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SUMMARY
Embryogenesis requires substantial coordination to translate genetic programs to the collective behavior of
differentiating cells, but understanding how cellular decisions control tissue morphology remains conceptu-
ally and technically challenging. Here, we combine continuous Cas9-based molecular recording with a
mouse embryonic stem cell-based model of the embryonic trunk to build single-cell phylogenies that
describe the behavior of transient, multipotent neuro-mesodermal progenitors (NMPs) as they commit into
neural and somitic cell types.We find that NMPs show subtle transcriptional signatures related to their recent
differentiation and contribute to downstream lineages through a surprisingly broad distribution of individual
fate outcomes. Although decision-making can be heavily influenced by environmental cues to induce
morphological phenotypes, axial progenitors intrinsically mature over developmental time to favor the neural
lineage. Using these data, we present an experimental and analytical framework for exploring the non-ho-
meostatic dynamics of transient progenitor populations as they shape complex tissues during critical devel-
opmental windows.
INTRODUCTION

Although the core genetic pathways that underly early body plan

formation are generally conserved, how these mechanisms con-

trol populations of differentiating cells remains a daunting scien-

tific challenge. Unlike the deterministic and stereotypical pro-

grams found in many invertebrate embryos, such as the worm

C. elegans1 or the ascidian P. mammillata,2 organisms such

as mammals continuously self-regulate their spatiotemporal

patterning. In these more regulative regimes, development pre-

cisely coordinates growth and differentiation to ensure proper

allocation to downstream lineages.3 From this perspective, pro-

genitor fields are analogous to adult stem cell systems, which

maintain long-term homeostasis through complex cellular

interactions4–6 but must encode these processes differently to

robustly control morphogenetic processes within finite windows.
Developmental Cell 59, 1–17,
This is an open access article under the CC BY-
Understanding transient progenitor cell behavior requires

holistic, system-wide quantification of their differentiation pat-

terns across many biological replicates.7,8 Because continuous

examination of these populations is challenging, particularly in

mammalian embryos, it remains unclear how developmental po-

tential connects to ultimate fate, nor is it obvious how individual

cellular decisions aggregate to ensure robust developmental

programs.8,9 The recent implementation of retrospective, high-

content and single-cell genetic lineage tracing methods offers

a new lens to investigate these concepts, having previously

been applied to mouse embryogenesis,10–13 tumorigenesis,14–17

and other cell fate transitions.10,11,18–20 However, they have not

yet advanced far beyond the reconstruction of general cellular

pathways or the identification of new marker genes, leaving a

detailed accounting of the population-level dynamics of differen-

tiating cells comparatively unexplored.
June 17, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Stem cell-derived embryo models provide unique opportu-

nities to study the complex behaviors of differentiating cells.21–23

Of these, embryonic trunk-like structures (TLSs) develop from

a population of multipotent neuro-mesodermal progenitors

(NMPs).24 In vertebrates, NMPs emerge in the posterior portion

of the gastrulating embryo alongside fine-tuned WNT, fibroblast

growth factor (FGF), retinoic acid, and other signaling gradi-

ents.24–32 Classic labeling experiments have suggested that

these progenitors functionally contribute to both the neural

tube and the paraxial mesoderm tissues29,33,34 and do so

through a unique transcriptional state that utilizes factors from

both programs.26,35,36 Although the painstaking evaluation of a

limited number of individual cells has established NMP ‘‘bipoten-

tiality’’ as a proof of concept, these experiments have not ad-

dressed how these cell populations reliably produce a highly

complex multi-lineage structure within a few days. As such,

NMPs represent an ideal experimental model to ask general

questions regarding the regulatory, cellular, and morphological

dynamics of transient progenitor fields.

Here, we engineer an optimized, evolving Cas9-based molec-

ular recorder to generate single-cell-resolved cellular phylog-

enies of TLS formation. Our tree-based analyses identify a

notably broad distribution of individual progenitor behaviors,

suggesting flexibility at the level of single cells that nonetheless

converge to produce macroscopically consistent compositions

and morphologies. We characterize progenitor self-renewal

and differentiation dynamics as well as demonstrate the degree

to which both parameters can be modulated to induce large

morphological phenotypes. Finally, we generate interconnected

trees produced from the same progenitor population to evaluate

NMP stability, which we find resolves over time toward neural

fates. Collectively, our work presents a general framework for

describing progenitor cell behavior at the level of their decision-

making, including their intrinsic properties and modular nature.

RESULTS

High-content lineage recording in complex stem cell-
based models
To establish a reproducible, high-content molecular recording

system for stemcell-baseddifferentiation protocols,weoptimized

aCas9-based lineage tracing technologypreviously applied to the

study of mouse embryogenesis and cancer.11,14,16 Our system

builds lineage relationships fromcontinuous, randomlygenerated,

and heritable indels using three components: a lox-stop-lox (LSL)-

Cas9-T2A-GFP cassette, an array of single guide RNAs (gRNAs),

and an editable ‘‘target’’ sequence encoded within the 30 UTR of

a constitutively expressed transgene (Figure 1A). Each guide

carries a single nucleotide mismatch to its respective target site

(TS) to titrate the rateof indel generation (FigureS1A). Tomaximize

information capacity, we randomly integrated multiple barcoded

TS cassettes using piggyBAC transposition and selected a sub-

clone containing 10 TSs (hereafter Tracer mouse embryonic

stem cells [mESCs]) that displayed stable transgene expression,

recovery of mutational information from the transcriptome, and

minimal effects of recording on cell fitness (Figures 1B–1D and

S1B–S1I).

The recording kinetics of our TracermESC linematch the time-

scale of TLS generation, which proceeds through a gastrulation-
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like window over the first 4 days and rapidly elongates into the

differentiated compartments of the embryonic trunk over the

final day11,14,16,24,37 (Figure 1E). To initiate recording, we deliv-

ered Cre (or an empty mock control plasmid) during aggregate

formation (day 0, 500 cells per aggregate) and confirmed normal

TLS generation and recorder activity using a combination of live

imaging, immunofluorescence, and fluorescence-activated cell

sorting (FACS) (Figures S1J–S1N; Video S1).We see clear spatial

segregation of the expected embryonic lineages, including

SOX2+, T+, CDX2+ putative NMPs; SOX1+ neural tube; and

SOX17+ endoderm (Figure 1F, upper panels). We also observe

apically localized NCAD in somitic and neural tube cells.24 Com-

bined imaging and flow cytometry of 188 structures confirm that

Cas9-GFP+ cells consistently contribute to mature TLSs in an

unbiased ‘‘salt-and-pepper’’ fashion, with minimal correlation

between the fraction of actively recording cells and gross

morphology (Figures 1F, S1F, S1O, and S1P). Individual Tracer

TLS replicates further generate high numbers of unique ‘‘alleles’’

(n = 9,248–14,765 unique alleles per structure, Figure S1Q).

Tracer mESCs can also be used more broadly to derive addi-

tional stem cell models of development using the same basic

strategy, including the induction of embryoid bodies, gastru-

loids, and cardiac gastruloids38 (Figures 1G and 1H; Video S2).

Reconstruction of structure-wide single-cell
phylogenies
To reconstruct lineage relationships, we performed single-cell

RNA sequencing (scRNA-seq) in Tracer TLSs, including targeted

amplification of lineage barcodes (Figure 2A). We recovered

3,577 and 5,122 cells from two individual replicates and as-

signed them to distinct transcriptional states using a previously

published scRNA-seq reference24, including undifferentiated

NMPs (extant NMPs), early and advanced neural tube as well

as paraxial mesoderm and their more mature somitic cell types

(i.e., sclerotome-like and dermomyotome-like). As a model of

the posterior embryo, TLSs also produce other primitive streak

derivatives, such as the endoderm, endothelium, and primordial

germ cell-like cells (PGCLCs)24 (Figure 2B).

Our initial replicates were composed of Cas9-GFP+ (recording)

and Cas9-GFP� (control) cells, allowing us to evaluate recording

performance and lineage representation between the two sub-

populations. For TLS1 (median UMIs = 27,139, median genes =

4,985), we recovered 1,221 Cas9-GFP transcript-positive cells

(34.1%), which were similarly distributed across TLS cell states

compared with GFP� cells (Figures S2A–S2E). Globally, 1,836

cells in TLS1 acquired at least one edit (51.3%, 4.67 mean indels

per cell). For TLS1, we recovered 464 indels, 722 alleles, and 968

complete lineage barcodes, respectively, with many alleles

shared across cell states as an indication of common ancestry

(Figures S2A and S2F–S2L).

Next, we constructed complete single-cell-resolved phylog-

enies of TLS development using Cassiopeia, which builds line-

age trees by maximum parsimony (Figures S2M and S2N; STAR

Methods).39 Our optimal tree harbors 665 ‘‘nodes’’ (represent-

ing bifurcating trajectory events), with a maximum and average

tree depth of 9 and 3.39 nodes, respectively (Figures 2C and

S2M–S2O). We further tested the statistical significance of

shared ancestry by comparing our tree against 500 randomly

shuffled backgrounds (Figure S2P). Notably, our second
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Figure 1. Molecular recording in trunk-like structures

(A) Schematic representation of the Tracer mESC line. intBC, integration barcode; pA, polyadenylation signal; PB, piggyBAC.

(B) Wide-field fluorescent and bright-field images of Tracer mESCs before and after Cre-mediated Cas9 induction. Scale bars, 20 mm.

(C) Workflow for evaluating editing efficiency across 5 days.

(D) Percentage of intact target sites (TSs) (red, right axis) and number of unique alleles (black, defined as the combined mutational profile of the three target sites

within the cassette) in activated Tracer mESCs. Each line represents a target site cassette connected to a single intBC.

(E) Workflow for trunk-like structure (TLS) generation from Tracer mESCs.

(F) Confocal sections showing marker gene localization in Tracer TLS alongside TS (mCherry) and Cas9 (GFP) expression. Number of analyzed structures

indicated on the bottom left. Scale bars, 100 mm and 50 mm for the magnification.

(G) Maximum intensity projections showing SOX2 and T localization in Tracer embryoid bodies (EB) and gastruloids alongside TS (mCherry) and Cas9 (GFP)

expression. 43/48 (89.5%) Tracer gastruloids elongated. Scale bars, 100 mm.

(H) Maximum intensity projections showing cardiac troponin (cTnT) and CD31 localization in Tracer cardiac gastruloids alongside TS (mCherry) and Cas9 (GFP)

expression. Magnifications show the development of a cTnT+ cardiac mesoderm domain and of CD31+ hemogenic endothelium. 38/48 (79.1%) Tracer cardiac

gastruloids displayed a beating contractile domain. Scale bars, 100 mm.

See also Figure S1.
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replicate showed highly similar results (Tracer TLS2) (Figures

S2Q–S2W).

TLS trees showmultiple branches emanating directly from the

root, which we term ‘‘clones’’ that likely reflect individual mESC
founder cells (Figures S3A–S3C, n = 53 and 85 clones for TLS1

and 2, respectively). Individual clones are complex and variable,

including in the overall number of nodes, cells within a clone and

cell states generated (Figures S3A–S3C). Generally, the number
Developmental Cell 59, 1–17, June 17, 2024 3
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of different cell states produced by an ancestral clone correlates

with the number of total progeny, with larger clones composed

of more cell states (Figures S3C and S3D). However, both TLS

replicates contained several outlier clones comprised solely of

PGCLCs, suggesting an early restriction event consistent with

in vivo observations40,41 (Figure S3D).

The neural and somitic lineages are connected through
a common progenitor
To derive general properties about TLS development, we exam-

ined features of individual nodes, including their overall compo-

sition as they proceed from root to leaf (Figures 2D and S3E).

Each node represents a branching event from a progenitor cell

to its daughters, such that steps where cell-state composition

changes reflect captured differentiation events. Using this

concept, we classified our nodes according to their develop-

mental output, including ‘‘pluripotent’’ (comprising all major line-

ages and cell states), ‘‘germ layer restricted’’ (producing all three

germ layers, but excluding PGCLCs), ‘‘bipotent’’ (capturing neu-

ral and somitic lineages), or ‘‘lineage specific’’ (only generating

states belonging to PGCLCs, endoderm, neural, or somitic)

(Figures 2D and S3E). This categorization shows a clear, gradual,

and lineage-specific restriction of developmental potential along

the paths of the tree (Figures 2D–2F, S3E, and S3F). In particular,

PGCLC-containing nodes are located near the root, suggesting

early and irreversible commitment of this cell type. Similarly,

germ-layer-restricted nodes tend to resolve into endoderm-spe-

cific and bipotent nodes, with the latter branching into neural and

somitic restricted trajectories (Figures 2D–2F and S3E).

Notably, bipotent nodes are highly abundant in TLS (n = 203/

665 and 226/1,023 for Tracer TLS1 and 2, respectively), support-

ing the existence of a large bipotent progenitor pool as described

for NMPs in vivo and in vitro24,25,29,32,33 (Figures 2D–2F and S3E).

Neural and somitic connectivity through NMPs is also statisti-

cally supported against a null, randomly shuffled model that

holds cell type composition and tree topology constant and shuf-

fles the identity of cells around the tree (p value = 0.039, STAR

Methods). This analysis also supported the gradual and hierar-

chical restriction of differentiation outcomes from root to leaf,

with pluripotent progenitors rapidly diminishing from the roots

forward, germ-layer progenitors enriched within the early por-

tions of the trees, bipotent progenitors occupying more internal

branches, and both neural and somitic progenitors existing
Figure 2. Reconstructing developmental pathways and clonal historie

(A) Workflow for single-cell RNA sequencing (scRNA-seq) recovery of (1) trans

mutation profiles of the ten target site cassettes) in each cell. Bright-field image of

A, anterior; P, posterior. Scale bars, 100 mm.

