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Abstract

Lineage tracing is a powerful tool to study cell history and cell dynamics during 
tissue development and homeostasis. An increasingly popular approach for 
lineage tracing is to generate high-frequent mutations at given genomic loci, 
which can serve as genetic barcodes to label different cell lineages. However, 
current lineage tracing mouse models suffer from low barcode diversity and 
limited single-cell lineage coverage. We recently developed the DARLIN mouse 
model by incorporating three barcoding arrays within defined genomic loci 
and combining Cas9 and terminal deoxynucleotidyl transferase (TdT) to 
improve editing diversity in each barcode array. We estimated that DARLIN 
generates 1018 distinct lineage barcodes in theory, and enables the recovery 
of lineage barcodes in over 70% of cells in single-cell assays. In addition, 
DARLIN can be induced with doxycycline to generate stable lineage barcodes 
across different tissues at a defined stage. Here we provide a step-by-step 
protocol on applying the DARLIN system for in vivo lineage tracing, including 
barcode induction, estimation of induction efficiency, barcode analysis with 
bulk and single-cell sequencing, and computational analysis. The execution 
time of this protocol is ~1 week for experimental data collection and ~1 d for 
running the computational analysis pipeline. To execute this protocol, one 
should be familiar with sequencing library generation and Linux operation. 
DARLIN opens the door to study the lineage relationships and the underlying 
molecular regulations across various tissues at physiological context.

Key points

	• The DARLIN mouse enables 
the study of the cell lineages of 
millions of cells and at a high 
efficiency in vivo.

	• Compared with other lineage-
tracing mouse models, which 
can suffer from low barcode 
diversity and limited single-cell 
lineage coverage, the DARLIN 
mouse incorporates three 
barcoding arrays within defined 
genomic loci and combines Cas9 
and terminal deoxynucleotidyl 
transferase to improve editing 
diversity in each barcode array.
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Introduction

The ability to track cellular lineages alongside gene expression readouts is critical for 
understanding cellular behavior during development, adulthood and disease. As such, intense 
efforts over the past decades have been invested into developing tools that enable the tracing 
of cells in tissues in vivo. While early work used injectable dyes to trace cells in ex vivo systems, 
advances in genetic models has enabled tracing through recombinase approaches, whereby 
cells can be traced with labels such as fluorescent proteins1–4. Thanks to these approaches, 
major advances have been made in our understanding of organismal development, stem cell 
dynamics during tissue homeostasis and the steps leading to disease onset and progression5,6. 
However, the major drawback of these methods is that they suffer from low lineage-labeling 
diversity, which enables only a handful of cell lineages to be tracked at once. Therefore, 
our understanding of complex tissue dynamics and interactions within diverse cellular 
environments remains limited, highlighting the need for newer, more sophisticated methods 
that can simultaneously track a greater number of cell lineages with higher resolution 
and accuracy.

Development of the protocol
To address these gaps, DNA barcoding tools have recently been developed that enable high-
resolution tracing of cell lineages. DNA barcoding takes advantage of the enormous diversity of 
information that can be both stored in DNA, allowing many cells to be labeled simultaneously, 
and also readout via next generation sequencing, enabling high-throughput and efficient 
analysis of clonal information. In the past decade, numerous in vivo DNA barcoding systems 
have been generated in zebrafish7–10, mice11–17 and Drosophila18. Inspired by the GESTALT system 
for DNA barcoding in zebrafish7,8, we have previously generated an in vivo mouse model named 
Cas9–CARLIN that use CRISPR–Cas9 gene editing to produce highly diverse barcodes that act 
as unique and heritable markers of cells and their progeny19. Cas9–CARLIN contains a single 
expressed target array consisting of ten tandem CRISPR target sites in the Col1a1 locus (Col1a1 
array, or CA), and doxycycline (Dox)-inducible Cas9 expression enables temporal control of 
barcode generation at any time during development or adulthood (Fig. 1). Furthermore, the 
DNA barcodes are expressed, enabling their interrogation at the single-cell level alongside 
whole transcriptional readouts using commercially available single-cell RNA-sequencing 
(scRNA-seq) platforms. However, Cas9–CARLIN generates only ~44,000 distinct lineage 
barcodes and suffers from limited efficiency of both barcode editing and capture.

To enable the study of cell lineages of millions of cells and at a high efficiency, we developed 
DARLIN (Fig. 2), a substantially improved lineage tracing mouse model over Cas9–CARLIN20. 
One of the main reasons for low barcode diversity in Cas9–CARLIN is the extensive 
deletions introduced by Cas9 editing. To address this problem, we fused Cas9 with terminal 
deoxynucleotidyl transferase (TdT) so that more insertions can be added upon Cas9-induced 
double-strand break at the target site. Apart from increased insertions, we also observed fewer 
deletions in Cas9–TdT compared with Cas9 alone. Combined, Cas9–TdT improves the barcode 
diversity to approximately 106 per target array. Furthermore, we included another two target 
arrays (TA, target array in Tigre locus, and RA, target array in Rosa26 locus) in the DARLIN 
system, which reuse the ten target sites from CA but with different orders. This leads to an 

Unedited barcodeDARLIN mouse

Edited barcode

+ Cas9–TdT + gRNA
+Dox

Fig. 1 | DARLIN mouse barcoding system. Dox administration results in expression of Cas9–TdT, which induces double-strand 
breaks in three transcribed barcode target arrays. The breaks are repaired in an error-prone manner, resulting in the generation 
of a diverse set of indels in the barcode sequence. These act as a unique and heritable marker of each clone. The TdT polymerase 
favors insertions during DNA repair, resulting in highly diverse barcode combinations. Created with BioRender.
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estimated 1018 lineage barcodes in combination, which is much larger than the total cell number 
in an adult mouse (1010). Due to the improved design, we consistently observed ~90% editing 
efficiency in embryos in our recent work20, although the editing in the adult stage was more 
variable. In the three target arrays, CA should have the same expression as in the Cas9–CARLIN 
system due to the identical design. We observed that TA expression was ~3 times as high as the 
CA expression, while RA expression is comparable with CA expression. This high expression 
greatly improves the barcode capture. Overall, we observed that DARLIN enables the recovery of 
‘edited’ lineage barcodes in over 70% cells in single-cell assays when combining measurements 
in all three target arrays. Individually, we observed a recovery efficiency of ~25%, ~55% and ~25% 
in single cells from CA, TA and RA, respectively. In DARLIN, all barcoding elements are contained 
within defined genomic loci, making the mouse colony maintenance straightforward (Fig. 2).

DARLIN is a retrospective lineage tracing tool that nonspecifically labels cells across the 
whole body. These cells are profiled at typically a single timepoint for their lineage identity 
and other molecular profiles. The resulting lineage tracing data require more sophisticated 
computational analysis and interpretation. We have previously developed CoSpar to facilitate 
exploratory analysis of clonal barcoding data21. Applying CoSpar to DARLIN data, we have 
successfully inferred the differentiation hierarchy of hematopoiesis and estimated the 
migration dynamics of hematopoietic stem cells (HSCs)20. With the fate bias prediction from 
CoSpar, we also identified the subpopulation of HSCs that are biased toward megakaryocytes20. 
There is still a strong need for computational tools that can extract more information from 
such lineage tracing data, such as inferring differentiation dynamics or the phylogenetic 
relationships22–24.

Rosa 26

DARLIN mouse
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Fig. 2 | Schematic of mouse line genetics and the generation of 
DARLIN. The homozygous Col1a1tetO-Cas9–TdT-gRNAsRosa26M2-rtTA mouse and 
Col1a1CATigreTARosa26RA mouse are maintained separately. These two mice 
contain the same gRNA cassette, and each cassette contains 10 gRNAs with 
different sequences that match the 10 target sites in each of the three target 
arrays (CA, TA and RA). These 10 target sites are shuffled to have different 

orders in each target array. These two mouse lines are crossed to generate the 
DARLIN mouse, which can be induced for whole-body cell barcoding with Dox 
administration. M2-rtTA, the mutant tetracycline reverse transactivator; WPRE, 
woodchuck hepatitis virus posttranscriptional regulatory element. Created 
with BioRender.
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Applications
So far, barcoding-based in vivo lineage tracing systems such as DARLIN have been applied to study 
diverse areas of stem cell biology, including hematopoietic cell migration19,20, lineage branching 
points during development19,25, hematopoiesis developmental hierarchy13,14,20, epigenetic 
memory of HSCs20, HSC and T cell fate biases20,26–29 and HSC responses to chemotherapy19. Since 
the target arrays in DARLIN are contained within well-described safe-harbor loci, the mutations 
in these loci probably have negligible effects on cell dynamics in mice. Since DARLIN could label 
a wide range of tissues, it can be applied to study development, adult tissue homeostasis or 
disease state in other tissues such as lung, liver, kidney and so on.

