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Cellular barcoding: A technical appraisal
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Cellular barcoding involves the tagging of individual cells of interest with unique genetic her-
itable identifiers or barcodes and is emerging as a powerful tool to address individual cell fates
on a large scale. However, as with many new technologies, diverse technical and analytical chal-
lenges have emerged. Here, we review those challenges and highlight both the power and lim-
itations of cellular barcoding. We then illustrate the contribution of cellular barcoding to the
understanding of hematopoiesis and outline the future potential of this technology. � 2014
ISEH - International Society for Experimental Hematology. Published by Elsevier Inc.
When Rudolph Virchow wrote in 1858 ‘‘omnis cellula e hematopoiesis and assumes that progenitors lose multipo-

cellula’’ (every cell from a pre-existing cell), cell theory
was established [1]. Along with the work of Louis Pasteur
and others, theories of spontaneous generation were dis-
carded, initiating the search into how complex life origi-
nates from a single cell.

Pre-occupation with the single cell has waxed and waned
over the years; however, the study of how individual stem and
progenitor cells make fate decisions to generate complex tis-
sues is currently at the forefront of biology. Although much
progress has been made in lower organisms, perennial ques-
tions surrounding single cell fate in higher-order animals still
dominate. Do all progenitors contribute equally in cell
numbers? At what stage is diversity generated? Is the diver-
sity the result of intrinsic or extrinsic processes?Do these pro-
cesses involve stochastic or deterministic regulation? What
are the factors responsible for the generation of diversity?

One of the most well studied systems addressing such
questions is the hematopoietic system. With some varia-
tions on the theme, the current paradigm states that hema-
topoietic stem cells divide to give rise to multipotent
progenitors, which then broadly restrict into lymphoid,
myeloid and megakaryocyte/erythroid progenitors en route
to the more differentiated sublineages [2,3]. This sequence
can be seen in the often-drawn branching diagrams of
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tency as hematopoiesis proceeds with division and differen-
tiation. Evidence to back this assumption includes the
ability of a single stem cell to reconstitute the entire he-
matopoietic system [4] and the ability of downstream pro-
genitors to make some but not all subtypes in vivo [5].

Over the last decades, our understanding of hematopoi-
esis has evolved with leaps that often coincided with
changes in assays and technology. Originally, Till and
McCulloch investigated the ability of transferred progeni-
tors to generate, from a single cell, colony-forming units
in the spleens of irradiated recipients [6]. The time at which
colonies were harvested from recipients and the typology of
cells re-transferred into new recipients allowed researchers
to identify short-, intermediate-, and long-term reconstitut-
ing cells in the bone marrow, thus establishing the concept
of a stem cell. The advent of in vitro soft agar colony-
forming assays, developed by Don Metcalf, recapitulated
some of the in vivo findings and led to the discovery of
colony-stimulating factors and progenitors able to generate
differentiated cells of many lineages [7]. Later, the ability
to stain for specific cell surface markers and sort cells by
flow cytometry revolutionized the dissection of intermedi-
ate progenitor stages [5]. Subsequently, the molecular
mechanisms governing these processes were identified us-
ing knockdowns, knockouts, and reporter mice. Combined,
these technologic progressions have generated our current
models of hematopoiesis.

Some of the questions listed earlier regarding individual
cell fate cannot be fully addressed by these assays. Even if
in vitro assays can track individual cell fate, they can bias
cell differentiation and may only partially reproduce the
complexity of lineage fates. In other words, although these
for Experimental Hematology. Published by Elsevier Inc.
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assays reveal what a single cell can produce under the
experimental conditions chosen, they do not reveal what
the output of a given progenitor would have been in vivo.
Finally, in vivo population-based assays, by definition,
miss levels of complexity of individual cell commitment.
Thus, methods that are able to track single cell fate
in vivo are ultimately required to establish true lineage fate.

