center
of those wells (Fig. 2) (see Note 3).

5. After the nozzle adjustment, sort DAPI negative live single
cells (Fig. 3) (see Note 3 for detailed comments) into all the
wells (one cell per well), except the well P24 which is used as a
negative control.

6. Seal the plate and immediately spin down the plate using a plate
centrifuge at 1000 � g for 1 min. The plate can be stored in
�80 �C for up to 3 months (see Note 4).

3.6 Single-Cell cDNA

Amplification

1. Take the lysis plate with sorted cells out of �80 �C freezer and
thaw on ice. Briefly spin down to collect any evaporation.
Incubate on a thermocycler at 72 �C for 10 min followed by
4 �C hold, with the lid temperature set to 105 �C.

2. Prepare enoughReverse TranscriptionMix (4�), remove the
seal and add 1 μL to each well. Seal the plate again, and briefly
spin down the plate.

Fig. 2 A picture showing an example of adjusting the FACS machine. Note all the liquid drops, containing
30 single cells, are around the center of those wells (red rectangles)
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3. Reverse transcription and template switching: put the plate on
a thermocycler with the following program, with the lid tem-
perature set to 105 �C.

Temperature (�C) Duration Cycle number

42 90 min 1

50 2 min 10
42 2 min

85 5 min 1

4. Prepare enough cDNA Amplification Mix, remove the seal
and add 6 μL to each well. Seal the plate again, and briefly spin
down the plate.

5. cDNA amplification: put the plate on a thermocycler with the
following program, with the lid temperature set to 105 �C.

Temperature (�C) Duration Cycle number

98 5 min 1

98 20 s 16
65 30 s
72 4 min

72 5 min 1

10 Hold N/A

6. The plate can be stored in �20 �C for up to a week.

3.7 Single-Cell

Pooling, cDNA

Purification, and

Quality Check

1. Take the plates out of the�20 �C freezer, thaw on ice, and pool
all reactions from a plate into one 50-ml tube. This can be done
by using either a multichannel pipette (Fig. 4a) or a plate
reservoir (e.g., Clickbio, cat. no. VBLOK200) (Fig. 4b). Each
plate should be done separately, and do not mix wells from
different plates at this stage (see Note 5).

2. Add 5 volumes of Buffer PB (Qiagen) to the pooled reaction,
and mix by inverting the tube until the solution becomes
homogeneous. A full 384-well plate normally yield a total of
around 3.8 mL reaction. Therefore, 19 mL Buffer PB should
be added.

3. Pass each plate pool through a single column from the QIA-
quick PCR Purification kit (Qiagen, cat. no. 28104) by putting
a 20 mL Extender Tube (e.g., Angen Biotech, cat.
no. D50071) or a 50 mL tube (with a puncture at the bottom)
(Fig. 5a) on top of the column and connecting the column to a
vacuum (Fig. 5b).

4. Pass 25 mL column wash buffer to wash the column.
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Fig. 4 Demonstration of the plate pooling procedure. (a) Plate pooling using a multichannel pipette. (b) Plate
pooling using a plate reservoir

Fig. 5 Demonstration of the purification of large volume of cDNA using a single column. (a) Examples of the
extender tube and home-made 50-mL tube with a puncture at the bottom. (b) An example showing how to
connect the extender tube or 50-mL tube with the column and vacuum
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5. Take the column off the vacuum, put on to a 2 mL collection
tube and centrifuge on a table top centrifuge at top speed for
1 min to remove trace of ethanol on the column.

6. Add 50 μL 10 mM Tris–HCl, pH 8.5 to the center of the
column, leave at room temperature for 1 min.

7. Put the column on a 1.5 mL Eppendorf tube and centrifuge on
a table top centrifuge at top speed for 1 min to elute the cDNA.
This will yield about 45 μL purified cDNA and can be stored in
�80 �C indefinitely.

8. Use Exo I to remove the excess of primers by assembling the
following reaction.

Stock Amount Final concentration

10� NEB 3.1 Buffer 5 μL 1�
Exonuclease I (NEB, cat. no. M0568) 2.5 μL 1 U/μL

Purified cDNA from above 42.5 μL N/A

Total 50 μL N/A

9. Incubate at 37 �C for 30 min to digest the primer left-over, and
then at 80 �C for 2 min to inactivate the Exonuclease I (see
Note 6).

10. Purify the full-length cDNA using SPRI beads (see Note 7) by
adding 35 μL (0.7 volumes) to the Exo I digested reaction and
mix well by pipetting ups and downs.