DARLIN can be combined with other tools to enable more powerful applications for lineage 
tracing. First, dissecting cell fate choice is a key application of lineage tracing tools, and many 
mouse models have been developed to specifically label a desired population with fluorescent 
markers to study their fate choices over time1–4. These tools cannot resolve the heterogeneous 
fate choices within the labeled population. One interesting direction would be to combine the 
massive barcoding diversity of DARLIN with the specific labeling of other mouse lines to enable 
high-resolution study of lineage and fate choices within a specific population of cells. Second, 
DARLIN can be utilized for single-cell multiomic lineage tracing, as epigenomic information plays 
important roles in regulating lineage dynamics and cell identity. We have demonstrated this  
with Camellia-seq, a method that we developed along with DARLIN to simultaneously profiles  
DNA methylation, gene expression, chromatin accessibility and lineage barcodes in single cells20.  
Applying Camellia-seq to DARLIN leads to the observation of much stronger epigenetic memory 
in DNA methylation than in gene expression or chromatin accessibility. Camellia-seq is a  
low-throughput protocol. To increase the throughput, it is possible to adapt the commercially 
available multiome kit from 10X genomics to jointly profile gene expression, chromatin 
accessibility and lineage barcodes from single cells30. Finally, current single-cell lineage 
tracing lacks the spatial information of these cells, which could be critical for understanding 
the dynamics and fate choices of individual cells31. Spatial transcriptomics methods have 
been substantially developed to enable higher resolution and throughput of transcriptomics 
in situ32–34. It will be an exciting opportunity and challenge to integrate DARLIN with spatial 
transcriptomics and generate spatially resolved clonal information directly on intact tissues.

Comparison with other methods
Existing in vivo lineage-barcoding mouse models use random transposon insertion14, Cre-lox 
recombination13,15,16 or CRISPR scarring11,12 to induce DNA barcodes. The ability of joint lineage 
barcode and transcriptome profiling is important. However, transposon-based barcoding 
models such as Sleeping Beauty lack expressed barcodes14. Although the barcodes from 
Cre-lox recombination such as PolyloxExpress can be expressed as mRNA, these barcodes 
have thousands of base pairs and thus require more specialized and expensive sequencing 
approaches13,15. In addition, the detection efficiency of these barcodes is also limited15. Finally, 
although the CRISPR-based MARC1 mouse has enormous barcoding diversity due to its 
60 homing guides across the genome12, these 60 homing guides are integrated randomly into 
both the maternal and paternal genome, which makes it difficult to maintain the line and may 
perturb the native biology in mice. More importantly, these barcodes are not expressed as 
mRNA, thus difficult to measure in single cells with standard sequencing approaches.

In contrast, DARLIN barcoding elements are placed in three well-defined safe loci to 
enable simple maintenance and mitigate possible perturbations on native cell dynamics. 
Furthermore, DARLIN barcodes are relatively short (~270 bp), and are highly expressed as 
mRNA so that they can be readout in single cells with standard Illumina sequencing, jointly with 
their transcriptomic and/or epigenomic measurements. Importantly, DARLIN features a massive 
lineage barcode diversity (~106 per target array, or 1018 when combining three target arrays), high 
editing efficiency (~100% when induction happens in the embryos and less for adult induction), 
and highly expressed barcodes (especially for TA, ~3 times that of CA or RA). In comparison, 
Cas9–CARLIN generates only ~44,000 barcodes, labels cells with limited efficiency (16–74%), 
and has only a single expressed barcode (that is, CA). We estimated in DARLIN that we can recover 
at least one edited lineage barcodes from either CA, TA or RA in ~70% of profiled single cells, 
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compared with ~15% in Cas9–CARLIN. DARLIN also compares favorably with PolyloxExpress, 
which reports up to theoretically 106 barcoding diversity and achieves only a few percentages 
of single-cell lineage coverage13,15. Taken together, we believe that DARLIN will be the preferred 
barcoding mouse models for most lineage tracing studies in mice (see Table 1 for more details).

For certain tissues, it is possible that lineage barcoding in DARLIN could be inefficient 
(Table 2). For example, in adult brain, we previously observed that Cas9–CARLIN failed to 
induce barcode editing upon Dox induction in these loci. This is also probably the case for 
DARLIN since they share similar design in Cas9 induction. We expect that DARLIN could still be 
used to study brain development when barcoding happens at the embryonic stage, and other 
target arrays such as TA and RA could be profiled for lineage information. However, to study 
lineage dynamics in adult brain or other inaccessible tissues in DARLIN, alternative mouse 
models that could work in these tissues would be preferred17.

Finally, careful experimental design is needed to study adaptive immune cells with DARLIN. 
TdT is expressed in T and B cells to diversify the immune repertoire. Transient expression of 
Cas9–TdT in immune cells may perturb their dynamics over a short period of time. Therefore, 
lineage profiling should occur long after Dox induction to allow the immune system to recover 
from such perturbation. Alternatively, other expressible barcoding systems, though with less 
barcode diversity, could be used in such studies. For example, Dox-inducible Cas9 mice can be 
crossed with the homozygous Col1a1CATigreTARosa26RA mouse to study the immune system to 
minimize TdT-induced perturbation.

Overview of the procedure
Below, we discuss the considerations needed for a successful lineage barcoding experiment, 
DARLIN mouse line maintenance and procedures for lineage tracing with DARLIN. Depending 
on the biological questions to be addressed, one could choose to barcode the cells in DARLIN 
at either the embryonic or adult stages (Step 1), and profile the barcodes using either bulk 

Table 1 | Comparison of CARLIN and DARLIN barcoding systems

CARLIN DARLIN

Editing efficiency Embryo induction ~20% ~90%

Adult induction 16–88% 18–100%

Number of barcode arrays 1 3

Editing protein Cas9 Cas9–TdT

Additional features NA WPRE (increase Cas9–TdT 
expression)

Capture efficiency for both edited 
and unedited barcodes

Col1a1 locus 33–67% 25–35%

Tigre locus NA 52–73%

Rosa26 locus NA 25–40%

All loci (cell frac. with  
≥1 barcode detected)

NA ~80%

Max. barcode diversity Using one BC array 44,000 ~106

Using three BC arrays NA ~1018

NA, not applicable. Numbers are reported as described in Bowling et al., 202019 and Li et al., 202320.

Table 2 | Summary of editing efficiency across different tissues in CARLIN and DARLIN 
mouse upon Dox induction at adult stage

Intestine Kidney Liver Lung Gonad Spleen Skin Brain Muscle Heart

CARLIN ~45% ~30% ~45% ~40% ~90% ~40% ~50% ~1% 0% 0%

DARLIN 100% 100% ~95% ~99% ~99% ~99% NA NA NA NA

NA, not applicable. The CARLIN data are based on Fig. 3b from Bowling & Sritharan et al.19, while the DARLIN data are from Fig. 2j from 
Li et al.20. Although certain tissues may not be edited when induced in the adult stage, we expect to see high editing with embryonic 
induction. Note that the editing data in CARLIN are based on a single mouse, and the data in DARLIN are from three mice with the highest 
editing. The exact editing efficiency may vary between mice.

http://www.nature.com/NatProtocol
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(Steps 6–23) or single-cell (Steps 24–37) sequencing at a later stage. After Dox induction, 
we recommend roughly estimating the Dox editing efficiency (Steps 2–5) to ensure a 
successful barcoding experiment. This can be done before tissue dissection for sequencing. 
The sequencing data are then preprocessed separately depending on whether they are 
bulk or single-cell data (Steps 38–43). Downstream analysis after data preprocessing needs 
more customization and will be covered in our GitHub repository (https://github.com/
ShouWenWang-Lab/DARLIN_tutorial).

The single-cell sequencing approach can be used to jointly profile both the clonal and 
transcriptomic information, enabling a more systematic study of cell lineage dynamics. 
Although the bulk assay does not associate each clonal (DARLIN) barcode at the single-cell 
resolution, it enables to study the clonal composition in a much larger population in a cost-
effective way. Furthermore, when a given cell type of interest has highly specific purification 
markers for fluorescence-activated cell sorting (FACS), as in the case of hematopoiesis, one 
can still have both the clonal identity and phenotypic information with the bulk assay, as we 
demonstrated when studying HSC migration in our recent work20.

Experimental design
Considerations of lineage barcoding experiments
To carry out a successful lineage tracing experiment, it is important to obtain enough large 
clones (Fig. 3). While a higher editing efficiency leads to more clones labeled (Fig. 3b), it is often 
not necessary to label every cell at the time of induction. Assume that there are N progenitors 
at the time of barcoding (which can be estimated from a pilot experiment), a fraction φ of 
them have a fate bias toward a certain cell type, and the barcode editing efficiency is η. To 
convincingly identify such a fate bias, one should observe at least ~10 fate-biased clones, i.e., 
Nηφ ≥ 10. Therefore, the required editing efficiency in this case is: 

η ≥ 10
Nϕ .

