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Abstract

Disentangling cellular heterogeneity is a challenge in many fields, particularly in the stem cell and 

cancer biology fields. Here, we demonstrate how to combine viral genetic barcoding with high-

throughput sequencing to track single cells in a heterogeneous population. We use this technique 

to track the in vivo differentiation of unitary hematopoietic stem cells (HSCs). The results are 

consistent with single cell transplantation studies, but require two orders of magnitude fewer mice. 

In addition to its high throughput, the high sensitivity of the technique allows for a direct 

examination of the clonality of sparse cell populations such as HSCs. We show how these 

capabilities offer a clonal perspective of the HSC differentiation process. In particular, our data 

suggests that HSCs do not equally contribute to blood cells after irradiation-mediated 

transplantation, and that two distinct HSC differentiation patterns co-exist in the same recipient 

mouse post irradiation. This technique can be applied to any viral accessible cell type for both in 

vitro and in vivo processes.

While the mammalian organism consists of more than a hundred cell types, many tissues are 

sustained by relatively few varieties of multi-potent stem cells1–3. For instance, 

hematopoietic stem cells (HSCs) are responsible for replenishing many types of functional 

blood and immune system cells4,5. Given their importance, a comprehensive understanding 

of stem cells is crucial for advancing the development of regenerative medicine. However, 

stem cells are usually sparsely dispersed within heterogeneous tissue matrices. 

Measurements may be diluted by the presence of other cells. Similarly, signals from other 

cells may be misinterpreted as emanating from stem cells. In addition, recent studies suggest 

that the stem cell population itself may be heterogeneous6–12 and that their heterogeneity 

may play important roles in aging, myelodysplastic syndrome, and leukemia6,11,13–15. 

Cellular heterogeneity has also been proposed to exist in many classes of cancers13–18. 
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Current failures in cancer therapy may arise from the inability to target every self-renewing 

cell of the cancerous mass15,16,19–21.

Heterogeneous cell populations are frequently separated using monoclonal antibodies 

conjugated with fluorescent dyes4,5,22–24. Tagged cells can be analyzed and sorted based on 

their fluorescent color(s). Using this strategy, our lab and others have managed to isolate 

mouse HSCs using a cocktail composed of more than 12 antibodies4,5,22–24. The discovery 

of new antibodies further increases the purity of the isolation. However, the discovery 

process is not deterministic and antibodies that target the intended or putative cell population 

may not exist. Thus, it is difficult to determine whether or not the isolated cell population 

remains heterogeneous. Ultimately, this problem can only be resolved by analyzing the cell 

population with single cell precision.

Conventional methods for studying HSCs at the single cell level rely on single cell 

transplantation8,10. It is very costly, time consuming and technically challenging to collect 

sufficient data so as to be representative of the entire cell population. The inefficiencies 

prevent us from carrying out single cell studies for many crucial biological and clinical 

questions1–3,15–17,21. To improve experimental productivity, a few groups have developed a 

strategy to trace cells using distinct viral insertion sites9,25–30. The genomic locations of the 

insertion sites are assayed using Southern blots. This technique relies on restriction enzymes 

to cleave the genomic DNA into different lengths and inherently suffers from low 

resolution, poor quantification and sensitivity. Moreover, the millions of cells required for 

Southern blotting are unobtainable for sparse cell populations such as HSCs. To increase the 

sensitivity and resolution, several adjunct approaches have been applied using PCR based 

strategies31–33, Sanger sequencing detection34 and microarray detection35,36. Despite 

improvements, these methods still suffer from limited resolution, poor quantification and are 

unable to directly address the clonality of pure stem cells37.

In this study, we combine three previously separate technologies viral cellular labeling, high 

throughput sequencing, and DNA barcoding to overcome the aforementioned limitations. 

Viral cellular labeling has been applied to trace the in vivo development of single 

cells9,25–30,33. High throughput sequencing has been used for many quantitative genetic and 

epigenetic studies32,38–40. DNA barcoding has been used to mark reactions, genes and 

cells34,41,42. Here, we show how a novel combination of these three technologies can offer 

high throughput, single cell sensitivity, and precise quantitative results. We demonstrate the 

applicability of this technique by tracking the in vivo differentiation of mouse HSCs, and 

show how it offers a clonal perspective of the HSC differentiation process.

