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ABSTRACT

Unraveling the lineage relationships of all descendants from a zygote is fundamental to advancing our
understanding of developmental and stem cell biology. However, existing cell barcoding technologies in
zebrafish lack the resolution to capture the majority of cell divisions during embryogenesis. A recently
developed method, a substitution mutation-aided lineage-tracing system (SMALT), successfully recon-
structed high-resolution cell phylogenetic trees for Drosophila melanogaster. Here, we implement the
SMALT system in zebrafish, recording a median of 14 substitution mutations on a one-kilobase-pair bar-
coding sequence for one-day post-fertilization embryos. Leveraging this system, we reconstruct four cell
lineage trees for zebrafish fin cells, encompassing both original and regenerated fin. Each tree consists of
hundreds of internal nodes with a median bootstrap support of 99%. Analysis of the obtained cell lineage
trees reveals that regenerated fin cells mainly originate from cells in the same part of the fins. Through
multiple times sampling germ cells from the same individual, we confirm the stability of the germ cell pool
and the early separation of germ cell and somatic cell progenitors. Our system offers the potential for
reconstructing high-quality cell phylogenies across diverse tissues, providing valuable insights into
development and disease in zebrafish.

Copyright © 2024, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and

Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.

Introduction

Mapping lineage relationships between cells in a multicellular
organism is a fundamental question in developmental biology
(Kretzschmar and Watt, 2012). Completed in the 1980s, the
description of the entire cell lineage of the nematode Caenorhabditis
elegans by direct observation established a paradigm for cell lineage
tracing (Sulston and Horvitz, 1977; Sulston et al., 1983). However,
direct observation may not be suitable for complex organisms
without invariant lineages and containing millions to billions of cells
(VanHorn and Morris, 2021). Advancements in cell marking tech-
nologies encompass various approaches such as viral barcoding,
Cre-mediated recombination, integration of random barcodes, and
the utilization of natural somatic mutations (Salipante and Horwitz,
2006; Barker et al., 2007; Lu et al.,, 2011; Pei et al., 2017;
Rodriguez-Fraticelli et al., 2018; Wagner et al., 2018). In recent years,
progression in high-throughput sequencing and genome editing
technology has made it feasible to trace cell lineages in complex
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multicellular organisms comprehensively. Among these methods, the
application of Cas9 genome editing on target transgenic cassettes
has been widely adopted (Alemany et al., 2018; Raj et al., 2018;
Spanjaard et al., 2018; Bowling et al., 2020; Li et al., 2023). Although
Cas9 creates diverse editing on barcodes, these methods rely on
indels as genetic scars, where large deletions could remove previ-
ously recorded lineage information (VanHorn and Morris, 2021).
Indeed, in zebrafish, the recorded mutations per barcode are
approximately three, significantly fewer than the tens of mitotic di-
visions occurring from a zygote to a fully developed complex or-
ganism, indicating that these systems miss recording lots of mitotic
divisions.

Recently, SMALT, a substitution mutation-aided lineage-tracing
system, was used in mapping cell phylogeny for Drosophila (Liu et al.,
2021). SMALT utilized AID10—iScel to induce C-to-T transition mu-
tations on a 3-kb synthetic cassette, successfully recording average
over 20 mutations in early-adult fly cells. Here, we applied this system
to zebrafish, utilizing a more condensed 1-kb barcoding sequence. In
the 1-day post-fertilization (dpf) embryo, we documented a median of
14 substitution mutations on this 1-kb barcode. This mutation count
is comparable to the estimated number of mitotic cell divisions from
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zygote to 1dpf embryo, providing a detailed recording of cell lineage
history. Thus, our barcoding system outperforms the state-of-the-art
Cas9-based lineage tracing method in zebrafish by recording a much
higher number of mutations.

To demonstrate the capabilities of our system in zebrafish lineage
reconstruction, we applied it to fin regeneration. Despite decades of
detailed research by scientists on cell types and molecular pathways
involved in zebrafish fin development and regeneration (Poss et al.,
2000; Whitehead et al., 2005; Petrie et al.,, 2014; Pfefferli and
Jazwinska, 2015; Sehring and Weidinger, 2020), there is still a lack
of quantitative descriptions of original and regenerated fin cell re-
lationships based on cell phylogenetic trees. Besides, previous
studies on fin generation mainly focus on the caudal fin (Lee et al.,
2005; Blum and Begemann, 2015). By utilizing the mutated 1-kb
barcode as alleles, we reconstructed four nearly single-cell-
resolution lineage trees using zebrafish fin cells from 8 parts of fins
in four individuals. Each tree comprised hundreds of internal nodes
with 99% median bootstrap values supported. Using these trees, we
inferred that regenerated fin cells mainly originate from the cells of the
same part of the fins.