Therefore, a smaller editing efficiency would be sufficient for a larger initial progenitor 
population that have stronger fate bias toward a certain cell type. However, when proving 
that certain stem cells do not generate a given fate outcome or do not differentiate at all, for 
example, to prove that hematopoietic stem cells do not actively produce mature blood cell 
types in adult unperturbed mice, one would desire nearly 100% editing efficiency to avoid 
missing such a differentiation behavior. The editing efficiency can be modulated with the Dox 
concentration. Due to variabilities in Dox induction, we would suggest carrying out barcode 
labeling in several DARLIN mice simultaneously and estimate editing efficiency in each mouse 
(Steps 3–6) to decide the ones that have sufficient editing for a successful lineage tracing 
experiment. The actual lineage tracing datasets should be generated from such qualified mice.

In addition, sampling more cells is associated with larger observed clones (Fig. 3c). To be 
useful in downstream clonal analysis, these clones need to have at least two cells detected at 
the time of observation. Assume that the average size of these clones is λ after clonal expansion 
during the tracing period (Fig. 3a) and that a fraction p of the entire desired population is 
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Fig. 3 | General considerations for lineage tracing experiments. a, Experiment diagram of lineage tracing in DARLIN mice. 
b, The relationship between barcode editing efficiency and clone number. c, The relationship between cell sample fraction 
and clone size with different tracing periods.
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captured and sequenced at the time of collection. Then, to ensure that each sampled clone has 
on average ≥2 cells, the minimum sampling fraction should be:

p ≥ 2
λ
.

Here, λ can be estimated in a pilot experiment. Note that we are not trying to make claims 
based on a single clone with just two cells. Instead, we are aiming to infer collective patterns across 
many clones with ≥2 cells, which would be statistically significant. Sometimes, even this minimum 
fraction could result in millions of cells for sequencing, which is costly. Fortunately, the clonal 
expansion is heterogeneous, and some clones can be much larger than others. Using a much 
smaller sampling fraction may still capture enough usable clones with ≥2 cells. In such cases, a 
high barcode labeling efficiency also leads to a higher chance of capturing enough usable clones 
when just sequencing a very small fraction of cells in the tissue. Ideally, a realistic simulation 
involving stochastic division and differentiation can be performed with input parameters 
estimated from a pilot experiment to determine the optimal sample size that balance the cost and 
desired number of informative clones. To do this, one may start with the function cospar.simulate.
bifurcation_model provided in our CoSpar package (https://github.com/ShouWenWang-Lab/
cospar/blob/master/cospar/simulate.py#L258), and modify it for your specific experiments.

Lineage barcode induction and efficiency estimation in DARLIN (Steps 1–5)
The DARLIN mouse model is generated by crossing homozygous Col1a1tetO-Cas9–TdT-gRNA/tetO-Cas9–TdT-gRNA: 
Rosa26M2-rtTA/M2-rtTA mouse and homozygous Col1a1CA/CA:TigreTA/TA:Rosa26RA/RA mouse. To avoid 
background editing of DARLIN arrays, we maintain Cas9-TdT-gRNAs-M2 and CA/TA/RA mouse 
lines separately in homozygosity until DARLIN is needed (Fig. 2).

The barcoding efficiency of the DARLIN system depends on the concentration and duration 
of Dox treatment. To induce lineage barcodes in DARLIN embryos, timed pregnancies are setup 
and 50 μg/g Dox is injected at the desired embryonic stage into the pregnant dam through a retro-
orbital route. To generate barcodes in neonatal or adult DARLIN mice, Dox is administered via 
drinking water for 1 week (2 mg/ml, supplemented with 10 mg/ml sucrose) and additionally with 
three intraperitoneal injections (50 μg/g) every other day (days 1, 3, 5 of water administration) 
during the same week. Before performing bulk or single-cell analysis with DARLIN, we highly 
recommend estimating the labeling efficiency of the DARLIN barcodes. Although the genomic 
DNA from the tissue of interest would be ideal for estimating the editing efficiency, mouse tail can 
be substituted for rough estimation, which can be extracted conveniently from a live mouse. We 
extract genomic DNA from a small amount of mouse tissue or the tip of mouse tail, amplify CA, 
TA and RA, respectively, from the genomic DNA, and run an agarose gel to evaluate the editing 
efficiency of each DARLIN array (Fig. 4). As it is shown in Fig. 4, the editing efficiency of triple 
DARLIN array in mice 1–3 is nearly 100%, and it is a bit lower in mouse 4.

Bulk DARLIN library preparation (Steps 6–23)
Bulk DARLIN analysis provides a method for obtaining information about the lineage 
relationships between different tissues or cell types20. It is particularly helpful when phenotypic 
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Fig. 4 | Representative agarose gel image of edited DARLIN array. Dox was injected in four DARLIN mice at E10. At 
3 weeks old, the editing efficiency in each mouse was estimated from the mouse tail tip, by running an agarose gel of the 
amplification product from CA, TA and RA, respectively. The labels 1–4 represent the mouse ID, and L represents DNA 
Ladder, whose reference DNA lengths are marked on the right.
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information can be obtained jointly using FACS purification, as discussed above. Although it is 
feasible to perform bulk DARLIN analysis from DNA, we recommend to amplify from mRNA as 
there is only one copy of the barcode in the DNA but many more in mRNA due to high expression 
of the DARLIN barcodes. Different commercial kits for RNA extraction and purification have 
variable requirements for the minimal cell numbers. Here, we use TRIzol to standardize the 
protocol and accommodate a variety of cell numbers (102–106) in these experiments. Next, we 
perform reverse transcription with a cocktail of annealing primers for CA, TA and RA arrays to 
amplify all three kinds of DARLIN arrays from the same sample. Specifically, we utilize a nested 
PCR approach to ensure the specificity of this amplification. In addition, while we perform 
the first round of PCR amplification with mixed CA, TA and RA primers, in later rounds we 
separately amplify each DARLIN array using the corresponding primer set. This can minimize 
the amplification bias due to the initial RNA expression differences between these arrays. 
We use 1.5× AMPure XP beads (Beckman Coulter, A63881) to purify the PCR product from 
each step except the final indexing PCR product (0.8×), since the edited DARLIN array ranges 
between 50 bp and 300 bp. Finally, the DARLIN library is analyzed with a TapeStation (Fig. 5) 
and sequenced on an Illumina MiSeq using a paired-end 500-cycle kit.

DARLIN library preparation from scRNA-seq libraries (Steps 24–37)
It is also possible to amplify DARLIN barcodes from scRNA-seq libraries, enabling the clonal 
relationship of cells to be analyzed alongside transcriptional readouts. Here, we detail the steps 
for amplifying DARLIN barcodes from scRNA-seq libraries generated by the commercially 
available 10X Genomics Chromium Single Cell 3′ reagent kits. The manufacturer’s protocol for 
encapsulating the cells, performing reverse transcription and amplifying cDNA is followed up 
until step 2.4, when DARLIN barcodes are separately amplified from the library. Similar to bulk 
amplification, we use a nested PCR approach to minimize amplification bias of shorter edited 
fragments and to boost barcode capture. DARLIN single-cell libraries are sequenced on an Illumina 
MiSeq. When using plate-based STRT-seq to profile single cell transcriptome, we observed similar 
efficiency of barcode recovery. We also expected similar or better results from SMART-seq.

Analysis of lineage tracing data from DARLIN (Steps 38–43)
We have also developed computational methods to facilitate the preprocessing of raw 
sequencing data and the identification of reliable clones from DARLIN. A MATLAB-based 
CARLIN pipeline was developed initially to analyze data from Cas9–CARLIN. Building on 
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(10,000 bp) ladders are shown in the plot. The major peak at ~350 bp corresponds to the DARLIN sequences. Fragments 
longer than 600 bp may arise from unspecific PCR amplification. In our experience, these undesired fragments have a 
negligible impact on the final ratio of valid DARLIN reads, probably because shorter fragments bind more efficiently on 
the flow cell. SPRI beads can be used to exclude undesired long fragments.
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this, we developed a pipeline named snakemake_DARLIN20 that conveniently takes care of 
data from different sequencing types and target loci, and enables reproducible and parallel 
preprocessing of multiple sequencing samples in a Linux-based high-performance computer 
cluster. A schematic of our analysis workflow is illustrated in Fig. 6a. The data preprocessing is 
standard and is covered in the following procedures and discussed in Steps 38–42. However, 
further data analyses such as barcode filtering, clone identification and clonal relationship 
estimation are more complex and only briefly mentioned in the following procedures (Step 43). 
Below, we discuss these additional data analyses that are covered in our online tutorial  
(https://github.com/ShouWenWang-Lab/DARLIN_tutorial).