(B) UMAP (uniformmanifold approximation and projection) of Tracer TLS colored

(C) Reconstructed lineage tree from 1,836 Tracer TLS cells, comprising 665 interna

Black arc and colorized branches highlight the subclone displayed in (D).

(D) Phylogenetic subtree demonstrating the progressive restriction into the paraxi

indicate progenitor nodes colored based on their progeny.

(E) Number of each progenitor node/class in the Tracer TLS tree. Pie chart highl

(F) Violin plot showing the clone-normalized distance for each progenitor class a

boxes the interquartile range, and edges the full range.

(G) Minimum evolutionary coupling between cell states in Tracer TLS. Heatmap s

and other cell states ("target", STAR Methods). Hierarchical clustering recapitula

(H) Schematic representation of sequential differentiation events as extracted fro

See also Figures S2 and S3.
closer to the leaves (Figure S4F). By aggregating the minimal

path distance between every cell and its closest neighbor for

each transcriptional state (‘‘minimal evolutionary coupling,’’

STAR Methods), we find that both PGCLCs and the endoderm

are clear outliers. In contrast, major embryonic trunk derivatives

are more closely interconnected, with short but distinct somitic

and neural clusters that appear to interact through extant

NMPs (Figures 2G, S3G, and S3H).

Overall, our second replicate recovered similar relationships,

with a key exception being an evident switch in the connectivity

between endothelial cells and somites, which deeper investiga-

tion highlighted to be specific to the sclerotome-like subpopula-

tion (Figures S3G, S3I, and S3J). Importantly, a somitic origin for

some endothelial cells has been observed in vivo to ensure func-

tional diversification of vasculature in developing trunk muscles,

whichwould be consistent with the endothelium’s changing rela-

tionship to the embryonic trunk as structures mature.42,43 Taken

together, our lineage data highlight the utility of molecular re-

corders to generically reconstruct sequential transitions in line-

age potential. We find that the relationship between cell states

along the reconstructed tree provides a simple in toto assess-

ment of both hierarchical and convergent developmental trajec-

tories, such as those that shape the developing trunk (Figure 2H).

NMPs share transcriptional signatures with their recent
progeny
Our investigation supports NMPs as a major progenitor popula-

tion that creates both the neural and somitic lineages. We next

sought to ask questions related to the dynamic relationship be-

tween progenitor populations and their differentiated products,

both in terms of how individual cells relate to one another over

time as well as how individual paths combine to form complex

structures. These two considerations, the local decision-making

process of a single progenitor cell and their cumulative ability

to ensure proper morphogenesis, are key features of develop-

mental plasticity.

To improve our ability to measure these parameters, we gener-

ated a comprehensive, replicate-powered dataset via a multi-

plexing approach (Multi-seq).44 We also included an orthogonal

LentiBC library (n = 2.7 3 105 unique barcodes [BCs]) to validate

the performance of our tree-building algorithm. Overall, we recov-

ered 11 TLS replicates after FACS purification of GFP+ cells,

sequencing, and quality control, with 226.9 mean cells per
s

criptional state and (2) ‘‘lineage barcode’’ (defined as the combination of the

Tracer TLS replicate 1. Black arrowhead, neural tube. Red arrowhead, somites.

by 14 previously defined cell states from all three germ layers and the germline.

l nodes. The colorized ring indicates the cell identity of each leaf (colors as in B).

al mesoderm and neural ectoderm from an initially pluripotent progenitor. Stars

ights the progenitor states’ distribution.

s they are distributed from the root to leaf. White dot represents the median,

hows the median minimum pairwise distance for each cell (‘‘source’’) to its own

tes an expected developmental trajectory for the embryonic trunk.

m our tree-based reconstruction.
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replicate (Figures 3A, 3B, and S4A–S4F). We generated an addi-

tional experimental cohort treated with WNT activator

(CHIR99021) and BMP inhibitor (LDN193189) over the final 24 h

of TLS development (hereafter "Tracer TLSCL"), a perturbation

that results in a strong morphological phenotype24 that we will

describe in greater detail below.

Mature TLSs still include small populations of undifferenti-

ated, extant NMPs that show substantial connectivity to differ-

entiated cell types within the tree. Because cell potential and

molecular state cannot be measured simultaneously, we

instead estimated ‘‘state-to-fate’’ relationships by evaluating in-

dividual NMP transcriptomes according to their closest phylo-

genetic neighbors as a proxy for their most recent differentiation

event (Figure S4G). We assigned NMPs into five distinct clas-

ses: (1) self-renewing (if alone in a branch or only connected

to other extant NMPs), (2) bipotent (if connected to both neural

and somitic cells), (3) neural, (4) somitic, and (5) unassigned

(if connected with one of the other TLS states) (Figure S4G).

Overall, NMPs in different classes show a high degree of tran-

scriptional similarity (including expression of canonical NMP-

defining genes such as Sox2, T, Cdx2, and Nkx1-2).36 We could

nonetheless identify genes that were reciprocally up- or down-

regulated when comparing neural against somitic NMPs,

including WNT-associated ligand R-spondin-3 (Rspo3) and

fibroblast growth factor 17 (Fgf17) in NMPs with somitic neigh-

bors and genes such as Iroquois homeobox 5 (Irx5) and Cad-

herin 6 (Cdh6) in neural NMPs (Figure 3C). Notably, these genes

are heterogeneously expressed within individual cells in the

posterior region of 96-h TLSs, as measured by RNA fluores-

cence in situ hybridization (RNA-FISH), suggesting subtle mo-

lecular fluctuations within the NMP pool that may reflect their

changing potential (Figure 3D).

To improve our resolution of the differentiation process, we in-

tegrated our Tracer TLS data with a transcriptional pseudotime

axis of TLS formation from 96 to 120 h24 (Figures 3E and S4H;

STARMethods). There, our distinct NMP classes also show sub-

tle but consistent transcriptional differences, with somitic NMPs

sharing higher transcriptional similarity to the somitic lineage
Figure 3. Measuring transcriptional dynamics that reflect lineage alloc

(A) Workflow to evaluate progenitor dynamics in TLS.Multiple Tracer TLS and TLS

isolated from individual structures and used for Multi-seq-based scRNA-seq to sim

(B) Bright-field images of 11 Tracer TLS replicates alongside their reconstructed

(C) Volcano plot highlighting gene expression differences between neural and som

or > 0.75 between the two classes are highlighted in green and magenta, respec

in red.

(D) RNA-FISH of genes that distinguish neural and somitic NMPs within the poster

mean fluorescent intensities (MFI) per cell. N, number of structures; n, number o

(E) UMAP showing the relative position of the five extant NMP classes along the ps

replicate TLSs. Self-renewing (n = 164), bipotent (n = 20), neural (n = 117), somit

(F) Density curves showing the distribution of neural and somitic NMPs along the

immediate progeny (neural tube 1 and posterior presomitic mesoderm).

(G) Pearson correlation between indicated transcriptional modules and the fractio

between somitic and neural siblings for each node, STAR Methods). Statistically s

modules used for subsequent analysis. See Table S1 for full list of genes in each

(H) Boxplots showing module scores in neural and somitic NMPs and for clos

compared with neural, while module 7 shows the opposite trend. Boxes indicate

percentiles. Outliers are shown. aPSM, anterior presomitic mesoderm; pPSM, p

(I) Row-normalized z score heatmap showing the expression of genes belonging

are excluded). Key genes involved in somitogenesis (module 14), axial organizat

See also Figure S4.
compared with those with neural neighbors, and vice versa

(Figures 3F and S4I). Somitic and neural cells that stem from bi-

potent nodes are also transcriptionally more similar to NMPs

than those connected to other differentiated cells (Figure S4J).

We then computed discrete transcriptional modules as they

varied across our axis and identified six with significantly positive

or negative correlations between NMP transcriptional state

and local connectivity to somitic or neural cells (Figure 3G;

Table S1, adjusted p value < 0.05). Of these, modules 14 and 7

were generally enriched within NMPs but nonetheless contained

many regulators of somitogenesis (module 14) or neural induc-

tion (module 7) (Figures 3H, 3I, and S4I). Although these tran-

scriptional programs appear to reflect shared transcriptional re-

lationships between NMPs and their recently differentiated

progeny, not every module displayed the same fate-based rela-

tionship. For example, module 4 is composed of posterior Hox

genes and represents a shared, comparatively constant tran-

scriptional program across all NMP groups (Figures 3F–3I

and S4K).

Overall, our results highlight the value of intersecting transcrip-

tional and lineage measurements to establish state-to-fate

relationships between highly dynamic progenitors and their

recent cellular progeny, including the ability to identify distinct

transcriptional signatures that may explain their past

differentiation.

Individual progenitor cell decisions are weakly
constrained
Our extant progenitor analysis highlights the degree to which

transient progenitors such as NMPs may initiate divergent tran-

scriptional programs as part of their differentiation. Macroscop-

ically, we expect that these individual cellular decisions aggre-

gate to form consistent TLSs with reproducible morphological,

cellular, and transcriptional properties.24 Moreover, individual

progenitor paths must be rapidly integrated given that themajor-

ity of the morphogenetic events associated with axial elongation

in TLSs occur over the final 2 days, leaving little room for error

correction or compensation.
ation
CL (treatedwith CHIR and LDN) replicates were generated. Cas9-GFP+ cells are

ultaneously recover transcriptomic, lineage, clonal, and replicate information.

phylogenetic trees. Scale bars, 100 mm.

itic NMPs, defined as indicated in the schematic. Genes with a log2FC <�0.75

tively. Significantly differentially expressed genes (q value < 0.05) are colored

ior portion of 96 h TLS. Images are shown alongside density plots of normalized

f cells; A, anterior; P, posterior; AU, arbitrary unit. Scale bars, 5 mm.

eudotime axis. Pie chart indicates the proportion of the five NMPclasses across

ic (n = 71), and unassigned (n = 6).

pseudotime axis. Axis is restricted to a window encompassing NMPs and their

n of somitic and neural neighbors for individual NMPs (calculated as a log-ratio

ignificant modules (adjusted p value < 0.05) are marked with a black dot. Red,

module.

est derivative cell states. Module 14 has a higher score in somitic NMPs as

25th and 75th percentiles, central line the median, and whiskers 10th and 90th

osterior presomitic mesoderm; NT1, NeuralTube 1; NT2, NeuralTube 2.

to the three highlighted modules along the pseudotime axis (unassigned NMPs

ion (module 4), and neural induction (module 7) are indicated.
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To address how individual progenitor cells contribute to TLS

composition, we described each of the TLS replicates profiled

in our multi-structure dataset according to the decision-mak-

ing of individual nodes, which represent ancestral progenitor

cells. We classified each ‘‘transient progenitor node’’ accord-

ing to the cell types it produced, including: (1) self-renewing

(if composed entirely of extant NMPs), (2) bipotent (if produc-

ing both neural and somitic lineages), (3) neural, and (4) so-

mitic (Figure 4A, upper left). To ensure that structures are

described by historical progenitors and not dominated by

leaves, we focused on nodes composed of R4 cells (which

removed 861/1,526 nodes, 191/2,200 cells, and 28/143

clones in total, Figures S5A–S5D) and excluded those con-

taining other cell types. With the exception of the self-renew-

ing class, we did not include extant NMPs in our progenitor

fate assignment to avoid making assumptions about their

future potential.

The aggregate path behavior of reconstructed progenitors

within a developing TLS can be described using a ternary plot,

which summarizes how each historical progenitor node connects

the three major trunk cell states by measuring the overall fraction

of its progeny that acquire NMP, somitic, and neural fates (Fig-

ure 4A). We observe a small but distinct population of self-renew-

ing NMPs at one origin (top corner) and a larger, more broadly

distributed set of nodes with variable contributions to the TLS lin-

eages below it (Figure 4A). The aggregate distribution of individual

nodes provides further evidence for progenitor bipotentiality, as

62% of nodes produce both somitic and neural cells (bipotent,

43%–73%; neural, 8%–53%; and somitic, 0%–23% nodes per

structure, Figures 4B, S5E, and S5F). Similarly, the majority of

progenitor nodes (59.1%) also contain extant NMPs, suggesting

that they continue to proliferate and differentiate into both line-

ages throughout axial elongation (Figure 4C). From this perspec-

tive, 0.5% of nodes are self-renewing, 58.6% appear to be differ-

entiating (composed of extant NMPs connected to recently

differentiated states), and 40.9% reflect ‘‘exhaustion’’ (composed

of differentiated cell states only) (Figure 4C). Notably, the propor-

tions of distinct node classes vary between individual TLS repli-
Figure 4. Estimating the boundaries of progenitor cell decision-makin

(A) Ternary plot summarizing individual progenitor node contributions across rep

highlights the fraction of NMP, somitic, or neural cells generated by that node wi

self-renewing, (2) bipotent, (3) neural, and (4) somitic. Pie chart shows the propo

(B) Boxplot displaying the fraction of the four progenitor classes within individual

the same structure. Boxes indicate 25th and 75th percentiles, central line the me

(C) Progenitor node distribution ranked by the fraction of extant NMPs. Progenito

Each dot represents an individual progenitor node. Pie charts show the fraction

(D) Pairwise Aitchison’s distance (STARMethods) boxplot showing cell-state com

Boxes indicate 25th and 75th percentiles, central line the median, and whiskers 1

(E) Schematic of somitic (T::H2B-mCherry) and neural (Sox2::H2B-Venus) dual rep

analyzed by FACS to measure the clonal contribution to the neural and somitic lin

measurable progeny.

(F) Representative FACS plots of neural and somitic cells generated from three e

butions from all replicates.

