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Diverse and heritable lineage imprinting of early
haematopoietic progenitors
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Haematopoietic stem cells (HSCs) and their subsequent progeni-
tors produce blood cells, but the precise nature and kinetics of this
production is a contentious issue. In one model, lymphoid and
myeloid production branch after the lymphoid-primed multipo-
tent progenitor (LMPP)1, with both branches subsequently pro-
ducing dendritic cells2. However, this model is based mainly on
in vitro clonal assays and population-based tracking in vivo, which
could miss in vivo single-cell complexity3–7. Here we avoid these
issues by using a new quantitative version of ‘cellular barcoding’8–10

to trace the in vivo fate of hundreds of LMPPs and HSCs at the
single-cell level. These data demonstrate that LMPPs are highly
heterogeneous in the cell types that they produce, separating into
combinations of lymphoid-, myeloid- and dendritic-cell-biased
producers. Conversely, although we observe a known lineage bias
of some HSCs11–14, most cellular output is derived from a small
number of HSCs that each generates all cell types. Crucially, in
vivo analysis of the output of sibling cells derived from single
LMPPs shows that they often share a similar fate, suggesting that
the fate of these progenitors was imprinted. Furthermore, as this
imprinting is also observed for dendritic-cell-biased LMPPs, dend-
ritic cells may be considered a distinct lineage on the basis of
separate ancestry. These data suggest a ‘graded commitment’
model of haematopoiesis, in which heritable and diverse lineage
imprinting occurs earlier than previously thought.

We sought to determine the ability of individual LMPPs to produce
an array of different cell types, including lymphoid and myeloid cells,
but also three major dendritic cell subsets (Supplementary Table 1). To
examine this, LMPPs were sorted similarly to their original description1

(Supplementary Fig. 2a), and labelled with a library of heritable DNA
barcodes, so that transduced cells typically received only one unique
barcode (Fig. 1a, Supplementary Information and Supplementary
Fig. 1c). Labelled cells were transferred into partially irradiated mice,
and were allowed to proliferate and differentiate. Subsequently, the
progeny cell types of interest were isolated and their barcode repertoire
assessed by a new multiplexed next-generation sequencing strategy,
enabling a sensitive and semi-quantitative readout of lineage relation-
ships (Supplementary Figs 1c and 3, and Supplementary Information).
Barcodes that were present in only one cell type revealed the output of
mono-outcome progenitors, whereas those found in two or more cell
types reflected the output of bi- or multi-outcome progenitors. This
modification of our original strategy8–10 is similar to recent methods15,16,
and represents an addition to pioneering retroviral tagging12 and single-
cell transplantation studies11,17,18.

As the derivation of myeloid and lymphoid cells from LMPPs kineti-
cally overlaps at day 14 after LMPP transfer19, this time was chosen to
collect cell types. All of these cell types, except T cells, contained green-
fluorescent-protein-expressing (GFP1) donor progeny (Supplementary
Fig. 2b and Supplementary Information). Barcode signatures were
assessed for every cell type and visualized on a clustered heatmap (Fig. 1b).

Engraftment of the barcoded LMPPs was 71 6 8.3% (number of
barcodes detected divided by number of barcoded LMPPs injected,

6 s.e.m., n 5 7). However, the bulk of each cell type (90%) was pro-
duced by very different numbers of LMPPs, providing the first evid-
ence for heterogeneous LMPP behaviour (Supplementary Fig. 4a and
Supplementary Table 2). To examine further this disparity, we asked

1Division of Immunology, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands. 2Theoretical Biology and Bioinformatics, Utrecht University, 3584 CH Utrecht, The Netherlands.
{Present address: Walter and Eliza Hall Institute of Medical Research, 1G Royal Parade, Parkville, Victoria 3052, Australia.

Barcoded
lentivirus

Progenitors

Progeny
isolation

Analyse by
sequencing

Cell type A Cell type B

Development
in vivo

Barcode 1
Barcode 2
Barcode 3

Cell A
2
2
-

Cell B
-
2
2

a

Sp p
DCs

Sp C
D11

b
+  D

Cs

Sp C
D8

+  D
Cs

Sp n
eu

tro
phil

s

Sp m
on

oc
yte

s

BM
 m

on
oc

yte
s

BM
 n

eu
tro

phil
s

BM
 B

 ce
lls

Sp B
 ce

lls

81 11 1.5 0.2 0.03 0.004 

Contribution to cell type by LMPP (%)