In vivo tracking of single cell fate has been achieved
through hematopoietic reconstitution from a single cell
[4], the use of retrovirus-tagged progenitors, with clonal
output extrapolated from Southern blots [8,9], or through
multiplexed expression of fluorophores [10–12]. However,
these methods are either restricted to dozens of clones
(e.g., single cell transfer, multiplexed fluorophore expres-
sion) or have a restricted dynamic range (Southern blot an-
alyses). Some labs have valiantly scaled up single cell
transfer experiments [13–15], yet the process remains labor
intensive and limited to the detection of more common
output patterns. Although these studies represent landmarks
in single cell fate tracking, systems that allow higher
throughput, better quantitation, and tracking of large
numbers of individual cells simultaneously would benefit
the field.

A new technology, termed cellular barcoding, originally
developed by our group [16,17], with more recent versions
from our group [18,19] and others [20–23], is emerging as a
powerful tool to address individual cell fates on a large
scale. The basic principle underlying cellular barcoding in-
volves the tagging of individual cells of interest with unique
heritable identifiers or barcodes (Fig. 1). The barcode
collection (or ‘‘barcode library’’) is constructed artificially
from semirandom, noncoding stretches of DNA and is
delivered into the genome of progenitor cells of interest us-
ing a lenti- or retroviral vector. Barcode-labeled cells are
then transferred into recipient mice and allowed to develop
in vivo into the various lineages.

As the barcode is integrated into the genome, each subse-
quent daughter cell also inherits this genetic tag. In this way,
different cell types can be isolated later, and their genomic
DNA assessed for its barcode signature (Fig. 1). Originally,
the detection of barcodes was achieved using a custom DNA
microarray [16,17], but this technique has now been re-
placed by next-generation sequencing [18,19,20–23]. The
latter affords better quantitation than microarray and allows
massively parallel processing of samples by the use of index
primers for different samples, which are then pooled for
sequencing. By comparing the shared and distinct barcodes
between cell types, one can establish progenitor fates at the
single cell level on a large scale. Using this technology is
akin to doing hundreds of single cell assays simultaneously
in one mouse and clearly has power in addressing many
questions in the field of single cell development.

As with many new technologies, however, diverse tech-
nical and analytical challenges have emerged with cellular
barcoding. Here, we review those challenges and highlight
both its power and limitations, give examples of experimental
results, and outline the future potential of this technology.
Experimental procedure
We have summarized a number of frequently asked ques-
tions about cellular barcoding experiments in Box 1. Our
advice to research groups contemplating the use of cellular
barcoding is to pay specific attention to three experimental
factors: (1) library size, (2) the transduction step, and (3)
technical replicates.

Library size
One of the very first steps in cellular barcoding technology is
choosing the size of the library, that is, the number of different
DNA barcodes that should be available. The length of the
DNA stretch predicts maximal theoretical diversity. In prac-
tice, however, library diversity depends on other variables,
in particular the cloning of the library into delivery vectors.
Both the length of the barcodes and the size of the libraries
differ between the current versions of cellular barcoding
[18,20–22]. Increasing the size of the barcode library can
be beneficial, as it allows analysis of the fate of a larger num-
ber of cells within a single animal without ‘‘repeat use’’ of
barcodes (see below). On the other hand, only the exact
sequence composition of libraries with a lower diversity
can accurately be described presently by second-generation
sequencing. Such library sequencing allows the generation
of a reference file of ‘‘true barcodes,’’ making it straightfor-
ward to filter out the large number of sequencing and poly-
merase chain reaction (PCR) errors in experimental data.

Transduction
Different transduction times, ranging from 6 to 48 hours,
have also been used. We advocate a short transduction cul-
ture of 6 hours to reduce the chance of biasing the fate of
the cells. During transduction, two types of events can
occur that have consequences on the interpretation of the
data: multiple integration and repeat use.