(G) Representative UMAP and ternary plots for Tracer TLS replicates 22 and 25 s

very similar cell-state compositions, these replicates followed very distinct proge

(H) Pairwise scatter plot between cell composition (calculated using Aitchison’s

replicates down-sampled to 200 cells. Each dot represents either a within (blue,

(I) Dot plot displaying the slopes of either intra (blue) or inter (red) TLS comparis

comparisons indicates a larger change in path level distance for the same chang

See also Figure S5.
cates, both in terms of their decision-making and their connection

to extant NMPs (Figures 4B and S5E–S5I).

Our investigation of reconstructed progenitors confirms that

each TLS generally proceeds through a bipotent intermediate

but that individual progenitors contribute differently to the neural

and somitic lineages (Figures 4B and S5I). In keeping with this,

individual clones within a given TLS replicate are substantially

more variable than individual replicates are to each other, sug-

gesting that composition may primarily be regulated at the

population level (Figure 4D). We experimentally tested clonal

variability by sorting a single cell of a dual Sox2/T reporter line

that stably labels the neural and somitic lineages24 into otherwise

unlabeled mESCs (Figure 4E). With this approach, all labeled

cells in mature TLSs represent direct descendants of the initial

seeded clone. FACS analysis on individual replicates recapitu-

lated our tree-based findings, including a broad range of clone

sizes and individual contributions to neural and somitic progeny

(Figure 4F).

Progenitor plasticity is considered a feature of regulative

development and appears to be represented by our path-level

observations during axial elongation. For example, despite

consistent cellular and morphological outcomes, ternary plots

differ substantially between replicates, suggesting that the de-

cision framework of individual progenitor cells—to self-renew

or differentiate into one of two distinct outcomes—is some-

what weakly constrained. The repertoire of individual cellular

decisions instead appears broad to the point that each TLS fol-

lows a unique collection of differentiation paths (Figures 4G,

S5E, and S5J). However, these findings could be confounded

by several forms of measurement error, including our selection

of one individual tree from many potential candidates that

describe our mutational data (tree building) or the fact that

each recorded tree represents a subsample of the overall

structure (sampling). To address the former issue, we gener-

ated 30 randomly seeded trees from each individual TLS and

compared how they differ within and across structures (Fig-

ure S5K). We observe that path-level metrics are similar

within structures but deviate substantially across them,
g

licates. Diameter scales with the number of nodes, and position along the plot

thin the tree (schematic). Colors highlight the four major progenitor classes: (1)

rtion of progenitor classes across replicates.

replicates. White dot represents a single replicate, and lines connect data from

dian, and whiskers 10th and 90th percentiles.

r nodes are classified as (1) self-renewing, (2) differentiating, or (3) exhausted.

of somitic and neural progeny produced within each class.

position differences within clones of the same structure or between structures.

0th and 90th percentiles. Outliers are indicated.

orter line and workflow for assessing clonal contributions. TLSs are individually

eages from single-seeded reporter cells. 13/86 clones (displayed in F) provided

ngrafted clones, as well as the clone sizes (n of cells in the clone) and contri-

hown alongside down-sampled ensembles of 30 reconstructed trees. Despite

nitor choices.

distance) and path (cumulative node distances in the ternary plot) for five TLS

intra) or across (red, inter) replicate comparison. Lines represent the linear fit.

ons for each distribution plotted in (H). The larger slope for across-structure

e in composition. The line indicates the mean.
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suggesting that our molecular recording data build consistent

trees (Figure S5K).

Toquantify the effects of sampling,wedown-sampled5 individ-

ual TLSs to the same cell number and reconstructed 30 trees per

structure. Down-sampling changes both cell composition and

tree topology for each structure, providing the opportunity to

investigate the relationship between path (tree) and composition

(cell identities) against a null model of within-replicate compari-

sons. Effectively, this method allows us to ask how much of the

observed differences in path (measured by cumulative node dis-

tances in the ternary plot) are attributable to compositional differ-

ences (calculated using Aitchison’s distance on cell-state propor-

tions, STAR Methods). As expected, path and composition are

correlated, but across-structure comparisons showa larger differ-

ence in path usage for the same change in composition, support-

ing the general notion that developing systems can accommodate

diverse ensembles of individual progenitor cell decisions

(Figures 4H and 4I). Globally, these results suggest that individual

TLSs proceed via highly divergent progenitor paths that nonethe-

less converge toward robust developmental outcomes.

Modulating progenitors’ renewal and differentiation
decision-making
Although individual progenitors appear to follow widely vari-

able paths without compromising the overall phenotype, pro-

genitor cell decision-making must still have boundaries to pre-

vent the emergence of aberrant morphologies. To explore how

these boundaries may involve the signaling microenvironment,

we examined the 10 Tracer TLSCL replicates recovered after

quality control (Figures 3A, S6A, and S6B). The TLSCL condi-

tion favors mesodermal and blocks neural differentiation

through hyper-activation of WNT and inhibition of BMP

signaling, in line with the known roles of these morphogen gra-

dients during axial elongation.24 Morphologically, this results in

structures that lack distinct and organized neural tubes and

form supernumerary, hyper-epithelialized somites24 (Figures

5A, 5B, S6C, and S6D). Our scRNA-seq data confirmed these

changes in cell-state composition across our replicates,

including an increased fraction of extant NMPs compared to

TLS controls (Figures 5B, S6D, and S6E).

Our path-dependent metrics highlight the large degree to

which environmental cues can alter progenitor cell decision-

making (Figures 5B, 5C, and S6F–S6J). Ternary plots show a

consistent and population-wide shift in TLSCL node distribution

toward somitic and away from neural and bipotent states, a

bias also observed at the level of extant progenitors (Figures

5C–5E, S6F, and S6G). Notably, beyond simply changing the dif-

ferentiation of NMPs, TLSCL branches are more connected to

extant NMPs, with a corresponding increase in the proportion

of clonally self-renewing nodes (Figures 5E, 5F, and S6H–S6J).

These transitions are consistent across individual replicates,

indicating an overall change in the progenitor path distribution

that ultimately dictates their altered morphology.

We conclude that, despite having a broad distribution of

possible outcomes, the transient coordination of axial progenitors’

behaviors is nonetheless controlled by exogenous factors and is

extremely sensitive to signaling modulation, which can ultimately

distort the elongating trunk toward developmental phenotypes.

Moreover, these effects appear to influence the transitionbetween
10 Developmental Cell 59, 1–17, June 17, 2024
renewal and differentiation rather than change the progenitors’

latent potential, a concept we explore in greater detail below.

Progenitor cell differentiation potential changes
over time
Embryonic progenitor fields shape complex structures during

temporally limited bursts of activity, a fundamentally different

property than homeostatic adult stem cell systems. These fields

likely change dynamically during morphogenesis, with co-devel-

oping cells and tissues exerting new influences on them as they

grow.45 Consistent with this idea, NMP transcriptional state tran-

sitions toward the neural portion of our pseudotime axis over the

final 24 h of TLS development, a phenomenonwe define as ‘‘pro-

genitor cell maturation’’ (Figures 6A and S7A, data taken from

Veenvliet et al.24).

To test whether these dynamic molecular signatures reflect

changes in differentiation potential, we designed an outgrowth

assay that evaluates progenitor cell decision-making as they

connect to early and late differentiation events (Figure 6B). Spe-

cifically, we recorded two sequential rounds of axial elongation

by isolating the posterior region of TLS and allowing it to grow

for an additional 24 h. Within the integrated trees, cells collected

from the first and second generations are deeply connected,

both at the clonal level (74.8% ± 4.7%) and throughout the ma-

jority of the tree, with shared progenitors localized closer to the

root compared with nodes comprised entirely of first- or sec-

ond-generation cells (Figures 6C–6E, S7B, and S7C). Further-

more, shared progenitors are predominantly multipotent, with bi-

potent nodes representing the most abundant fraction (44.9% ±

8.9%, Figures 6F and 6G).

Notably, although bipotent nodes connect both generations,

we observe a prominent shift in their output toward the neural

lineage in the second generation (76.2% ± 11.2%, Figures 6F

and 6G), consistent with the transcriptional dynamics of NMPs

over time. Furthermore, inter-generational recording of TLSs

initially cultured in the CL condition appear to maintain NMP bi-

potentiality by suppressing this process; despite the biased dif-

ferentiation toward the somitic fate in the first generation, a high

fraction of shared progenitors in TLSCL are still bipotent (41.6%±

3.4%), indicating that the neural lineage is generated from the

same progenitor pool that contributed to the somitic lineage in

the first generation (Figures 6H and S7D–S7F). Initial treatment

with CL also extends somitic differentiation into the second gen-

eration, further supporting a delay in the system’s maturation to-

ward a more neural-dominant state (Figures 6H, S7E, and S7F).

Experiments conducted using our Sox2/T dual reporter line

further support a transition to a neural-biased fate as well as

the re-establishment of bipotentiality after CL withdrawal (Fig-

ures 6I and S7G–S7K).

Our chemical modulation appears to extend the temporal win-

dow of progenitor cell bipotentiality, seemingly by blocking spe-

cific differentiation inputs on the NMP pool. To examine the sta-

bility of these conditions, we performed a long-term explant

experiment where we serially isolated the posterior portion of

TLS or TLSCL structures and continuously maintained them in

either standard (TLS) or somite-supporting (TLSCL) conditions

(Figure 6J). Compared with the control, re-plating explants in

TLSCL conditions enabled longer-term axial elongation for up

to six generations, including the ability to make properly shaped
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(C) Ternary gradient plots showing the progenitor node distribution in TLSCL as they compare to TLS. Differential analysis identifies a continuous shift toward the
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Figure S4G.

(F) Cumulative distributions for TLS and TLSCL nodes ranked by the fraction of extant NMPs.

See also Figure S6.
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somites in the second generation (Figures 6J, red arrows, and

6K). However, all structures eventually converge to a neural-

only phenotype, indicating that these conditions are only partially

capable of stabilizing a bipotent NMP field (Figures 6J, 6L,

and S7L). In sum, our investigation highlights the mechanisms

through which transient progenitor fields mature through a

period of heightened environmental sensitivity.

DISCUSSION

In this work, we combined stem cell-derived embryonic models

with a high-content molecular recorder to evaluate transient
progenitor cell dynamics. Specifically, we quantitatively decode

macroscopic features of axial elongation and trunk tissue

morphogenesis by describing them as a function of individual

progenitor cell behaviors.We find that progenitor pools undertake

highly distinct individual paths, the ensemble of which converge

to robust cellular and morphological phenotypes. By prioritizing

cell fate outcomes, we are able to describe the concept of cellular

plasticity according to two related parameters—progenitor cell

dynamics (self-renewal, differentiation, and exhaustion) and dif-

ferentiation output (bipotent, neural, and somitic)—as well as

recover their general distributions over time. We further apply

this framework to determine the specific effects of signaling
Developmental Cell 59, 1–17, June 17, 2024 11
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Figure 6. Progenitor cell decision-making changes as a function of time

(A) Density curves showing the distribution of NMPs recovered at 96, 108, and 120 h of TLS formation along the pseudotime axis from Figure 3D.

(B) Experiment to functionally test the differentiation potential of trunk progenitors over two consecutive generations.

(C) Reconstructed lineage tree of a single inter-generational experimental replicate. Dark red branches include cells from both generations. Outer ring highlights

the cell state for each leaf, inner ring indicates the generation where the cell was sampled.

(D) Venn diagram showing the fraction of clones that are comprised of cells from both generations.

(legend continued on next page)
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pathways, demonstrating how environmentally induced pheno-

types arise by tuning the rates between self-renewal and differen-

tiation. From a technological perspective, we envision that our

Tracer mESCs will serve as a valuable platform for other complex

in vitro differentiation systems, including the rising number of

embryoid models21,23 and those recently described for studying

human development.46–51 As with many higher order features of

cellular differentiation, the ability to recover and quantify progen-

itor cell behaviors may open new opportunities to connect spe-

cies-specific dynamics of axial progenitor populations to their un-

derlying genetic and regulatory networks.52

Our biological findings have implications for understanding

how developmental progression can be finely tuned to produce

a complex body plan despite the apparently loose regulation of

individual cells, including how developmental robustness might

itself be encoded. Recent studies have found evidence of clonal

transcriptional and functionally stable heterogeneity during em-

bryonic and adult hematopoiesis, which appears instrumental

to maintaining cellular diversification in blood over time.18–20,53

In contrast to these systems, we find that transient progenitor

populations proliferate and differentiate in a manner where the

ultimate structure is composed of many diverse paths, suggest-

ing that self-regulation and feedback may act on the population

level instead of carefully monitoring individual cell behaviors.

These findings would be consistent with detailed efforts to deter-

mine the spatial, niche-like morphology of the embryonic trunk,

where NMPs appear to be spatially influenced by multiple

distinct signaling gradients.31,36,45 Similarly, our multigenera-

tional results capture the degree to which progenitors change

their differentiation output over time (Figure 7). In particular, the

apparent transcriptional and functional maturation of NMPs to-

ward the neural lineage would represent a non-homeostatic

and distinct feature of this system that imposes an intrinsic

and irreversible temporal window. The transcriptional instability

of these cells may also explain historical challenges to indefi-

nitely propagate this state in culture.54 How NMP dynamics

evolve to support embryogenesis in vivo remains an open ques-

tion, particularly across species where the duration, number, and

transcriptional stability of this field may change to meet the

needs of distinct body plans. More broadly, the dynamic

tunability of NMP pools may also be reflective of the early gastru-

lation window’s sensitivity to genetic and environmental inputs

that can otherwise lead to life-spanning congenital

disorders.55,56
(E) Schematic of progenitor classification by their relationship to the first and secon

generations) or (2) generation-specific (comprising cells from a single generation

(F) Alluvial plot displaying the connectivity between bipotent nodes when describ

(G) Violin plots show the clone-normalized distance for each progenitor class a

abundance within shared or generation-specific portions of the tree. White dot r

(H) Violin plots as in (G) for the TLSCL experiment.