Furthermore, with this system, we sampled germ cells from
separate spawning events of the same individual. Based on the cell
lineage trees, we observed the mixing of germ cells from separate
spawning and an early separation between the progenitor of germ
cells and somatic cells. Besides, by analyzing the monophyletic
clades formed by germ cells and performing a targeting coalescent
analysis (TarCA) (Deng et al., 2024), we revealed a relatively small
germ cell progenitor number.

Results

High mutation recording and barcoding diversity in the
zebrafish embryo

Building upon the previous SMALT mutation data collected from
drosophila and yeast, we re-designed and synthesized a more
compact 1-kb barcode. Compared to the original 3-kb barcode, this
1-kb barcode still retains 16 iScel binding motifs but with only 80 bp
between the downstream of the two adjacent iScel binding sites
facing each other (Supplementary Note 1). Hence, we anticipated
that it would facilitate PCR amplification more effectively than the
original 3-kb readout sequence while still preserving a considerably
large mutation space. We used the Tol2 transposon system to
generate a stable single-copy transgenic line carrying the 1-kb bar-
code (Kawakami, 2007; Kwan et al., 2007; Mosimann et al., 2011).
We have bred this transgenic line to F7, and these fish exhibit normal
morphology and fertility. We injected in-vitro transcribed
AID10—iScel-UGI mRNA, generated from our SMALT system, into 1-
cell stage heterozygous transgenic embryos (Fig. 1A). To assess the
overall mutation efficiency and diversity of our SMALT system in
zebrafish, we performed PCR amplification of the 1-kb barcode
sequence at 1dpf using the genomic DNA from a pool of 10
AID10—iScel-UGI mRNA-injected individuals. In the injected em-
bryos, 18 out of 20 sequenced clones contained mutations, with a
median of 14 substitution mutations per 1-kb barcode (Fig. S1A).
Conversely, in the uninjected 1dpf control embryos, we sequenced
13 clones, and only 5 clones had one mutation each, while the
remaining clones showed no mutation, confirming the robust bar-
coding mutations in our system (Fig. S1A). Besides, all 18 mutated 1-
kb barcode clone sequences were distinct, indicating the high bar-
coding diversity of our system (Fig. S1C). Cell lysis count data from a
previous study showed that embryos at 1dpf have around
50,000 cells (Wagner et al., 2018). Assuming no cell deaths and each
cell divides to produce two daughter cells, there would be approxi-
mately 16 mitotic divisions from zygote to 1dpf embryos, as
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calculated by log2(50000). Thus, it is estimated that, on average,
0.875 mutations are recorded on the readout sequence per cell
generation (calculated as 14 mutations over 16 cell divisions), which
is close to the goal of one mutation per division. However, it is
essential to note that these mutation per generation estimations are
rough and likely to be overestimated due to assumptions such as no
cell deaths and all symmetric cell divisions (Cole and Ross, 2001).

Demonstrating cell lineage reconstruction in embryos

To demonstrate the principle of our system in zebrafish cell
phylogenetic tree reconstruction, we performed PCR on the 1-kb
barcode of three 1dpf individuals (hereafter named individuals A, B,
and C) separately. For each individual, we sequenced 15 clones
using the Sanger sequencing. The median substitution mutations per
readout for individuals A, B, and C were 17, 17.5, and 14.5,
respectively (Fig. 1B). Moreover, when we combined all of the
Sanger-sequenced clones from 10 mixed individuals and individuals
A, B, and C, all 1-kb barcode sequences were distinct (Fig. S1C),
providing further evidence for the extensive mutation barcoding di-
versity within our SMALT system. Among the 514 G/C sites on our 1-
kb barcode, we identified mutations at 223 sites in at least one clone,
which indicates that mutable sites are widely distributed in our 1-kb
barcode (Table S1). The barcoding mutation peaks occur around
20bp downstream of the center of iScel binding motifs (Fig. S1B).
Around 99% of recorded mutations are CG-to-TA, consistent with
the cytidine deaminase activity of AID (Fig. 1C). Since our 1-kb bar-
code exists as a single copy in the zygotic genome, a 1-kb barcode
from a single clone can roughly represent an individual cell.
Employing the 1-kb barcode as alleles, we reconstructed maximum-
likelihood cell phylogenetic trees for each of the three fishes (Figs. 1D
and S2). The wild-type reference sequence served as the root, with
each allele representing an individual cell in these trees. All three
reconstructed trees exhibit a dichotomous structure, which is optimal
for phylogenetic inference. Despite the limited sample size for each
tree, we still observed overall high bootstrap values supporting our
internal nodes. The median SH-aLRT bootstrap values for the three
trees were 77%, 78%, and 75%, respectively. Taken together, these
proof-of-principle results suggest that the SMALT system can be
employed for lineage tracing in zebrafish during embryonic
development.