Sp B cells
BM B cells

BM monocytes

Sp monocytes

BM neutrophils

Sp pDCs

PC1 (35%) 

PC2 (25%)

Sp CD11b+ DCs

Sp CD8+ DCs

b

c

Sp NeutrophilsSp NeutrophilsSp neutrophils

Figure 1 | Single LMPP output to different cell types. a, Cellular barcoding
protocol. Progenitors are transduced so that each receives a unique and
heritable DNA barcode. After differentiation, resulting cell types are isolated
and analysed for their barcode repertoire. b, Heatmap representation of the
output of individual LMPPs (rows) to different cell types (columns) after
2 weeks (clustering using complete linkage and Euclidian distance). Each
element represents the relative contribution of an LMPP to each cell type (see
scale). Cell types are colour-coded by the first three branches in horizontal
clustering. c, Principal component analysis of cell types with percentage
variation explained per coordinate in brackets. Two pooled mice from
experiment 3 that received 300 barcode-labelled cells each. B, B cells; BM, bone
marrow; DCs, dendritic cells; PC1, principal component 1; pDC, plasmacytoid
dendritic cell; Sp, spleen.
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how many output cell types each LMPP produced, and found that a
marked proportion (75%) of LMPPs contributed to only 1, 2 or 3 of the
cell types tested (Supplementary Fig. 4b). This was not a result of poor
recovery of barcodes, as shown by technical replicates (Supplementary
Fig. 3a) and by the finding that dendritic cells, which have the lowest
cell numbers, had the largest number of different barcodes.

We subsequently applied both clustering and principal component
analysis (PCA) to look for patterns in the data. These analyses sepa-
rated the output cell types into three major groups; the dendritic cell
subtypes, the myeloid cell types and B cells (horizontal clustering in
Fig. 1b; see also Fig. 1c). This grouping was confirmed by bootstrap-
ping and was reproducible across experimental repeats (Supplemen-
tary Figs 5 and 6).

As clustering of LMPPs did not give rise to well-defined groups
(Fig. 1b, vertical clustering), we used PCA to order the progenitors.
This segregated LMPPs into three main groups, with lower densities of
‘intermediate’ progenitors between them (Supplementary Fig. 7a and
Supplementary Video 1). Colour coding of these progenitors by their
three-dimensional principal component coordinates revealed that the
different groups corresponded to producers of dendritic cells, B cells or
myeloid cells, or combinations of these (Supplementary Fig. 7b).

On the basis of the observation that LMPPs showed distinct patterns
of cellular output, we generated a hand-tailored classifier to assign each
LMPP to one of seven possible classes of lineage bias (Fig. 2a and
Supplementary Fig. 8). Almost one-half of the LMPPs were classified
as dendritic-cell biased, 10% of the progenitors contributed primarily
to B cells, 10% primarily to myeloid cells, and just 3% of the LMPPs
were multi-outcome progenitors (Fig. 2a). Notably, lineage-biased
LMPPs were not only numerous but also contributed to a substantial
fraction of total dendritic-cell, B-cell and myeloid-cell progeny (Fig. 2b,
left panel, and Supplementary Figs 1a, b and 9). In contrast, the col-
lective cellular output of the few multi-outcome LMPPs was small.

The pronounced heterogeneity in LMPP output prompted us to
examine whether such patterns are observed at an earlier stage. We
therefore barcode-labelled long-term-reconstituting HSCs20 (Sup-
plementary Fig. 2a) and determined their output after 16 weeks.

Only a small fraction of transplanted HSCs was a major contributor
to cell output (60–80%), and these HSCs were mainly multi-outcome
(Fig. 2b, right, and Supplementary Fig. 10). Although some HSCs
had a lymphoid- or myeloid- plus dendritic-cell bias, the combined
cellular output of these lineage-biased HSCs was small, consistent with
previous studies11–13,15,16. Thus, although some lineage bias exists
amongst HSCs, major diversification in output patterns only manifests
subsequently.

An explanation for the observed LMPP heterogeneity could be a
difference in the kinetics of lineage production. For example, dendritic
cells and myeloid cells could derive from true multi-outcome LMPPs,
but with a transient wave of myeloid output preceding their output
to dendritic cells. However, although some increase in myeloid-cell-
biased LMPPs was observed when assessed at day 10 (the time of their
peak output from LMPPs19), a large number of dendritic-cell-biased
progenitors was still detected at this time point, and no increase in joint
myeloid- plus dendritic-cell-biased LMPPs was observed relative to
day 14 (Fig. 3a). Therefore, many dendritic cells were derived from
LMPPs that did not produce myeloid cells at day 10.