(I) Fluorescent and bright-field images of representative TLS and TLSCL replicates

TLSCL are predominantly somitic in generation 1, neural differentiation is resto

bars, 100 mm.

(J) Fluorescent and bright-field images of representative TLS and TLSCL replica

cultured in the condition indicated after the arrow for the rest of the serial expla

shaped somites. N = 5 structures showed a comparable pattern. Scale bars, 10

(K) Survival curves showing the number of structures that preserve axial elongat

(L) Heatmaps showing the row Z score normalized mean fluorescent reporter int

See also Figure S7.
Although our work highlights the benefit of describing struc-

tures in toto as the cumulative product of their progenitor dy-

namics, a future challenge will be to connect the complex gene

and cellular regulatory networks (GRNs and CRNs) that govern

morphogenetic processes.57 Compared with the stereotypical

development of many invertebrates, our results show substantial

macroscopic tolerance to individual cellular decisions, a prop-

erty that has also been classically observed in the mammalian

preimplantation embryo.58–60 Moreover, comparative investiga-

tion of trunk development has demonstrated that a broad range

of cellular and morphological phenotypes can stem from even

subtle deviations in gene regulation.61–66 In addition to encoding

amore robust and scalable developmental framework, the diver-

sity of body plans that are generated using highly similar genetic

pathways may reflect evolutionary mechanisms that specifically

act on population-level cellular dynamics.67 Ultimately, under-

standing how the timing and coordination of progenitor pools

is controlled by cell-intrinsic and -extrinsic inputs will require

deeper analytical strategies that incorporate these path-based

descriptions. In this manner, high-resolution fate maps may

enable deeper investigation into the effects of specific genetic,

epigenetic, and environmental variables as they interact to

shape complex embryonic structures.

Limitations of the study
Although valuable for their reproducibility and experimental flex-

ibility, TLSs still exhibit more variable morphologies and lack key

cell types found in the embryo, including axial, lateral plate and

intermediate mesodermal derivatives. Even though these line-

ages are not the expected progeny of NMPs, they likely function

as additional sources of regulation and feedback that are not

measured here. Similarly, our explant strategy relies on the

enrichment of NMP progenitors in the most posterior portion of

a TLS, but does not account for potential migratory events that

could influence our interpretation. Our method is therefore

currently suitable to study cell populations that are confined

within well-defined embryonic niches, as demonstrated for

NMPs, but would require additional spatial information to ac-

count for these and other aspects of morphogenesis.

Technically, our system is tuned for the rapid dynamics of early

development, which requires continuous accumulation of muta-

tional information over defined windows. We selected our Tracer

mESC line based on the recorder’s minimal effect on cellular

toxicity or differentiation potential, but we cannot rule out subtle
d generations. Progenitors are classified as (1) shared (comprising cells of both

and stemming from a shared progenitor).

ed using all or generation-specific cells (STAR Methods).

s they are distributed from root to leaf and weighted to reflect their relative

epresents the median, boxes the interquartile range, and edges the full range.

(generation 1) alongside their explants and outgrowths (generation 2). Although

red in generation 2. N = 8 structures showed a comparable pattern. Scale

tes (generation 1) alongside their multi-generation outgrowths. Structures are

nts. Black windows indicate failed axial elongation. Red arrows indicate well-

0 mm.

ion for each generation and condition. N = 5 structures per condition.

ensities for the indicated culture conditions over consecutive generations.
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influence on cellular fitness during differentiation. This and other

aspects of molecular recording—including the stochasticity in

indel formation, their incomplete recovery, and the complexity

in tree reconstruction—remain current limitations for the field.

However, our analytical framework and future development of

newmethods should only improve the ability to reconstruct com-

plex progenitor cell paths.
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Deposited data
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Experimental Models: cell lines
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T::H2B-mCherry/Sox2::H2B-Venus reporter mESCs Veenvliet et al.24 N/A

Tracer mESCs This study N/A

Oligonucleotides

See Table S1

Recombinant DNA/Cloning

Rosa26-LSL-Cas9-GFP-gRNAs This study N/A

Lineage tracing piggyBac library This study N/A

LentiBC library This study N/A

PacI New England Biolabs Cat# R0547S
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NotI New England Biolabs Cat# R0189S
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Software and Algorithms

Fiji Open source https://fiji.sc/
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en/products/software/zeiss-zen.html

R v.3.6.3 R https://www.npackd.org/p/r/3.6.3

Python 3.9.11 Python https://www.python.org/downloads/

release/python-3911/

Prism 8 Graphpad https://www.graphpad.com/features

FlowJo BD https://www.bdbiosciences.com/en-us/
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ll
Article

Please cite this article in press as: Bolondi et al., Reconstructing axial progenitor field dynamics in mouse stem cell-derived embryoids, Developmental
Cell (2024), https://doi.org/10.1016/j.devcel.2024.03.024
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Michelle

M. Chan (mmchan@princeton.edu).

Materials availability
The Tracer mESC line should be directly requested to and will be fulfilled by Adriano Bolondi (bolondi@molgen.mpg.de) or Alexander

Meissner (meissner@molgen.mpg.de).

Data and code availability
Raw and processed data can be downloaded from GEO under accession number GSE220949. Code used to reproduce the pre-

sented analyses is indexed on https://github.com/ReneBuschow/AB_2022 or on https://github.com/BenjaminKLaw/TLS_Project

(https://zenodo.org/doi/10.5281/zenodo.10791342). Any code or additional information required to reanalyze the data reported in

this work is available from the lead contact upon request. All data are available in the main text or the supplemental information.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
All cell lines used are male and derived from an F1G4 genetic background.68 Mouse embryonic stem cells (mESCs) were cultured as

previously described.24,37 Briefly, mESCs were routinely maintained on 6cm plates (Corning, 430166) gelatinized with 0.1% gelatin

(1:20 dilution of 2% gelatin (Sigma, G1393) in tissue-culture grade H2O) and coated with mitotically inactive primary mouse embryo

fibroblasts (3-4x104cells/cm2) with standard mESC medium containing 15% FCS and 1000 U/ml leukemia inhibitory factor (LIF,

Chemicon ESG1107) at 37�C and 5% or 7.5% CO2. mESCs were split every second day with a dilution suitable to the proliferation

velocity (between 1:5 and 1:9). mESC+LIF medium was refreshed daily. For splitting, media was aspirated and cells were washed
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once with PBS and trypsinized (Tryspin-EDTA (0.05%) (Gibco, 25300054)) for 5-10 min at 37�C. Trypsin was neutralized by 3ml

mESC+LIF and cells centrifuged for 5 min at 1000 rpm, after which the pellet was resuspended in mESC+LIF. For freezing of mESCs,

cell pellets were resuspended in mESC medium with 20% FCS, and mixed in a 1:1 ratio with mESC freezing medium. Cells were

frozen down o/n in the –80 �C and transferred to liquid nitrogen the next day.

METHOD DETAILS

Rosa26 targeting vector construction
The Rosa26 targeting vector includes two separate cassettes. The triple-sgRNA cassette that contains three individual sgRNAs

(Ade2-1, Bri1-3 and WhtB-3) was constructed using four-way Gibson assembly (NEB), as previously described.14,69 The 3xsgRNA

cassette was then PCR amplified from the vector using the following primers:

oDY234: ctgcaactccagtctttctagccttaatCGTGACCGAGCTTGTCTGC

oDY235: gattcctgcagaattgtttaaacggttaAAAAAAAGCACCCGACTCGGGTG

and introduced by Gibson assembly into a PacI-digested Rosa26 LSL-Cas9 Targeting Vector.70

Individual sgRNA oligos:

Ade2-1-Top: TTGGTCCTTTGTACGCCGAAGAAGTTTAAGAGC

Ade2-2- Bottom: TTAGCTCTTAAACTTCTTCGGCGTACAAAGGACCAACAAG

Bri1-3-Top: ATGGTTGGATCATAACGATATCTCGTTTCAGAGC

Bri1-3-Bottom: TTAGCTCTGAAACGAGATATCGTTATGATCCAACCATGTTT

WhtB-3-Top: ATGGCAGAAGCTATTAATTCGCGGGTTTAAGAGC

WhtB-3-Bottom: TTAGCTCTTAAACCCGCGAATTAATAGCTTCTGCCATAAAC

PiggyBac library construction
The PiggyBac transposon vector wasmodified from DY001 (Yang et al.16). Briefly, DY001 was digested with XbaI and NotI to remove

the previous triple sgRNA cassette, and then filled in with Gibson assembly using the following gene fragment.

Gene fragment 1: GACTGGATTCCTTTTTTAGGGCCCATTGGTCTAGACGTTAGGCGGCCGCGTTTAAACATGGCTTTTTCCCCG

LentiBCs lentiviral library generation
pLV_EBFP2_nuc plasmid (Addgene #36085) was digested using BsmBI and ClaI in order to remove the CMV promoter. The linear-

ized backbone was then purified and a full length EF1a promoter was cloned using NEBuilder HiFi DNA Assembly Master Mix ac-

cording to the manufacturer’s instructions. Bacterial transformation followed by Sanger sequencing verified the successful cloning.

Next, the LentiBCs library was cloned as previously described20 with some modifications. Briefly, EF1a-modified pLV_EBFP2_nuc

plasmid was first linearized using KpnI and then purified. A single strand LentiBCs library cassette (IDT) with the following sequence

LentiBC fragment:

5’CCTCCCCGCCTGGAATTCGAGCTCGGTACGACCTCCCTAGCAAACTGGGGCACAAGATNNNNCTNNNNACNNNNTCNNNNG

TNNNNTGNNNNCANNNNCGTACCTTTAAGACCAATGACTTACAAGGCA3’

was next cloned into the linearized backbone using two independent NEBuilder HiFi DNA Assembly Master Mix reactions (0.05

pmols linearized plasmid + 2 pmols single strand LentiBCs library each). The two reactions were then pooled and plasmid DNA pu-

rified using Zymo column DNA clean and concentrator kit into 10ml TE buffer (10mM TRIS pH7.5/1mM EDTA). Next, MegaX DH10B

competent cells (Thermo, C6400-03) were used for electroporation with Gene Pulser electroporator (2.0kV, 200 Ohm, 25uF). Four

independent electroporation reactions were performed using 1ml purified assembly material each followed by bacterial recovery

for 1 h at 37�C in SOCmedium. Half of each recovered culture was added to 400ml of ampicillin-enriched culture for a total of 4 flasks.

Bacteria were allowed to grow for 6 h, after which cultures were pooled and bacteria used for Maxi Prep to extract LentiBCs plasmid

library. The obtained library was quantified using Qubit� dsDNA HS- Kit (Thermo, Q32851) and used for viral particles preparation.

LentiBCs viral particles preparation
For viral particles preparation, 4.5x106 HEK293T cells were seeded in each 10cm dish one day prior to transfection. The following

day, each dish was transfected using 50ml LipoD293 DNA In Vitro Transfection Reagent (Signagen, SL100668) and a roughly equi-

molar ratio of Pax2:VSVG:LentiBC plasmid library (1:1:1 / 7mg:3.5mg:7mg). The next day, transfection reagent-containing media was

discarded and replaced with 10ml mESC+LIFmedium. The following two days, viral supernatant was filtered through a 45mmstrainer

and collected at 4�C. After the second harvesting day, viral supernatant was supplemented with PEG-it virus precipitation solution

(SBI, LV810A-1) (5ml for each 20ml media) for 24 h at 4�C. Viral particles were finally precipitated by centrifugation at 3234g for 1 h at

4�C. Viral precipitates were resuspended in 500ml mESC+2xLIF medium and used directly for Tracer mESCs transduction (see sec-

tion below). The entire lentivirus preparation and storage was carried out under S2-safety conditions and pre-cautions.

Generation of Tracer mESCs
F1G4mESCs were thawed and cultured in Serum/LIF condition for two passages before transfection (see "Cell lines" section). At the

second split, cells were transfected using Xfect mESC Transfection Reagent (Takara, 631320) following themanufacturer instruction.

Briefly, 2x105 MEF-depleted mESCs were plated in a 0.2% gelatin coated well of a 12-well plate 5 h prior to transfection. After 5 h,
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cells were transfectedwith 3mg of plasmid DNA (2mgRosa26-lox-STOP-lox-Cas9-T2A-GFP-gRNAs donor/1mg pX459-Rosa26 gRNA

expressing vector) in order to knock in the construct in the Rosa26 locus. MEFs were plated on top of the transfected mESCs 3 h

post-transfection. After 48 h, culture was supplemented with Neomycin (G-418, 200mg/ml) for up to a week to select for successfully

integrated clones. Monogenic subclones were manually picked, propagated and genotyped for correct integration. A single hetero-

zygous clone was selected and expanded for further intBCs integration.

For intBCs integration, the same transfection protocol was used with the following modifications. Briefly, 2x105 MEF-depleted

Rosa26-lox-STOP-lox-Cas9-T2A-GFP-gRNAs mESCs were plated in a 0.2% gelatin coated well of a 12-well plate 5 h prior trans-

fection. After 5 h, cells were transfected with 3mg of plasmid DNA (2mg PiggyBac EF1a-mCherry-intBC-TS1-TS2-TS3 transposon/

1mg Transposase-BFP) following the manufacturer instructions. MEFs were plated on top of the transfected mESCs 3 h post-trans-

fection. After 48 h, cells were sorted to enrich for highly mCherry+ cells and plated back as single cells at low density onMEFs to allow

for colony picking. Monogenic subclones displaying homogeneousmCherry signal weremanually picked andmCherry intensity veri-

fied using FACS after oneweek of expansion. Copy number integrations for the selected clonewas then verified by qPCR (see ‘‘qPCR

and FACS-based prediction of intBC copy number’’ section).