Testing SMALT barcoding performance in adult fin

To investigate if the barcoding mutation edited during embryo-
genesis could be recovered in adult zebrafish, we raised the injected
transgenic fish to adulthood (Fig. 2A). We amputated all eight parts of
the zebrafish fins, including the unpaired caudal fin (ventral and
dorsal side separately), anal fin, dorsal fin, as well as the paired fins
pectoral and pelvic (left and right separately). For individuals ZF1 and
ZF4, we amputated the original fins and the fully regenerated fins two
times (at time intervals of 20 days) (Fig. 2A). For individual ZF2, we
amputated the original fins and the fins regenerated once. Individual
ZF3 had only the original fins amputated. After genome extraction,
we PCR ampilified the 1-kb barcode using primers containing unique
molecular identifiers (UMls) to distinguish different DNA molecules
(Fig. 2A). We used single-molecule real-time (SMRT) sequencing on
the PacBio Sequel Il system to sequence the PCR amplicon. Using
the high-quality HiFi reads, we recovered 4028 and 4030 1-kb bar-
code with distinct UMIs for ZF1 and ZF4. For ZF2 and ZF3, we ob-
tained 1903 and 772 1-kb barcode, due to the reduced sampling
times (Fig. S3A). The median substitution mutations per readout for
ZF1 to ZF4 were 17, 15, 16, and 16, respectively (Fig. S3A). The
median mutation number per 1-kb barcode varies from 9 to 26 across
different fins (Fig. 2B). Moreover, all the recovered 1-kb barcodes
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Fig. 1. Applying SMALT barcoding system in zebrafish embryos. A: A schematic diagram showing the generation of transgenic zebrafish with 1-kb barcode for SMALT barcoding
system. The stable 1-kb barcode transgenic line was established using the Tol2 transposase system. Mutations were introduced by injection SMALT AID10—iScel-UGI mRNA to the
single copy 1-kb heterozygotes embryo. The mutations were detected through PCR using the extracted embryo genome as a template, followed by blunt-end cloning and Sanger
sequencing. B: The number of mutations per 1-kb barcode. Left are the 1dpf uninjected control embryos, and the right three are AID10—iScel-UGI mRNA-injected 1dpf embryos. Each
dot represents a 1-kb barcode readout mutation number, and red horizontal line indicates the median mutation number for that group. C: The bar plots showing the relative frequency of
different types of substitution mutations detected by Sanger sequencing. The number on the top of each bar represents the frequency of this particular type of mutation. D: Left, a
maximum-likelihood cell phylogenetic tree for AID10—iScel-UGI mRNA-injected individual B using the Sanger-sequenced clones as representative of cells. The tips of the trees are
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exhibited mutations, with ZF1 recording a minimum of one mutation,
while ZF2 to ZF4 had at least three recorded mutations (Fig. S3A).
Besides, CG-to-TA mutations constitute 99.1% of all mutations,
closely aligning with the Sanger sequencing result of 99% (Fig. 2C).
The barcoding mutations are pervasive across the 1-kb sequence,
with peaks occurring around 20bp downstream of the center of iScel
binding motifs, which is similar to our Sanger clone data (Fig. S3B).
For each individual, out of the 514 G/C sites on our 1-kb barcode, we
detected mutations on 321, 262, 242, and 309 sites for ZF1 to ZF4.
When combining mutations from all four fish, we detected mutations
on 437 sites, with 374 sites exhibiting at least two mutations
(Table S2). The per-site mutation rate was highly consistent between
our Sanger and PacBio data with a Pearson correlation coefficient of
0.95 (Fig. S3C), supporting the high quality of our PacBio data and
UMI mutation calling strategy. The per-site mutation frequency has a
wide range from 272 to 29 The per-site mutation frequency
observed in our study exhibits a wide range, spanning from 2720
29, This frequency is decided by the number of cell divisions during
which the mutations are generated. For instance, mutations arising
from the first cell division would be inherited by half of the subsequent
cells, thus having a mutation frequency of 271, Similarly, mutations
originating from subsequent cell divisions would be inherited by
progressively smaller fractions of cells and smaller mutation fre-
quency. Consequently, our analysis demonstrates that the barcoding
mutations cover all the mitotic divisions from the zygote to the
number of recovered cells (Figs. 2D, S3D—S3F).