Like most in vivo barcoding systems, DARLIN generates both frequent and infrequent 
lineage barcodes. Most of the lineage barcodes occur at very low frequencies, which are reliable 
to uniquely label individual clones. However, some mutation patterns or barcodes could be 
generated concurrently in several cells from unrelated lineages, leading to barcode homoplasy. 
To address this challenge, we have previously collected a relatively large reference dataset with 
estimated intrinsic generation probability for ~105 lineage barcodes in each of the three target 
loci (Fig. 2). Since we expect ~106 lineage barcodes per locus, this allele bank is far from 
exhaustion. However, we expect that most of the high-frequency lineage barcodes are included 
in this reference dataset. The reference dataset is provided in our MosaicLineage package20 
(https://github.com/ShouWenWang-Lab/MosaicLineage/tree/master/reference). In a lineage-
tracing study, observed lineage barcodes can be queried in our reference dataset and common 
barcodes above an appropriate cutoff of generation probability can be excluded. This 
probability threshold depends on the expected number of clones to be present in the dataset. 
Barcodes generated at a relatively high probability can still provide unique labels if there are 
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only a few clones expected. Following our previous mathematical derivation20, we recommend 
excluding alleles with a barcode generation probability ρ higher than ρ*, where ρ* is the 
probability cutoff determined from ⟨ρ|ρ ≤ ρ∗⟩ = 2α/(M − 1). Here, ⟨ρ|ρ ≤ ρ∗⟩ is the average 
generation probability of observed barcodes below the probability cutoff ρ*, α is the desired 
false discovery rate and M is the total number of expected clones in the data, which can be 
approximated by the observed barcode number. Roughly, we have ρ* ~ α/M. Although we 
recommend using α = 0.01, users may set their preferred value. If one is only interested in large 
clones above a pre-set clone size threshold, then one may use a smaller M corresponding to only 
these large-clone candidates. Since our reference allele dataset is far from exhaustive, 
additional precaution may be taken to further mitigate barcode homoplasy, if this is desired. For 
example, we only used de novo barcodes (that is, barcodes not observed in our reference 
dataset) that also have more complex insertion patterns to infer HSC migration20. However, this 
additional filtering would also reduce the number of useful clones in a dataset.

Since DARLIN has three target arrays and among cells with detected lineage barcodes only 
~10% have detected barcodes across all three loci, how to reliably identify cells that belong to 
the same clone from these partially observed clonal data is a great challenge. This is further 
complicated by the fact that some barcodes from given genomic loci have higher generation 
probability than others, which may lead to barcode homoplasy. We only use rare lineage 
barcodes detected in these genomic loci that pass the above filtering to infer clonal relationship, 
which partially addresses the challenge of barcode homoplasy. To illustrate the problem of 
incomplete barcode measurement, let us consider the following example. Cells 1–5 constitutes 
a clone that originates from the same founder cell. However, we only detected the CA barcode 
in cells 1–3, TA barcode from cells 3 and 4, and RA barcode from cells 4 and 5. Therefore, according 
to CA barcode, cells 1 and 2 belong to the same clone; using TA barcode, cells 3 and 4 come from 
the same clone; and with RA barcode, cells 4 and 5 are clonally related. Integrating information 
from all three arrays, we conclude that cells 1 and 2 are from one clone, while cells 3–5 are from 
another. In this simple example, we see that using a single target array identifies a small fraction 
of cells in a clone due to subsampling. Integrating information across loci help to aggregate 
small clones identified with each locus to generate larger clones, although some subclones may 
fail to be aggregated together due to missing shared cells. The aggregated bigger clones can be 
more informative and generate more robust conclusions. To partially address this challenge of 
incomplete measurement, we converted the single-cell clonal data into a network, where each 
cell was a vertex and two vertexes were connected if they share a rare lineage barcode from one 
of the three target arrays (Fig. 7). Reliable clones were identified using appropriate clustering 
approaches. This simplified method is provided in the function ‘MosaicLineage.DARLIN.assign_
clone_id_by_integrating_locus’ from our MosaicLineage package. Although clone identification 
is not covered in the following procedures, a related tutorial is provided in https://github.com/
ShouWenWang-Lab/DARLIN_tutorial/blob/master/Single-cell-tutorial-Part_1_clone_calling.
ipynb. We are working on further improvement to solve this problem more systematically.
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It is possible to use DARLIN to continuously track cell lineages over many cell divisions. 
In our system, we have 30 target sites across all three target arrays. In principle, if any of these 
target sites is edited, it is unlikely to be edited again due to mismatch between this target 
site and the corresponding gRNA. Therefore, the shared mutations between cells could be 
utilized to build a lineage tree reflecting the cell division histories. However, there could be 
large deletions that erase prior mutations within the deleted region, adding computational 
challenges for tree inference. Although we have not carried out such a study with DARLIN, we 
have the following suggestions for interested users. First, to achieve continuous editing over 
a longer timescale, we suggest using a much lower Dox concentration than the one we used 
for one-pulse barcoding. Second, we suggest using only the rare and shared mutations in this 
data for lineage tree reconstruction, while also considering the possible missing mutations 
from large deletions. The generation probability of individual mutations can be estimated 
from the provided allele bank dataset. Lineage tree inference from CRISPR–Cas9 editing with 
missing mutation information has been considered previously19,23, which could provide a useful 
starting point.

Expertise needed to implement the protocol
The protocols described here require expertise in standard molecular biology techniques, animal 
husbandry and computational analysis (familiarity with high-performance computing, Unix shell  
and Python). During library preparation steps, extreme care should be taken to avoid cross-
contamination of samples as errors will be amplified in the PCR steps. Furthermore, specialized 
core facilities will be required for animal housing and next generation sequencing steps.

Limitations
The lineage barcode labeling is not 100%, especially in adult induction. Building on this, the severe 
cell subsampling further complicates data interpretation. Therefore, careful statistical tests 
should be done to account for incomplete sampling when necessary. In addition, DARLIN still 
faces problems of large deletions that could erase intermediate mutations, which complicates the 
inference of cell division phylogeny from observed mutations. Furthermore, as discussed above, 
DARLIN likely shares similarly low barcode editing efficiency as Cas9–CARLIN in the brain, muscle 
and heart when induced at adult stage19,35.

Materials

Biological materials
•	 Cas9-TdT-gRNAs-M2 mice ( Jax stock no. 038749) and CA/TA/RA triple target-array mice 

( Jax stock no. 038750) can be ordered from the Jackson Laboratory. These two mice have 
C57BL/6J background 
▲ CAUTION  Any experiments involving live mice must conform to relevant institutional 
and national regulations. We obtained permission from Westlake University and Boston 
Children’s Hospital.

Reagents
Barcode induction in DARLIN mice

•	 Dox (Sigma-Aldrich, cat. no. D9891)
•	 Sucrose (P212121, cat. no. CI-00811-5KG)
•	 Nuclease-free water (Qiagen, cat. no. 129115)
•	 Phire Tissue Direct PCR Master Mix (Thermo Scientific, cat. no. F170S)

RNA extraction
•	 TRIzol Reagent (Invitrogen, cat. no. 15596018)
•	 Chloroform (Sigma-Aldrich, cat. no. 366927)
•	 Isopropanol (Sigma-Aldrich, cat. no. 33539-M)

http://www.nature.com/NatProtocol
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•	 Ethanol (Sigma-Aldrich, cat. no. 32205)
•	 Glycogen (Invitrogen, cat. no. AM9510)

Primers for DARLIN array amplification
•	 Primer sequences are listed in Table 3

Amplification of DARLIN from bulk RNA
•	 SuperScript III (Invitrogen, cat. no.18080093)
•	 Q5 High-Fidelity DNA Polymerase (New England Biosciences, cat. no. M0491L)
•	 Ampure XP beads (Beckman Coulter, cat. no. A63881)
•	 Index primers (New England Biosciences, cat. no. E7500S)

Amplification of DARLIN arrays from scRNA-sequencing libraries
•	 Chromium Single Cell 3′ reagent kits v3.1 (10X genomics, single cell kit cat. no. PN-1000268, 

Chip G kit cat. no. PN-1000120, dual index kit cat. no. PN-1000215)
•	 KAPA HiFi HotStart ReadyMix polymerase (Roche Sequencing Solutions, cat. no. 07958935001)
•	 Buffer EB (Qiagen, cat. no. 19086)
•	 SPRIselect beads (Beckman Coulter cat. no. B23318).