Multiple integrations of barcodes into one cell (Fig. 2)
would influence quantification, as they would read as mul-
tiple progenitors with the same fate, rather than one cell
labeled with two different barcodes. To avoid such an issue,
most protocols aim for low transduction efficiency, thereby
reducing the probability of multiple integrations. The trans-
duction efficiency has to be monitored for every system and
depends on the amenability of progenitors for transduction.
For example, Lu et al. established that at their transduction
rate of 50%, O95% of cells had one integration [21]. In our
system, we typically aim for 10–15% transduction effi-
ciency to decrease this chance even further. Multiple inte-
grations within one cell can be considered a relatively
minor problem, which would lead to overestimation of
the amount of data obtained, but would not influence the
output patterns inferred (see Box 1).
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Figure 1. Cellular barcoding protocol delineating the steps involved in our specific protocol, with explanatory notes. Adapted with permission from Naik

et al. [19].
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Box 1. Frequently asked questions

1. What happens if cells have multiple barcodes? In general, most protocols aim for a low transduction efficiency to
reduce the probability of multiple integrations within individual cells. The progenitors with multiple integrations
will read as multiple progenitors with the same fate (Fig. 2). This is something to take into account for
interpretation of the data, but will have only marginal influence on the proportion of progenitors assigned with a
particular output. For example, a double integration results in one false-positive progenitor of the same fate. How-
ever, the output patterns themselves are not influenced. Only in a case in which one subset of progenitors has a much
higher likelihood of receiving multiple integrations would the relative occurrence of particular output patterns be
influenced.

2. What happens if multiple progenitors have the same barcode? If two different progenitors receive, by chance,
the same barcode (repeat use), false lineage relationships can be assigned (Fig. 2). To prevent this, the output of a
fraction of barcoded progenitors much smaller than the total library complexity must be measured. Furthermore, by
transfer of progenitors from the same transduction batch into a minimum of two separate mice, and subsequent
comparison of the barcodes between those mice, it is possible to estimate the frequency of repeat use.

3. Can integration site affect the outcome? Insertional mutagenesis has successfully been used by a number of
groups to identify oncogenes, so it is apparent that retroviral insertions can alter cell fate. Importantly though, these
experiments rely on a high multiplicity of infection and use large numbers of progenitors to increase the probability
of hitting a relevant locus. Furthermore, in these experiments, analysis is started only once a hyperproliferative event
is seen [36]. In barcoding experiments, we typically have a single integration per cell and only use hundreds of
progenitors per experiment, making insertion site effects unlikely. In line with this, progenitor output patterns
are reproducible between mice, and we have never observed any long-term differences in cellular output relative
to the co-transferred non-transduced cells (except for T cells, see point 5). Others have noted that integration is
benign with no genomic regions associated with any particular hematopoietic stem cell subtype bias [35]. Thus,
although we cannot formally exclude the possibility of an incidental integration that influences cell fate, there
are no data to suggest that this is a significant factor under the conditions tested.

4. Can exposure of a progenitor to a virus change its fate? If pattern recognition machinery (e.g., toll-like receptors)
operates to recognize and thereby change a cell’s fate, then the fate readout could be influenced by the barcode la-
beling procedure and may thereby no longer reflect the progenitor’s unperturbed fate. The only way we currently
assess this is by comparing the output to each lineage of green fluorescent protein (GFP)-positive versus GFP-
negative donor cells. With the exception of T cells (see point 5 below), we do not find a large difference in this
proportion in our experiments, making it unlikely that cell fate is altered by the tagging procedure for those cell
types that we analyze. However, we cannot formally exclude that cell fate would be influenced by viral modification
in other settings.

5. What if particular progenitors are not amenable to transduction? This can be an issue. For example, our expe-
rience is that T cells do not develop from barcoded GFPþ donor lymphoid-primed multipotent progenitors (LMPPs),
even though donor GFP– LMPPs can yield T cells. Furthermore, the lack of detection of GFPþ T cells from barcode-
labeled LMPPs appears not to be caused by promoter silencing, as T cells can develop from barcoded hematopoietic
stem cells (HSC). Conceivably, virus exposure or integration diverts fate or kills the progenitor. Alternatively, the
existence of a subset of progenitors within LMPPs that are specialized in T-cell production and are resistant to trans-
duction may be postulated.