Cell phylogeny in adult fin

Utilizing the aforementioned PacBio sequencing data, we recon-
structed maximume-likelihood phylogenetic trees using IQ-TREE
(Nguyen et al., 2015; Minh et al., 2020) for each of the four fish, us-
ing the wild-type sequence as the root (Fig. 3A). Considering the
proximity of the median mutation numbers in the adult fin and embryo
and the degradative nature of the injected mMRNA, we anticipated that
the majority of mutation accumulation on our 1-kb barcode occurs
during embryonic development. Indeed, the edge length near the
terminal cells is quite small, which indicates less mutation recorded.
Based on the edge length count distribution (Fig. S4A), we merged
near-zero internal branches (branch length less than 1e—4), which
indicates polytomy. After merging short edges, the median UFBoot
support values for ZF1 to ZF4 were all 99% (Fig. 3B). From the
documentation of IQ-TREE, typically, one would start to rely on the
clade if its UFBoot > 95%. Thus, we obtained four phylogenetic trees
with high bootstrap support. The tree for ZF1 to ZF4 each comprised
234, 160, 138, and 258 internal nodes (Fig. 3B), indicating the
recording of hundreds of mitotic cell divisions. A detailed examination
of the four cell phylogenetic trees revealed that most polytomy nodes
contained cells from the same part of the fin in origin and regeneration
(Fig. 3A). This suggests that, after amputation, regenerated cells
mainly originate from the cells of the same part of the fins.

By utilizing the distance from the most recent common ancestor
(MRCA) internal node to the root as node heights, representing the
division history of the cells under this node, we calculated all pairwise
distances between every cell in the phylogenetic trees. Phylogenet-
ically more related cells shared a longer lineage history from zygote
to their MRCA internal node, thus longer node heights than distant
cells. After grouping the node heights based on the cells sampled
from each fin part, we selected the top 20 percent quantile to
represent closely related cells on the phylogeny. We obtained a
matrix representing all fins by combining the distance matrices from
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four individuals. The heatmap of this matrix shows that for all eight
parts of the fin, the regenerated fin and the original fin of the same
part are phylogenetic close to each other (Fig. 3C). The heatmap from
different sampling proportions showed consistent results (Fig. S4B
and S4C). The box plots illustrating node heights from separate
sampling parts further emphasize that cells from the same part,
whether original or regenerated, share a longer lineage history than
cells from different parts (Fig. S5). In conclusion, our findings indicate
that for all parts of the fin, regenerated cells mainly originate from
cells within the same part of the fin.

Mutation recording and clone diversity in germ cells

To test the performance of our barcoding system in germ cells, we
conducted PCR on the progeny of both ZF1 and ZF4. Given that adult
ZF1 and ZF4 were raised from injected embryos, the AID10—iScel-UGI
mRNA would undergo degradation before sexual maturity. We antici-
pated no additional mutation accumulation on the 1-kb barcode in the
subsequent generation of embryonic development. Consequently, we
speculated that the mutations observed in the 1-kb barcode of their
offspring could be indicative of germ cell mutations. We conducted PCR
amplification on a total of 94 and 92 offsprings separately obtained from
ZF1 and ZF4, respectively, spanning three distinct spawnings on
different days. The median mutation numbers were 10 and 14.5 for ZF1
and ZF4 (Fig. 4A). The germ cell mutation number is lower than the fin
cell mutation number from the same individual (Fig. 4A). Indeed, previ-
ous studies using vasa RNA expression as a molecular marker showed
that the primordial germ cells (PGCs) number remained constant during
cleavage stage and did not change greatly after gastrulation to the first
day of development (Yoon et al., 1997; Knaut et al., 2000; Raz, 2003;
Tzung et al., 2015). The lower mitotic division of PGC during embryo-
genesis may contribute to the lower number of barcoding mutations.

Next, we analyzed the clonality of the germ cells from separate
spawnings to figure out whether gametes in each spawning originated
from the same group of germline stem cells. We detected five different
clones, each having at least two cells with the same 1-kb readout in
ZF1. Five out of five clones were used in the first spawning, with the
second and third spawning having four clones each (Fig. 4B). For ZF4,
six clones were detected, with five, six, and six clones in each
spawning, respectively. This observation suggests that different sets
of gametogenesis originate from the same pool of germline stem cells.
This is coherent with the previous study using golden progeny fraction
from mutated founder fish (Walker and Streisinger, 1983).

