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Reconstructing the genealogy of every cell that makes up an organism remains a long-standing challenge in
developmental biology. Besides its relevance for understanding the mechanisms underlying normal and patho
logical development, resolving the lineage origin of cell types will be crucial to create these types on-demand.
Multiple strategies have been deployed towards the problem of lineage tracing, ranging from direct observa
tion to sophisticated genetic approaches. Here we discuss the achievements and limitations of past and current
technology. Finally, we speculate about the future of lineage tracing and how to reach the next milestones in the
field.

1. Introduction
Development is the process by which a fertilized egg (zygote) gives
rise to a whole organism through multiple rounds of cell division. In this
process, cells acquire different identities and become increasingly
specialized. Such diversity of cells self-organizes as functional units
(organs and systems) that crosstalk at higher levels. The orchestration of
cell proliferation and the acquisition of cell identity is critical for the
normal development of any organism.
Cell lineage denotes the genealogical connection between every cell
in the organism and the zygote. Thus, development can be described as a
lineage tree in which dots designate cells and connecting lines represent
mitotic relationships between cells. Mapping of lineage trees offers
limited insight beyond the description of proliferation patterns, unless
cells can be distinguished based on their different identity. Deciphering
the entire lineage tree of an organism in conjunction with the identifi
cation of its cells provides an ideal framework to understand the
mechanisms underlying developmental processes.
Multiple efforts have been deployed to developing tools for lineage
analysis. Either applied to single cells in a mosaic manner or an entire
cell population, these tools can be classified into four, sometimes over
lapping categories: (1) birth-dating, aimed to identify the exact time
when cells are born; (2) cell-fate mapping, to reveal the developmental
potential of cells from characterizing progenies at later developmental
stages; (3) clonal analysis, to mark all cell derived from a progenitor cell;
and (4) lineage tracing, to describe the mitotic connections between two

or more genealogically related cells, including the intermediate steps in
the lineage tree.
Initially, direct visualization in transparent organisms was the gold
standard, providing lineage-tracing resolution. This approach was fol
lowed by methods for cell-fate mapping, clonal labeling and birthdating, including injection of vital dyes, nucleoside analogues and cell
or tissue transplantation. The eruption of genetic engineering brought
more sophisticated methods based on retroviral injection or recombi
nases that colored cell lineages with an amalgam of different fluorescent
proteins. Advances in single-cell genomics and CRISPR systems sparked
a new revolution in the field, yielding a repertoire of tools for lineage
reconstruction. Even though none of the newest approaches have sur
passed the power of direct visualization, they did unlock the potential to
study more complex organisms. Beyond all the fundamental insight
gained, the rapid evolution of tools for lineage studies has hinted at
future further sophisticated methods.
This Review revisits the challenging problem of how to analyze cell
lineages in different models, with an emphasis on the nervous system. In
the first part of the manuscript, we present the existent technology for
lineage studies and consider the advantages and drawbacks of the
different tools. The second part offers a glimpse into a probable future of
lineage tracing based on the lessons learnt so far.
Important concepts on lineage analysis
Clonal analysis vs lineage tracing: despite these concepts have often been used as
synonyms and are a subject of debate, we define clonal analysis as the methodology
(continued on next page)
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their smaller size make them more adaptable to microscopy and
computational requirements (Rios and Clevers, 2018).

to mark the progeny arising from the same progenitor cell. The outcome is usually
an image of a cell clone labeled with the same mark, obviating the intermediate
steps occurring between the progenitor and the generation of its progeny. In
contrast, lineage tracing intends to describe the intermediate steps, mapping the
internal structure of a lineage tree. Different lineage tracing approaches might
resolve intermediate steps with different resolutions. Therefore, clonal analysis
could be considered as an instance of lineage tracing with very low-resolution.
However, we purposely included it into a different category to acknowledge the
large body of research that applied this technology.
Prospective vs retrospective lineage analysis: prospective methods introduce lineage
tracers and follow traced cells forward in development. Retrospective methods
identify lineage-specific tracers and use them to infer past developmental
relationships, thus limited in characterizing intermediate precursors.

2.1.2. Nonspecific markers
Lineage tracing based on direct observation is limited to small and
transparent models. In other models, cells are not directly accessible to
microscopy. Therefore, they need to be labeled with markers and their
fate revealed at a later timepoint (Fig. 1A). Vital dyes have been used as
cell markers since pioneering work fate-mapped the Xenopus blastula by
implanting small agar chips embedded in Nile Blue (Vogt, 1929).
However, this type of dye is hydrophilic and easily diffuse into other
cells in contact with the cells of interest. To avoid this issue, different
families of dyes have been utilized, including carbocyanines (DiI, DiO,
etc., Axelrod, 1979, Eagleson and Harris, 1990), horseradish peroxidase
(Weisblat et al., 1978), high-molecular-weight dextrans (Strehlow et al.,
1994) and thiol-reactive dyes (that become fluorescent and
membrane-impermeant after accessing the cytoplasm, West et al.,
2001). Initially designed for cell proliferation studies and birth dating,
nucleoside analogues such as tritiated thymidine, BrdU or EdU also
belong to this group as they allow to follow the fate of labeled cells
(Beddington, 1981, 1982, Chwalinski et al., 1988; Schoof et al., 2019).
In addition, visible dyes can also be used in combination with live im
aging, which improves resolution in those tissues with high density of
cells.
Despite the simplicity of applying these dyes, two key limitations
have restricted their utility. First, these dyes are diluted with every cell
division, which affects their applicability in highly
proliferative cell populations. To solve this issue has driven the
development of new cell tracers working at higher concentration (Hu
et al., 2019). Moreover, although dyes can be injected into selective loci
at precise times, they cannot distinguish fellow cells based on differen
tial gene expressions. To achieve cell-type targeting, a palette of
chemigenetic dyes has been developed (Grimm et al., 2017). Such dyes
harbor a reactive linker to form covalent bonds with specific
self-labeling enzymes such as HaloTag (Los et al., 2005), SNAP-Tag
(Keppler et al., 2003) or CLIP-Tag (Gautier et al., 2008). Only cells
genetically expressing corresponding enzymes can therefore be selec
tively marked.