6. Do barcoding experiments reveal what a progenitor ‘‘can’’ make? No, barcoding experiments measure cellular
outcome rather than cellular potency. After transfer into a host, a progenitor’s fate may be influenced by its site of
engraftment even if it had potency for alternative fates. Notably, clone-splitting assays in conjunction with cellular
barcoding can reveal whether the daughters of a single cell have a similar output pattern, providing information on
cellular potency at that level (see Box 2). This strategy was used, for instance, to demonstrate that the variability in
the output patterns of LMPPs is at least in part caused by intrinsic differences in potency.
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A second consideration during transduction is that
the same barcode in different virus particles may integrate
into different cells. This repeat usage of the barcode
forms a more significant concern, as it would result in false
assignments of lineage relationship (Fig. 2). Importantly, by
transfer of progenitors from the same transduction batch into
at least two separate mice, followed by subsequent compar-
ison of the barcodes recovered from those mice, it is possible
to estimate the frequency of repeat barcode use within one
mouse. Repeat usage depends on the frequency of virus

http://dx.doi.org/10.1016/j.exphem.2014.05.003
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Figure 2. Potential issues with interpretation. (A) If during lentiviral transduction, multiple barcodes integrate into one progenitor, then the number of pro-

genitors with a given output pattern is overestimated, but the patterns themselves are not affected. (B) If two or more progenitors that have different cellular

output receive the same barcode (‘‘repeat use’’), then it will appear as though a single progenitor generated all of that output. (C) Control for repeat use. By

injection of progenitors from the same transduction into separate mice, the occurrence of ‘‘repeat use’’ can be extrapolated. These plots from [19] illustrate

the technical replicate quality controls for accuracy of barcode sampling (left and right panels) and the inferred chance of repeat use by comparing two sepa-

rate mice (middle panel). Adapted with permission from Naik et al. [19].
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with the same barcode within the library, the transduction
efficiency, the size of the library, the number of labeled cells,
and the engraftment probability. For the design of an exper-
iment, the number of labeled cells transferred needs to be
optimized while the risk of multiple integrations and repeat
use is limited. As a rule of thumb, the number of progenitors
tracked per mouse should be equivalent to 10% of the library
diversity to limit the issue of repeat use. Simulation tools
may be used to further optimize parameters [21], and the
development of a mathematical formalism to design future
experiments would be attractive.

Technical replicates
To establish lineage relationships between cell types, there
must be a high degree of confidence that a determined bar-
code signature is accurate and is not a reflection of barcode
contamination or hampered by poor expansion of progeni-
tors or poor recovery of daughters. In assessment of the
barcode profile within a population of cells, technical repli-
cates of every cell type assessed are extremely helpful.
Indeed, if the barcode signatures between two halves of
the sample correlate poorly, then it would be very difficult
to make any statements about relationships with other cell
types. We encourage all laboratories to make this a manda-
tory requirement for barcode analysis.

To generate such technical replicates, barcoded cell
types of interest are equally separated into two (or more)
samples after isolation, and the barcodes are amplified
by PCR after this step. When the cells are separated, daugh-
ters bearing the same barcode will be roughly equally
distributed between the two halves, even if unequal splitting
of low-abundant barcodes can occur. For any sample for
which sampling is sufficient, the barcode reads of the rep-
licates should correlate well, which we measure with the
Pearson correlation coefficient with a cut-off of 0.8 (see
Supplementary Information and Figure 15 in [19]).

If the replicates do not show a high correlation, whether
the data are sufficiently robust should be considered. In our
case, sensitivity is around 5 copies of a barcode per sample,
so that any barcode present at, for example,O20 copies per
sample should be reliably detected [19]. The only exclusion
for this control is if single-cell barcode detection is per-
formed directly or after an in vitro clonal expansion. How-
ever, in this case, sufficient sampling of the total barcode
diversity in the population needs to be assessed, for
example, by Monte Carlo simulations [24].
Data analysis
Cellular barcoding data have presented multiple analytical
challenges. We and other laboratories have grappled with
questions such as how to distinguish real barcodes from
sequencing errors, how to ensure the data for each sample
are representative, how to present the data, and how to
extract biological meaning.
Quality of the sequencing
There are currently no standard methods to analyse barcod-
ing data. Pipelines to clean the deep sequencing data involve