Cell phylogeny confirms the early separation of germ cells
from somatic cells

To further investigate the separation between progenitors of so-
matic cells and germ cells, we incorporated these germ cells along
with those first sampled original fin cells to build two lineage trees.
After merging near-zero internal branches, in the case of ZF1, our
reconstructed tree comprises 769 cells and 139 internal nodes. For
ZF4, the tree encompasses 1126 cells and 168 internal nodes
(Fig. 4C). Both trees have a median UFBoot support of 99% (Fig. 4D).
In ZF1, all 94 sampled germ cells were grouped under one internal
node with 100% UFBoot support values, forming a large mono-
phyletic clade (Fig. S6A). In ZF4, 88 out of the 92 sampled germ cells
form a large monophyletic clade, while the remaining 4 cells consti-
tute a separate, smaller monophyletic clade. These two mono-
phyletic clades in ZF4 both have 99% UFBoot supporting the
separation of germ cells and fin cells (Fig. S6A). These data imply a

different Sanger-sequenced clones, and the red number represents the SH-aLRT bootstrap value support for the internal node. Right, the corresponding barcoding mutations on the 1-
kb barcode for each clone. Mutations are represented as short vertical lines along the 1-kb barcode to indicate their positions.
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relatively small progenitor cell number for germ cells and an early
separation between the progenitor of germ cells and somatic cells in
fins. In the monophyletic clades of germ cells in ZF1 and ZF4, germ
cells from separate spawnings were mixed under each of the internal
nodes, which suggests germ cells from separate spawnings shared
the same group of progenitor cells (Fig. S6B).

To calculate the number of progenitors, we employed a recently
developed targeting coalescent analysis (TarCA), which calculates the
probability that two randomly sampled cells coalesce within a mono-
phyletic clade for a given tissue (Deng et al., 2024). The inverse of the
probability serves as a measure of the progenitor number of the tissue.
We specifically focused on the monophyletic clades composed of
germ cells. We utilized these fin somatic cells as background and used
TarCAa to calculate the progenitor number of germ cells. The out-
comes revealed a relatively small number of germ cell progenitors, with
1 and 1.09 for ZF1 and ZF4, respectively (see Materials and methods).
These fate-determined progenitor cells for germ cells are character-
ized by their commitment exclusively to generating germ cells, with
none of their progeny capable of differentiating into somatic cells.
These germ cell progenitor numbers are estimations when the pro-
genitor of germ cells and fin somatic cells are set apart. Previous
studies demonstrated that vasa RNA is initially observed along the first
two cleavage planes and subsequently condenses into four subcellular
clumps by the 32-cell stage (Knaut et al., 2000; Yoon et al., 1997). The
difference between the number of vasa RNA-containing cells and our
phylogenetic progenitor estimation could be explained in two ways.
Firstly, although the fin cells comprised a variety of cell types, including
epithelial, mesenchymal, and hematopoietic populations (Hou et al.,
2020), using fin cells as a proxy for all types of somatic cells is still
underrepresented, which might lower the estimation of germ cell
progenitors. Secondly, the marker gene-defined progenitors may be
divided from the same ancestor in the phylogeny, suggesting the
delayed cell state divergence during cell fate commitment of germ
cells (Wagner and Klein, 2020).

Discussion

In this study, we applied the SMALT system to zebrafish,
achieving a highly efficient barcoding capacity for lineage tracing.
Specifically, for the 1dpf embryo, we recorded a median of 14 sub-
stitution mutations per 1-kb barcode. This closely aligns with the
estimated number of cell divisions and surpasses the mutation count
achieved by the current Cas9-based lineage tracing method in
zebrafish, which typically records around three mutations per bar-
code. Applying this system to zebrafish fin and germ cells, we
reconstructed high-quality cell phylogenic trees comprising hun-
dreds of internal nodes with high bootstrap value support. These
proof-of-principle experiments illustrated that our system can
effectively record barcoding mutations in diverse tissues, rendering it
applicable to various fields in developmental biology. The high mu-
tation recording capacity will enable the generation of detailed cell
lineage relationships, enhancing a comprehensive understanding of
development and disease. Notably, this barcoding system uses
injected AID10—iScel-UGI mRNA to create mutations, and its effi-
cacy could be further enhanced by incorporating state-of-the-art
mRNA modification and circular RNA techniques.

The zebrafish cell lineage trees obtained in our study provided
clear evidence for the early separation of germ cells and somatic cells
progenitor. While prior investigations using molecular marker
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expression have identified several germ-cell progenitors during early
embryogenesis, our approach provides a detailed illustration from a
phylogenetic perspective. The estimation of germ cell progenitors
using targeting coalescent analysis introduces a novel method,
complementing the conventional observation of vasa RNA-
containing cells. To improve the precision of estimating the number
of germ cell progenitors, it may be necessary to include additional
cell types beyond those found in fin cells, thereby creating a broadly
sampled population of somatic cells as background.