Generation of Tracer mESCs containing the LentiBCs
Tracer mESCs were dissociated with Accutase (Sigma-Aldrich, A6964) for 4 min at 37�C, following by MEF depletion on a gelatin-

coated 10cm dish for 45min at 37�C. In the meantime, a full 12-well plate was coated with 0.2% gelatin solution for 20 min at RT, and

wells were then washed twice with 1xPBS. MEF-depleted Tracer mESCs were then collected, counted and seeded at a density of

1x105 per well in 500ml mESC+2xLIF medium. Cells were left undisturbed for 6 h in the incubator at 37�C. Next, culture medium was

replaced by viral supernatant (see section LentiBCs viral particles preparation) supplemented with 8mg/ml Polybrene infection re-

agent (MerckMillipore, TR-1003-G). Transduction was carried on overnight (viral supernatant from one full 10cm dish were used

for each well). The following day, 3x105 MEFs were seeded in each well on top of the transduced Tracer mESCs. Successfully trans-

duced cells were FACS purified using FACS Aria Fusion (Becton Dickinson) enriching for BFP+ cells four days after transduction.

Sorted cells were next allowed to grow for one passage and frozen in stocks for subsequent experiments.

Generation of Tracer trunk-like structures
Trunk-like structures (TLS) were generated as previously described24,37 with some modifications to activate Cas9-based molecular

recording. Briefly, mESCs were trypsinized on the feeder plate as described above and washed with mESC+LIF. Cells were pelleted

by centrifugation at 1000rpm for 5 min at room temperature and resuspended in 2ml mESC+LIF. On three gelatinized (0.1% gelatin)

wells of a 6-well plate, cells were sequentially plated for 25 min, 20 min and 15 min during which cells were kept in the incubator at

37�Cand 5%or 7.5%CO2.With each transfer, cells were triturated tomaintain a single cell suspension.mESCswere then pelleted by

centrifugation for 5min at 1000rpm and resuspended in 500ml of mESC+LIFmedium. 10ml of the cell suspension wasmixed with 10ml

of Trypanblue (Bio-Rad 1450021) for automated cell counting with Luna Automated Cell Counter. 1x106 alive cells were then used for

nucleofection using the Amaxa 4D-Nucleofector X Kit for mESCs (Lonza, V4XP-3012) in combination with 10mg of Cre-expressing

plasmid DNA (Addgene #13775) according to the manufacturer’s instruction and the CG-104 program. Nucleofected cells were

thenwashedwith 10ml pre-warmedNDiff227 (Takara, Y40002), resuspended in 1ml NDiff227 and counted again using the automated

cell counting with Luna Automated Cell Counter. 500 cells were then plated in a volume of 30 to 40ml NDiff227 into each well of a

96-well round bottom, low attachment plate (Costar, 7007 ultra-low attachment 96 well plate (7007)). Cells were then allowed to

aggregate for 48 h. After these 48h cells were pulsed with 3mMCHIR99021 (CHIR,Merck Millipore) in 150ml NDiff227. After 72h, me-

dium was refreshed by removing 150ml of the old media and adding the same volume of new, pre-incubated (37�C and 5% or 7.5%

CO2) NDiff227. At 96h, structures were embedded in 5% Phenol-Red-Free-Growth-Factor-Reduced Matrigel (MG) (Corning,

356231). To this end, fresh NDiff227 medium was pre-incubated for at least 20 min at 37�C and 5% or 7.5%CO2. Pre-incubated me-

diumwas then put on ice for 5min, after whichMGwas added to achieve a final concentration of 5% in the culture wells. Mediumwas

then put at room temperature for 5 min, during which 150ml of old medium was removed from the aggregates. Newmedium with MG

(150ml) was then added, and the cultures were returned to the incubator and further cultured at 37�Cand 5%or 7.5%CO2. Tracer TLS

cultures were allowed to settle for at least 30 min before proceeding to further experimentation. For Tracer TLS treated with

CHIR+LDN (Tracer TLSCL), 5mMCHIR together with 600nM LDNwas added together with MG embedding and left from 96h to 120h.

TLS processing, reproducibility, and selection
The TLS protocol was developed to reproducibly generate embryoids with a clearly defined neural tube and somites.24 Under our

experimental conditions, TLS elongate and display a T positive posterior domain with 95% efficiency, develop a neural tube domain

with an 85% efficiency and show somite segmentation with an efficiency of �60%.24 Importantly, Tracer TLS exhibited similar per-

formances, as detailed in Figure S1. Tracer TLS used in this study were pre-selected before further processing based on their gross

morphologies to ensure molecular profiling and fate mapping of correctly developed structures. In particular, Tracer TLS had to be

elongated (indicating developmental symmetry breaking along a clear anterior-posterior axis), display a clear neural tube domain,

and include at least four segmented structures (somites) at one or both sides of the neural tube domain.

After 120h, a single TLS is expected to comprise on the order of 10,000 cells (based on TLS1 and TLS2 cell count measurements).

We recovered 3,577 and 5,122 high quality cells after Cell Ranger and quality control for Tracer TLS1 and 2, respectively. Of these,

1,836 (51.3%) and 2,453 (47.8%) cells had at least one edit and were sufficient for phylogenetic tree reconstruction for TLS1 and
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TLS2, respectively. Based on the estimated size of a TLS, we therefore expect our lineage data to cover roughly 20-25% of each

structure, with major sources of cell loss occurring at the experimental processing, quality control, and filtering stages.

Generation of Tracer EBs, gastruloids, and cardiac gastruloids
Tracer EBs, gastruloids and cardiac gastruloids were generated as previously described24,38 with some modifications.

Tracer EBs

500 Cre-activated Tracer mESCs were plated in a volume of 30 to 40ml NDiff227 into each well of a 96-well round bottom, low attach-

ment plate. Cells were then allowed to aggregate for 48h. After these 48h, 150ml NDiff227 were added to each well. From 72 to 120h,

mediumwas refreshed by removing 150ml of the oldmedia and adding the same volume of new, pre-incubated (37�Cand 5%or 7.5%

CO2) NDiff227. Tracer EBs were analyzed at 120h after aggregation.

Tracer gastruloids

500 Cre-activated Tracer mESCs were plated in a volume of 30 to 40ml NDiff227 into each well of a 96-well round bottom, low attach-

ment plate. Cells were then allowed to aggregate for 48h. After these 48h, cells were pulsed with 3mMCHIR99021 in 150ml NDiff227.

From 72 to 120h, medium was refreshed by removing 150ml of the old media and adding the same volume of new, pre-incubated

(37�C and 5% or 7.5% CO2) NDiff227. Tracer gastruloids were analyzed at 120h after aggregation.

Tracer cardiac gastruloids

800 Cre-activated Tracer mESCs were plated in a volume of 30 to 40ml NDiff227 into each well of a 96-well round bottom, low attach-

ment plate. Cells were then allowed to aggregate for 48h. After these 48h, cells were pulsed with 3mMCHIR99021 in 150ml NDiff227.

At 72h, mediumwas refreshed by removing 150ml of the old media and adding the same volume of new, pre-incubated (37�C and 5%

or 7.5% CO2) NDiff227. At 96h, the old media was removed and structures were pulsed with 150ml NDiff227+++ (NDiff227, 30ng/ml

bFGF (Thermo, PHG0261), 5ng/ml VEGF (R&D, 293-VE-050/CF), 0.5mM L-ascorbic acid phosphate (Sigma, A8960)). At 120h, me-

dium was refreshed by removing 100ml of the old media and adding the same volume of new, pre-incubated (37�C and 5% or 7.5%

CO2) NDiff227+++, while at 144h the old media was refreshed with normal NDiff227. Tracer cardiac gastruloids were analyzed at 144

and 168h after aggregation.

Clonal contribution to TLS
For the clonal contribution experiment, 300 F1G4 feeder-free WT mESCs were seeded in NDiff227 in each well of a 96-well plate, as

done for conventional TLS generation. Next, a single dual reporter cell, T::H2B-mCherry/Sox2::H2B-Venus, was sorted in each well

and the plate was centrifuged for 1 min at 300g. Next, TLS were generated as described above and individual structures analyzed for

clonal contributions using BD FACSCelesta Flow Cytometer as described below.

Multi-seq Tracer TLS cell preparation
Tracer TLS and Tracer TLSCL were generated as described above but using Tracer mESCs containing LentiBCs. For the Multi-seq

experiment, 12 Tracer TLS and Tracer TLSCL were picked with a p200 cut tip and transferred in a new well of a 96-well plate. Next,

structures were washed twice with ice cold PBS and trypsinized in 20ml TrypLE Express (Gibco) for 25 min in the incubator at 37�C,
pipetting every 5min to help dissociation.Multi-seq labelingwas then performed as previously described.44 Briefly, single-cell suspen-

sions of each sample were incubated with a unique BC-Lipid modified oligonucleotide ‘‘anchor’’ mix (200nM each final) 5 min on ice.

Next, a 200nM ‘‘co-anchor’’ mix was added to each sample and cells were incubated for additional 5 min on ice. The reaction was then

quenched by addition of 200ml 1xPBS/1%BSA, and cell suspensions were then washed twice with 1xPBS/1%BSA in the plate. Next,

the 24 sampleswere pooled in a 1.5ml DNA lowBind tube in 1xPBS/1%BSAand FACSpurified to enrich for theGFP+ cell population in

500ml 1xPBS/0.4%BSAusing a FACSAria Fusion (BectonDickinson). The recovered cell suspensionwas then subjected to 10x single-

cell RNA-seq using the 10x Genomics Chromium� Single Cell 3’ v3.1 (see section below).

Explant experimental procedure
For the explant experiments, TLS and TLSCL were derived as previously described using our previously published dual reporter cell

line, T::H2B-mCherry/Sox2::H2B-Venus, whichmarks the somitic and neural tube compartments in the developing trunk both in vitro

and in vivo.24 350 cells per well were seeded for these experiments. At day 5 TLS and TLSCL were imaged using the Zeiss Celldis-

coverer 7 with incubator chamber temperature set at 37�C and CO2 content at 5%. Next, the most posterior ends from eight TLS and

eight TLSCL (�10%of the structure overall) were manually dissected usingmicrodissection forceps under a stereomicroscope, using

the T::H2B-mCherry signal to confirm the uniform activity of the reporter within the posterior end. Then, each explant was transferred

in a well of an Ibidi 8-well glass-bottom plates (Ibidi 80827) using a p10 pipette with minimal transferring volume. The dissection was

carried out to include most of the posterior end, paying attention not to include any somitic structure. Pre-incubated NDiff227 me-

dium (see ‘‘generation of Tracer trunk-like structures’’ section) was then put on ice for 5 min, after which MG was added to a con-

centration of 5%. Medium was then put at room temperature for 5 min. MG-supplemented medium (200ml) was then added in

each well containing an explant, and each of the explant was repositioned in the center of each well and imaged using the Zeiss Cell-

discoverer 7 with incubator chamber temperature set at 37�C and CO2 content at 5%. Explant cultures were then returned to the

incubator and further cultured at 37�C and 5% or 7.5% CO2 for 24h. The following day, outgrowths from the explants were imaged

and fixed for immunofluorescent staining (see ‘‘whole-mount immunofluorescence’’ section).
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Long-term explant experimental procedure
For the long-term explant experiments, the same procedure described above was used for up to seven consecutive rounds of

outgrowth. From the third generation onward, posterior explants were dissected from the structure as described above.We identified

the posterior portion by its rounded shape, as the anterior tissue is generally more disorganized and has multiple protrusions. Ex-

plants from either TLS or TLSCLwere transferred either in TLS or in TLSCL conditions and outgrowths imaged every 24h for expression

of the reporters. Structures that did not show axial elongation at each explant step were not transferred further.

FACS analysis of Cas9-GFP activation in Tracer mESCs and sorting
To activate the lineage tracing system, Tracer mESCs were nucleofected as described above (see ‘‘generation of Tracer trunk-like

structures’’ section). Next, activated Tracer mESCs were seeded in individual wells of a gelatin-coated 12-well plate and each well

was analyzed over the 5-day period to quantify the percentage of Cas9-GFP+ cells. BD FACSCelesta Flow Cytometer was used for

the analysis. For themESCs timecourse experiment (Figure 1), Cas9-GFP+ cells were sorted each day along the five days to enrich for

active tracing cells and cell pellets were snap frozen at -80�C before proceeding with gDNA/RNA isolation. For the sorting and re-

plating experiment (Figure S1), 3x105 Cas9-GFP+ activated Tracer mESCs were sorted 24 h post-nucleofection and seeded in three

independent wells of a gelatin-coated 12-well plate. Each well was then analyzed to quantify the percentage of Cas9-GFP+ cells us-

ing a BD FACSCelesta Flow Cytometer at day 5 post-nucleofection. Flow cytometry data was analyzed using FlowJoV10.

FACS analysis of Cas9-GFP activation in individual Tracer TLS
Tracer TLS were generated as described above (see ‘‘generation of Tracer trunk-like structures’’ section). At day 5 post aggregation,

a full plate of Tracer TLS was washed twice with 200ml ice cold 1xPBS and then each structure was dissociated by incubation with

50ml TrypLE Express (Gibco) for 25 min at 37�C. Next, each trypsinization reaction was quenched by addition of 200ml FACS buffer

(PBS, 2%FBS, 0.5mM EDTA), followed by plate centrifugation at 300g for 5 min at 4�C. Each pellet was resuspended in 50ml FACS

buffer and the full plate was subjected to FACS analysis using the HTS plate reader in a BD FACSCelesta Flow Cytometer. Percent-

ages of Cas9-GFP+ cells per Tracer TLS were later analyzed using FlowJoV10.