2. Tools for lineage studies
The vast repertoire of tools deployed for lineage analysis reflects the
complexity of this challenge. Yet, none of these tools allows rapid and
scalable lineage reconstruction at single-cell resolution. Here we revisit
the potential of each tool for solving part of this problem in different
models.
2.1. Non-transgenic approaches
2.1.1. Direct observation
Initial work on lineage tracing relied on microscopic observations of
the early development of invertebrates such as leech (Whitman, 1878,
1887) or sea squirt (Conklin, 1905). By tracking and annotating every
daughter cell arising from every mitosis, direct observation eventually
succeeded to map the entire cell lineage of the nematode Caenorhabditis
elegans (Sulston et al., 1983). Arguably, this work is the most significant
milestone in the field, highlighting the power of this approach for
lineage analyses. However, direct observation is tedious and limited to
small organisms that are transparent and contain a reduced number of
cells.
Far from becoming outdated, advances in microscopy and compu
tation made this method to evolve into live imaging; direct observation
is no longer direct as one can store videos in a hard drive to be subse
quently analyzed, and it is no necessarily observation, as oftentimes cells
can be automatically followed by computers. These advances allow
tracing lineages in multiple animal models, including Drosophila,
zebrafish or mouse (Keller et al., 2008; Amat et al., 2014; McDole et al.,
2018). This is based in algorithms for automatic cell tracking that can
precisely reconstruct lineages comprising thousands of cells (Amat et al.,
2014; Wolff et al., 2018). Live imaging is also promising in organoids, as

2.1.3. Transplantation
This method overcame the problem of dye dilution in proliferative
cells. In this case, tissue from a donor embryo is grafted into a host
embryo. Various strategies have been deployed to identify donor cells
within the host tissue (Solini et al., 2017). Utilizing differentially pig
mented newt species, Spemann and Mangold tracked donor cells in
Fig. 1. Fate-mapping with non-specific
markers versus viral injections: the dilu
tion problem. A) Labeling cells with nonspecific markers allows to follow their fate
even in non-transparent organisms. Cells that
have been labeled at an early stage can be
distinguished at a later time based on the
presence of the marker. Since these markers are
diluted with every cell division, highly prolif
erative cell populations lose this marker after
several mitoses. B) The injection of viruses
encoding a genetic reporter results in stable cell
labeling that is not diluted with every mitosis.
To guarantee that cells originated from
different progenitors can be distinguished, cells
are infected with a viral library. This library
comprises hundreds of different viruses, each
encoding a unique DNA barcode. These barc
odes can be amplified by PCR and then
sequenced so that cells arising from different
progenitors contain different barcodes.
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chimeric embryos based on cell colors (Spemann and Mangold, 1924).
Another well-known example involves generation of quail-chicken chi
meras to study migration and differentiation of neural crest cells (Le
Douarin, 1980). In this case, quail cells were followed via detecting the
condensed nucleolar heterochromatin present only in quail cells. Be
sides, marking donor cells with non-selective dyes permits same-species
transplantation to exclude possible interspecies artifacts. However, dye
dilution would again prevent tracking highly proliferative cells.
Nonetheless, cells may behave differently following transplantation
(Sun et al., 2014a,b). This is probably due to the creation of a wound in
the site of transplantation or the need for destruction of the intercellular
organization to produce a single-cell suspension ready for injection.
Also, transplantation does not provide genetic selectivity over labeled
cells, which is critical to target specific cell types. Achieving single-cell
resolution can be challenging too. However, transplantation remains
uniquely powerful for studying the influence of intrinsic versus extrinsic
factors in processes such as cell migration/specification, as cells can be
moved into a different tissue microenvironment (Ceci et al., 2010;
Søraas et al., 2019). Another modern application of transplantation are
xenografts, allowing study of human tumor cells in immunodeficient or
humanized mice (Lamprecht et al., 2017).