One of the main limitations of our experimental design is that we
relied solely on anatomical position information for annotating our
lineage tree. This approach overlooks the presence of diverse cell
types within the same fin region, each characterized by unique mo-
lecular states. Recent advancements in single-cell genomics have
enabled the detection of mutations from barcode mRNA, providing a
means to simultaneously acquire the molecular state and lineage
history of individual cells (Raj et al., 2018; Spanjaard et al., 2018;
Bowling et al., 2020; Li et al., 2023). Our transgenic line, integrated as
the 3’ UTR of GFP, is expected to transcribe 1-kb barcode mRNA
with the poly-A structure. Consequently, it could be incorporated into
current scRNA-seq workflows that utilize oligo-dT for capturing
mRNA. This adaptation will allow the incorporation of cell type an-
notations into the cell lineage tree, providing a comprehensive un-
derstanding of cell fate commitments during the development.

Materials and methods
Plasmids

The 1-kb DNA barcode HMF10 was designed based on previous
mutation readout data from flies and yeast. The 1-kb represents a 1-
kb DNA barcode containing 16 iScel binding motifs surrounded by
AlD-preferred motifs. Unlike the original 3-kb readout used in fly, the
new 1-kb DNA barcode has only 80 bp of DNA sequence between
the heads of two opposite iScel binding motifs and 4 bp of DNA
sequence between the backs of iScel binding motifs. The 1-kb DNA
barcode was synthesized commercially through GENEWIZ with
BamHI and Notl restriction enzyme sites on two ends. This 1-kb DNA
barcode was cloned into Tol2 vectors as 3' UTR sequences of
ubi::GFP. The plasmid is available under request.

Zebrafish transgenic line

All zebrafish were maintained at 28.5°C under a 14-h light/10-h
dark cycle. Tol2 transposase mRNA was in vitro transcribed by the
NEB E2060s kit and was purified by the NEB T2040S kit. Tol2
transposase mMRNA and the Tol2_ubi:GFP_1-kb_pA vector were
mixed at a concentration of 12.5 ng/uL each. Then, 2 nL of the DNA/
RNA mixture was injected into 1-cell stage AB wild-type embryos. FO
embryos with broad GFP fluorescence were selected and raised to
adulthood. FO adult was crossed with WT, and fluorescent F1 em-
bryos with ubiquitous GFP expression were collected. F1 adult fin
clipping is performed for genotyping. We used the fin genome for
gPCR to calculate the relative ratio of GFP to ultra-conserved
genomic sequence to determine the copy number of transgene
insertion. Only the gPCR-identified single copy F1 that has approx-
imately 50% GFP-positive progeny when outcrossed with WT were
selected. F2 from single copy F1 was raised to adulthood as a stable
transgenic line. All animal experiments were approved by the Animal

this part of the fin in this individual. An, anal fin; Ca_D, caudal dorsal fin; Ca_V, caudal ventral fin; Do, dorsal fin; Pec_L, pectoral left fin; Pec_R, pectoral right fin; Pel_L, pelvic left fin);
Pel_R, pelvic Right fin. C: The relative frequency of different types of substitution mutations detected by SMRT sequencing. The number on the top of each bar represents the frequency
of this particular type of mutation. D: The estimated number of mutation sites created during each of the division cycles in ZF1. The y axis was logo normalized. The division cycle of the
mutated site was calculated as the logs of the site mutation frequency. The site mutation frequency was calculated by dividing the number of cells with mutations on this particular site by

the total number of cells detected at that site.
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Fig. 3. Building high-quality cell lineage trees for zebrafish fin. A: The dendrogram representing four zebrafish fin cell lineage trees. The trees include 4028 alleles for ZF1, 1903 alleles for
ZF2, 772 alleles for ZF3, and 4030 alleles for ZF4. The left tree represents ZF1, while the three trees from top to bottom on the right side represent ZF2, ZF3, and ZF4, respectively. The
outer eight layers represent eight different anatomical parts of the fin, color-coded to distinguish between original and regenerated sampled cells. The original sampled fin cells are
denoted in blue, the second-time sampled cells in yellow, and the third-time sampled cells in red. In the ZF1 tree, a representative polytomy containing cells from the same part of the fin
in both the original and regenerated states is highlighted in dark green. B: The accompanying density plot showing the frequency distribution of UFBoot support values on the internal
branches of the four trees. The four zebrafish cell phylogenetic trees all have 99% median UFBoot support, denoted by the red vertical dashed line. C: The heatmap showing the
similarity of original cells and regenerated cells for each part of the fin based on shared phylogenetic distance. A higher value denoted as red represents cells from this part are
phylogenetically closer to each other, and a lower value denoted as blue represents cells from this part are phylogenetically farther.
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Research and Ethics Committees of Sun Yat-Sen University and
performed under the National Guideline for the Care and Use of
Laboratory Animals (China).