Library QC
•	 Qubit dsDNA HS assay kit (Invitrogen, cat. no. Q32854)
•	 TapeStation High Sensitivity D5000 ScreenTape (Agilent, cat. no. 5067-5592)
•	 TapeStation High Sensitivity D5000 Reagents (Agilent, cat. no. 5067-5593)
•	 Library quantification (Kappa Biosystems, cat. no. KK4835)

Table 3 | Primers for DARLIN Array Amplification

Primers for estimating the induction efficiency of CA/TA/RA

CA_F GAGCTGTACAAGTAAGCGGC

CA_R GCAACTAGAAGGCACAGTCG

TA_F GCTCGGTACCTCGCGAAT

TA_R GCAACTAGAAGGCACCGACA

RA_F ATGTACAAGTAAAGCGGCCG

RA_R GCAACTAGAAGGCACACAGC

Primers for CA/TA/RA amplification from bulk RNA

RT_CA_12UMI CTACACGACGCTCTTCCGATCTNNNNNNNNNNNNGCAACTAGAAGGCACAGTCG

RT_TA_14UMI CTACACGACGCTCTTCCGATCTNNNNNNNNNNNNNNGCAACTAGAAGGCACCGACA

RT_RA_14UMI CTACACGACGCTCTTCCGATCTNNNNNNNNNNNNNNGCAACTAGAAGGCACACAGC

NGS_F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

NGS_CA_R1 GTCCTGCTGGAGTTCGTGAC

NGS_TA_R1 GACGAGTCGGATCTCCCTTT

NGS_RA_R1 CGGGGATCCTCTAGAGTCG

NGS_CA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGCTGTACAAGTAAGCGGC

NGS_TA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCGGTACCTCGCGAAT

NGS_RA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATGTACAAGTAAAGCGGCCG

Primers for CA/TA/RA amplification from 10X cDNA

P5_PR1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

NGS_CA_R1 GTCCTGCTGGAGTTCGTGAC

NGS_TA_R1 GACGAGTCGGATCTCCCTTT

NGS_RA_R1 CGGGGATCCTCTAGAGTCG

NGS_CA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGAGCTGTACAAGTAAGCGGC

NGS_TA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTCGGTACCTCGCGAAT

NGS_RA_R2 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATGTACAAGTAAAGCGGCCG

http://www.nature.com/NatProtocol
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Library sequencing
•	 Illumina MiSeq paired-end 500-cycle v2 kits (Illumina, cat. no. MS-102-2003)
•	 PhiX sequencing control v3 (Illumina, cat. no. FC-110-3001)

Software
•	 snakemake_DARLIN (https://github.com/ShouWenWang-Lab/snakemake_DARLIN)
•	 MosaicLineage (https://github.com/ShouWenWang-Lab/MosaicLineage)
•	 CoSpar (https://cospar.readthedocs.io/en/latest/)
•	 MATLAB (https://www.mathworks.com/products/matlab.html)
•	 FastQC (https://github.com/s-andrews/FastQC)
•	 MultiQC (https://github.com/MultiQC/MultiQC)

Equipment
•	 Gross Anatomy Probe, angled (Fine Science Tools, cat. no. 10088-15)
•	 Insulin syringe (VWR, cat. no. BD-329461)
•	 NanoDrop microvolume spectrophotometer (Thermo Scientific, cat. no. ND-ONEC-W)
•	 PCR thermal cycler (Bio-Rad, cat. no. T100)
•	 PCR tubes (8-well PCR strips; Thermo Scientific, cat. no. AB-0266)
•	 Vortex mixer (Scientific Industries, cat. no. SI-0236)
•	 Refrigerated centrifuge for 1.5 and 2 ml tubes (Thermo Fisher Scientific, cat. no. 75002421)
•	 DynaMag-96 Side Magnet (Thermo Scientific, cat. no. 12331D)
•	 Qubit fluorometer (Invitrogen, cat. no. Q32866)
•	 Agilent 2200 TapeStation system (Agilent, cat. no. G2965AA)
•	 Illumine Miseq Instrument

Reagent setup
Dox solution
Dox solution is freshly made for each experiment. For injections, dissolve Dox powder in water 
at the concentration of 10 mg/ml. To make Dox drinking water, dissolve 1 g Dox powder and 5 g 
sucrose in 500 ml sterile water.

Equipment setup
Data processing setup
For data processing, we recommend using the snakemake_DARLIN pipeline described in our 
DARLIN paper, which was built upon the previous CARLIN pipeline. This is a snakemake-based 
pipeline that facilitates reproducible data processing in a convenient way. We recommend 
running the pipeline on a high-performance computing Linux cluster, because this processing is 
resource intensive, and can take ~2 h to process a single sample with 6 million reads. snakemake_
DARLIN supports job submission through slurm, so that multiple samples can be processed 
separately and simultaneously. Typically, the installation time for the pipeline is 30 min, and the 
run time for the demo data is just a few minutes.

Here, we provide guidelines on how to set up the computational analysis environment 
needed to preprocess the DARLIN sequencing data using snakemake_DARLIN. For more 
details, we recommend to follow the README instructions on github (https://github.com/
ShouWenWang-Lab/snakemake_DARLIN). First, set up the conda environment as follows:

kernel_name='snakemake_darlin'
conda create -n $kernel_name python=3.9 --yes
conda activate $kernel_name
conda install -c conda-forge mamba --yes
mamba install -c conda-forge -c bioconda snakemake=7.24.0 --yes
pip install --user ipykernel
pip install jupyterlab umi_tools seaborn papermill biopython
python -m ipykernel install --user --name=$kernel_name

http://www.nature.com/NatProtocol
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Then, clone the necessary packages to the directory where you want to put the packages:

git clone https://github.com/ShouWenWang-Lab/snakemake_DARLIN --depth=1
cd snakemake_DARLIN
python setup.py develop
cd ..
mkdir CARLIN_pipeline
cd CARLIN_pipeline
git clone https://github.com/ShouWenWang-Lab/Custom_CARLIN --depth=1

Next, install pear (https://www.h-its.org/downloads/pear-academic/), which is used for 
merging read 1 and 2 when processing the bulk DARLIN data. Also, install MATLAB so that it is 
available directly in the command line interface or can be loaded with the command ‘module 
load matlab’. In addition, MATLAB should have Bioinformatics Toolbox and Image Processing 
Toolbox addons installed. Please also install FastQC and MultiQC so that they are also available 
from the command line. They are not essential for data processing and the pipeline finishes 
properly without them. However, an informative quality report of fastq files can be obtained 
after running the pipeline with these two tools installed. Finally, run the test module under 
snakemake_DARLIN to test whether the pipeline is installed correctly.

cd snakemake_DARLIN/test
bash test.sh

The expected output can be found at the README of the github page. This test folder includes 
three datasets of different types and their corresponding config.yaml files. They set a good 
example of how to use this package properly.

Procedure

DARLIN barcode induction
1.	 Induce DARLIN barcodes. Follow option A to induce barcoding at embryonic stages, or 

follow option B for neonatal or adult stage induction. This depends on the specific biological 
questions to be addressed; please refer to our DARLIN paper for specific examples20.
(A)	 Barcode induction in embryonic mice

● TIMING  12 h
	 (i)	 Set up timed pregnancy between homozygous Cas9-TdT-gRNAs-M2 mouse and 

homozygous CA/TA/RA triple target-array mouse in the evening based on the Jax 
protocol (https://www.jax.org/news-and-insights/jax-blog/2014/september/six-
steps-for-setting-up-timed-pregnant-mice). Female Cas9-TdT-gRNAs-M2 mice and 
male CA/TA/RA mice are recommended to use to achieve high editing efficiency in 
embryos. The presence of a vaginal plug on the next morning indicates a successful 
pregnancy, with an embryonic stage corresponding to day 0.5 (E0.5).

		  ◆ TROUBLESHOOTING
	 (ii)	 To induce barcoding in developing embryos at the preferred stage, first measure 

the weight W of the pregnant dam on the injection day (unit: g), and then inject  
50 × W μg Dox through a retro-orbital route of the dam.

		  ▲ CRITICAL STEP  Dox solution is freshly made.
(B)	 Barcode induction in neonatal or adult mice

● TIMING  over 3 weeks
	 (i)	 Set up the cross between homozygous Cas9-TdT-gRNAs-M2 mouse and homozygous 

CA/TA/RA triple target-array mouse. The offspring of this cross are DARLIN mice.
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	 (ii)	 To induce barcoding in neonatal or adult mice, measure the weight W of the 
DARLIN mouse and apply three intraperitoneal injections of 50 × W μg Dox every 
other day. During the same week, 2 mg/ml Dox water (supplemented with 10 mg/ml 
sucrose) is provided for the breast-feeding mothers (for neonatal induction) or the 
adult DARLIN mouse itself.

		  ▲ CRITICAL STEP  Dox solution is freshly made.

Evaluation of barcode induction efficiency
● TIMING  1.5 h
▲ CRITICAL  To evaluate the barcode induction efficiency in DARLIN system, we use Phire 
Tissue Direct PCR Master Mix to quickly amplify three DARLIN arrays (CA, TA and RA) from 
tissues. This can be performed earlier using mouse tail or using the desired tissue on the sample 
collection day to help select the best edited embryo from a litter before cell sorting or a single 
cell RNA-sequencing experiment.
2.	 Put the tip of the mouse tail or a small amount of desired tissue into 20 μl of dilution buffer. 

Add 0.5 μl of DNARelease Additive. Vortex the tube briefly, and spin down the solution. 
Incubate the mixture at room temperature (~23 °C) for 5 min and place into 98 °C block for 
2 min. 1 μl of the reaction mixture is used as template for DARLIN array amplification.