2.2. Transgenic approaches
The eruption of genetic engineering in the late 1980s revolutionized
all fields in biology, including lineage analysis. A myriad of tools has
been developed that rely on the expression of reporter genes to label
progenitor cells and their progenies. At the beginning, reporters were
based on enzymatic reactions. One of the most used reporters in this
category is ß-galactosidase (encoded by the LacZ gene), which trans
forms the analog X-gal to a blue product that can be easily visualized
(Casadaban et al., 1980; Lis et al., 1983). Then, the discovery of GFP and
other fluorescent proteins allowed to label cells with combinations of
colors (Chalfie et al., 1994; Day and Davidson, 2009). These fluorescent
reporters evolved to photoconvertible proteins that can be transformed
from one fluorescent state to another, following activation by specific
lasers (Ando et al., 2002). These proteins are extremely useful in opti
cally accessible tissues as they allow to label small populations of pro
genitor cells at a particular time and location.
2.2.1. Viral injections
Replication-incompetent retroviruses permits gene transfection in
cells of interest (Stuhlmann et al., 1984). Integrating the marker gene
into the host genome labels all the progeny arising from infected cells as
clones (Fig. 1B). Some retroviruses (e.g. lentiviruses) infect both
dividing and non-dividing cells, whereas other retroviruses infect only
cells undergoing mitosis (Yamashita and Emerman, 2006). The cell cycle
selectivity provides specificity for proliferating cells. Additional selec
tivity can be achieved by envelope pseudotyping that allows to infect
specifically broad cell types such as neurons or glia in the nervous sys
tem (Cronin et al., 2005). Labeling specificity can be further gained by
varying the promoter driving the genetic reporter. An elegant approach
to achieve target specificity is by using a transgenic mouse line that
expresses the avian leukosis virus receptor under the control of a
cell-type-specific promoter (Holland and Varmus, 1998). Thus, only
proliferating cells that express this receptor can be infected (Doetsch
et al., 1999a,b).
To guarantee infection of a single founder cell, viruses are injected at
limiting dilutions (Sanes et al., 1986; Price et al., 1987; Turner and
Cepko, 1987; Sanes, 1989). Clones of cells arising from independent
progenitors are then defined based on proximity. However, the criteria
used to define clonal boundaries influences the probability of lumping
unrelated cells together versus splitting related cells into multiple
clusters (Golden et al., 1995). To avoid these errors, retroviral libraries
were generated, encoding a reporter gene with a random and unique
short DNA fragment as a barcode tag (Walsh and Cepko, 1992; Golden
et al., 1995). Clones were thus revealed by dissecting individual cells
and then PCR-amplifying to retrieve these tags. Given excessive library
diversity, cells containing the same barcode almost unequivocally
pertain to the same clone. For clonal analysis in intact tissues, one can
detect barcodes by fluorescent in situ hibridyzation (Askary et al., 2020).
Single-cell analysis of overlapping clones is further possible by
co-infection with multiple virus types that each express a different re
porter protein (Fields-Berry et al., 1992; Weber et al., 2012).
These features have made retroviruses a powerful method for clonal
analysis in the hematopoietic (Lemischka et al., 1986) and nervous
system (Price et al., 1987). Retroviruses have also been used for live
imaging of organotypic slice cultures, to track the behavior and the
initial mitosis of individual progenitors (Noctor et al., 2001). However,
some drawbacks limit the utility of this method: 1) injections usually
create a wound that may affect the behavior of cells in proximity, 2)
genome integration occurs randomly, which may cause mutagenesis of
endogenous genes, 3) retroviral vectors are subjected to spontaneous
genetic silencing resulting in loss of reporter gene expression (Halliday
and Cepko, 1992), 4) the desired sparse labeling limits the scalability of
this method, and 5) the clonal labeling provides no information about
the intermediate steps in the lineage tree. Improvements were made in
reducing epigenetic-mediated silencing and positional effects with

2.1.4. Ablation and cell resurrection
Strictly speaking, ablation is not a method for direct lineage analysis.
Yet, this approach has provided important insight about the destiny of
progenitor cells (Doe and Goodman, 1985; Dulauroy et al., 2012). This
technique consists of removing a particular cell or tissue in the embryo
and noting which structures are missing at a later stage. Thus, missing
parts can be inferred to be descendants of the ablated progenitor cell.
However, this is only a complementary approach and results could be
challenging to interpret. First, ablated cells might affect other progenitor
cells, resulting in non-intended developmental alterations. Conversely,
other progenitors might alleviate cell/tissue loss as a consequence of
compensatory mechanisms.
Cell/tissue ablation was initially carried out by microsurgery
(Hegner, 1908), then with irradiation of intracellularly injected dyes
(Miller and Selverston, 1979) or by focusable laser beams (Sulston and
White, 1980; Doe and Goodman, 1985). More modern approaches
involve the genetic expression of toxins in specific cell types (Palmiter
et al., 1987). One can also selectively kill actively dividing cells with
drugs. This method has been applied to the study of adult neurogenesis
in the subventricular zone (Doetsch et al., 1999a,b) and hippocampus
(Saxe et al., 2006).
It is worth noting that the opposite approach, cell resurrection, can
be very informative too. Preventing cells from apoptosis by expressing
an antiapoptotic transgene has illuminated logics of developmentally
regulated cell death (Hay et al., 1994; Ren et al., 2018).
2.1.5. Carbon dating
In principle, this approach could be considered as a non-invasive
version of birth-dating methods involving radioactive isotopes. Be
tween mid-1950s to early 1960s, there was a dramatic increase in the
level of atmospheric isotope Carbon 14 (14C) due to nuclear weapon
testing, followed by an exponential decrease after 1963. This method
relies on the fact that the atmospheric level of 14C correlates with the
amount of this isotope being incorporated into DNA during its synthesis.
Spalding et al. (2005) exploited this episode to retrospectively birthdate
cells in humans. The fact that earlier generated cells can produce
later-born cells but not vice versa allows to infer lineage relationships.
Despite limited information, the non-invasiveness permits lineage
studies in humans. One of the main achievements of this method was
corroborating adult neurogenesis in the human hippocampus (Spalding
et al., 2013), a still debatable subject (Sorrells et al., 2018).
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insulators (Rivella et al., 2000). However, the lack of lineage details and
poor scalability still limit the applicability of this approach.