A related concern was that the LMPPs that were shown to produce
dendritic cells and/or myeloid cells at day 14 could produce a sub-
sequent cohort of B cells at a time point at which dendritic-cell and
myeloid-cell output has largely disappeared (day 28). To address this
concern we carried out partial splenectomies to assess the kinship
between ‘late’ B cells and ‘early’ dendritic cells, B cells and myeloid
cells (partial splenectomy lineage-tracing controls in Supplementary
Fig. 11a). This analysis showed that B cells at both time points were
sufficiently related to each other, and unrelated to myeloid cells and
dendritic cells, to form a distinct cluster (Fig. 3b and Supplementary
Fig. 11b, c). Furthermore, only a small number of LMPPs produced
myeloid cells and dendritic cells at day 14, and B cells at day 28, and
this had little effect on the distribution of LMPP classes when data
from both time points were combined (Fig. 3a). Thus, the observed
heterogeneity in LMPP output is not explained by the kinetics of cell
production.

The above data demonstrate that most LMPPs have a restricted
lineage output. However, this does not address whether this fate is
imprinted, or determined stochastically or by the microenvironment
after cell transfer (Supplementary Fig. 12). In particular, the use of
irradiated recipient mice, necessary for sufficient clonal expansion
for reproducible barcode analysis (data not shown), could potentially
override an intrinsic multi-lineage potential.

We reasoned that comparison of the output patterns of siblings
derived from single LMPPs should enable us to test this. In particular,
if the lineage bias of siblings were the same after transfer into two
separate mice (‘conserved’ fate), this would be indicative of pre-existing
imprinting before their in vitro clonal expansion. To address this, we
barcode-labelled LMPPs, pre-expanded them as a population in vitro
and, after splitting, transferred them into pairs of recipient mice
(Supplementary Fig. 13a). Following in vivo differentiation, barcode
repertoires were assessed in dendritic cells, myeloid cells and B cells,
focusing on those barcodes that were shared between two mice of a pair,
as only these allow conservation of fate to be tested (Fig. 4a and
Supplementary Fig. 13b, c). To remove the effect of differential engraft-
ment or expansion, output per progenitor in each recipient was normal-
ized and then analysed by clustering (Fig. 4b).

Importantly, in all analyses the same cell types from two mice of a pair
clustered, rather than cell types from each individual mouse, indicating
that the intrinsic lineage preference of siblings was dominant. Indeed,
conserved fate was greater than expected by chance for three of the four
mouse pairs (Fig. 4c, pair two had poor engraftment) and we found
similar proportions of conserved bias in the B-, dendritic-cell, B- plus
dendritic-cell, and myeloid- plus dendritic-cell lineages (B, DC, B/DC
and M/DC; Fig. 4d and Supplementary Fig. 13d). Notably, whereas
many siblings only produced dendritic cells in pairs of mice, and others
produced both myeloid cells plus dendritic cells in mouse pairs, siblings
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that produced dendritic cells in one mouse, and myeloid plus dendritic
cells in the other were not more common than expected by chance
(Supplementary Fig. 13d). Thus, although we cannot exclude the
possibility that an irradiated niche may increase clonal expansion of
progenitors, these data directly demonstrate that the heterogeneity in
output patterns of LMPPs, including towards the dendritic-cell lineage,
is at least partially imprinted. Those remaining siblings that produced
non-conserved output between two mice may represent LMPPs without
pre-determined fate or for which niche effects did have a role.

Our findings, which suggest that diverse lineage imprinting
occurs between the HSC and LMPP stages, lend support to previous
findings1,3,5–7,11,12,14,18,21,22. On the basis of these data we argue in favour
of a revised model of haematopoiesis in which heritable lineage
imprinting is initiated as early as at the HSC level and progressively
increases throughout haematopoiesis, ultimately giving rise to the dif-
ferentiated cell types. Thus, unlike the classic bifurcation model, haema-
topoiesis seems to occur through a process of ‘graded commitment’23,24,
a model with similar elements to others that have been proposed
previously7,13,25,26. The observation of diverse imprinting patterns in
LMPPs, including towards what we now consider a separate ‘dendritic
cell’ lineage24,27, makes the identification of the nature, expression and
timing of ‘early-acting’ factors controlling this behaviour an important
next challenge. Correlation of the in vivo lineage bias and transcriptional
profiles of siblings derived from the same progenitor should enable this
issue to be addressed.