http://dx.doi.org/10.1016/j.exphem.2014.05.003


Figure 3. Graphic representations of barcoding data. Shown are different formats used to display identical hypothetical barcoding data. Top: Compa ison of two cell types (A and B) with similar origins in

different graphic form. Bottom: Comparison of A and B with largely separate origins.
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Box 2. Contribution of cellular barcoding to our understanding of hematopoiesis

1. Clonal heterogeneity of hematopoietic stem cells. Similar to data derived from retroviral tagging studies [8],
experiments with barcode-labeled HSCs have revealed that a small fraction of transferred HSCs contribute to he-
matopoietic output at a given time point after irradiation [19–21,23,26,28,35,37,38]. Although some HSCs were
found to contribute to all the cell types analyzed (balanced), some HSCs were biased toward output in the myeloid
or lymphoid lineage, recapitulating prior results obtained using single-cell transfer [13,14] or studies based on dif-
ferential marker expression [39]. Surprisingly, within the population of lymphoid-biased HSCs, further bias toward
B-cell or T-cell output was also observed [28], revealing an even greater extent of heterogeneity. The contribution of
individual HSCs to cell types changes very little after 3 months post-transfer, whereas their quantitative contribution
varies over time, with most of the HSCs expanding or declining [28]. Barcoded HSCs that do not contribute
measurably to hematopoiesis have been detected [21,28], but it is unclear whether they represent quiescent stem
cells that could contribute at a later point. In contradiction to previous studies [40, 41], HSCs from old mice en-
grafted as efficiently as HSCs from younger mice, contradicting previous studies, although their cellular output
was lower [28].

2. Clonal heterogeneity of multipotent progenitors explained by additional branches in the hematopoietic tree.
Even greater heterogeneity in fate was observed in experiments that used barcode labeled lymphoid-primed multi-
potent progenitors (LMPPs) [19], with a large number of LMPPs giving rise to dendritic cells only. This
heterogeneous pattern of LMPP fate was statistically reproducible between mice and suggested a structure of the
hematopoietic pathway that is different from the ‘‘classic model’’ [26]. On the basis of these lineage tracing
data, we have proposed the existence of additional branches to the hematopoietic tree, such as a direct branch
from LMPPs to dendritic cells [26] . The fact that the additional branches are less frequent than the classic
lymphoid-myeloid branch could explain why these additional branches were missed in earlier studies. In addition,
a mechanism of ‘‘loss of potential’’ that is equal at every step of differentiation [42,43] could explain heterogeneity
in LMPP fate with statistical confidence.

3. Intrinsic or extrinsic mechanisms to explain heterogeneity in output using clone-splitting experiments. Reg-
ular barcoding experiments cannot distinguish between the influence of the environment in which a progenitor de-
posits, a stochastic fate choice after transfer, and a pre-existing intrinsic fate preference of that progenitor (Fig. 4).
We reasoned that if a single progenitor was first pre-expanded into a small clone in vitro, then multiple daughters
derived from that cell could be tested for fate preference in two separate mice. In this way, we demonstrated that a
large proportion of LMPPs were programmed for a certain cell fate before major clonal expansion in the in vitro
step (around 50% had a conserved fate between mice). Note that pre-expanded LMPPs injected as a control into
one mouse still generated all cell types in vivo, and the pattern of heterogeneity was similar to that observed without
such expansion, indicating that the in vitro culture was not dramatically affecting the fate of the LMPPs (unpub-
lished data). It is important to note that the niche in which an LMPP lands may still also exert some influence
on cellular output (e.g., for the 50% of sibling barcodes that showed a disparate fate) and by the same token, the
data do not exclude a contribution of stochastic effects. Nevertheless, these sibling analyses provide direct evidence
that at least a portion of the LMPPs were imprinted to a cell fate either before isolation or before major clonal
expansion in vitro.