of genetic tools, revolutionizing the field of lineage studies. These en
zymes catalyze recombination events between two specific sequences in
the DNA (Grindley et al., 2006). Depending on the orientation of these
sequences, this recombination event results in an inversion or deletion of
the in-between region. Such systems offer additional layers of control
over reporter expression. For instance, the expression/activity of
recombinases can be spatiotemporally controlled to trigger reporters in
specific lineages at selected times. Genetic recombination thus achieves
genetic control with unprecedented precision.

2.2.2. Plasmid transfection
Plasmids facilitates reporter gene construction, and can be intro
duced into cells by various means. Lipofection was initially used in
Xenopus to trace retinal cell fate in vivo (Holt et al., 1990). This method
relies on encapsulation of DNA cargo by phospholipid bilayer as lipo
somes, for fusion with cells’ plasma membrane. However, lipofection is
primarily used to transfect cells in vitro (Felgner et al., 1987).
Electroporation further promotes plasmid transfection in lineage
studies (Gosse et al., 2017). Based on electrical fields that increase the
permeability of the plasma membrane, this method has been an alter
native to viral injections. The area of electroporation can be restricted
via using smaller electrodes in specific orientation (LoTurco et al., 2009;
Dal Maschio et al., 2012). Also, the genetic specificity is ensured as gene
expression can be driven by cell-type- or tissue-specific promoters. This
approach is fast compared to other methods that require the generation
of transgenic lines. Plasmid electroporation only requires building and
purifying the DNA construct, unlike virus production that also requires
cell culture, transfection and viral concentration. It is multiplexable as
multiple constructs can be assayed in the same animal. However, plas
mids existing as episomes only would be rapidly diluted out in highly
proliferative cell populations such as glia in the nervous system (Gar
cia-Marques and Lopez-Mascaraque, 2013, Figueres-Oñate et al., 2015).
Integrating reporter genes into the genome was made possible by
transposons. Widely used transposons include Mos1 (Hartl, 2001), Tol2
(Kawakami et al., 2000), Sleeping Beauty (Ivics et al., 1997) and pig
gyBac (Fraser et al., 1996), which mobilize through a cut-and-paste
mechanism. Among them, piggyBac exhibits the highest transposition
efficiency and largest cargo capacity (Wu et al., 2006; Laptev et al.,
2017). For this reason, plasmid-based lineage studies have utilized
piggyBac to achieve stable labeling in diverse models (Lu et al., 2009,
Garcia-Marques and Lopez-Mascaraque, 2013). In addition, the sto
chastic integration can be exploited for clonal analysis (Sun et al.,
2014a,b). Considering the millions of different loci in the genome where
a transposon can be integrated, cells sharing the same insertion must
undoubtedly originate from the same progenitor cell. However, similar
to retroviruses, genomic integration may disrupt the function of
endogenous genes at or near the insertion site.
Given the multiplexing capability, multicolor approaches have been
developed to label cells with a unique combination of fluorescent re
porters
(Chen
and
LoTurco,
2012,
Garcia-Marques
and
Lopez-Mascaraque, 2013, Garcia-Moreno et al., 2014; Loulier et al.,
2014). Multiple constructs (up to 12, Garcia-Marques and
Lopez-Mascaraque, 2013) can be electroporated into cells where only
small subsets become integrated into non-silenced genomic regions.
Therefore, unrelated cells express different reporter combinations with
different tags and/or subcellular localizations. In those cells with low
proliferation capacity, episomal DNA needs to be removed to eliminate
background labeling that typically shows expression of most reporters
(Figueres-Oñate et al., 2016; Kumamoto et al., 2020). These strategies
avoid artifactual reporter expression resulting from the high number of
plasmids that are introduced in the cell and remain as episomes.
Despite the elegancy and simplicity of this approach, measures
should be taken to reduce challenges in clonal separation. First, one
should avoid simplest marks that potentially exist in many unrelated
cells. Second, one should adjust labeling density to avoid targeting many
cells with limited numbers of reporters. Widespread cell migration could
further complicate the analysis (Figueres-Oñate et al., 2016). By
contrast, it can nicely label cell types that remain together after prolif
eration as compact clones (Garcia-Marques and Lopez-Mascaraque,
2013).