METHODS SUMMARY
Mice, progenitor isolation and barcode labelling. C57BL/6J (CD45.2) donor
mice, and C57BL/6 Pep3b (CD45.1) recipient mice irradiated with 5 gray were
used in all experiments. LMPPs and HSCs were sorted using similar methods to
those described previously1,20 (Supplementary Fig. 3). The barcode library8 was
cloned to produce lentivirus for transduction. Progenitors were transduced for 6 h
with 50 ng ml21 stem cell factor (SCF) and injected intravenously into recipient
mice or, for sibling analyses, cultured for a further 4 days with additional 30 ng
ml21 Flt3 ligand, before the cultures were split in two and introduced through
intrasplenic injection into pairs of mice.
Cell isolation. Cell suspensions were derived from organs of killed mice, or from
live mice after partial splenectomy. After sequential magnetic-bead enrichment for
dendritic cells, myeloid cells or B cells, and subsequent staining, the indicated cell
types were isolated by flow cytometry (Supplementary Fig. 2). For analyses of these
experiments, and the analyses at day 10, CD45.21-enriched total dendritic cells,
myeloid cells or B cells were sorted.
Polymerase chain reaction and sequencing. Sorted cell samples were lysed in
Viagen buffer and split into technical replicates9. Barcodes were amplified by
polymerase chain reaction (PCR)8, and then underwent a second PCR that tagged
each sample with a unique index primer (Supplementary Fig. 1c). Tagged PCR
products were pooled and sequenced by next-generation sequencing.
Bioinformatics. Raw data were first filtered to ensure that only samples of suf-
ficient quality were assessed further (Supplementary Information). Resulting data
were collated in a table of normalized barcode read counts in each cell type, and this
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formed the basis for further bioinformatics analysis (Supplementary Information).
To classify individual progenitors by their lineage bias, we applied an additional
normalization per progenitor in each mouse, thereby enabling categorization into
LMPPs with mono-, bi- and tri-potency for the B-cell, dendritic-cell and myeloid
lineages. Potency was assigned if more than 2.5% of the output of an LMPP was
towards that lineage.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Mice. C57BL/6J (CD45.2) mice were used as progenitor donors, and C57BL/6
Pep3b (CD45.1) mice were used as recipients. In all experiments, mice that were
used were 7–16 weeks old. Mice were supplied by Charles River Laboratories and
housed at the Netherlands Cancer Institute (NKI). Mice were killed by cervical
dislocation before organs were collected. Recipient mice were irradiated with a single
5-Gy dose. All animal experiments were carried out in accordance with national
guidelines and were approved by the Experimental Animal Committee of the NKI.
Progenitor isolation and barcode labelling. Tibia, femur and ilium were isolated
from mice that had been killed, and were flushed with RPMI 1640 medium (Gibco)
with 10% fetal calf serum (FCS) to a single-cell suspension. Haematopoietic pro-
genitors were isolated by staining with anti-CD117 allophycocyanin (APC), fol-
lowed by magnetic-bead enrichment using anti-APC beads. Cells were stained with
additional antibodies against Sca1, CD135, CD16/32, CD127 and, when sorting for
HSCs, CD150. LMPPs were sorted as CD16/32–CD127–CD117hiSca11CD135hi