3.	 Prepare 20 μl of PCR reaction for CA, TA and RA, respectively, as follows:

CA PCR reaction

Component Volume (20 μl rxn)

2× Phire Tissue Direct PCR Master Mix 10 μl

CA_F primer (10 μM) 1 μl

CA_R primer (10 μM) 1 μl

Sample DNA template 1 μl

H2O 7 μl

TA PCR reaction

Component Volume (20 μl rxn)

2× Phire Tissue Direct PCR Master Mix 10 μl

TA_F primer (10 μM) 1 μl

TA_R primer (10 μM) 1 μl

Sample DNA template 1 μl

H2O 7 μl

RA PCR reaction

Component Volume (20 μl rxn)

2× Phire Tissue Direct PCR Master Mix 10 μl

RA_F primer (10 μM) 1 μl

RA_R primer (10 μM) 1 μl

Sample DNA template 1 μl

H2O 7 μl

4.	 Run the PCR reaction with the following conditions:

Step Temperature (°C) Duration Cycles

Initial denaturation 98 5 min 1

Denaturation 98 5 s 40

Annealing 64 5 s

Extension 72 20 s

Final extension 72 1 min 1

4–10 Hold 1

http://www.nature.com/NatProtocol
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5.	 Gel electrophoresis: load the PCR samples on a 2% (wt/vol) agarose gel, run and image the 
gel. Determine the barcode induction efficiency by comparing the intensity of the smear 
with the intensity of the control (unedited) band. Note that this is only a qualitative assay for 
quality control purpose. To actually quantify the editing efficiency, we would recommend 
using the sequencing approach described below.

	 ◆ TROUBLESHOOTING

Bulk DARLIN library preparation and sequencing
▲ CRITICAL  Follow Steps 6–23 for bulk DARLIN library preparation and sequencing. Alternatively, 
for single-cell applications follow Steps 24–37.

RNA extraction
● TIMING  2 h
6.	 RNA extraction can be performed on either tissue sample or FACS-sorted cells. It is advised 

to control the number of cells in a bulk sample before library preparation to avoid high 
sequencing cost.

•	 Tissue lysis: place 1–10 mg tissue in a 1.5 ml tube, add 1 ml of TRIzol Reagent and 
homogenize the tissue with a homogenizer. The cell number can be estimated from the 
resulting RNA weight, since each cell has ~10–30 pg RNA.

•	 Lysis of FACS-sorted cells: for 102–106 cells, add 1 ml of TRIzol Reagent, vortex 
thoroughly, centrifuge briefly and incubate at room temperature for 5 min. The cell 
number can be determined from FACS or with a cell counter.

	 ■ PAUSE POINT  Samples can be stored at −80 °C for up to a year.
7.	 Follow the User Guide of TRIzol Reagent (https://assets.thermofisher.com/TFS-

Assets%2FLSG%2Fmanuals%2Ftrizol_reagent.pdf) for sample lysis, phase separation and 
RNA isolation ( just follow this reagent user guide from Step 4 to the end of RNA isolation).

	 ▲ CRITICAL STEP  We highly recommend using glycogen to coprecipitate with sample RNA.
8.	 Quantify RNA yield and purity with NanoDrop spectrophotometer.
	 ▲ CRITICAL STEP  For samples with only a few cells, skip this step.
	 ◆ TROUBLESHOOTING

Bulk DARLIN library preparation
● TIMING  1 d
9.	 Set up RNA denaturing reaction with the following condition in a 0.2 ml PCR tube, incubate 

the tube at 65 °C for 5 min and cool on ice for 1 min.

Component Volume (13 μl reaction)

Sample RNA (500 ng or all sample if less than this weight) 9 μl

RT_CA_12UMI primer (10 μM) 1 μl

RT_TA_14UMI primer (10 μM) 1 μl

RT_RA_14UMI primer (10 μM) 1 μl

dNTPs (10 mM) 1 μl

▲ CRITICAL STEP  Include a water-only control (that does not contain RNA) alongside 
samples. This will serve as a flag for sample cross-contamination and contamination of 
reagents with DARLIN DNA.

10.	 Add the following mixture to the RNA denature product, incubate the tube at 55 °C for 1 h 
and deactivate at 70 °C for 15 min.

Component Volume (20 μl reaction)

RNA denature mixture 13 μl

5× First Strand Buffer 4 μl

DTT (0.1 M) 1 μl

RNAseOUT inhibitor 1 μl

Superscript III RT 1 μl

http://www.nature.com/NatProtocol
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11.	 Purify the cDNA product with 1.5× AMPure XP beads (30 μl) once according to the 
manufacturer’s protocol, and elute cDNA in 16.5 μl H2O.

	 ▲ CRITICAL STEP  To efficiently capture short DARLIN arrays after editing, 1.5× AMPure XP 
beads are needed.

12.	 Add primers and reagents needed for the first round of DARLIN array amplification as 
follows:

Component Volume (25 μl reaction)

5× Q5 DNA polymerase buffer 5 μl

dNTPs (10 mM) 0.5 μl

NGS_F primer (10 μM) 1.25 μl

NGS_CA_R1 primer (10 μM) 0.5 μl

NGS_TA_R1 primer (10 μM) 0.5 μl

NGS_RA_R1 primer (10 μM) 0.5 μl

cDNA product 16.5 μl

Q5 DNA polymerase 0.25 μl

13.	 Run the PCR reaction with the following conditions:

Step Temperature (°C) Duration Cycles

Initial denaturation 98 30 s 1

Denaturation 98 10 s 12

Annealing 68 30 s

Extension 72 30 s

Final extension 72 2 min 1

4–10 Hold 1

14.	 Purify the PCR product with 1.5× AMPure XP beads (37.5 μl) once according to the 
manufacturer’s protocol, and elute the PCR product in 66 μl H2O.

	 ▲ CRITICAL STEP  To efficiently capture short DARLIN arrays after editing, 1.5× AMPure XP 
beads are needed.

	 ■ PAUSE POINT  Samples can be stored at −20 °C for up to a year.
15.	 Setup the nested PCR reaction for CA, TA and RA separately, each with just one-quarter of 

the PCR product from the previous step.

CA nested PCR reaction

Component Volume (25 μl reaction)

5× Q5 DNA polymerase buffer 5 μl

dNTPs (10 mM) 0.5 μl

NGS_F primer (10 μM) 1.25 μl

NGS_CA_R2 primer (10 μM) 1.25 μl

cDNA product 16.5 μl

Q5 DNA polymerase 0.25 μl

TA nested PCR reaction

Component Volume (25 μl reaction)

5× Q5 DNA polymerase buffer 5 μl

dNTPs (10 mM) 0.5 μl

NGS_F primer (10 μM) 1.25 μl

NGS_TA_R2 primer (10 μM) 1.25 μl

cDNA product 16.5 μl

Q5 DNA polymerase 0.25 μl

http://www.nature.com/NatProtocol
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RA nested PCR reaction

Component Volume (25 μl reaction)

5× Q5 DNA polymerase buffer 5 μl

dNTPs (10 mM) 0.5 μl

NGS_F primer (10 μM) 1.25 μl

NGS_RA_R2 primer (10 μM) 1.25 μl

cDNA product 16.5 μl

Q5 DNA polymerase 0.25 μl

▲ CRITICAL STEP  Owing to the difference in RNA expression level among the  
tree DARLIN arrays, we perform PCR reaction for CA, TA and RA separately in  
this step.

16.	 Run the nested amplification reaction with the following conditions:

Step Temperature (°C) Duration Cycles

Initial denaturation 98 30 s 1

Denaturation 98 10 s 12

Annealing 69 30 s

Extension 72 30 s

Final extension 72 2 min 1

4–10 Hold 1

17.	 Purify the PCR product with 1.5× AMPure XP beads (37.5 μl) once according to the  
manufacturer’s protocol, and elute the PCR product in 30 μl H2O.

	 ▲ CRITICAL STEP  To efficiently capture short DARLIN arrays after editing,  
1.5× AMPure XP beads are needed.

	 ■ PAUSE POINT  Samples can be stored at −20 °C for up to a year.
18.	 Setup the indexing PCR reaction for CA, TA and RA separately, each with 16.5 μl of the  

nested PCR product from the previous step.

Component Volume (25 μl reaction)

5× Q5 DNA polymerase buffer 5 μl

dNTPs (10 mM) 0.5 μl

Index primer (10 μM) 2.5 μl

Nested PCR product 16.5 μl

Q5 DNA polymerase 0.5 μl

19.	 Run the indexing PCR reaction with the following conditions:

Step Temperature (°C) Duration Cycles

Initial denaturation 98 30 s 1

Denaturation 98 10 s 10

Annealing 62 30 s

Extension 72 30 s

Final extension 72 2 min 1

4–10 Hold 1

20.	 Purify the PCR product with 0.8× AMPure XP beads (20 μl) twice according to the 
manufacturer’s protocol, and elute the PCR product in 20 μl H2O.