RESULTS

Experimental workflow

The experimental system utilizes synthesized barcodes drawn from a large semi-random 

33mer DNA barcode library to uniquely label and track individual cells (Fig. 1). The 

barcode library is cloned into a lentiviral construct and is delivered to cells at a titer low 

enough such that most cells receive a single barcode. The DNA barcodes are integrated into 

the cellular genomes by the lentivirus43–45, which allows them to be replicated alongside the 
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host cells’ genomes during cell division. Progeny descending from a labeled cell can thus be 

readily identified by the same DNA barcode. In our in vivo demonstration experiments, 

barcoded HSCs were transplanted into mice. 22 weeks post transplantation, the recipient 

mice were sacrificed and several hematopoietic populations including HSCs were isolated 

from the blood and bone marrow using conventional cell surface markers4,5,24,46,47. The 

genomic DNA of each cell population was extracted. DNA barcodes were recovered using 

PCR and analyzed using an Illumina GA II high-throughput sequencer.

The high sensitivity and throughput of next generation sequencing allow for the accurate 

identification and quantification of every barcode recovered from a cell population. Barcode 

sequences can be separated from background noise sequences by their library ID, a 6bp 

signature sequence that identifies the barcode library of origin. Sequences belonging to the 

same barcode are combined to provide a copy number for each barcode. Because of inherent 

sequencing error, we allow for mismatches and indels up to 2bp in total at this step. No 

mismatch or indel is allowed for the 6bp library ID. We exclude barcodes whose copy 

numbers are below a background noise threshold that is automatically defined using a 

computer algorithm. Finally, barcode compositions from different cell populations are 

compared to address specific questions. In the HSC demonstration experiment, the presence 

of DNA barcodes in different hematopoietic populations provides information on HSC 

proliferation and differentiation.

The key steps of this clonal tracking technology are ensuring single cell representations of 

the barcodes and handling sequencing errors. In the following sections, we will discuss how 

we overcome these two technical barriers, starting with the construction of the lentivirus 

barcode library.

Lentivirus barcode library construction and delivery

The 33bp DNA barcode consists of a common 6bp sequence at the 5′ end followed by a 

random 27bp sequence. The latter uniquely labels each cell while the former acts as a library 

ID that identifies the barcode library of origin. The library ID also allows several 

experiments using different barcode libraries to be combined in a single sequencing run. The 

DNA barcodes are cloned into the non-expressing region of the lentivirus. Linkers 

complementary to the primers required for the high-throughput sequencing are appended to 

both ends of the barcode sequence in the lentiviral construct. Thus, a simple PCR step is 

sufficient to prepare the barcodes from the genomic DNA for loading onto the high 

throughput sequencer. This single-step design eliminates handling errors. Rare barcodes 

could thus be easily amplified and detected in the system. The lentivirus also carries a 

reporter GFP to allow for the easy monitoring of infection efficiency. So far, eighteen 

barcode libraries with eighteen different library IDs have been constructed (Supplementary 

Table 1).

The barcode library must be efficiently cloned into the lentiviral construct. Each batch of 

barcode virus was evaluated against a control BB88 cell line (ATCC number: TIB-55) 

before use. 100,000 BB88 cells were infected at MOI=1 and cultured for one week before 

harvesting. More than 80,000 different barcodes were recovered with the vast majority 

possessing low copy numbers (Fig. 2a and Supplementary Fig. 1). This indicates that most 
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barcodes are equally represented within the lentiviral library, and that the sequencing result 

does not cover the entire virus library. Thus, this experiment establishes a lower bound on 

the true diversity of the library.