2.2.3.1. Conditional reporters. Conditional reporters triggered by
recombinases is uncontestably the simplest but also the most widely
used method in clonal analysis (Jensen and Dymecki, 2014). The most
common implementation of this approach is based on two components:
1) a recombinase that is expressed under the control of a
cell-type-specific promoter, and 2) a reporter gene whose expression is
prevented by a Stop cassette that is flanked by target sites recognized by
a recombinase (Fig. 2A). After combining both components, the
recombinase recognizes the target sites and excises the Stop cassette,
unlocking the expression of a reporter gene in a cell-type-specific
manner. Alternative designs have an inverted reporter that is flipped
upon the recombinase action. Given irreversible recombination, the
reporter gene once reconstituted in recombinase-expressing cells be
comes stably inherited by the progeny, resulting in clonal labeling. For
conditional knock-out, one can couple inactivation of a gene with the
expression of a reporter gene (Fisher et al., 2017).
This approach is modular and extremely flexible. In mice, the CreloxP system is the gold standard for site-specific recombination. Ef
forts from many laboratories have yielded a collection of transgenic
lines, each expressing a Cre recombinase under cell-type- or tissuespecific promoters. Similarly, another collection of lines exists encom
passing different reporters (e.g. fluorescent proteins or LacZ) and
effector genes (e.g. rhodopsins for optogenetic control). These reporter
or effector genes are usually inserted in the locus Rosa26 and therefore
expressed ubiquitously. The final experiment is simple and combina
torically powerful, as only requires crossing a mouse line from the Cre
collection with a reporter or effector line. Similar strategies exist in other
models, although the recombinase used can vary. In Drosophila, for
instance, similar approaches rely on the Flipase/FRT system (Golic and
Lindquist, 1989). Analogous systems involve the KD, Dre or the R
recombinase among others (Nern et al., 2011).
Most cell-types can only be defined based on combinatorial expres
sion of multiple genes. Despite the selectivity provided by specific pro
moters, Cre lines usually exhibit activity in cells other than the cell-type
of interest (Luo et al., 2020). To gain higher specificity, one can activate
a reporter gene upon the action of two recombinases, each controlled by
a different promoter (He et al., 2017; Liu et al., 2020). Cells will
therefore be labeled only if the two promoters have activities at some
point(s) in the lineage, not demanding sequential or coincident activ
ities. A different strategy creates a sequential cascade of recombinases
(Awasaki et al., 2014; Caronia et al., 2020). In this case, a trigger
recombinase will activate a second recombinase that, in turn, will
activate a reporter gene by removing a Stop cassette. With each
recombinase also controlled by a different promoter, cells will be labeled
only if both promoters have been active in the correct sequence. A
similar approach based on two recombination systems was used to
exclude the desired recombination from a non-intended cell population
(He et al., 2017). In this case, the expression of a second recombinase in
the non-target cell population removes both the Stop cassette and the
reporter triggered by the first recombinase. Even though these ap
proaches increase the specificity, it often requires more than two pro
moters to define a specific cell type.
Additional tools have been created to target specific lineages with
higher specificity. One of such tools involves use of a split-Cre system, in
which the Cre recombinase is divided into two fragments expressed from

2.2.3. Genetic recombination
The application of site-specific recombinases has sparked a new era
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Fig. 2. Methods for lineage analysis based on recombinases. A) Conditional reporters rely on a DNA construct in with the expression of a reporter gene blocked
by a Stop cassette. This Stop cassette is flanked by two target sites recognized by a specific recombinase. The presence of that recombinase results in a recombination
event that removes the Stop cassette and triggers the expression of the reporter gene. Since this event is non-reversible, all progeny derived from the cell in which this
event occurred inherits the expression of the reporter gene. B) Multicolor approaches build on these conditional reporters, although in this case the recombination
event results in the random selection of one out of multiple reporters (GFP, RFP and BFP in this example). Cells with multiple copies of the same DNA construct (3 in
this example) will express a specific combination of reporter genes, allowing to distinguish the progeny of different cells based on their distinct color hue. In the
example, 3 copies of the same construct encoding 3 possible reporters can label the progeny of 10 different progenitors with a unique color mark. C) In Twin-Spot
MARCM, two cells arising from the same mitosis acquire a different color label. The parental cell has two chromosomes, each encoding a reporter and a miRNA that
can block the expression of the reporter in the opposite chromosome. Since each miRNA blocks the expression of one of the reporters, the cell does not express any
reporter. Only after an event of mitotic recombination between two target sites for a recombinase (pink square next to the centromere), each cell inherits two
chromosomes encoding the same reporter and the miRNA against the reporter that is not encoded in the chromosome set. This results in each cell labeled in different
colors. Depending on the level in the lineage tree in which this event occurs, different branches can be labeled. Twin-Spot MARCM can also produce mutant
phenotypes when a mutation for a gene is incorporated in one of the chromosomes. This results in a homozygous cell for that mutation and a wild-type cell, each one
labeled with a distinct color.