and HSCs as CD16/32–CD127–CD117hiSca-11CD135loCD1501, similar to the
original descriptions1,20. The barcode library8 was cloned from the retroviral
pMX vector into a lentiviral pLL vector28 for lentivirus generation, concentrated
100-fold using 300,000 MWCO Amicon columns (Millipore) and stored in small
aliquots at –80 uC. LMPPs were resuspended at no more than 1 3 105 in 100mL
StemSpan (StemCell Technologies), supplemented with 50 ng ml21 SCF
(Peprotech), and 100ml were aliquoted per well in a round-bottomed well of a
96-well plate. A small volume of virus, predetermined to give 5–10% transduction
by measure of GFP in control experiments, was added to each well. Plates were spun
at 900g for 90 min at room temperature, then cultured at 37 uC with 5% CO2-in-air
for 4.5 h. At this time, cells were collected, washed extensively with FCS-containing
medium and resuspended in the appropriate volume of Hanks Balanced Salt
Solution, and between 3–10 3 103 progenitors (with an average of 5% transduction)
were injected into the indicated recipient mice.
Cell preparation. Organs were collected from mice after they had been killed or by
partial splenectomy (see below). To prepare single-cell suspensions, bone marrow
cells were extracted as described. Spleen samples were chopped and digested with
collagenase type IV (1 mg ml21) and DNase (20mg ml21) for 20 min at 21 uC,
followed by 5 mM EDTA for a further 5 min. Both spleen and bone marrow
single-cell suspensions were treated with 0.164 M NH4Cl for 1 min for red blood
cell lysis, and washed. To isolate multiple cell types from spleen and bone marrow
samples, a series of magnetic-bead enrichments were performed. Spleen cells were
first simultaneously labelled with anti-CD11c beads (Miltenyi) and anti-CD11b
biotin for 30 min, washed, and CD11c1 dendritic cells (bound) and the remaining
non-dendritic-cell fractions (flow) were obtained by magnetic-bead separation.
The non-dendritic-cell fraction was then labelled with anti-biotin beads for 10 min
by the addition of SA-PerCpCy5.5 after the first 5 min, and subsequently CD11b1

myeloid fractions (bound), and non-dendritic-cell and non-myeloid fractions
(flow, containing lymphoid cells), were obtained by magnetic-bead separation.
For bone marrow samples, the dendritic cell staining and enrichment steps were
excluded.
Partial splenectomy and intrasplenic injections. In some experiments, we car-
ried out partial splenectomies or intrasplenic injections that were similar to meth-
ods described previously, but with some modifications29. In brief, mice were given
100mg kg21 buprenorphine 30 min before surgery, and anaesthetized with isofluor-
ane. Subsequently, the spleen was exposed by incision of the left flank skin and
peritoneum and, for partial splenectomy, approximately one-third of the spleen was
removed, and the wound sealed with histoacryl (Braun). For intrasplenic injections,
25ml of cell suspension was injected just under the capsule of the spleen. In both
cases, the remaining spleen was placed back in the peritoneal cavity and peritoneum
and skin were sutured separately. Mice were placed in recovery, in a warm envir-
onment, and given hydrogel and an additional 100mg kg21 Temgesic 6 h later.
Within 24 h, wounds healed and the behaviour of the mice returned to normal.
Flow cytometry. Dendritic-cell fractions were stained with antibodies against
CD45.2, CD11c, CD8a, SIRPa and B220, and CD81 dendritic cells, CD11b1 dend-
ritic cells and plasmacytoid dendritic cells were obtained by cell sorting. Myeloid-cell
fractions that were stained with CD11b were stained further with antibodies against
Gr1 and F4/80. The dendritic cell- and myeloid-cell-depleted fractions were stained
with CD19 and B220 antibodies. Cell types were sorted on a FACSAria as
CD11chiB220–SIRPa1CD8a– (CD11b1 dendritic cells), CD11c1B220–SIRPa–

CD8a1 (CD81 dendritic cells), CD11c1B2201SIRPalo (plasmacytoid dendritic
cells), CD11b1Gr1hiSSCint (neutrophils), CD11b1Gr1intSSCloF4/80lo (monocytes),
and CD191B2201 (B cells) (Supplementary Fig. 2). Cells were sorted on the total
population and not specifically for GFP-expressing cells to provide ‘filler’ cells for
better pellet formation. For sibling analyses and kinetic analyses at day 10, total
lineages were sorted rather than each subtype. In this case, cells were stained with

CD11c, CD11b and CD19. CD19–CD11chi dendritic cells, CD19–CD11cneg/lo

CD11b1 myeloid cells and CD191 B cells were sorted as separate populations.
PCR and deep sequencing. Up to 5 3 105 sorted cells from each sample were
transferred to different wells of a 96-well PCR plate, with an adjacent well kept empty
for a later step. Cells were centrifuged to form pellets, the supernatant removed
carefully, and pellets resuspended in 40ml PCR lysis buffer (Viagen) containing
200mg ml21 proteinase K. Plates were covered with a rubber mat and lysed in a
thermocycler at 55 uC for 1 h, and then at 85 uC for 30 min to inactivate proteinase K.
Samples were only stored at –20 uC after this step. For the first round of PCR, 160ml
of PCR reagents containing TopLib 59-TGCTGCCGTCAACTAGAACA-39 and
BotLib primers 59-GATCTCGAATCAGGCGCTTA-39 were added to the 40-ml
pellet of all samples. After mixing, 100ml was transferred to the adjacent empty well
before PCR, to provide the technical replicates to assess barcode detection reliability
(Supplementary Figs 1c and 3a)9. Plates were sealed and placed in a thermocycler at
94 uC for 5 min, then cycled 30 times at 57.2 uC for 15 s, at 72 uC for 15 s and at 94 uC
for 15 s, and then at 72 uC for 10 min. The presence of a 150-bp product was checked
for every sample using 2% agarose gel electrophoresis.