Whole-mount immunofluorescence
Wholemount immunofluorescencewas performed as previously described.24 Individual Tracer TLSwere picked using a p200 pipette

with the tip cut-off at the 50ml mark and transferred to either 96-well plates (Costar, 3596) or Ibidi 8-well glass-bottom plates (Ibidi,

80827). Tracer TLS were washed twice with PBS + MgCl2 and CaCl2 + 0.5% BSA (Sigma, A8412), once with PBS, and then fixed in

4% PFA for 1h at 4�C on a rocking platform. Subsequently, Tracer TLS were washed twice in PBS for 5 min, permeabilized by 3 x

20 min incubation in 0.5% Triton-X/PBS (PBST) and blocked in 5% fetal calf serum/PBST (blocking solution) overnight at 4�C. For
antibody staining, Tracer TLS were transferred to Ibidi 8-well glass bottom plates. Primary antibody incubation was performed in

blocking solution for 48-72h at 4�C, after which Tracer TLS were washed three times with blocking solution and three times with

PBST. After the last washing step, Tracer TLS were incubated in blocking solution overnight at 4�C. The next day, secondary anti-

bodies diluted in blocking solution were added, and structures were incubated for 24h at 4�C. Afterwards, Tracer TLS were washed

three times with blocking solution and three times with PBST. The last PBST washing step after secondary antibody incubation

included DAPI (0.02%, Roche Diagnostics, 10236276001). DAPI was incubated overnight and washed once with PBST. All primary

and secondary antibodies are listed in Table S2.

RNA fluorescent in situ hybridization
RNA–FISH in 96h TLS was performed according to the protocol from Molecular Instruments with some modifications. Briefly, 96h

TLS were fixed with 4% paraformaldehyde (PFA) at 4�C for 1 h and washed three times for 10 min each with 13 PBS with 0.1%

Tween 20 (PBST) at 4�C. Structures were dehydrated in an increasing concentration series of methanol + PBST washes, for

5 min eachwash at 4�C (25%methanol; 50%methanol; 75%methanol; 100%methanol). Structures were stored at�20�C overnight

or longer. Next, structures were rehydrated in a decreasing concentration series of methanol + PBSTwashes, for 5 min each wash at

4�C (100% methanol; 75% methanol; 50% methanol; 25% methanol; 100% PBST). After two washes for 10 min at 4�C in PBST,

structures were treated with 10mg/ml proteinase K (Thermo, AM2546) for 10 min at room temperature. After two washes with

PBST for 15 min each, structures were post-fixed in 4% PFA for 15 min at room temperature and washed three times in PBST for

15 min each step. Structures were then prepared for hybridization by incubating in hybridization buffer at 37�C for 1 h. Probes

were resuspended in hybridization buffer at a concentration of 1pM and incubated with structures overnight at 37�C. Structures
were washed four times with probe wash buffer for 15 min each wash at 37�C, followed by three washes in 53 SSCT buffer + 0.1%

Tween 20. Fluorescent hairpins were prepared as described by the manufacturer at a concentration of 0.06mMeach hairpin in ampli-

fication buffer. Structures were then incubated in amplification buffer before incubation with hairpin probes overnight at room tem-

perature in the dark. Excess probes were removed by five washes of 15 min each step in 53SSCT at room temperature in the dark.

Nuclei were counterstained by incubation with 2mg/ml DAPI. The buffers and probe sequences used in this study are available at Mo-

lecular Instruments and their unique ID can be found in Table S2.
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Tissue clearing
Prior to imaging, Tracer TLS were cleared with RIMS (Refractive Index Matching Solution). To this end, samples were washed twice

with PBS for 10min, post-fixed in 4%PFA for 20min and washed three times with 0.1M phosphate buffer (PB, 0.025MNaH2PO4 and

0.075M Na2HPO4, pH 7.4). Clearing was performed by incubation in RIMS (133% w/v Histodenz (Sigma, D2158 in 0.02M PB) on a

rocking platform at 4�C for at least one to several days.

Fluorescent imaging
Tracer TLS stained with antibodies, RNA probes or carrying fluorescent reporters were imaged with the Zeiss LSM710 (laser-scan-

ning microscope), Zeiss LSM880 (laser-scanning microscope with Airyscan) or Celldiscoverer 7 with appropriate filters for mCherry,

Venus, DAPI, Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 647, and combinations thereof. Post-acquisition image processing was

performed using Zen or Fiji.71

Live cell imaging
Live cell imaging experiments were performed using the Zeiss imaging platform Celldiscoverer 7, running under ZEN blue v3.1 (Carl

Zeiss, Germany). Screening experiments in 96-well plates were performed using semi-automated strategies. Structures were imaged

using a 5x/NA 0.35 Plan-Apochromat-Objective with a 1x post magnification and 1x1 camera binning (Axiocam 506) resulting in a

lateral resolution (xy) of 0.916 mm/pixel. Prior to the experiment, all 96 imaged positionsweremanually controlled in x, y, and z. Typical

field of view in xy-sizes were 2.52x2.02mm. To ensure a proper representation of the entire structure, z-stacks recording was per-

formed. Typically, 13 slices with a z distance of 19.56mmwere captured, resulting in a full z-depth of 235mm. All images were acquired

under full environmental control including 100% humidity, 5% (v/v) CO2 at 37
�C.

Image analysis
The processing and analysis for TLSmorphometries were carried out in ZEN blue v3.1 (Carl Zeiss, Germany) or ImageJ/Fiji.71 All used

models, macros and snippets are publicly available at https://github.com/ReneBuschow/AB_2022.

TLS morphometrics using ZEN

Before images were analyzed, single z-planes were projected (maximum intensity) from individual scenes using custom macros in

ZEN blue v3.1. Next, projected images were classified by either median, rolling-background subtraction plus fixed intensity thresh-

olds or previously trained pixel classifier module (ZEN Intellesis module). The image analysis module used these thresholded images

or probability maps to assign regions of interest (TLS). For both strategies, the resulting structures were filtered by an area ranging

from 25,000-750,000mm2. Morphometric and gene expression parameters of interest (area, perimeter, max axis, circularity, T::H2B-

mCherry mean intensity and Sox2::H2B-Venus mean intensity) were then calculated and stored by an automated routine. The model

and the related images analysis scripts can be found at https://github.com/ReneBuschow/AB_2022.

TLS morphometrics using Fiji

With this semi-automated routine, anteroposterior axis (max axis) for each TLS, explant or outgrowth sample are manually drawn,

while all other morphometric features are subsequently calculated by the macro. Outlines for TLS structures are generated automat-

ically based on the bright field images. This outline was then used to compute morphometric and gene expression parameters of

interest (area, perimeter, max axis, circularity, T::H2B-mCherry mean intensity and Sox2::H2B-Venus mean intensity). Finally, the

generated masks were applied to all fluorescent channels and pixels intensity values calculated for each structure. The obtained

values were subsequently used for gene expression analysis using custom R scripts. All custom Fiji and R codes can be found at

https://github.com/ReneBuschow/AB_2022.

RNA-FISH analysis in TLS

Quantification of single cell RNA levels from confocal imageswas performedwithin ZEN blue v3.5 (Carl Zeiss, Germany). We analyzed

a total of 760 cells by a robust intensity-based method. Herein, we segment in a first step the nuclear counter staining (DAPI) by a

gaussian smoothing function, followed by background subtraction and fixed intensity thresholds and water-shedding. Subsequently

nuclear regions were dilated by 30 pixels (�4.2mm) as a proxy for cytoplasm. The combination of the resulting nuclear and cytoplas-

matic regions was used to measure the mean fluorescent intensity per cell. For the statistical analysis we used custom R scripts, and

plotted mean fluorescence intensity values for each transcript. The image analysis scripts can be found at https://github.com/

ReneBuschow/AB_2022.

gDNA extraction from Tracer mESCs
gDNA was extracted from isolated Cas9-GFP+ Tracer mESCs at different days after Cas9-GFP activation for downstream intBCs

library preparation. Briefly, 1x105-1x106 cell pellets from the indicated days were collected and lysed in 200ml Lysis buffer (10mM

Tris-HCl pH=8.0; 10mM NaCl; 10mM EDTA; 0.5% SDS; 300mg/mL Proteinase K) overnight at 55�C. The following day, gDNA was

purified using phenol:chloroform (Thermo, 15593031) extraction followed by precipitation overnight at -80�C (2.5V EtOH, 1/10V

5M NaCl and 1/100V molecular biology grade Glycogen (Thermo, R0561)), centrifugation and resuspension. gDNA concentrations

were measured using Qubit� dsDNA HS- Kit (Thermo, Q32851) and same amount of input material was used for each sample for

intBCs library preparation.
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RNA extraction and cDNA synthesis
RNAwas extracted from isolated Cas9-GFP+ TracermESCs at different days after Cas9-GFP activation or from individual Tracer TLS

at day 5 post aggregation for downstream intBCs library preparation. Briefly, RNA was extracted from 1x105 isolated Cas9-GFP+

TracermESCs or individual Tracer TLS using RNeasy PlusMicro Kit (Qiagen) and RNA concentration and quality wasmeasured using

Qubit� RNA HS (Thermo, Q32852). cDNA synthesis was performed using 1mg total RNA (for Tracer mESCs) or all extracted RNA (for

individual Tracer TLS) using the RevertAid First Strand cDNA Synthesis Kit (Thermo, K1622) following the manufacturer’s instruc-

tions. OligoT were used as primers first strand cDNA synthesis.

qPCR- and FACS-based prediction of intBC copy number
qPCR on gDNA extracted from a set of fifteen selected Tracer mESCs clones was performed to evaluate the number of EF1a-m-

Cherry integrations. Briefly, gDNA was isolated as described above (see ‘‘gDNA extraction from Tracer mESCs’’ section). Next,

qPCR was performed using 25ng gDNA/well and amplifying using the following primer pairs:

mCherry_qPCR_F: CCGACATCCCCGACTACTTG

mCherry_qPCR_R: ATGAACTCGCCGTCCTGC

Tfrc_qPCR_F: CTCAACCAAATGGTTCGTACAG

Tfrc_qPCR_R: ACATCTCATAGTCCAGGTTCAAT

IntBC copy number was then calculated as:

n intBCs =
h
2ðctmCherry � ctTfrcÞi � 2

The number of measured intBCs for each clone was then compared to the mCherry mean fluorescent intensity (MFI) measured by

FACS for each clone and this information used to fit a linear function:

n intBCs = 0.0003*mCherryMFI+2.411

The obtained function was subsequently used to estimate the number of intBCs in a set of 171 clones analyzed by FACS. A Tracer

mESC clone harboring 10 intBCs was finally selected and used in this work.

Amplicon-seq intBCs library preparation
Isolated gDNA and prepared cDNA from Tracer mESCs and individual Tracer TLS were used for Amplicon-seq intBCs library prep-

aration. 200ng gDNA and 100ng cDNA were used as input material. Two subsequent PCR reactions were carried on to prepare the

NGS library. In the first step the input material was used for 4x25ml PCR reactions for each sample. Amplification was carried out

using Q5 2X MasterMix (NEB, M0492S) with the following steps: 98�C 30 s/ 98�C 10 s – 65�C 30 s – 72�C 45 s (12 cycles)/ 72�C
5min/ 4�C hold. Next, the four reactions for each sample were pooled together, followed by a double-sided AMPure XP beads (Beck-

man, A63881) cleanup (0.55x-0.8x). Purified intBCs amplicons were eluted in 30ml EB buffer.

In the second step, the whole eluate from the previous PCR reaction was used for 4x25ml PCR reactions for each sample. Ampli-

fication was carried out using Q5 2XMasterMix (NEB, M0492S) with the following steps: 98�C 30 s/ 98�C 10 s – 65�C 30 s – 72�C 45 s

(12 cycles)/ 72�C5min/ 4�Chold. Next, the four reactions for each sample were pooled together and purified using AMPure XP beads

(Beckman, A63881) cleanup (0.8x). Quality and concentration of the obtained libraries were measured using Agilent High Sensitivity

D5000 ScreenTape on an Agilent 4150 TapeStation. Libraries were then sequenced using paired end sequencing (500 cycles kit; 250/

250) on aMiseq platform at a minimum of 50 million fragments per sample. Oligonucleotides sequences used for library preparations

are listed in Table S3.

Single-cell RNA-seq of Tracer TLS
Single-cell RNA-sequencing (scRNA-seq) experiments have been performed as previously described.24 Briefly, Tracer TLS were

generated as described above. Two individual 120h TLS (Tracer TLS1 and 2) were selected based on the presence of one axis of

elongation, clear formation of a neural tube domain and somite segmentation. Individual structures were picked with a p200 with

the pipette tip cut-off at the 50ml mark, and serially washed through pipette transferring (cut 200ml tip) in wells filled with 200ml of

1xPBS/0.4%BSA (5 transfers) to deplete excess Matrigel. Each structure was then dissociated in 200ml TrypLE Express (Gibco)

for 25 min at 37�C, with pipetting every 5 min intervals. The cell suspension was filtered using Scienceware Flowmi Cell Strainers,

40mm. Cells were washed twice with 1ml 1xPBS/0.4%BSA with centrifugation steps performed for 5 min at 1200rpm in 1.5 ml DNA-

lobind Eppendorf tubes. The cell concentration was determined using a hemocytometer and cells were subjected to scRNA-seq (10x

Genomics, Chromium� Single Cell 3’ v3.1; one structure per reaction). Single-cell libraries were generated according to the manual,

with one modification: fewer PCR cycles (n=8) were run than recommended during cDNA amplification or library generation/sample

indexing to increase library complexity. Quality and concentration of the obtained libraries were measured using Agilent High Sensi-

tivity D5000 ScreenTape on an Agilent 4150 TapeStation. Libraries were sequenced with a minimum of 400 million paired end frag-

ments according to parameters described in the manual.