4. Anatomic niche of stem cells and their dynamic on inflammation. In experiments in which purified barcoded
HSCs were transplanted into irradiated recipients, and the HSCs subsequently proliferated to reconstitute the
host, the barcode identity between cells recovered from individual bones after reconstitution revealed that HSCs
were not uniformly distributed between bones and did not all contribute to peripheral neutrophils [24]. However
when granulocyte colony stimulating factor was injected, the HSCs rapidly redistributed equally between bones,
suggesting that HSCs migrate infrequently in the steady state and are often quiescent, but are very efficiently
recruited after an inflammatory signal.

5. Identification of lineages. Cellular barcoding can identify lineages using a cellular definition of lineage grounded in
the concept of separate ancestries and related to the etymology of the word lineage (linea, meaning ‘‘line’’ in Latin).
The classic myeloid and lymphoid lineages separated in this way when HSCs and LMPPs were tested, validating
this approach to putative identification of new lineages [19,21,28,35,38]. In this way, it has recently been claimed
that dendritic cells [19] and natural killer cells [38] constitute a separate lineage based on the existence of separate
progenitors for these cell types in early hematopoietic progenitors. It will be interesting to ascertain at which stage

(continued)
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of development dedicated progenitors appear for each lineage/cell type and to identify prospective markers for their
isolation, to ultimately establish higher-resolution maps of hematopoiesis.

6. Dynamics of stem/progenitor cell contribution over time. To establish if a progenitor produces more or fewer
cells at an alternative time, one can turn to longitudinal studies in the one mouse. For example, the use of partial
splenectomy could establish progenitor output at different times [19]. This type of analysis does require control
experiments that test whether the two samples taken (e.g., two parts of the spleen) share similar barcodes for the
tested cell type when analyzed at the same time point. If barcode contribution is already dissimilar between
anatomical locations at the one time, then relationships using these locations at different times certainly cannot
be inferred. Other studies have employed longitudinal studies to establish HSC dynamics using serial blood
sampling [20,28,35,38].

Box 2. (continued)
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sophisticated filtering including thresholding low-frequency
reads, matching the sample tag, matching the barcodes to a
reference library, and correlating barcodes between repli-
cates. The use of these pipelines depends on whether tech-
A

B

Figure 4. Clone splitting: A method to address models of heterogeneity. (A) A

plained by three mechanisms. The first two represent bona fide multipotent proge

chastically prior to clonal expansion. The third possibility is that there is pre-exis

These alternatives can be partly addressed using clone-splitting experiments in wh

daughters into two separate mice and tested for whether the barcodes had conser

[19], in which lymphoid-primed multipotent progenitors were first pre-expanded

barcode repertoire in total dendritic cells (DC), myeloid cells (M), and B cells (B

lineage preference in two different mice. The resulting clustered heat map is the

itors. Note clustering by cell types rather than by mouse, indicating a degree of l

in vitro step in (B). See [19] for more details. Adapted with permission from N
nical replicates have been performed (as mentioned above)
and whether a reference library is available to distinguish
barcodes from sequencing errors. As point mutations occur
frequently during PCR and sequencing (around 1% of base
C

heterogeneous output of progenitors using cellular barcoding could be ex-

nitors that landed in a lineage-restricting niche or acquired a cell fate sto-

ting lineage imprinting undetectable with the phenotypic markers used. (B)

ich barcoded progenitors are first pre-expanded in vitro prior to transfer of

ved lineage fate in two separate mice. Adapted with permission from Naik

in stem cell factor (SCF) and Flt3 ligand, before transfer and assessment of

) 2 weeks later. (C) In this case, 50% of progenitors demonstrated the same

output of barcodes between pairs of mice receiving pre-expanded progen-

ineage imprinting of progenitors before major clonal expansion during the

aik et al. [19].
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Box 3. Which questions can cellular barcoding not answer?