two different promoters (Wang et al., 2012). Only the coincident acti
vation of both promoters within the same cell reconstitutes the activity
of the Cre recombinase. This activation leads to the excision of a Stop
cassette, which in turn, triggers the reporter expression.
Another strategy to reduce non-intended activity of a promoter in
volves temporal control of recombinase activity. The most popular is Cre
recombinase fused with the human estrogen receptor (ER, Feil et al.,
1996, 2009). Without ligands (17b-oestradiol, the anti-estrogen
tamoxifen, or its active metabolite 4-hydroxy-tamoxifen), Cre-ER is
sequestered in the cytoplasm by heat shock proteins. Upon ligand
binding, Cre-ER dissociates from chaperon proteins and relocates to the
nucleus where recombination across loxP sites can thus occur. Analo
gous strategies exist using different ligands (Kellendonk, 1996; Kacz
marczyk, 2003). Temporal induction alone can also be achieved through
use of the heat shock promoter (Golic and Lindquist, 1989; Carney and
Mosimann, 2018). An acute increase in temperature can promptly
elevate transcription of recombinase from such promoter. Other ap
proaches include activation of recombinases with light (Edwards et al.,
2009). Optogenetics offers fine spatiotemporal control in optically
accessible models. However, basal activities are noted in all inducible
systems (Hans et al., 2011; Schindler et al., 2015). Besides proper con
trols, one should attempt reducing background expression. One solution
is by dual temporal controls, as in the transgenic mouse line AhCreER
with Cre transcription controlled by the drug-inducible Ah promoter and
Cre activity regulated by tamoxifen (Kemp, 2004). Another strategy we
devised and successfully reduced the leakiness of fly heat shock pro
moter involves integration of a ribozyme into the 5′ UTR of the reporter
sequence (Garcia-Marques et al., 2020). The ribozyme probably acts by
uncapping the mRNA, thus minimizing the basal level of translatable
mRNAs.
The
self-catalytic
action
of
ribozyme
appears
concentration-independent, such that an induction can effectively

increase the concentration of intact mRNA for efficient translation.
One common challenge in clonal analysis is defining clonal bound
aries. Sparse labeling is thus critical for unequivocal lineage ascription,
and can be readily achieved by temporal induction. Titrating the amount
of tamoxifen or reducing the heat shock duration can limit the recom
bination event to only one or few progenitor cells (Lee, 2014; Tan and
Nusse, 2017). Fine-tuning induction is also straightforward with light
illumination (Kawano et al., 2016). Another advantage of mild induc
tion is improving specificity. When the promoter has stronger activity in
the cells of interest than in other cell populations, reducing the induction
can bias the recombination towards the intended cells (Hsu et al., 2011).
2.2.3.2. Multicolor approaches. Sparse labeling based on the expression
of a single reporter can resolve clones even in populations of highly
migratory cells. Yet, this approach is very inefficient, as only few line
ages can be targeted in each experiment. This prompted the adoption of
Brainbow, one of the most influential and innovative genetic technolo
gies created in the last decades (Livet et al., 2007; Weissman and Pan,
2015). Despite the initial description of this approach did not consider
its application for lineage analysis, the Brainbow concept was pro
foundly transformative for the field. This technology allows the pro
duction of a wide variety of fluorescent colors to stochastically mark
neighboring cells. The “Brainbow” color generation occurs through
Cre-mediated recombination among incompatible pairs of loxP sites,
thus randomly activating one out of three or four reporter genes
(Fig. 2B). Given multiple copies of “Brainbow” transgenes, cells can
differentially be labeled with up to 90 possible color hues resulting from
random combinations of multiple fluorescent reporters in different ra
tios. Such color diversity facilitates tracking of densely packed neuronal
processes as well as overlapping lineages.
Many different multicolor systems have been developed following
5
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the same basic “Brainbow” concept (Kanca et al., 2014; Weissman and
Pan, 2015; Pontes-Quero et al., 2017). Similar to the original idea,
various systems utilize recombinase-mediated DNA excision or DNA
inversion involving the Cre or the Flp recombinase. Others resort to
multiple integration of reporter genes via viral infection or transposon
electroporation (Chen and LoTurco, 2012; Weber et al., 2012, Garcia-
Marques and Lopez-Mascaraque, 2013). To increase the number of
discernible color tags, one can target different fluorescent reporters to
different subcellular compartments. The widely-adopted implementa
tions encompass most used models (Kanca et al., 2014; Nern et al., 2015;
Weissman and Pan, 2015): Brainbow, Confetti, Rainbow, Ubow,
Flpbow, Autobow, Star Track, RgB LeGO, CLoNe, MaGIC, Dual ifgMo
saic in mice; Brainbow, Zebrabow, PriZm in zebrafish; dBrainbow,
Flybow, Lollibow, TIE-DYE, MCFO, Raeppli in Drosophila; and Brother
of Brainbow in Plants.
The high number of color tags generated by these approaches per
mits tracing the detailed morphology of multiple intermingling clones.
However, the number of overlapping clones labeled should always be
lower than the number of tags that can be simultaneously distinguished
with the available microscopy. In addition, these tags should be different
enough to tolerate experimental fluctuations in the ratio of expression of
different fluorescent reporters. Otherwise, minor fluctuations in this
ratio could be interpreted as a different color mark.