Single-cell RNA-seq of Tracer TLS and Multi-seq BCs recovery
The steps described in the previous section were applied to generate the scRNA-seq library of the Multi-seq sample, with two mod-

ifications: (i) during the cDNA amplification step, 1ml of an oligonucleotide to enrich for the Multi-seq BCs was added to the reaction
Developmental Cell 59, 1–17.e1–e14, June 17, 2024 e8



ll
Article

Please cite this article in press as: Bolondi et al., Reconstructing axial progenitor field dynamics in mouse stem cell-derived embryoids, Developmental
Cell (2024), https://doi.org/10.1016/j.devcel.2024.03.024
(see Table S3 for oligo sequence) and (ii) after cDNA amplification and incubation with SPRIselect beads, the Multi-seq BCs contain-

ing supernatant was collected and subjected to further SPRIselect beads incubation in order to recover the Multi-seq BCs as pre-

viously described.44 Multi-seq BCs recovery and integrity were measured using Agilent High Sensitivity D5000 ScreenTape on an

Agilent 4150 TapeStation. The obtained material was then used as input for Multi-seq BCs library preparation (see section below).

IntBCs library preparation from scRNA-seq
Lineage tracing barcodes (intBCs) libraries were prepared for all samples via PCR amplification from the double stranded 10x cDNA.

Briefly, 100ng of 10x cDNA was used to prepare 4x25ml PCR reactions for each sample. Amplification was carried out using Q5 2X

MasterMix (NEB, M0492S) with the following steps: 98�C 30 s/ 98�C 10 s – 68�C 30 s – 72�C 40 s (10 cycles)/ 72�C 2 min/ 4�C hold.

Next, the four per-sample reactions were pooled together and purified using double-sided AMPure XP beads (Beckman, A63881)

cleanup (0.45X/0.7X). Quality and concentration of the obtained intBC libraries were measured using Agilent High Sensitivity

D5000 ScreenTape on an Agilent 4150 TapeStation. Libraries were then sequenced using asymmetric end sequencing (150 cycles

kit; 28/91 FC-410-1002) on a Novaseq platform at aminimum of 100million fragments per sample. Oligonucleotides sequences used

for library preparations are listed in Table S3.

LentiBCs library preparation from scRNA-seq
LentiBCs libraries were prepared via PCR amplification from the double stranded 10x cDNA. Briefly, 100ng of 10x cDNA was used to

prepare 4x25ml PCR reactions for each sample. Amplification was carried out using Q5 2X MasterMix (NEB, M0492S) with the

following steps: 98�C 30 s/ 98�C 10 s – 68�C 30 s – 72�C 40 s (10 cycles)/ 72�C 2 min/ 4�C hold. Next, the four reactions for each

sample were pooled together, followed by a double-sided AMPure XP beads (Beckman, A63881) cleanup (0.45X/0.7X) to purify

the intBCs libraries. Quality and concentration of the obtained libraries were measured using Agilent High Sensitivity D5000

ScreenTape on an Agilent 4150 TapeStation. Libraries were then sequenced using asymmetric end sequencing (150 cycles kit;

28/91 FC-410-1002) on a Novaseq platform to obtain 100 million fragments. Oligonucleotides sequences used for library prepara-

tions are listed in Table S3.

Multi-seq BCs library preparation from scRNA-seq
Multi-seq BCs libraries were prepared as previously described.44 Briefly, 10ng inputmaterial obtained from the 10x cDNA purification

(see section above) was used to perform library PCR using KAPA HiFi HotStart ReadyMix (Roche, KK2601) in 50ml reaction with the

following steps: 95�C 5min/ 98�C 15 s – 60�C 30 s – 72�C 30 s (13 cycles)/ 72�C 1min/ 4�C hold. Next, AMPure XP beads (Beckman,

A63881) cleanup (1.6X) was performed to purify the Multi-seq BC libraries. Quality and concentration of the obtained libraries were

measured using Agilent High Sensitivity D5000 ScreenTape on an Agilent 4150 TapeStation. Libraries were then sequenced using

asymmetric end sequencing (150 cycles kit; 28/91 FC-410-1002) on a Novaseq platform at a minimum of 50 million fragments per

sample. Oligonucleotides sequences used for library preparations are listed in Table S3.

Explant scRNA-seq experiment
For the explant scRNA-seq experiment, the same procedure described in the previous sections was applied to microdissected TLS

and TLSCL replicates with the only difference that 500 cells per well were used as startingmaterial (as for Tracer TLS in general). Three

TLS and three TLSCL structures were selected at 120 h and the anterior portion of each structure (generation 1) was used forMulti-seq

based scRNA-seq as described in the corresponding section (one 10x reaction). Outgrowths of all six structures (generation 2) were

subjected to the same exact procedure 24 h later (two 10x reactions). Single-cell libraries for cDNA, lineage tracing and Multi-seq

barcodes were generated and sequenced as described above.

Computational analysis
All analyses were carried out using R v.3.6.3 and Python (3.9.11) unless stated otherwise.

Tracer mESCs timecourse barcode analysis
intBC amplicon data (derived from either gDNA or cDNA) were processed using the reference and algorithms from the Cassiopeia

tool.39 First, the reads were aligned to the reference (‘‘PCT48’’) using the Smith-Waterman algorithm with parameters -gapopen

20 and -gapextend 1. Next, the intBC cut site information for each individual barcode was determined using the callAlleles-PCT48.pl

script. intBC patterns were classified based on the code from the indel table into Deletion & Insertion (D and I), Deletion (D), Insertion

(I) or uncut. Barcodes that did appear in the known barcode list were assigned to the closest barcode if the edit distancewas less than

4 and otherwise removed. The number and type of edit and position was summarized by barcode and time-point and visualized using

the ggplot package.72

scRNA-seq processing
Raw reads (fastq) were generated using Cell Ranger (https://support.10xgenomics.com/single-cell-gene-expression/software/

downloads/latest) (v.4) from 10x Genomics Inc. with the command ‘‘cellranger mkfastq.’’ Reads from all timepoints were aligned

against the mouse genome (mm10 with additional pseudogenes input for the GFP and mCherry transcripts), and barcodes and

unique molecular identifiers were counted using ‘‘cellranger count’’.
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Gene-barcode matrices were loaded into R and converted into a Seurat object.73 Cells were filtered for quality (nFeature_

RNA > 3000 & nCount_RNA > 10000 & nCount_RNA < 80000 & percent.mt < 5 for TLS1, TLS2, and the TLS Multiseq; nFeature_

RNA > 1500 & nCount_RNA > 5000 & nCount_RNA < 80000 & percent.mt < 5 for the Tracer Explant experiment). Next, the data

were normalized (NormalizeData) and cell types were predicted by comparison to our own previously published TLS time-course24

(FindVariableFeatures with selection.method = "vst", nfeatures = 2000; FindTransferAnchors with dims = 1:30; TransferData with

dims = 1:30).

For visualization, a UMAP was calculated for an integrated dataset of the respective lineage tracer objects and the published TLS

96h, 108h and 120h data sets by (1) selection of integration features on the list of objects (SelectIntegrationFeatures), (2) scaling of all

objects and regression of cell cycle as well as mito count (CellCycleScoring and ScaleData with vars.to.regress = c(‘‘S.Score’’,

‘‘G2M.Score’’, ‘‘percent.mt’’)), (3) running a PCA (RunPCA), (4) finding integration anchors (FindIntegrationAnchors with dims =

1:30 and union of these with the cell cycle genes), (5) integration of the objects (IntegrateData with dims = 1:30) and finally (6) scaling

of the integrated object, PCA and UMAP calculation (RunUMAP with dims = 1:30, n.neighbors=10).

Multi-seq processing
Multi-Seq datawere processed in R using the ‘‘deMULTIplex" package (https://github.com/chris-mcginnis-ucsf/MULTI-seq).44 First,

the barcode list from scRNAseq cells matching our quality criteria (see scRNA-seq processing) were loaded to R as cell.id.vec. Next,

the Multi-seq sample barcode FASTQs were preprocessed using MULTIseq.preProcess with parameters cellIDs = cell.id.vec,

cell=c(1,16), umi=c(17,28), tag=c(1,8). Then, the Multi-seq sample barcode alignment was done using MULTI-seq.align and three

rounds of quantile sweeps for sample classification were done following the tutorial.

LentiBCs processing
Raw reads (fastq) were generated using Cell Ranger (v.4) from 10x Genomics Inc. with the command ‘‘cellranger mkfastq.’’ Reads

from all timepoints were aligned against the mouse genome (mm10 with additional genes for GFP and mCherry), and barcodes and

unique molecular identifiers were counted using ‘‘cellranger count.’’ The unaligned reads were extracted from the BAM file using

samtools (-bh -f 4) and tranformed into a fastq file (bedtools bamtofastq). The known pre- and suffix (ACCTCCCTAGCAAA

CTGGGGCACAAGAT and GTACCTTTAAGACCAATGACTT) were trimmed away using cutadapt and only resulting reads with the

correct pattern (....CT....AC....TC....GT....TG....CA....C) and length (n=41) were kept for further processing (LentiBCs). Based on

the read name, the LentiBCs and cell BC joined, resulting in a table containing read name, cell BC and LentiBCs.

LentiBCs assignment to tree roots
To calculate the proportion of the dominant lentiviral barcode for each clone in a tree, all leaves, i.e. cells, with a missing lentiviral

barcode was excluded from the data set. Of the remaining cells, the proportion of the top lentiviral barcode was calculated as the

highest cell count over the sum. For each tree which is made of several clones, the median top proportion is calculated to represent

the sample, and then the median of the sample medians is reported.

Lineage tracing data processing and tree reconstruction
The lineage tracing libraries for the TLS1 and the Multi-seq experiments were sequenced on the same flow cell. However,

indices could not be fully determined, and reads from the two libraries were merged. A stringent filtering strategy based on

the cell-barcode information was therefore applied to recover the data. First, cell barcodes discovered in the associated

scRNA-seq dataset were extracted. Next, unique cell barcodes for each of the two datasets were determined and the lineage

tracing reads were filtered down to include only those matching cells with experiment-specific cell barcodes. These extremely

stringent criteria did not only require lineage tracing reads to match their respective scRNA-seq dataset, but also to be unique

for that experiment. Trees were then reconstructed with Cassiopeia39 using the ‘‘Cassiopeia-ILP’’ or ‘‘Cassiopeia-Hybrid’’ algo-

rithms. Briefly, Cassiopeia-ILP infers phylogenies using a near-optimal Steiner-Tree maximum parsimony approach. For larger

trees, Cassiopeia-Hybrid splits cells into clades using a ‘‘Greedy’’ heuristic based on the frequency and probability of Cas9 mu-

tations that are likely to have occurred at the beginning of the experiment. Then, each clade is reconstructed using the

Cassiopeia-ILP approach.

Given the size and complexity of our datasets, we found that the Cassiopeia-ILP and -Hybrid approaches were unable to converge

within a reasonable timeframe. Tomaintain consistency, we applied a convergence time limit of 1 h to the reconstruction process, as

we observed minimal decreases in tree likelihood from extended convergence times. In principle, the ILP algorithm creates an exact

tree. However, missing values in the dataset, and the inability to generate a complete Steiner Tree adds variability to the algorithm,

even for small trees. In this case, Cassiopeia utilizes a ‘‘RandomSeed’’ to set the solution path of the tree optimizer. To investigate the

effect of the Random Seed, we generated 30 trees for each TLS dataset using a range of potential seeds. We established the robust-

ness of our approach by comparing the likelihood of 35 independent trees, including the consistency of specific nodes when the

Hybrid and ILP methods were run with distinct (n = 30) random seeds. The optimal random seed for each experiment was selected

and used in each reconstruction pipeline. We then defined clones to be the first branches off the root of the fate map.

To graph the resulting TLS trees, we utilized the Cassiopeia ‘‘upload-and-export-itol’’ function to generate iTOL tree representa-

tions. We then plotted each tree separately using a built-in circular plotting and metadata functions available in iTOL.
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Phylogenetic distance
The phylogenetic distance between two objects on a tree is the sum of branch lengths between them. To compute this distance be-

tween cells A and B, we utilized the Ete Toolkit python package to compute the sum of branch distances where each branch was

defined by the mutations that separate each node from another (see previous section).

Transcriptional correlation
Pairwise expression correlation was performed using a Pearson correlation and was estimated using the top 10 differentially ex-

pressed genes for each cell state cluster.

Allelic distance
To assess the validity of tree reconstruction, we used a modified allelic distance score that calculates the degree of shared indels

between cells.11,14,16 Given cells A and B, the allelic distance compares the distance of the ith character with the following:

aDðai;biÞ =

8<
:

2; if aisbi and ais0 and bis0
1 if ðai = = 0 or bi = = 0Þ and aisbi

o:w:

Then, the distance between cells A and B is calculated as the sum of all aD(ai, bi) for all indexes i in A and B. The allelic distance is

compared against phylogenetic and transcriptional distances as an orthogonal measure of lineage similarity that does not require

tree reconstruction.

Minimum evolutionary coupling
Given cell states X and Y, we first calculate the distances between each pair of cells.0

@dðX1;Y1Þ / d
�
X1;Yy
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« 1 «
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A

The goal of minimum evolutionary coupling is to identify the closest ancestral relationship between cells. To account for parallel

differentiation trajectories within each tree, we calculate the lineage relationship from X (source) to Y (target) as theminimumdistance

from each cell in X to the closest cell in Y. Then, the median of this vector is taken to calculate the Minimum Evolutionary Coupling

from X to Y:
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�
min

� �
dðX1;Y1Þ.d

�
X1;Yy

���
min

� �
dðXx;Y1Þ.d

�
Xx;Yy

��� �

The resulting minimum evolutionary coupling values were then clustered and visualized using the Seaborn ‘‘clustermap’’ function.