Mutation creation

The AID10—iScel—-UGI from the SMALT system was PCR cloned
into the pCS2 vector. AID10—iScel-UGI mRNA was in vitro tran-
scribed. The single copy insertion homozygotes Tg(ubi:GFP_1-
kb_pA) transgenic fish were outcrossed with WT, and 300- pg
mRNA was injected into 1-cell stage embryos. Transgenic larval with
normal development and ubiquitous GFP expression were raised to
adult. The 1-kb was PCR amplified from fin genomes and cloned by
blunt end cloning (Clone Smarter C5851). The mutations on the 1-kb
were calculated from the Sanger sequencing data.

Fin 1-kb barcode library preparation for SMRT sequencing

Four adult zebrafish were anesthetized by a standard dose
(164 mg/L) of tricaine. We amputated eight parts of the fins for each
fish as illustrated in Fig. 2A. After amputation, the adult fish were
immediately transferred to the fish tank. Each part of the fin was
collected in a 1.5-mL microtube filled with 180 uL of genome extraction
buffer ATL from QIAamp DNA Micro Kit (QIAGEN). The genomic DNA
was extracted following the ‘isolation of genomic DNA from tissues’
protocol and quantified with Qubit v.3.0 Fluorometer (ThermoFisher).

We used 30-ng genome from each part of the fin from each sam-
pling, about 6500 copies of the zebrafish genome, as a PCR template.
We implemented a three-step strategy utilizing five primers (P1—P5).
All PCR reactions used KOD One™ PCR Master Mix (TOYOBO).

In the initial step, we performed a single cycle of linear amplifi-
cation utilizing the P1 primer, which incorporates 16-nucleotide UMIs
to label the initial readout molecules. Then, we cleaned up the
product using 0.6 x SPRIselect beads’ left side size selection. Next,
we performed 15 cycles of nested PCR utilizing primers P2 (which
includes a 10-nucleotide fin sample index) and P3 to amplify and
enrich the readout molecules containing UMIs. Subsequently, the
resulting products were purified using a cycle-pure kit (Omega Bio-
tek d6492-02). Finally, purified products from the Step 2 were used
as templates to be amplified using P4 (containing a 10-nucleotide
batch sample index) and P5. Detailed PCR primer sequences are
listed in Table S3. The detailed thermal conditions are as follows:

Step 1: 0.3 uM P1 in 100 pL of solution; thermal condition: 94°C/
3 min (98°C/10 s, 62°C/1 min, 68°C/1 min) x 1 cycle, 68 °C/10 min
followed by 0.6x bead purification;

Step 2: 0.3 pM P2 and P3 each in 100 pL of solution; thermal
condition: 94°C/3 min (98°C/10 s, 57°C/5 s, 68°C/20 s) x 15 cy-
cles, 68°C/2 min and mixed samples from the same sampling
batches and cycle pure the DNA;

Step 3: 0.3 uM P4 and P5 each in 100 pL of solution; thermal
condition: 94°C/3 min (98°C/10 s, 57°C/5 s, 68°C/20 s) x 20 cy-
cles, 68°C/2 min and mixed samples from the same sampling
batches and then 0.6 x bead purification.

Germ cell 1-kb barcode library preparation for SMRT
sequencing

Female adults ZF1 and ZF4 were individually mated with wild-type
AB adults at intervals of 1—2 weeks. For each pair of mating, all zy-
gotes were collected, raised to 3 dpf, and all larvae displaying GFP
fluorescence were selected. These larvae were individually lysed in a
96-well PCR plate using 50 pL of 50 mM NaOH at 95°C for 5 min for
genome extraction. Subsequently, 5 pL of 1 M Tris-HCI, pH 8.0, was
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added to neutralize the sample, and 2 pL of the mixture was used as
the PCR template. A two-step PCR strategy was employed using four
primers (P6—P9). In the first step, we performed a 15-cycle PCR with
dual index (P6: Partial read1-15_cell_index-1-kb F; P7: Partial read2-
17_cell_index-1-kb R). All PCR reactions on larvae from the same in-
dividual’s mating on the same day were pooled and purified by cycle-
pure. In the second step, PCR products from the previous step were
used as templates and the batch index was added by a 15-cycle PCR
using P8 and P9 primers. Detailed PCR primer sequences are listed in
Table S3.