To assess how many barcodes were delivered to each cell, mouse HSCs (lineage (CD3, 

CD4, CD8, B220, Gr1, Mac1, Ter119)-/ckit+/Sca1+/CD34−/CD150+/Flk2−) were infected 

with barcode-bearing virus (Supplementary Fig. 2)22–24. Double FACS sorted HSCs were 

co-cultured with the virus for 10 hours under conditions that maintained their stem cell 

characteristics. The infection titer was chosen such that half of the HSCs would express GFP 

post infection. After three rounds of washing post infection, single HSCs were sorted into 

individual culture wells on a 96-well plate. The HSC clones were then cultured in 

differentiation-inducing media in order to increase the cell population. Ten days later, 

genomic DNA was extracted from each colony. Limiting dilution QPCR (digital PCR) were 

performed to compare the barcode copy number with the genomic DNA copy number for 

each HSC clone. The results suggest that most HSCs received a single copy of the barcode 

(Fig. 2b). The number of barcodes per cell appears to be a normal distribution centered 

around one barcode per cell (Supplementary Fig. 3). Multiple labeling of the same cell 

occurs randomly at a low frequency. A lower virus titer could reduce the number of cells 

labeled by multiple barcodes, but it will also reduce the total number of cells labeled.

Conditions for single cell representation

The ideal barcode lentivirus library should be large enough to ensure that the chance for any 

particular barcode sequence to be delivered to multiple cells is very low. In real 

experiments, the library has a finite size and viruses carrying the same barcode may infect 

multiple target cells if the ratio of barcode library size to target cell population size is small. 

We calculated the probability of single cell representation for a given cell population size 

using a Monte Carlo simulation (Fig. 2c).

The calculations are based on experimentally measured distributions of barcode frequencies 

(Fig. 2a) and of the number of barcodes per cell (Fig. 2b). This takes into account both the 

real size of the barcode library and any inherent viral copy and infection variability (Fig. 2a). 

In the mean time, the simulation also takes into consideration that some cells may receive 

zero or multiple barcodes (Fig. 2b). Given these conditions, we calculated the null 

hypothesis P values for different target cell population sizes such that more than 95% of the 

barcodes represent single cells (Fig. 2c). For the eighteen virus libraries that we generated, 

the maximum number of cells that can be used to ensure that with greater than 95% 

probability more than 95% of the barcodes represent single cells is on average 500–1500 

cells (Supplementary Table 2). As mentioned previously, the experimentally observed 

barcode library size is a lower bound of the actual size. Therefore, the calculated cell 

population size is also a lower bound on the actual number of cells that can be used to 

ensure single cell representation.

Eliminating sequencing background

Approximately 20% of the sequences recovered by the sequencer in our study lacked a valid 

6bp library ID. They arose from sequencing errors and from other background noise of the 
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experimental system (Supplementary Fig. 4). These sequences can be identified because 

their first 6bp do not correspond to any legitimate library ID (Fig. 3a). The background noise 

sequences are also observed among sequences with an intact 6bp library ID (Fig. 3b). Their 

abundance is much greater than expected based on the viral infection rate (Fig. 2b). The 

background noise sequences usually number fewer than 1,000 copies (Fig. 3a); In contrast, 

real barcodes typically number more than 10,000 copies (Fig. 3b). Background noise 

sequences appear randomly in different samples without exhibiting any distinct patterns, 

contrary to real barcodes with high copy numbers (Fig. 3b). Using the background noise 

sequences missing the expected library IDs (Fig. 3a), we have developed an algorithm to 

determine the background threshold for each sequencing result.

The algorithm first bins the background noise sequences using random 6bp mock library 

IDs, and calculates the distribution of their copy numbers per barcode (Fig. 3a). These copy 

number distributions are used to estimate the false positive rate for barcodes with expected 

6bp library IDs within the same sequencing sample. This assumes that the copy number 

distribution for background noise sequences without the 6bp library ID represents the 

distribution of the background noise sequences with the 6bp library ID in the same 

sequencing sample. We define the background cutoff such that the threshold copy number 

has less than 1% possibility of being part of the background (Fig. 3b).

The copy number threshold may eliminate some real barcodes with low copy numbers. This 

problem can be reduced when multiple cell populations derived from the same infected cell 

population are analyzed. All of the barcodes that are above the background copy number 

threshold in the different cell populations can be combined to form a list of ‘original 

barcodes’ that represent the barcodes from the original common infected cell population. 

The comprehensive ‘original barcode’ list can be used to identify low copy number barcodes 

from some of the harvested cell populations. The barcode tracking system may miss 

barcodes/cells that are consistently under-represented in all cell populations. However, the 

use of the comprehensive ‘original barcode’ list can help to preserve barcodes that are 

significantly present in any of the cell populations relevant to the experimental question.