1. Development in the absence of division. In general, barcoding requires the progenitor to expand sufficiently for
subsequent detection if the progeny cells are to be assessed as a bulk. This is why technical replicates of a given
sample are always processed separately and compared in our analysis of barcoding. The only exception to the
use of technical replicates is when each progeny cell is tested individually for its barcode, but in this case, statistical
analysis is required to determine efficiency of sampling.

2. Transition between cell fates, without division. Cellular barcoding has no specific value compared with the use of
any generic markers such as GFP reporters or the Ly5.1/Ly5.2 congenic system in a setting in which cell prolifer-
ation is known not to occur, as a single marker in that case suffices to assess the percentage of cells that undergo this
transition.

3. The full composition of a developmental tree, including possibilities of de-differentiation and trans-differen-
tiation. Cellular barcoding can assess which progenies a progenitor gives rise to. However, it provides no informa-
tion on the point at which different output cell types branch off from a common progenitor (Fig. 5). In addition, it
does not analyze loss of cells by death. For these features, technologies such as long-term imaging and pedigree
analysis are required [44]. Novel in vivo methods that create increasing diversity as a function of cell division or
time would be valuable to address such issues. The possibility of de- or trans-differentiation is also difficult to estab-
lish (Fig. 5D). As an extreme example, we cannot measure whether daughters of a progenitor generated a myeloid
cell, which then de-differentiated to a lymphoid progenitor, which then differentiated into lymphoid cells. This
would result in observing the same barcode in myeloid and lymphoid cells and would be indistinguishable from
a case in which a common progenitor developed linearly into both lineages.

4. Kinships with cell types not assessed. Although obvious, it must be kept in mind that other barcodes may be pre-
sent in cell types not harvested. This can impact the measurement of engraftment and the full contribution of pro-
genitors. A recent example was the detection of many quiescent clones in bone marrow on transplantation [24]. If
those studies had not assessed this directly by sorting bone marrow HSCs, but only used contribution to neutrophil
production, which has been the historical surrogate measure of HSC engraftment [45], one might have assumed
those HSCs did not engraft.
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calling), we recommend sequencing the barcode library
several times to create a reference library to which the ob-
tained reads can be matched.

If sufficient reads per sample are achieved (we aim for 1
� 105 per sample which capture progenitors contributing to,
on average, 0.00001% of the sample), we advocate discard-
ing all sequences with read errors that do not match the bar-
Figure 5. Composition of a developmental tree. Barcoding provides only a snaps

on the intermediate steps (A), with a hypothetical example of how a single cell ge

(B) late-stage commitment, (C) early-stage commitment, or (D) instances of de-
code and index primer reference libraries. This procedure
usually excludes 10% of total reads per sequencing lane,
which is a small loss considering that inclusion of those reads
has a chance of incorrect barcode or sample assignment.

If a reference library is not available, the deletion of
sequencing and PCR errors by applying a threshold for
low reads can be considered. Importantly, in many
hot of the output of a single progenitor at a given time, but no information

nerates 8 x red, and 8 x green cells. It cannot differentiate between cases of

or trans-differentiation vs. a linear branching event.
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biological systems, clonal burst sizes differ over orders of
magnitude, making it impossible to distinguish sequence
errors from true low-frequency barcodes. Therefore, appli-
cation of such a threshold excludes errors, but also excludes
bona fide low-copy barcodes. To avoid this issue, algo-
rithms may potentially be used that identify sequencing
errors on the basis of the frequency with which they occur
relative to a ‘‘true mother barcode’’ in different samples
(Beltman et al. article in preparation).

Quantification
A desirable feature of barcode detection by sequencing,
rather than microarray, is its putative capacity for quantita-
tion. As an example, if a progenitor contributed to 50% of
the total B-cell pool, then this progenitor’s barcode should
represent 50% of B-cell sequencing reads. However,
although second-generation sequencing was hailed as a rev-
olution in quantitation, the PCR steps required prior to this
step can introduce bias. Control experiments comparing ti-
trations of cell numbers of a given barcode indicate that the
abundance of cells present at low cell frequency can be
underestimated to some extent [18]. However, all barcodes
that were detected were ranked in the right order of abun-
dance, and read counts correlated strongly to their expected
frequency. We were, therefore, comfortable in using this
semiquantitative information to assign lineage relation-
ships. Potentially, the use of unique molecular identifiers
may ensure better quantitation [25]. Alternatively, one
may simply focus on the presence or absence of barcodes
to assess kinship [26].