11. Leave at room temperature for 5 min, and put the tube on a
magnetic stand.

12. Wait until the supernatant becomes clear, which usually takes a
few minutes, and remove the supernatant.

13. While the tube is on the magnet, add 200 μL 80% ethanol to
the beads and wait for 20 s.

14. Carefully remove the ethanol without disturbing the beads.

15. Repeat the ethanol wash for a total of three washes.

16. Let the beads air-dry until there is no shiny reflections of liquid
on the surface of the beads.

17. Remove the tube from the magnet, and resuspend the beads in
20.5 μL 10 mM Tris–HCl, pH 8.5.

18. Leave at room temperature for 2 min, and then put the tube on
a magnetic stand.

19. Wait until the supernatant becomes clear, and transfer 20 μL
supernatant to a new 1.5 mL Eppendorf tube.

20. Measure the concentration of the cDNA using a Qubit dsDNA
HS Assay Kits according to the manufacturer’s instructions. A
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typical concentration is 20–40 ng/μL from a full 384-well
plate of cells of EBs (see Note 8).

21. If needed, dilute the cDNA to a concentration of 1–10 ng/μL.
Run 1 μL of cDNA on a Agilent Bioanalyzer to check the
integrity of the cDNA (Fig. 6). In Fig. 6, examples of both
successful and failed cDNA profiles are shown. See Note 9 for
detailed comments.

3.8 Sequencing

Library Preparation

and Quality Check

1. Perform tagmentation of full-length cDNA by assembling the
following reaction in a 1.5 mL Eppendorf tube (see Note 10).

Component Amount Final concentration

Purified full-length cDNA X μL (50 ng total cDNA) 10 ng/μL

Tn5 transposase 1 μL N/A

2� TD Buffer 25 μL 1�
ddH2O 24–X μL N/A

Total 50 μL N/A

Successful cDNA

Failed cDNA (RNA degradation)Failed cDNA (no amplification)

Successful cDNA (low yield)

31.08

26.16

21.24

RF
U

16.32

11.40

6.48 20 100

200

300

Length(bp)

400
500
700
1k 2k 3k 5k

Fig. 6 Examples of successful and failed cDNA profiles
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2. Incubate the reaction at 55 �C for 5 min.

3. Stop the tagmentation reaction by adding 12.5 μL 0.2% SDS,
mix by pipetting ups and downs and incubate at 55 �C for
5 min.

4. Purify the cDNA after tagmentation by adding 50 μL (0.8
volumes) SPRI beads to the tagmentation reaction and mix
well by pipetting ups and downs.

5. Follow steps 11–19 from Subheading 3.7 to purify the tag-
mented cDNA. This yields 20 μL purified tagmented cDNA.

6. Prepare the sequencing library by PCR amplification by assem-
bling the reaction as follows (see Note 11).

Component Amount Final concentration

Purified tagmented cDNA 20 μL N/A

Library Universal PCR Primer (10 μM) 2.5 μL 0.5 μM

Library Index PCR Primer (10 μM) 2.5 μL 0.5 μM

KAPA HiFi HotStart ReadyMix (2�)
(KAPA, cat. no. KK2601)

25 μL 1�

Total 50 μL N/A

7. Amplify using the following PCR program.

Temperature (�C) Duration Cycle number

72 5 min 1

98 2 min 1

98 10 s 8
65 30 s
72 20 s

10 Hold N/A

8. Purify the library after PCR by adding 40 μL (0.8 volumes)
SPRI beads the reaction and mix well by pipetting ups and
downs.

9. Follow steps 11–19 from Subheading 3.7 to purify the library.
This yields 20 μL purified library per plate.

10. Run 1 μL on an Agilent Bioanalzyer to see the size distribution
of the library (Fig. 7) (see Note 12).

11. Send the library for pair-end sequencing with the following
setting (see Note 13):
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Read Cycle number (read length) Identity of the read

Read 1 At least 18 cycles (18 bp) Well barcode and UMIs

Index 1 8 cycles (8 bp) Plate barcode

Index 2 8 cycles (8 bp) N/A

Read 2 At least 50 cycles (50 bp) cDNA reads

3.9 Data Processing

and Quality Control

1. Once the sequencing is done, two fastq files are returned per
plate. In this example, single cells from EBs at day 4 of differ-
entiation were profiled. For example, in this protocol, the file
names associated with the experiments are “mEB_day4_r1.fq.
gz” (Read 1 file) and “mEB_day4_r2.fq.gz” (Read 2 file).