Tracking mouse HSCs in vivo

To demonstrate the applicability of the barcode tracking system, we used it to track the in 

vivo differentiation of mouse HSCs in lethally irradiated recipient mice. 9000 HSCs were 

transplanted into each mouse immediately after 10 hours of lentiviral infection for barcode 

labeling (Fig. 2b). DNA barcodes from ten different types of the hematopoietic cell 

populations were analyzed 22 weeks post transplantation4,5,24,46,47 (Supplementary Fig. 5–6 

and Supplementary Table 3). Typically 30–50 barcodes were recovered from each mouse. 

This suggests that around 50–80 HSCs out of the initial pool had been successfully 

engrafted and had actively proliferated and/or differentiated (Fig. 2b). The engrafted cell 

numbers are well within the range that ensures single cell representation of the barcodes 

(Fig. 2c and Supplementary Table 2). Barcodes from cells that fail to engraft are not 

recovered, and therefore do not affect the single cell representation of the recovered 

barcodes.
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We first compare the results from our barcode tracking system with the results from single 

cell transplantation studies (Fig. 4)8. In our result, barcodes representing HSC clones 

demonstrate lineage biases as reported by previous single cell transplantation experiments 

(Fig. 4a)8. This validates the single cell precision of our barcode tracking system. While the 

single cell transplantation studies used 352 mice8, we were able to track many more HSC 

clones using only 7 mice. The barcode tracking system also provides information previously 

unattainable with conventional single cell transplantation. For instance, our data reveals two 

clearly separated HSC populations with distinct lineage biases in each irradiated recipient 

mouse (Fig. 4b and Supplementary Fig. 7). This suggests that there exist two subpopulations 

of HSCs6–12 or differentiation regulatory mechanisms in the same organism after 

irradiation-mediated transplantation. Some HSCs’ differentiation is biased towards B cells 

and T cells whereas others’ is biased towards B cells and granulocytes. We were able to 

identify these two HSC differentiation regulatory modes in the same mouse without having 

to discover the markers for the cells that are regulated under each mode. This demonstrates 

the power of this technique for identifying new regulatory mechanisms in a heterogeneous 

cell population.

The barcode tracking system is sensitive enough to directly measure the clonality of HSCs, 

and affords a clonal perspective of the HSC differentiation process (Fig. 5). We calculated 

the Pearson correlation coefficients of the DNA barcode compositions to measure the clonal 

correlations between the major hematopoietic stages4,5,24,46,47 (Fig. 5 and Supplementary 

Table 4). This parameter quantifies the similarity of the barcode distribution in different cell 

populations. There are two groups of closely correlated hematopoietic populations in the 

Pearson correlation comparison matrix (Fig. 5a). One group consists of progenitor cell 

populations including granulocytic/monocytic progenitors (GMP), megakaryotic/erythroid 

progenitors (MEP), and common lymphocyte progenitors (CLP); the other group consists of 

mature lymphoid blood cells including B cells, CD4 T cells and CD8 T cells. When we 

compared barcodes from HSCs with barcodes from other cell populations (Fig. 5b), we 

found that HSC barcodes are poorly correlated with barcodes from mature blood cells at the 

bottom of the hematopoietic hierarchy. This suggests that HSCs do not equally contribute to 

blood cells in irradiated recipient mice. Nonetheless, HSC barcodes correlate better with 

those from its immediate downstream multipotent progenitor (MPP/Flk2−).

Interesting clonal correlations were observed between granulocytic/monocytic progenitor 