Although cellular barcoding allows the tracking of large
numbers of individual cells simultaneously, this does not
necessarily imply that the data obtained are representative
of the behavior of the entire progenitor pool. We have at-
tempted to address this issue in two ways: first, through
the use of bootstrapping analysis to test whether enough
progenitors were sampled for robust clustering of multiple
cell types derived from a progenitor pool per mouse [19];
and second, by comparing the distribution of progenitor
fate between mice using a multinomial test [26].

Visualization
Like every multidimensional data set, cellular barcoding data
are difficult to visualize, and new tools are required.Heatmaps
recapitulate well the complexity of the data, by representing
individual initial cells, daughter cell types and read values at
the same time [19,21]. Dot plots [16–18,27], principal compo-
nent analyses [19], pairwise Pearson correlation (21), hierar-
chical clustering [19], ternary plots [21], and connected
stacked histograms [20,24,28] are also useful tools in visual-
izing similarities (Fig. 3). With respect to analysis methods,
distance metrics (such as Euclidian) take the abundance of
barcodes into account better than correlation metrics (such
as Pearson) when used for clustering. For example, a barcode
contributing to 50% of a cell type is given more weight than
one contributing 0.5%. On the other hand, correlation metrics
are more appropriate for clustering binarized data.

Studies to date
Over the last few years there have emerged a number of
studies using cellular barcoding that address not only hema-
topoiesis, but also T-cell behavior [16–18,27,29,30] and
breast tissue development [23]. As this review is largely a
technical appraisal of the technology, we highlight only a
few examples of the contribution of cellular barcoding to
our understanding of hematopoiesis, summarized in Box 2.
Note that the contribution of cellular barcoding in deter-
mining the number and pattern of contribution of stem cells
has been reviewed elsewhere [31]. As with any method,
cellular barcoding cannot address all biological questions,
and we have identified some of the limitations of the technol-
ogy in Box 3. To date, barcoding studies havemostly focused
on hematopoietic stem cells and downstream progenitors
and have emphasized the heterogeneity of fate, the dynamics
of cell production, and the spatial and intrinsic properties of
progenitors and stem cells.

The future of cellular barcoding
Several areas can be identified that are worthy of further
technological development. First, an increase in library
size would allow measurement of fate for thousands or
millions of individual cells and would allow the use of
sublibraries [21] to follow the fate of different progenitors
simultaneously. Second, delivery of barcodes directly in
vivo or generation of barcodes in situ would bypass the
caveats associated with removal of progenitors from their
natural environment, ex vivo barcode labeling, and subse-
quent injection into (irradiated) hosts. The last option is
under investigation with generation of a ‘‘barcode mouse’’
that generates inducible barcodes by exploiting the
RAG1/2 machinery (unpublished data). Third, a method
for visualization of a variety of barcodes in situ would
allow spatial information to be coupled with kinship. The
Brainbow and confetti mice already do offer such a possi-
bility of multiplexing of color with robust separation by mi-
croscopy. However, they are limited to w100 clones and
difficult to separate using flow cytometry, which is neces-
sary for analysis of highly migratory populations such as
blood cells. Fourth, scaling up a way to track clonal fate
in human tissue is of great interest. One method is based
on inferring ancestry using somatic mutations in microsa-
tellites as naturally occurring ‘‘barcodes’’ [32]; the other
uses integration sites as surrogate barcodes [33–35].

By assessing single cell fate using tools such as cellular
barcoding and coupling this fate outcome with its corre-
sponding molecular mechanisms, we predict the field of
mammalian development will migrate toward a single-
cell-level systems biology understanding of how
higher-order animals generate complex tissues in health
and disease.
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