2. STARsolo [34] can be used to process the data to get the gene
expression matrix, containing the UMI count for each gene in
each cell (see Note 14).

3. Build the genome index with STAR by running the following
command (see Note 15):

STAR --runThreadN 20 --runMode genomeGenerate --genomeDir

<star_index> --genomeFastaFiles <genome.fa> --sjdbGTFfile

<genes.gtf>

* *

Fig. 7 An example of a successful sequencing library. Asterisks indicate primer
leftover, which needs to be removed by another round of SPRI beads purification
before sequencing
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4. Get the count matrix by running the following command (see
Note 16):

STAR --genomeDir <star_index> --readFilesCommand zcat --read-

FilesIn mEB_day4_r2.fq.gz mEB_day4_r1.fq.gz --soloCBstart 1

--soloCBlen 8 --soloUMIstart 9 --soloUMIlen 10 --soloType

CB_UMI_Simple --soloCBwhitelist whitelist.csv --runThreadN

20 --outSAMattributes CB UB --outSAMtype BAM SortedBy

Coordinate

5. Once the program finishes, a BAM file called “Aligned.sorted-
ByCoord.out.bam” and a directory named “Solo.out” should
appear (see Note 17). The gene expression matrix is inside the
“Solo.out” directory and can be easily analysed by other
scRNA-seq analysis package, such as Seurat [35] and
Scanpy [36].

6. Plot the some quality control related metrics (Fig. 8a, b),
perform dimensionality reduction using UMAP [37]
(Fig. 8c), carry out cell clustering using the Leiden algorithm
[38] (Fig. 8c) and identify marker genes of each cluster. Mar-
kers of three germ layers, such as Cdx2, Gata2 and Gata4,
should start expressing (Fig. 8d). See Note 18 for a detailed
comments.

4 Notes

1. We find slow evaporation still happens in �80 �C, possibly due
to the opening and closing of the freezer door. Make sure to
centrifuge the plate to collect evaporation every time before
use. When removing the seal, be very careful to avoid splash
and cross-well contaminations.

2. We routinely use 384-well plates as units for experiments, but
96-well plates also work. The lysis plates can be prepared in
bulk in advance and stored in �80 �C. This saves time on the
experimental day. For a pilot experiment to test the protocol,
you do not need to perform a full plate. 12 wells should be
more than enough to test if the experiments work or not.

3. It is very important to make sure the drops are all in the centre
of those 24 wells. During the actual sorting, we use FSC-A vs
SSC-A to gate out the cell debris, and use FSC-A vs FSC-W to
remove doublets. Finally, we only sort DAPI negative live
single cells (gate P3 in Fig. 3). In most places, FACS machines
are operated by specialists. Check with your local FACS experts
for the gating strategy and sorting accuracy adjustment.

4. At this stage, the cells are in lysis buffer. Although it is safe to
store the plate in �80 �C, we still recommend proceed to the
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Fig. 8 Results of single cells from day 4 EBs from the sequencing data. (a) The number of UMIs (in log scale) in
each well on a plate. Note there are very few UMIs in the empty well (P24). (b) Scatter plot showing the number
of UMIs (log) and the number of detected genes per well. Note the empty wells and a few failed single cells
have orders of magnitude difference in terms of UMIs comparing to the majority of single cells. (c) UMAP
representation of each single cell. The cells are colored by the Leiden cluster. (d) Row scaled expression of top
10 marker genes in each cluster

254 Jianqun Zheng et al.



next stage as soon as possible. When you have multiple plates
for sorting, put the plates with cells on dry ice while waiting for
other plates to finish sorting. Put all plates together into
�80 �C when all of them are done sorting.

5. At this stage, the 30 end of the cDNA is tagged by the well
barcodes, but the plate barcode has not been incorporated yet.
Therefore, you can only pool wells from the same plate. Differ-
ent plate pools should be kept separately.

6. This step is critical, as primer leftover results in the mispriming
of oligos from different wells in the subsequent PCR reaction.
Digestion of the excess of primers eliminate index swapping in
the final library amplification.

7. There are quite a few choices of the beads, and we have suc-
cessful experience with AmpureXP beads and VAHTS DNA
clean beads.

8. With mESCs, we normally get hundreds of nanograms of
cDNA, which is more than enough to make the final library.
Cells with low RNA content might yield less cDNA. When the
total cDNA is less than 10 ng, a few more PCR cycles (step 5
from Subheading 3.6) can be done using the cDNA PCR
Fwd/Rev Primers. If the amount of cDNA is between 10 ng
and 50 ng, the tagmentation reaction can be proportionally
scaled down in the step 1 from Subheading 3.8.