	 ▲ CRITICAL STEP  Remaining primer dimers would influence the sequencing quality.  
To eliminate such effects, it is necessary to purify the DARLIN library twice with  
0.8× AMPure XP beads.

http://www.nature.com/NatProtocol
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21.	 Measure the concentration of DARLIN library on Qubit with dsDNA HS assay kit, run the 
DARLIN library on a Tape Station with High Sensitivity D5000 ScreenTape assay kit.

	 ■ PAUSE POINT  Samples can be stored at −20 °C for up to a year.

Sequence bulk DARLIN library
● TIMING  2 d
22.	 Pool individual DARLIN libraries properly by accounting for each library’s cell number, 

expected read number and index sequence in particular. Quantify the pooled library with 
KAPA Library Quantification kit. For more information of library pooling, please refer to 
this online material: https://kb.10xgenomics.com/hc/en-us/articles/4440054574477- 
How-do-I-pool-10x-libraries-for-Illumina-sequencing.

23.	 Sequence the bulk DARLIN library on an Illumina MiSeq using a paired-end 500-cycle v2 
kit (read 1: 250 cycles; i7 Index: 8 cycles; read 2: 250 cycles; Illumina, MS-102-2003) with 
5% PhiX sequencing control v3 (Illumina, FC-110-3001) at a concentration of 10 pM. We 
recommend a sequencing depth of minimum 25 reads/cell for CA libraries, 50 reads/cell 
for TA libraries and 25 reads/cell for RA libraries. As mentioned earlier, we recommend 
limiting the number of cells in a bulk sample before library preparation to reduce 
unnecessary cost.

	 ◆ TROUBLESHOOTING

DARLIN library preparation and sequencing from scRNA-seq libraries
▲ CRITICAL  Follow Steps 24–37 for single-cell DARLIN library preparation and sequencing. 
Alternatively, for bulk applications follow Steps 6–23.

Amplification of DARLIN from scRNA-seq libraries
● TIMING  1 d
24.	 Follow the user guide of the Next-GEM Single-Cell 3′ Gene Expression v3.1 (user guide 

CG000315) for single-cell preparation, encapsulation, reverse transcription and initial 
cDNA amplification. At step 2.4 of the user protocol, after confirming the cDNA passes 
the quality control (QC), load 5 μl of cDNA into a PCR amplification reaction as follows:

CA PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (20 μM) 0.75 μl

NGS_CA_R1 primer (10 μM) 0.75 μl

10× cDNA 5 μl

H2O 6 μl

TA PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (20 μM) 0.75 μl

NGS_TA_R1 primer (10 μM) 0.75 μl

10× cDNA 5 μl

H2O 6 μl

RA PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (20 μM) 0.75 μl

NGS_RA_R1 primer (10 μM) 0.75 μl

10× cDNA 5 μl

H2O 6 μl

http://www.nature.com/NatProtocol
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▲ CRITICAL STEP  Ensure a 20 μM concentration of the P5_PR1 primer and 10μM 
concentration of the barcode array primers are used.
▲ CRITICAL STEP  Ensure a water-only control reaction is setup alongside experimental 
reactions to allow detection of library cross-contamination.

25.	 Run the PCR reaction using the following program (lid temperature 105 °C):

Step Temperature (°C) Duration Cycles

Initial denaturation 95 3 min 1

Denaturation 98 20 s 10

Annealing 65 15 s

Extension 72 15 s

Final extension 72 1 min 1

4 Hold 1

26.	 Purify the cDNA product with 1.5× SPRIselect beads once according to the manufacturer’s 
protocol, and elute cDNA in 20 μl Buffer EB.

	 ▲ CRITICAL STEP  To efficiently capture short DARLIN arrays after editing, 1.5× SPRIselect 
beads are needed.

27.	 Load 11 μl of library into a PCR amplification reaction as follows:

CA nested PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (10 μM) 0.75 μl

NGS_CA_R2 primer (10 μM) 0.75 μl

CA library 11 μl

TA nested PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (10 μM) 0.75 μl

NGS_TA_R2 primer (10 μM) 0.75 μl

TA library 11 μl

RA nested PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

P5_PR1 primer (10 μM) 0.75 μl

NGS_RA_R2 primer (10 μM) 0.75 μl

RA library 11 μl

28.	 Run the PCR reaction using the following program (lid temperature 105 °C):

Step Temperature (°C) Duration Cycles

Initial denaturation 95 3 min 1

Denaturation 98 20 s 10

Annealing 65 15 s

Extension 72 15 s

Final extension 72 1 min 1

4 Hold 1

29.	 Purify the cDNA product with 1.5× SPRIselect beads once according to the manufacturer’s 
protocol, and elute cDNA in 20 μl Buffer EB.

	 ▲ CRITICAL STEP  To efficiently capture short DARLIN arrays after editing, 1.5× SPRIselect 
beads are needed.

	 ■ PAUSE POINT  Samples can be stored at −20 °C for up to a year.
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30.	 Load 11 μl of library into a PCR amplification reaction as follows:

Indexing PCR reaction

Component Volume (25 μl reaction)

Kapa HiFi HotStart ReadyMix 12.5 μl

Index from Chromium Dual Index kit 1.5 μl

Library from Step 29 11 μl

▲ CRITICAL STEP  Ensure libraries that will be pooled have a unique index.
31.	 Run the PCR reaction using the following program (lid temperature 105 °C):

Step Temperature (°C) Duration Cycles

Initial denaturation 95 3 min 1

Denaturation 98 20 s 9

Annealing 55 15 s

Extension 72 15 s

Final extension 72 1 min 1

4 Hold 1

32.	 Measure the concentration of DARLIN library on a Qubit with the dsDNA HS assay kit 
and pool libraries by accounting for each library’s cell number, expected read number 
and index sequence.

33.	 Purify the pooled PCR library with 0.8× SPRIselect beads twice according to the 
manufacturer’s protocol and elute the PCR product in 20 μl Buffer EB.

	 ■ PAUSE POINT  Samples can be stored at −20 °C for up to a year.
34.	 Confirm amplification of libraries by TapeStation analysis or running on a 2% DNA 

agarose gel. Libraries should resemble a smear between 100 and 600 bp; a stronger band 
indicating the unedited barcode may be present at ~600 bp, depending on the editing 
efficiency of sample.

Sequence single-cell DARLIN library
● TIMING  2 d
35.	 Quantify the pooled library with the KAPA Library Quantification kit.
36.	 Calculate sequencing depth required. We recommend allocating 100× sequencing reads/cell 

for CA libraries, 200× sequencing reads/cell for TA libraries and 100× sequencing reads/cell 
for RA libraries.

37.	 Sequence the single-cell DARLIN library on an Illumina MiSeq using a paired-end 500-cycle 
v2 kit (read 1: 28 cycles; i7 Index: 8 cycles; read 2: 350 cycles; Illumina, MS-102-2003) with 
5% PhiX sequencing control v3 (Illumina, FC-110-3001) at a concentration of 10 pM.

	 ▲ CRITICAL STEP  Ensure cycle times on read 1 and i7 matches the 10X protocol guidelines 
for the kit and indexes used.

	 ◆ TROUBLESHOOTING

Data processing
● TIMING  1 d
38.	 Setup the project folder. To run the pipeline on a new dataset, create a new project 

folder. Also create a config.yaml file as well as a raw_fastq folder under this project folder. 
The config.yaml file can be copied from the template associated with the test data in 
snakemake_DARLIN package. The fastq files should be placed under the raw_fastq folder, 
and match the naming convention $SAMPLE_R{1,2}.fastq.gz.

39.	 Update the config file. Modify parameters in the pipeline config file using a text editor. 
Change the list of selected samples, library type (that is, bulk or single-cell libraries), 
DARLIN reference template, read cutoff for calling call barcodes and unique molecular 
identifiers (UMIs) and so on, according to your setup. See Table 4 for parameter description. 

http://www.nature.com/NatProtocol
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Note that samples included in one config file should have the same library type, template 
and read cutoff. If there are multiple samples of different type, please separate them into 
different project folders or use a separate config file.