SMRT sequencing and data processing

One microgram of the PCR 1-kb readout sequence containing
UMIs and fin-specific index was utilized for SMRTbell library
preparation (PacBio Sequel ll), following the standard SMRT
sequencing protocol. Sequencing runs were conducted using one
SMRT cell for each SMRTbell library (Xi’An Haorui Genomics
Technologies Ltd.). For each subread group, circular consensus
sequences (CCS) were generated by pbccs v.6.4.0 with the pa-
rameters: ccs —-min-length = 800 —max-length = 1300. After this
step, ccs reads were aligned to the 1-kb reference sequence using
minimap2 under the parameter setting: -ax -am20. After alignment,
reads that were correctly mapped were selected using samtools as
samtools view -b -F 4. The sampling batch index was extracted
using customized R scripts, which used the P7 PCR adaptor
sequence as an anchor to extract the following 10 nucleotides. The
CCS reads were then grouped by batch. Then, we extracted the fin
sample index and cell UMI from CCS reads using read1 as the
anchor sequence. Using these indexes, we assigned CCS reads to
different parts of the amputated fin. The UMI was used to separate
CCS reads to different cells. Each UMI that has less than 2 CCS
reads was excluded for further analysis. Mutation calling was per-
formed using bcftools, and only substitution mutations were kept.
For each mutation site, we only kept the site that keeps the same for
all CCSreads or at least a 3 to 1 ccs reads ratio of the mutation base
to the reference base. After filtering, for each UMI, a consensus
readout sequence was obtained as an allele. In the end, we got
4028, 1903, 772, and 4030 alleles for ZF1, ZF2, ZF3, and ZF4 fin. For
germ cells, we got 94 and 92 alleles for ZF1 and ZF4.

Reconstruction of fin and germ cell phylogeny

We utilized a maximum-likelihood-based software, IQ-TREE, to
reconstruct the cell trees. We employed the -m MFP parameter in 1Q-
TREE, directing it to execute ModelFinder. The ModelFinder calcu-
lates log-likelihoods for an initial parsimony tree across multiple
models and utilizes the Bayesian information criterion (BIC). Subse-
quently, it selects the model that minimizes the BIC score. For every
reconstruction, we performed 1000 rounds of ultrafast bootstrap
approximation (-bb 1000) and 1000 rounds of SH-like approximate
likelihood ratio test (-alrt 1000) to assess the quality of consensus
tree. We used the R package ggtree v3.10.0 for tree plotting (Xu et al.,
2021; Yu et al., 2017, 2018).

Fin distance computation based on phylogeny

We used the get_mrca_of_set (tree, descendants) function from
the R package castor v1.7.11 for each pair of terminal cells on the
tree to get the most recent common ancestor internal node. For each
internal node, the nodeheight (tree, node) function from R package
phytools v2.0.3 was utilized to compute the height above the root for
that internal node, and this height represents the distance of this pair
of terminal cells. Then, the distance was normalized by dividing the
median node height of all tips. We combined the distance from all
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Fig. 4. Clonality and cell phylogeny of the germ cell. A: The box plots showing the comparison of germ cell and fin cell barcoding mutation numbers from the same individual. The red
box represents the mutation number in fin cells, and the blue box represents the mutation number in germ cells. B: The clonal composition of germ cells from ZF1 and ZF4 across three
separate spawning events. Each color represents a clone with a unique combination of barcoding mutations, and the height of the bar indicates the proportion of cells belonging to that
specific clone. C: The cell phylogenetic tree of germ and fin cells for ZF1 and ZF4. The light blue clade highlight represents the clade full of germ cells, while other fin cells in these trees
are annotated with black lines. D: The density plot showing the distribution of UFBoot support values on the internal branches of the ZF1 and ZF4 germ cell and fin cell trees. The red

dotted line indicates the median UFBoot support of 99%.

four fish trees. Subsequently, we grouped all the pair-wise cell-to-cell
distances based on the specific part and sampled times of the fin to
which they belonged and computed the median distance for each
part of the fin. We used the reciprocal of this distance matrix for hi-
erarchical clustering using UPGMA. Finally, we used the R package
ggdendro v0.1.23 to plot the dendrogram.

Germ cell progenitor number estimation

For ZF1 and ZF4, the trees that incorporated all the originated fin
cells and germ cells were used. All three times of sampled germ cells
were annotated as germ cells and all eight parts of the fin cells were
annotated as fin cells. Then, we used the Np_Estimator function from
TarCA and the tree and annotation table as input to estimate the
number of progenitor cells of germ cells. The details of the calculation
are as follows. For ZF1, the coalescent rate: Pr = C2, / C2, = 1, thus

Np = 1/Pr = 1. For ZF4, the coalescent rate: Pr = (C2 +C2 )/ C3,,
thus Np = 1/Pr = 1.09.
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