(GMP) and other hematopoietic populations (Fig. 5c). When compared to its upstream 

progenitors, GMP correlates the best with its immediate upstream progenitor, Flk2+ 

multipotent progenitor (MPP/Flk2+) (Fig. 5c)24. When compared to intermediate progenitor 

cells from similar differentiation stages in the hematopoietic hierarchy, GMP is correlated 

more closely with the megakaryotic/erythroid progenitor (MEP) than with the common 

lymphocyte progenitor (CLP) (Fig. 5c)46,47. This is consistent with previous studies that 

suggest GMP and MEP both belong to myeloid lineages and share a common myeloid 

progenitor (CMP)47. When compared to blood cells, GMP correlates most closely with its 

progeny granulocyte (Gr) (Fig. 5c). In general, the clonal correlations of the hematopoietic 

populations reflect the progression and divergence of the hematopoietic hierarchy as 

characterized by previous studies4,5,24,46,47. This clonal correlation parameter can be used as 

a novel indicator to determine the developmental relationships of different cell populations. 
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For instance, it can be applied to studies of cancer metastasis to identify the primary and 

secondary metastatic sites. As we have shown, the relationship between various cell 

populations can be directly inferred from comparisons between their barcode distributions.

DISCUSSION

In this barcode tracking system, the mapping between DNA barcodes and target cells are 

randomly established and the exact linkages cannot be a priori determined. Conclusions can 

only be drawn after the experimental condition has been applied. For example, we recovered 

barcodes after the infected HSCs had undergone proliferation and differentiation in vivo, and 

we drew conclusions based on comparisons between different hematopoietic populations 

originating from a common starting HSC population engrafted in each mouse (Fig. 4–5).

Comparisons are most informative when identical barcodes are compared between cell 

populations harvested from a common mouse. It may not be appropriate to directly compare 

different barcodes from the same cell population as the PCR and sequencing steps can 

introduce uncontrolled biases for different barcode sequences48. To confirm quantitative 

behaviors of particular cell clones, it is necessary to perform GC content correction48 and 

QPCR verification.

The barcode labeling process requires several hours of culture and lentiviral infection prior 

to transplantation. It has been shown that this process does not alter HSC function9,44,45. In 

addition, our result using the barcode method is consistent with conventional studies absent 

of any culturing or viral infection8 (Fig. 4a). Nonetheless it is possible that the cell culture 

and lentiviral infection may alter the infected HSCs in manners undetected, as the lentiviral 

vector inserts the DNA barcode at dispersed sites in the host cell’s genome. It is always 

recommended to carry out several repeat experiments to exclude rare events arising from the 

viral insertion (Supplementary Fig. 7), which can be easily accomplished using multiple 

barcode virus libraries with different library IDs. Future versions of this system may avoid 

this problem by integrating the tracking barcode in a specific genomic location. This will 

also strictly enforce a one-to-one correspondence between genetic barcodes and individual 

cells.

In summary, we have demonstrated a novel experimental system that offers a simple way to 

study unitary cells mixed within a heterogeneous population. Using the HSC transplantation 

system as an example, we have shown how this system can be used to simultaneously track 

the proliferation and development of hundreds of cells in vivo with single cell precision. 

High throughput is critical for studying rare or stochastic cellular events. It also reveals 

novel features that are not apparent at low cell numbers. For instance, our data reveals the 

existence of two clearly separated hematopoietic stem cell populations that possess distinct 

lineage biases in each irradiated mouse (Fig. 4b). This key feature was missed in earlier 

studies that were limited by the number of cell clones that could be tracked in a single 

mouse.

In addition, the high sensitivity of the barcode tracking system allows for the first time a 

direct examination of the entire hematopoietic process starting with the hematopoietic stem 
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cells themselves. We are now able to ask and answer many new questions that were 

previously impractical to address. For instance, comparisons between the clonal composition 

of HSCs with their down stream hematopoietic progenitors suggest that HSCs are not 

equally involved in differentiation after irradiation-mediated transplantation (Fig. 5b). This 

key feature of HSC differentiation was again missed in earlier studies that lacked the 

sensitivity to directly examine the clonality of HSCs.

The methods used to deliver and eventually recover the barcodes in our system can be easily 

extended to the clonal tracking of both in vitro and in vivo processes for virtually any cell 

types that can be infected by a lentivirus. It provides a convenient way to study cell 

populations with potential heterogeneity. For instance, this barcode tracking system can be 

applied to cell and gene therapy to track and quantify the fate and distribution of 

transplanted cells49. The high sensitivity of this technique allows for the analysis of clinical 

samples with very low cell numbers and for the identification of early stage malignance 

before the subsequent expansion or metastasis. The integrated barcodes may provide the 

location and target of malignant cells. Early oncogenic events can also be easily identified in 

both in vitro and in vivo therapeutic safety assessments using this barcode tracking system. 