40.	 Run the following command under the project folder where the config.yaml file is located, 
to process each of the samples specified in the config file. This will generate a result folder 
separately for each sample.

snakemake -s $snakemake_DARLIN_path/snakefiles/snakefile_matlab_ 
DARLIN_Part1.py --configfile config.yaml --core 10 --ri

41.	 Run the second command at the same location to generate an aggregated report across 
multiple samples. The result will be saved at a merge_all folder.

snakemake -s $snakemake_DARLIN_path/snakefiles/snakefile_matlab_ 
DARLIN_Part2.py --configfile config.yaml --core 5 --ri

42.	 Inspect key intermediate output files from the above preprocessing, which are located at 
PROJECT/DARLIN/results_cutoff_override_$CUTOFF, including:

•	 $SAMPLE/Results.txt: summary statistics of a sample, including read number 
breakdown at each QC step, the mean reads per edited cell barcode or UMI, the total 
allele number and so on. See Fig. 8 for a representative output and the expected 
results

•	 $SAMPLE/AlleleAnnotation.txt: alleles, with mutation pattern encoded in text 
strings, detected in a given sample

•	 $SAMPLE/AlleleColonies.txt: corresponding cell barcode or UMI information of 
each allele observed in AlleleAnnotation.txt

•	 $SAMPLE/allele_UMI_count.csv: a table of the UMI (or cell barcode) counts for 
each allele in a given sample

•	 merge_all/allele_UMI_count.csv: a table of the UMI (or cell barcode) counts for 
each allele across all samples

•	 merge_all/refined_results.csv: a table of summary statistics across all samples
•	 merge_all/DARLIN_report.html: a html report including key QC figures and tables 

across all samples
	 ◆ TROUBLESHOOTING

Table 4 | key parameters in the config.yaml file for running the snakemake_DARLIN pipeline

Parameter name Explanation Example

SampleList A list of sample names to be processed, matching the names in 
the raw_fastq files:
$SAMPLE_L001_R{1,2}_001.fastq.gz

[‘sample1’, ‘sample2’, 
‘sample_3’]

cfg_type Library type
BulkRNA_12UMI: bulk DARLIN library from CA, with 12 bp UMI
BulkRNA_Tigre_14UMI: bulk DARLIN library from TA, with 14 bp UMI
BulkRNA_Rosa_14UMI: bulk DARLIN library from RA, with 14 bp UMI
sc10xV3: single-cell DARLIN library from 10X
scCamellia: single-cell DARLIN library from Camellia-seq

‘BulkRNA_12UMI’

template Unedited DARLIN sequence template
cCARLIN: template for CA library
Tigre_2022_v2: template for TA library
Rosa_v2: template for RA library

‘cCARLIN’

read_cutoff_UMI_override A list of all UMI cutoffs to be used. Results for each cutoff will be 
saved to a separate folder. We recommend a minimum cutoff of 3

[3, 10]

sbatch Whether to submit the job to SLURM. 1: submit jobs; 0: run the 
computation locally

1
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43.	 For downstream DARLIN data analysis on these intermediate output files, please follow our 
step-by-step tutorial (https://github.com/ShouWenWang-Lab/DARLIN_tutorial), which 
includes common allele filtering, clone identification, shared clone fraction analysis, 
lineage-coupling analysis between tissues or cell types and integration with single-cell 
transcriptome to infer cell-fate bias.

Troubleshooting

Troubleshooting advice for the experimental procedure can be found in Table 5 and for data 
processing in Table 6. For data processing, see also Fig. 8.

Fig. 8 | A representative QC report from the Results.txt file after data processing. Output file from Step 42. Key metrics are highlighted with a blue box.

http://www.nature.com/NatProtocol
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Timing

Step 1, timed pregnancy: 12 h, including hands-on time of 30 min
Step 1, Dox induction: 30 min
Steps 2–5, estimation of barcode induction efficiency: 1.5 h
Steps 6–8, RNA extraction: 2 h
Steps 9–20, bulk DARLIN library preparation, 1 d
Step 21, QC of the bulk library, 2 h
Step 22, bulk library pooling and quantification, 2 h
Step 23, bulk library sequencing, 2 d, 2 h hands-on time
Steps 24–34, single-cell library preparation, 1 d
Steps 35,36, single-cell library pooling and quantification, 2 h
Step 37, single-cell library sequencing, 2 d, 2 h hands-on time
Steps 38–43, data processing, ~1 d

Anticipated results

Before sequencing, the editing efficiency can be estimated by amplifying CA, TA and RA, 
respectively, from the genomic DNA extracted from the mouse tail or desired tissues, and 

Table 5 | Troubleshooting table for experimental procedures

Step Problem Possible reason Solution

1A(i) Failed timed pregnancy The female mouse is not in proestrus or estrus Setting up timed pregnancy for mice at estrous state can 
increase the likelihood of pregnancy

5 Low barcode induction 
efficiency in adults

The editing efficiency in adults varies among individuals Prepare more induced adults and choose the ones with 
highest editing for DARLIN array analysis

8 The A260/280 ratio is low in  
RNA extraction

The organic phase is not removed completely Do not pipette up the entire aqueous layer after phase 
separation

23 High-cluster density in 
sequencing

The complexity of the DARLIN library is low Reduce the library loading concentration and add  
more PhiX

37 Poor sequencing read quality 
(reads PF <80% or Q30 <60%)

Overloaded sequencing. Lower loading concentrations  
may be required for single-cell DARLIN sequencing due to 
the long cycle number on read 2

Reduce library loading concentration

23,37 DNA present in water-only 
control

Cross-contamination of samples or contamination of one  
or more reagents with DARLIN DNA

Clean bench and pipettes with 10% bleach and/or use 
designated ‘clean’ library-preparation workspace. Ensure 
extreme care is taken to avoid cross-contamination of 
samples and reagents

Table 6 | Troubleshooting table for data processing

Step Problem Possible reason Solution

42 Results.txt: Fraction of valid_lines is low Low sequencing quality Resequence the data. Also try to increase library 
complexity

Results.txt: Fraction of common_UMIs is low Low sequencing depth or UMI read cutoff too high Increase sequencing depth or decrease the UMI 
read cutoff

Results.txt: Mean reads per edited UMI is low 
(e.g., ≤3)

Low sequencing depth Increase sequencing depth

Results.txt: % UMIs edited is low Insufficient Dox induction Improve the Dox induction procedure

Results.txt: Mean CARLIN potential by allele  
is close to 0

Maybe due to exhaustive editing and may reduce 
allele diversity and increase barcode homoplasy

This could lead to over editing. Try to reduce the 
Dox concentration or induction duration
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running an agarose gel analysis or TapeStation (Figs. 4 and 5). One may select the mice 
with higher editing according to this editing analysis to proceed with bulk or single-cell 
sequencing of DARLIN arrays. For induction at embryonic stage, ~90% editing efficiency is 
expected if DARLIN mice are generated with female Cas9-TdT-gRNAs-M2 mice and male  
CA/TA/RA mice. For lineage labeling at the adult stage, the editing efficiency can be more 
variable (Table 2).

In single-cell sequencing, users can expect to recover barcodes (edited and unedited) from 
~30% (CA), ~60% (TA) and ~35% (RA) of total cells in which whole transcriptome information is 
available. Together, ~80% of cells have detected barcodes from at least one locus. For just edited 
barcodes, we observed a recovery efficiency of ~25%, ~55% and ~25% in single cells from CA, TA 
and RA, respectively, or ~70% from at least one locus. After removing common barcodes that 
suffer from barcode homoplasy, one can integrate the barcode information across different loci 
to identify clones (Figs. 6 and 7).

The number of detected clones depends on the induction timepoint, specific cell 
populations that are analyzed, the number of cells used for analysis, sequencing depth and 
the read cutoff used for QC20. Induction at the embryonic stage typically results in fewer clones 
due to fewer cells that are initially labeled, while labeling cells at adult stage may result in many 
more clones.

Once reliable clones are identified following our analysis guidelines, whether from 
single-cell or bulk sequencing data, one may carry out further downstream analyses, which 
are probably specific to each biological system or problem. We summarized useful clonal 
analyses in Fig. 6b–e, which were performed in our recent DARLIN paper20. These include 
clone visualization on transcriptomic embedding and fate bias prediction from CoSpar among 
early progenitors. These analyses are applicable to only single-cell datasets. For both bulk and 
single-cell data, one can calculate the shared clone fraction between different cell populations, 
which quantifies the fraction of clones that are jointly detected in two populations, and the 
clonal coupling score between different cell populations, which evaluates how much two cell 
populations share similar developmental origins. Individual clones typically show localized 
structure in the transcriptomic embedding, reflecting certain clonal fate bias, although 
unbiased and multipotent clones also exist (Fig. 6b). In physical space, clones are also expected 
to be local soon after barcode induction, before migrating to other locations later, which 
are evident from our data collected from different bones in the same mice (Fig. 6c,d). We 
found that myeloid progenitors migrate/circulate much faster to other bones compared with 
hematopoietic stem cells (Fig. 6c). In the blood system, CoSpar prediction based on the DARLIN 
data revealed a HSC subtype that shows distinct transcriptomic feature and has high probability 
to generate megakaryocyte (Fig. 6e). We have developed a step-by-step tutorial on all the 
four analyses using our published DARLIN datasets, which is available in https://github.com/
ShouWenWang-Lab/DARLIN_tutorial.

Data availability
Raw and intermediate data associated with this tutorial can be obtained in https://zenodo.org/
records/11929508.

Code availability
The snakemake_DARLIN package for DARLIN data processing is available at https://github.com/
ShouWenWang-Lab/snakemake_DARLIN. The companion Python package for downstream 
analysis is available at https://github.com/ShouWenWang-Lab/MosaicLineage. A tutorial 
for downstream analyses written in jupyter notebooks can be found at https://github.com/
ShouWenWang-Lab/DARLIN_tutorial.
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