(MADM) is based on the Cre-LoxP system to catalyze inter-chromosomal
recombination in mouse (Zong et al., 2005). This event reconstitutes two
split marker genes, GFP and RFP. Depending on the chromosomal
segregation pattern, the two markers are inherited by the same or two
different daughter cells arising from a mitosis. Thus, the outcome is one
yellow and one colorless cell or one green and one red cell. Similar to
MARCM, MADM also allows functional analysis of genes. A mutation
can be introduced into one of the chromosomes, although only the
green/red segregation pattern will produce a homozygous mutant
versus a wild type cell. In the yellow/colorless outcome pattern, both
cells will be heterozygous. This system was used to characterize the
generation of the different layers of the cerebellar (Zong et al., 2005)
and cerebral cortex (Gao et al., 2014) or to study gliomas in mice (Liu
et al., 2011). MADM can also be controlled in a cell type and temporally
specific manner, by driving CreER with specific promoters and inducing
it with tamoxifen (Zong et al., 2005).
These technologies based on mitotic recombination have been
instrumental to gain essential insight in neuronal lineages, in both
invertebrate and vertebrate models. In particular, Twin-spot MARCM
provides the best resolution in organisms with stereotyped develop
ment. It can resolve lineages with single-cell resolution and also inform
about which parts of the lineage tree undergo developmentally pro
grammed cell death. Other than direct observation (or live imaging), no
other method reached such resolution. However, these approaches are
tedious and poorly scalable. In fly, reconstructing small sublineages with
Twin-spot MARCM requires thousands of samples (Yu et al., 2010; Lin
et al., 2012). This scenario is even more complicated in mice, where the
limited knowledge about progenitor types and the impossibility of
consistently labeling the same progenitor type in multiple experiments
impedes to faithfully reconstruct any lineage.

2.2.3.3. Mitotic recombination. Imaging-based genetic approaches
typically label related cells in clones without sublineage information.
These techniques are intrinsically limited by the inability to mark
branches of the lineage tree with different tags. The development of
“mosaic analysis with a repressible cell marker” (MARCM) and its var
iants represented a milestone for achieving sublineage labeling by ge
netics (Lee and Luo, 1999).
MARCM relies on the Flp/FRT system to catalyze recombination
across FRT sites situated near the centromere on homologous chromo
somes (Fig. 2C). It activates GAL4-dependent expression of UAS-reporter
following loss of GAL80 due to mitotic recombination across the FRT
sites. One heterozygous precursor can therefore give rise to a positively
labeled GAL80-minus subclone. A transient induction of flipase subjects
only mitotic cells to mitotic recombination (Lee and Luo, 1999). Various
branches of a lineage tree can be accessed following induction at
different times and depending on the fate of the GAL80-minus daughter
cell. Targeting terminal progenitors results in clones of few cells labeled,
allowing morphological examination. When mitotic recombination oc
curs in self-renewing stem cells, the derived multicellular clones carry
all subsequently born cells. In neurons, these clones show characteristic
projection patterns. One can thus map stereotyped lineages through
analysis of subclones generated at various stages from the same lineages.
MARCM further permits analysis of cell-autonomous gene effects on
lineage as well as post-mitotic development (Lee and Luo, 1999). By
placing mutant alleles on the chromosome arm in trans to the arm
containing the GAL80 transgene, one can make clones homozygous for
specific mutations within an otherwise wild-type organism. Following
this approach, genes such as kakapo, Lis1, Trio, or RhoA have been
related to developmental processes (Lee and Luo, 2001).
MARCM only labels one of the two sibling cells derived from the
same mitosis, limiting lineage analysis especially when twin cells ac
quire distinct fates. Twin-spot MARCM was designed to overcome this
limitation (Yu et al., 2009). Based on the same principle as MARCM,
Twin-spot MARCM takes advantage of two reporters and two repressors
to label both daughter cells in different colors. Its potential for lineage
tracing has been proved by the reconstruction of entire neuronal line
ages in Drosophila (Yu et al., 2010; Lin et al., 2012), as well as the
discovery of the role of important genes involved in lineage develop
ment (Lin et al., 2010).
The exceptional potential of MARCM in Drosophila inspired efforts
to create a similar system in mice. Mosaic Analysis with Double Markers

2.2.3.4. Polylox barcoding. The number of different marks that can be
visualized by microscopy remains insufficient compared with the
abundance of progenitors in most tissues. To overcome this limitation,
instead of visual markers, the Polylox system utilizes DNA sequences
that can generate an unlimited diversity of tags (Pei et al., 2017). This
system consists of 10 loxP sites in alternating orientations, interspaced
with unique DNA sequences. Upon Cre-mediated recombination, exci
sions and inversions occur between the LoxP sites, resulting in approx
imately two million unique barcodes that can be generated and read by
DNA sequencing. This extraordinary number of possible tags was used to
study the fate of hematopoietic stem cells in mouse (Pei et al., 2017).
Despite the great diversity of barcodes, this system is limited to clonal
analysis and fate-mapping studies. When Cre is transitorily expressed at
the beginning of the experiment, the barcodes do not evolve to label
different lineage branches and only clonal relationships can be estab
lished. On the contrary, when Cre is continuously expressed during
development, barcodes are unstable. As a consequence, cells with
different barcodes might belong to the same lineage. This impedes to
achieve lineage-tracing resolution.
2.2.3.5. LaacZ: a conditional reporter based on endogenous
recombination. Genetic recombination can also naturally occur as a
mechanism of DNA repair. Single-strand annealing (SSA) is an evolu
tionary conserved mechanism that repairs DNA containing direct re
peats via recombination (Lin et al., 1984; Bhargava et al., 2016). When a
DNA cut is produced in a region located between direct repeats, one of
the repeats is removed in the repair outcome, and also the intervening
sequence. The LaacZ system takes advantage of low-frequency cuts that
occur spontaneously and trigger DNA repair by SSA (Bonnerot and
Nicolas, 1993). This repair activates a lacZ reporter that is initially
inactive due to an internal duplication. Since these cutting events are
rare, lacZ will be activated only in a few progenitors. Because these
events are non-reversible, the progeny derived from those progenitors
inherits the activated reporter and become labeled, thus enabling clonal
6
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analysis. On the other hand, the low frequency of these events implies
that a large number of specimens are needed to obtain a comprehensive
representation of different clonal patterns. Despite the important insight
gained (Buckingham and Meilhac, 2011) its poor scalability has limited
the application of this approach.