In addition, the high throughput of the barcode tracking system allows for the extension of 

gene target and drug screens to the clonal level. Different drug candidates can be applied to 

cells barcoded with different library IDs. All of the cells can then be combined and 

sequenced together. Clonal level information can be easily recovered using this barcode 

tracking system for many different applications.

METHODS

Construction of DNA barcode library

Semi random 33-base-pair DNA sequences were generated by the protein and nucleic acid 

facility (PAN) at the Stanford University School of Medicine and were cloned into the non-

expressing region of the lentivirus pCDH from System Biosciences (catalog number: 

CD523A-1). Oligos are synthesized on an ABI 3900 DNA/RNA instrument using beta-

cyanoethyl phosphoramidite chemistry. Mixed nucleotide monomers were added at each 

position of the 27bp cellular barcode during the oligo synthesis (Fig. 1).

Mice

The donor mice used in the experiments were 8–12 weeks old C57BL6/Ka (CD45.1+). The 

recipient mice were 8–12 weeks old C57B L6/Ka (CD45.2+). Mice were bred and 

maintained at Stanford University’s Research Animal Facility. Animal procedures were 

approved by the International Animal Care and Use Committee.

HSC transplantation

Bone marrow cells were obtained from the crushed bones of donor mice using PBS with 2% 

fetal bovine serum. Bone debris was removed by density gradient centrifugation using 

histopaque 1119 (Sigma, St. Louis, MO; product number: 11191). The cells were then c-kit 

enriched with CD117 microbeads (AutoMACS, Miltenyi Biotec, Auburn, CA; order 

number: 130-091-224) before staining with monoclonal antibodies (Supplementary Table 3). 
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HSCs were isolated using double FACS sortings with the FACS-Aria II (BD Biosciences, 

San Jose, CA). Cells were transplanted via retro-orbital injection after recipient mice were 

lethally irradiated at 950 cGy. 250,000 whole bone marrow cells were injected as helper 

cells together with the donor HSCs.

HSC culture and lentivirus infection

HSCs (ckit+/lineage(CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)-/Sca1+/CD34−/CD150+/

Flk2−) were cultured in the presence of 20 ng/ml SCF (R&D Systems) and 20 ng/ml TPO 

(R&D Systems) for 10 hours during lentivirus infection50. 8ng/ul polybrene were added into 

the culture to facilitate virus infection. HSCs were washed three times before 

transplantation. The virus infection titer was set such that half of the donor HSCs will 

express GFP after transplantation. This helps to ensure that most HSCs receive a single copy 

of the barcode (Fig. 2b).

Cell harvest

Recipient mice were euthanized 22 weeks after transplantation. Whole blood was obtained 

by collecting the perfusate from the heart. The blood was separated using 2% dextran at 

37°C for 20 min, and subsequently lysed using ACK lysis buffer (150mM NH4Cl, 1mM 

KHCO3, and 0.1mM EDTA) for 5 minutes on ice. Cells were stained with antibodies 

(Supplementary Table 3) and sorted on the BD FACS-Aria II.

Progenitor cells from the bone marrow were harvested using the same method as the 

preparation for donor HSCs described above. However, no histopaque was applied in order 

to maximize the retrieval of progenitor cells from the same mouse. To reduce the number of 

cells during sorting, the cells were enriched with CD117/ckit microbeads (AutoMACS, 

Miltenyi Biotec, Auburn, CA; order number: 130-091-224) and IL7Rα antibody 

(ebioscience, San Diego, CA; catalog number: 13-0161-82) followed by anti-Rat IgG 

microbeads (AutoMACS, Miltenyi Biotec, Auburn, CA; order number: 130-048-502). 

Donor cells were sorted based on the CD45 marker.