9. In the profile from the Bioanalyzer, the main peak of cDNA
should be above 1000 bp. The two successful examples shown
in Fig. 6 represent typical cDNA size profiles. The exact
amount of cDNA varies across cell types and experiments, but
intact cDNA should always have a major peak larger than
1000 bp. There should be nearly flat or very few peaks with
low intensity below 1000 bp. No visible peaks means failure of
cDNA amplification. Many small peaks below 1000 bp indi-
cates RNA degradation. Two examples of failed ones are shown
in Fig. 6.

10. This is an important step where cDNA is “tagmented,” where
the Tn5 transposases cut the cDNA and paste the partial
sequencing adaptors to cDNA. The key component here is
the Tn5 transposase. There are a few choices for the Tn5
Transposase. It can be purchased from Illumina (Illumina Tag-
ment DNATDE1 Enzyme and Buffer Kit, cat. no. 20034197).
You can also get it from other vendors, such as Fapon (cat.
no. NK001) or Vazyme (TD-501). One can also makes the
Tn5 transposase in house following the procedure described by
Picelli et al. [39].

11. The Library Index PCR Primer is basically Illumina’s Nextera
XT Index PCR Primer. This introduces plate barcode at the
right-hand side of the library. Use different primers for
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different plates if you intend to pool multiple plates to
sequence together.

12. A typical library profile should be a smooth bell shaped curve
with the peak around 300–400 bp. Small sharp peak at 200 bp
indicates over-tagmentation, and large peak above 700 bp sug-
gest under-tagmentation. The most efficient way of solving the
problem is to adjust the amount of Tn5 accordingly. In gen-
eral, we found under-tagmentation is not a big problem and it
still produces very successful sequencing results.

13. In most places, sequencing is done in a genomic core facility.
Talk to your local sequencing specialist for the library require-
ment. The exact sequencing mode will depend on the machine
and whether you are sequencing alone or together with
libraries from others. In general, the first read (Read 1) contain
8 bp well barcode and 10 bp UMI at the beginning. Therefore,
you need at least 18 cycles for Read 1. Index 1 is the plate index
that has 8 bp in length. You need 8 cycles here. Index 2 is
optional in the current protocol due to the absence of an index
at the left-hand side. Read 2 is the actual mRNA read, at least
50 bp are needed, and we normally perform 75 cycles (75 bp)
for Read 2.

14. To convert the fastq files to gene expression matrix, a flexible
program that allows you to specify the position of barcodes and
UMIs is very important. Both STARsolo [34] and kallisto-
bustools [40] can do this. In this protocol, STARsolo is
demonstrated as it provides the alignment files which might
be useful for other purposes.

15. The command described here should be in one single line. The
files <genome.fa> and <genes.gtf> can be obtained from the
UCSC genome browser [41] and GENCODE [42], respec-
tively. The number of CPUs to run the job can be specified by
the “--runThreadN” option.

16. The command described here should be in one single line.
After the “--readFilesIn” flag, two fastq files should be
provided. The first fastq file should contain the mRNA reads,
and the second fastq file the barcode and UMIs. In our
method, Read 1 contains the barcode and UMIs, and Read
2 the mRNA reads. Therefore, in the example, Read 2 file
“mEB_day4_r2.fq.gz” appears before the Read 1 file
“mEB_day4_r1.fq.gz”. The “whitelist.csv” file is a simple
text file which basically contains the 8-bp well barcode in the
Barcoded RT Primers, one barcode per line. See Table 1 for
the sequence information.

17. In the “Solo.out” directory, there are a few text files that
contain some basic quality control information. The files inside
“Gene/raw” and “Gene/filtered” contain expression values of
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each gene in each cell. The files in the “Gene/raw” directory
contain the gene expression of every barcode in the whitelist.
The files in the “Gene/filtered” contain similar information
with barcodes that have too few reads removed.

18. Simple plots of some basic metrics, such as number total UMIs
and number detected genes, like shown in Fig. 8a, b are useful
to check if the technique works or not. When plotting the total
number of UMIs in a 384-well plate layout (Fig. 8a), the empty
well at the bottom right (P24) should have extremely faint
colour comparing to other wells. If pipetting or sorting error
happens, clear patterns will be visible; for example, some rows
or columns have very few UMIs. When draw a scatter plot like
shown in Fig. 8b, the empty well should have orders of magni-
tude fewer reads comparing to the cells. Failed cells also have
very few UMIs.
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