Note that minimum evolutionary coupling is asymmetric.

scRNA-seq integration
Pre-processed TLS1, TLS2, and TLS Multi-seq replicates were integrated together with the previously published TLS time-course24

to create a large dataset comprising TLS and TLSCL replicates. Briefly, the integration was carried out by (1) selection of integration

features on the list of objects (SelectIntegrationFeatures), (2) scaling of all objects and regression of cell cycle as well as mito count

(CellCycleScoring and ScaleData with vars.to.regress = c(‘‘S.Score’’, ‘‘G2M.Score’’, ‘‘percent.mt’’)), (3) running a PCA (RunPCA), (4)

finding integration anchors (FindIntegrationAnchors, reduction = rpca, with dims = 1:30 and union of these with the cell cycle genes),

(5) integration of the objects (IntegrateData with dims = 1:30) and finally (6) scaling of the integrated object, PCA and UMAP calcu-

lation (RunUMAP with dims = 1:30, n.neighbors=10). Once completed, the integrated object was visualized via UMAP.

Extant NMP classification
To assess the impact of NMP differentiation on transcriptomic signatures, we categorized extant NMPs according to the identity of

their sibling cells on the tree, which represents their most recently connected cell. Narrowing our investigation to NMP trajectories, we

focused onNMPs that are closely related to Neural, Somitic, or other extant NMPcells, and excluded any cell that neighbors an Endo-

derm, Endothelial, PGCLCs, or unassigned cells. To account for low sampling of rare cell types, we combined the Neural and Somitic

cell types into singular categories. Specifically, NeuralTube1 and NeuralTube2 cells were labeled as ‘‘Neural’’, while aPSM, pPSM,

Somite (-1), Somite 0, Somite, Sclerotome-like, and Dermomyotome-like cells were labeled as ‘‘Somitic’’.

Next, extant NMPswere classified based on the relative proportions of NMP, Neural, and Somitic sibling cells. First, NMPs that are

siblings with exclusively NMPs were categorized as ‘‘Self-renewing’’ to capture the self-renewing progenitors within an experiment.

Second, NMPs that neighbor both Neural and Somitic cell states were classified as ‘‘Bipotent’’. Finally, the remaining NMPs were

classified as ‘‘Neural’’ or ‘‘Somitic’’ if they were found to be siblings with only Neural or Somitic cells, respectively.

Differences within the extant NMP categories were subsequently investigated using differential gene expression and pseudotime

analysis.
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Differential gene expression
Using the integrated TLS dataset and NMP categories described above, differential gene expression between NMP categories was

tested for all genes expressed in the categories of interest. Differential gene expression was calculated using theWilcoxon rank-sum

test offered in the scanpy rank_gene_groups function and the log fold change was calculated as the log2(Group1 + pseudocount) –

log2(Group2 + pseudocount) with a pseudocount of 0.01.

Pseudotime
Trajectory inference and pseudotime analysis were performed for the integrated TLS dataset using the Monocle 3 package.74 Since

the trajectory identified spanned the differentiation of NMPs into both the Neural and Somitic lineages, we centered the 0 pseudotime

value on the median pseudotime value of all NMPs. The remaining pseudotime values were shifted accordingly with the Somitic tra-

jectory extending towards -45 and the Neural trajectory towards +15. The previously calculated UMAP and cell cluster assignment

were used for visualizing pseudotime trajectories.

Gene module score
To characterize gene sets involved in NMP differentiation, the Monocle 3 package74 was used to identify modules that co-vary along

the pseudotime axis. First, genes that vary significantly across the full pseudotime axis were identified (graph_test, neighbor_graph =

4) using the Morans I spatial autocorrelation analysis. Given the complexity of the full pseudotime axis, a higher number of the genes

were found to be significant (22,292, q_value < 0.05), so genes were further filtered using a threshold of 0.1Moran_I statistic, resulting

in 1,153 remaining genes. Genes were then grouped into modules using Louvain community clustering based on the cells that ex-

press them (find_gene_modules).

The resulting gene modules were investigated by scoring the average gene expression within different NMP categories and indi-

vidual cells using the scanpy score_genes function.

Extant NMP score
To quantify the level of commitment that an extant NMP has towards the Neural or Somitic fates, we reasoned that the number of

sibling cells correlates to the degree of commitment that an NMP has towards the neural and somitic lineages. Therefore, we scored

NMPs by the relative ratio of Neural and Somitic sibling cells. Specifically, the NMP score is defined as the following:

NMP score =
# of Somitic siblings+1

# of Neural siblings+1

Compositional analysis
Compositional relationships between TLS replicates were calculated using Aitchison Distance.75 Briefly, the Aitchison Distancemea-

sures the distance between two D-dimensional compositional vectors M and N as follows:

dðM;NÞ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXD
i = 1

	
ln

�
Mi

gðMÞ
�
� ln

�
Ni

gðNÞ
�
2vuut

where g(M) and g(N) are the geometric means of the M and N vectors respectively. By applying a centered-log ratio (clr) transforma-

tion, the Aitchison’s distance metric surpasses Euclidean distance for compositional comparisons by providing scale, permutation,

and perturbation invariance and accounting for the sub-compositional dominance present in compositional comparisons.14

To assess the compositional distances between structures and clones, we calculated the Aitchison’s Distance using the complete

14 cell state vector for a comparison of two structures or clones. As some clones were poorly sampled and Aitchison’s Distance re-

quires values greater than 0, a pseudo count of 0.0001 was added to each value prior to calculating the Aitchison Distance. Then, the

Aitchison’s Distance was calculated between all pairwise comparisons of TLS replicates or clones within the same structure.

Progenitor classification
To assess ancestral progenitors within TLS replicates, we categorized internal tree nodes by the extant cells that they produce. Nar-

rowing our investigation to NMP trajectories, we focused specifically on NMP, Neural, and Somitic cell producing nodes, excluding

any node that produces Endoderm, Endothelial, PGCLCs, or unassigned cells. To account for low sampling of rare cell types, we

combined the Neural and Somitic cell types into singular categories. Specifically, NeuralTube1 and NeuralTube2 cells were labeled

as ‘‘Neural’’, while aPSM, pPSM, Somite (-1), Somite 0, Somite, Sclerotome-like, and Dermomyotome-like cells were labeled as ‘‘So-

mitic’’. Finally, to focus analysis on progenitors, we filtered out nodes that produce fewer than 4 cells. All together, these filtering steps

removed 2,198 of the 3,794 nodes across all replicates.

Next, the remaining nodes were classified based on the relative proportions of NMP, Neural, and Somitic extant cells. First, nodes

that produce exclusively NMPs were categorized as ‘‘Self-renewing’’ to capture the self-renewing NMPs within an experiment. Sec-

ond, nodes that produce both Neural and Somitic cell states were classified as ‘‘Bipotent’’. Finally, the remaining nodes were
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classified as ‘‘Neural Committed’’ or ‘‘Somitic Committed’’ as theywere found to produce Neural or Somitic cells, respectively. As the

population of NMPs is consumed over time, the ‘‘Bipotent’’, ‘‘Neural’’, and ‘‘Somitic’’ nodeswere classified regardless of the absence

or presence of extent NMPs.

We next classified nodes by the fraction of extant NMPs that they contain.With this, we divided nodes into 3 categories; first, nodes

that produce exclusively NMPswere classified as ‘‘Self-renewing’’. Second, nodes that contain both NMPs aswell as someNeural or

Somitic were classified as ‘‘Differentiating’’. Finally, we reasoned that nodes that produce no NMPs had consumed their renewing

potential, and therefore we classified them as ‘‘Exhausted’’.

To visualize the progenitor nodes, we utilized the ‘‘Python-Ternary’’ package to plot the nodes as a ternary plot with each point

defined by the relative ratios of NMP, Neural, and Somitic extant cells. To create ternary contour plot heatmaps, we used the ‘‘Plotly’’

package.

Shuffled background validation of progenitor classifications
Internal node dynamics and classifications are dependent upon the composition of the structure and the topology of the tree. To ac-

count for this, a shuffled background validation was performed to test the significance of progenitor node counts. Briefly, the shuffled

background test randomly shuffles the state assignments of leaves in the tree while maintaining the tree topology to measure the

number of progenitor node classes in a random tree. This processwas then repeated 500 times to generate a background distribution

of progenitor node counts and depths. Then, the significance of the selected tree counts was determined by comparing the

measured value to the background distribution.

Due to the continuous editing of Cas9, our lineage tracing approach continues recording nodes even if a cell does not change its

developmental potential. Within a tree, this results in nested branches of unipotent nodes that produce exclusively one cell type.

Since uni- and multipotent nodes require the same cell states, excess unipotent nodes can hamper our quantification of multipotent

nodes. To correct this effect and test the significance of progenitor bipotentiality, we therefore removed nested unipotent nodes and

performed the shuffled background test on the pruned tree as described above.

Ternary distance
To quantify the difference in progenitor dynamics between two trees, we measured the distance between the set of nodes of each

tree. The ternary distance is defined as the sum of the minimum distances, without replacement, between pairs of nodes in the tree.

Specifically, to measure the distance between tree A and tree B, we first identified the pairs of nodes that are closest together. All

pairwise node distances between tree A and B are calculated as the Euclidean distance using the fraction of Neural, Somitic, and

NMP extant cells for each node.

node distanceðX;YÞ =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXNMPs � YNMPsÞ2+ðXN � YNÞ2+ðXS � YSÞ2

q

0
@A1B1 / A1Bn

« 1 «
AnB1 / AnBn

1
A

The node pair with the smallest distance is then selected and removed. This process is repeated until there are no more nodes in

tree A or tree B, resulting in a set of n node pairs that have theminimumdistances between themwhere n is the number of nodes in the

smaller tree. Finally, the ternary distance is calculated as the sum of the distances between all pairs of nodes, normalized by the size

of the smaller tree.

ternary distance =
X

ðA1B1Þ.ðAnBnÞ

Down-sampling TLS replicates
To account for sampling variability as a confounding factor when comparing ternary plots, we down-sampled multiple TLS replicates

to a consistent size of 200 cells per tree. Multi-seq Bar5, Bar10, Bar16, Bar19, and Bar22 were selected as each was a larger TLS

replicate with greater than 200 cells. Prior to reconstruction, 200 cells were randomly sampled without replacement from each data-

set, followed by lineage reconstruction using the Cassiopeia-ILP algorithm and pipeline as described above. This process was

repeated 30 times for each of the 5 TLS replicates, resulting in 150 down-sampled trees of 200 cells each. Each of these trees

was then analyzed according to the NMP-focused progenitor analysis to collect progenitor node dynamics and ternary plots.

Using these datasets, ternary and compositional distances were calculated between each pairwise tree from the same original

dataset (intra) as well as randomly selected pairs of down-sampled trees from different datasets (inter). Finally, the correlation

and slope relating the composition and ternary distances in intra- and inter- comparisons was calculated using a linear regression

(scipy, linregress, alternative = ‘‘two-sided’’).
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Lineage tracing processing and lineage reconstruction of explant experiments
To reconstruct trees across multiple timepoints, lineage datasets from each of the recorded timepoints (generation 1 and 2) were

merged and reconstructed using the Cassiopeia-Hybrid algorithm as described above. Due to the size of the explant datasets, we

ran tree reconstruction once using a single seed (using the optimal seed identified from the TLS1 dataset in Gurobi). To validate the

reconstruction of merged datasets, we reasoned that lineage relationships between cells of the same timepoint should be consistent

when compared against a tree generated from only cells of that timepoint. To estimate the quality of the combined tree, the combined

treewaspruned to contain cells of only a single timepoint and compared against a tree of a single timepoint using theCassiopeia Triplet

Correct Score. This function calculates the proportion of triplet cells in the tree that are the same across two separate trees, providing a

quantitative measure of lineage relationship consistency when generation 1 and generation 2 timepoints are merged.

Explant subtree analysis
To investigate the dynamics of progenitors as they restrict to generation 1 or generation 2, nodes on the tree were categorized by the

timepoint of the extant cells that they produced. Nodes that produce extant cells of both generation 1 and generation 2 were clas-

sified as ‘‘Shared’’ while nodes that produced exclusively generation 1 or exclusively generation 2 cells were classified as ‘‘Gener-

ation 1’’ or ‘‘Generation 2’’, respectively. To investigate the dynamics of progenitors that share a common ancestor, we focused on

clones that start as a shared node. Then, subtrees of exclusively Generation 1 or Generation 2 nodes that connect to a Shared

ancestor were identified for further study. The dynamics of the Shared ancestor nodes were investigated by classifying each

node using only cells from generation 1, generation 2, or all cells. Narrowing our investigation to only NMP trajectories, we removed

all nodes that were not classified as NMP-related (Bipotent, Neural, and Somitic) in all three timepoint classifications. The resulting

dynamics and conversions between timepoints were visualized via alluvial plots using Plotly.

The dynamics of subtrees and shared nodes were classified using the progenitor analysis described above and visualized via violin

plots. The violin plots across each timepoint were scaled by the number of nodes to match across the three subtree categories (sea-

born, violinplot, scale = ‘‘count’’).

QUANTIFICATION AND STATISTICAL ANALYSIS

All plots and statistical analyses were performed with GraphPad PRISM 8, R v.3.6.3 and Python (3.9.11). Information regarding these

analyses can be found in the STAR Methods (see computational analysis section) or in the figure legends. No methods were used to

determine whether the data met the assumptions of the statistical approach.
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