Cell surface markers for the harvested hematopoietic populations are summarized as 

following24,46,47:

Granulocytes: CD4−/CD8−/B220−/CD19−/Mac1+/Gr1+/side scatterhigh;

B cells: CD4−/CD8−/Gr1−/Mac1−/B220+/CD19+;

CD4T cells: B220−/CD19−/Mac1−/Gr1−/TCRab+/CD4+/CD8−;

CD8 T cells: B220−/CD19−/Mac1−/Gr1−/TCRab+/CD4−/CD8+;

HSC (hematopoietic stem cells): lineage (CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)-/

IL7Ra−/ckit+/Sca1+/Flk2−/CD34−/CD150+;

MPP/Flk2− (multipotent progenitor Flk2−): lineage (CD3, CD4, CD8, B220, Gr1, 

Mac1, Ter119)-/IL7Ra−/ckit+/Sca1+/Flk2−/CD34+;

MPP/Flk2+ (multipotent progenitor FLk2+): lineage (CD3, CD4, CD8, B220, Gr1, 

Mac1, Ter119)-/IL7Ra−/ckit+/Sca1+/Flk2+;
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CLP (common lymphocyte progenitor): lineage (CD3, CD4, CD8, B220, Gr1, Mac1, 

Ter119)-/IL7Ra+/Flk2+;

MEP (megakaryotic/erythroid progenitor): lineage (CD3, CD4, CD8, B220, Gr1, Mac1, 

Ter119)-/IL7Ra−/ckit+/Sca1−/CD34−/FcgR−;

GMP (granulocyte/monocytic progenitor): lineage (CD3, CD4, CD8, B220, Gr1, Mac1, 

Ter119)-/IL7Ra−/ckit+/Sca1−/CD34+/FcgR+.

DNA barcode extraction and sequencing

Genomic DNA was extracted from the cells using the DNeasy Blood & Tissue kit (Qiagen, 

catalog number: 69504). PCR was used to amplify the DNA barcode and in the same step 

add linkers necessary for the high throughput sequencing (Finnzymes, catalog number: 

F-530L). The PCR product at the correct size was cut from 3% agar gel (Lonza, catalog 

number: 50080). Sequencing was performed using the Illumina GA II sequencer by the core 

sequencing facility at the Institute for Stem Cell Biology and Regenerative Medicine at 

Stanford University School of Medicine.

DNA barcodes analysis

Sequencing data was processed using custom python code (available upon request). We first 

combined raw sequencing data with library IDs allowing for mismatches and indels up to 

2bp in total, a standard way to handle Illumina GAII sequences. Barcodes with copy 

numbers lower than the background noise threshold were eliminated, before we combined 

the barcodes of different cell populations from the same mouse to create a comprehensive 

list of ‘original barcodes’ for each mouse. Finally, we went through the raw sequencing data 

again to pull out the sequences that represent these “original barcodes” allowing for 

mismatches and indels up to 2bp in total.

Quantifying virus barcode copy number per HSC clone (Fig. 2b)

Genomic DNA was extracted from each HSC clones using the DNeasy Blood & Tissue kit 

(Qiagen, catalog number: 69504). QPCR were performed in triplicate using the SYBR green 

PCR master mix (ABI, catalog number: 4367659) on the ABI PRISM 7900HT Sequence 

Detection System. Primers for genomic DNA were designed at the Sox2 promoter (Forward: 

taggaaaaggctgggaacaa; Reverse: cactcaccccctcttctcac). Primers for DNA barcode recovery 

PCR came from designs by Illumina Inc. A standard curve using a control sample was used 

to measure all of the HSC clones. The control sample was quantified using limiting dilution 

QPCR (digital PCR) to obtain the ratio of DNA barcode to genomic DNA.

Monte Carlo simulations to determine limits of single cell representation (Fig. 2c)

Monte Carlo simulations were performed using custom python code. Raw data from the 

barcode libraries (Fig. 2a) and from the HSC infection rates (Fig. 2b) were directly used for 

this simulation. For each target cell population size (1240 to 2300 cells with step size 40 

cells), 1000 experiments were conducted for each round during which a DNA barcode was 

randomly assigned for each cell. 10 rounds of simulations were performed in total to 

generate the standard deviations.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Experimental workflow. A DNA barcode consists of a common 6bp library ID at the 5′ end 

followed by a random 27bp cellular barcode. In the figure, different colors represent 

different barcode sequences. A lentiviral vector delivers a large library of barcodes into a 

small number of cells such that each cell receives a unique barcode. Barcodes replicate with 

the cells in the recipient mice after transplantation. Afterwards, the progeny of the donor 