In the second round of PCR, a different index primer was used for every sample
and technical replicate. To do this, a library of 384 different 82-bp index primers
containing unique 8-bp indexes that differed by at least 2 bases was designed, such
that homopolymers of more than 2 bp, hairpins and complementary regions with
the rest of the primer sequence were absent (sequences available on request). Index
primers were ordered desalted, as high-performance liquid chromatography
(HPLC) purification resulted in low-level cross-contamination (approximately
0.1%) that could be picked up readily by deep sequencing. Index primers contained
a sequence for (in order) the P7 annealing region for the Illumina flow cell, the
Illumina sequencing primer, a unique 8-bp index (from 384 such indices) and a 16-
bp annealing region to the first round product. A master mix of PCR reagents (24ml),
which included a common reverse primer that included a P5 annealing region for the
Illumina flow cell followed by an annealing region for the first round PCR product
59- CAAGCAGAAGACGGCATACGAGATTGCTGCCGTCAACTAGAACA-39,
was aliquoted into each well of a 96-well PCR plate. Subsequently, 5ml of each index
primer, and 1ml of the first round PCR product were added to each well. PCR
amplification was carried out as described above, and the presence of the expected
224-bp product was checked for each sample by gel electrophoresis.

After a successful second round of PCR, 5ml of each of up to 384 samples containing
different index primers were pooled, run on an E-Gel (Invitrogen) to isolate the 224-bp
product, and used for cluster generation and sequencing on a HiSeq2000 or GAIIx
(Illumina). A single-run 50-bp sequencing run was sufficient to read through the index,
common annealing region, and the first 15 bp of the barcode required for data analysis.
Bioinformatics. Sequence data were filtered using a customized script in R that
searched for perfect matches with one of the index primers, with the common 16-
bp annealing region, and with one of the barcodes present in our reference library
(Supplementary Methods). Matching against the reference library was important
to distinguish true barcodes from sequence errors introduced during amplification
and sequencing. In general, approximately 90% of raw sequencing reads passed
this filtering step. The average number of filtered reads for all barcodes per sample
was approximately 105 sequences. As explained in Supplementary Methods, sam-
ples subsequently underwent further filtering to ensure that they were represent-
ative, and were then normalized for each cell type. Data were tabulated into a
matrix containing the fraction of reads for each barcode (that is, progenitor) versus
index primer (that is, sample identity) as its elements. Visualization and analysis
for clustering and PCA were carried out with MultiExperiment Viewer software30.
LMPP classification and output. To classify individual progenitors for their pro-
pensity to generate certain lineages, and given that progenitors were heterogeneous
in their clonal output to cell types, we applied an additional normalization on a per
progenitor basis; that is, per row. If the proportional output of an LMPP was greater
than 2.5% for at least one cell type of a given lineage, the progenitor was considered to
have an output towards that lineage. In this way, progenitors were classified into
having mono-, bi- or tri-outcome for the B-cell, dendritic-cell and myeloid-cell
lineages; that is, we allowed for 7 classes (B, DC, M, B/DC, B/M, M/DC, DC/B/M).
Randomization. For the sibling analyses we carried out a randomization of bar-
code identity by keeping the barcode identity in one mouse fixed and randomizing
the barcode identity in the other 1,000 times. We then repeated this with the
barcode identity fixed in the other mouse. After this, the values were pooled to
assess the effect of chance on observing a conserved lineage bias.

28. Gonçalves, M. A. et al. Genetic complementation of human muscle cells via
directed stem cell fusion. Mol. Ther. 16, 741–748 (2008).

29. Reeves, J. P., Reeves, P. A. & Chin, L. T. Survival surgery: removal of the spleen or
thymus. Curr. Protoc. Immunol. 2, 1.10.1–1.10.11 (2001).

30. Saeed, A. I. et al. TM4 microarray software suite. Methods Enzymol. 411, 134–193
(2006).
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