cells are harvested. Barcodes are recovered from the genomic DNA using PCR and analyzed 

using high throughput sequencing (Illumina GA II). The 6bp library ID helps to identify 

barcodes in the sequencing result. Identical 33bp barcodes are combined allowing for 

mismatches and indels up to 2bp in total. The barcodes are then compared across different 

cell populations that originate from the same starting cell population.
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Figure 2. 
DNA barcode library and delivery. (a) Histogram displaying barcode copy numbers from a 

lentiviral library. Additional lentiviral libraries are shown in Supplementary Fig. 1, together 

with the negative controls to demonstrate the level of background noise for this experiment. 

(b) Histogram showing the number of barcode(s) that each HSC clone receives after 

infection. 95 HSC clones were examined in total. This distribution fits a normal distribution 

shown in Supplementary Fig. 3. (c) Monte Carlo simulation of the null hypothesis that more 

than 95% of the barcodes represent single cells. The P value is plotted against the size of the 

cell population whose barcodes are recovered in the result.
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Figure 3. 
Background noise sequences. (a) Background noise sequences without the expected 6bp 

library IDs. Sequences with identical 6bp at the 5′ end are clustered. Mock barcode libraries 

are constructed from clustered sequences whose initial 6bp are not among the expected 

library IDs. Mock barcodes from 20 mock barcode libraries are plotted as one line to 

demonstrate their copy number distribution. Different lines display the mock barcode 

libraries with different sizes. (b) Log scale plot of barcode copy numbers in HSCs and in B 

cells from one irradiated mouse transplanted with 1000 donor HSCs. Each dot represents a 

distinct barcode. Barcodes with copy numbers below 1000 appear randomly in the two cell 
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populations whereas barcodes with copy numbers higher than 10,000 form a distinct pattern. 

Red lines illustrate background thresholds as calculated by our algorithm.
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Figure 4. 
Lineage bias of HSC differentiation after irradiation. Triangle plots8 show the relative 

proportion of barcodes in granulocytes (Gr), B cells (B) and CD4+ T cells (CD4T) 22 weeks 

after lethal irradiation mediated transplantation. Each dot within the triangle represents a 

distinct barcode. Bigger and darker dots represent more abundant barcodes. The distance of 

a dot to the three vertices of the triangle is inversely correlated with the relative abundance 

of the barcode within the particular cell populations. For example, if a barcode is only found 

in one cell population, the dot is plotted at the corresponding vertex; if a barcode appears 

equally in all three populations, the dot is plotted in the middle of the triangle. (a) Barcodes 

from seven mice are plotted in one triangle. The barcodes from each mouse are represented 

by a particular shape: circle, square, triangle pointing up, triangle pointing down, diamond, 

pentagon, and octagon. (b) Each triangle plot depicts a single mouse. Distinct barcode 

groups are highlighted with blue and orange ellipses. Plots for all the seven mice are shown 

in Supplementary Fig. 7.
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Figure 5. 
Clonal correlations of hematopoietic populations. Pearson correlation coefficients of 

barcode representations (copy numbers) are calculated to quantify the clonal correlations. 

The colors are assigned based on the mean correlations from seven mice. Raw data for 

individual mouse are shown in Supplementary Table 4. (a) Clonal correlations of extracted 

hematopoietic populations. (b) Clonal correlations of the hematopoietic populations 

compared with HSCs. (c) Clonal correlations of the hematopoietic populations compared 

with granulocyte/monocytic progenitor (GMP). Pearson correlations coefficient values are 

labeled for MEP and CLP to highlight the difference. (b–c) The circles and arrows were 

arranged based on the general model of hematopoiesis to depict the developmental 

relationships of the hematopoietic populations4,5,24,46,47. Abbreviations: hematopoietic stem 

cell (HSC), Flk2− multipotent progenitor (MPP/Flk2−), Flk2+ multipotent progenitor (MPP/

Flk2+), granulocyte/monocytic progenitor (GMP), megakaryotic/erythroid progenitor 

(MEP), common lymphocyte progenitor (CLP), granulocyte (Gr), B cell (B), CD4 T cells 

(CD4T) and CD8 T cells (CD8T).
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