binding the gRNA, Cas9 scans the DNA until it finds the target sequence,
generating then a double strand break in the DNA. Depending on the
sequence and other parameters such as cell cycle, the endogenous
DNA-repair machinery fixes this double strand break through different
mechanisms (Chatterjee and Walker, 2017). The mechanism of repair
determines the type of mutation produced at the cutting site. This system
has enabled a number of different approaches for lineage studies.

2.2.4. CRISPR-based systems
The discovery of CRISPR systems in bacteria ignited one of the most
important revolutions in biology in the last decades. The most used
CRISPR system involves two components: 1) Cas9, a DNA endonuclease
that cuts DNA in a region specified by a 23-bp sequence, and 2) a guide
RNA (gRNA), a small RNA sequence containing the 20 bp spacer region
that confers target sequence specificity (Jinek et al., 2012). Upon

2.2.4.1. CRISPR-sequencing-based systems. Imaging-based techniques
are currently limited by the number of tags that can be simultaneously
visualized. On the contrary, DNA is life’s information-storage material
that can store unlimited information. Leveraging this capacity for line
age tracing has been the basis for a number of tools published almost

Fig. 3. Methods for lineage analysis based on CRISPR/Cas9. A) In sequencing-based methods, Cas9 is used to introduce mutations in a DNA region. Mutations
accumulate along the development of an organism. After isolating single cells and sequencing these mutations, a lineage tree can be reconstructed based on phy
logenetical algorithms. B) CaSSA is based on a conditional reporter in which the expression of the reporter gene is blocked by the presence of one or multiple switch
cassettes (two in the example). Each cassette contains a target site (dashed line) for a specific gRNA, flanked by two direct repeats that are part of the reporter
sequence (green squares flanking the target site). Expressing Cas9 and the corresponding gRNA for each switch cassette triggers SSA, a cellular mechanism to repair
DNA cuts flanked by direct repeats. This is a non-reversible event that can be inherited by all the progeny arising from the cell in which this event occurs. Since Cas9
and each gRNA can be expressed from different promoters, only those cells (and their progeny) expressing a combination of promoters will activate the reporter gene.
C) In Clades a gRNA #1 can activate a second gRNA #2 via the same mechanism explained for CaSSA. Embedded in the open reading frame of a reporter gene, the
activation of the gRNA #2 is coupled to the activation of a reporter (GFP). In turn, the gRNA #2 will trigger a third gRNA #3, triggering the expression of a second
reporter (RFP). This event will trigger a fourth gRNA #4 that is also embedded in the open reading frame of the GFP reporter. However, in this case the activation of
the gRNA #4 is coupled to the inactivation of the GFP reporter. This cascade of gRNA activation results in a cascade of reporter activation and inactivation that can
label the lineage progression with different color combinations.
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concurrently (McKenna et al., 2016; Perli et al., 2016; Frieda et al.,
2017; Schmidt et al., 2017; Alemany et al., 2018). Most of these tools
utilize CRISPR-Cas9 to introduce mutations in a DNA region and then
using each of these mutations to retrospectively track mitotic events
occurring during development (Fig. 3A). These mutations are identified
by single-cell sequencing and analyzed through phylogenetical algo
rithms to derive the underlying lineages.
The first of such techniques was Genome Editing of Synthetic Target
Arrays for Lineage Tracing (GESTALT, McKenna et al., 2016). In this
approach, an array of 10 targets was inserted in the genome of zebrafish.
These targets are complementary to the sequence of specific gRNAs.
Upon binding with gRNAs, Cas9 introduces mutations in these target
sequences. After cell dissociation, DNA barcodes are recovered by PCR
amplification and identified by high-throughput sequencing. As these
mutations accumulate over development, lineage trees can be deducted
based on the pattern of shared mutations among cells (Frumkin et al.,
2005; Salipante and Horwitz, 2006). Similar approaches were developed
in C. elegans, with 10 specific sites in the EGFP region (Schmidt et al.,
2017), and Drosophila, with an array of 32 target sites (Salva
dor-Martinez et al., 2019).
Resolving lineage trees without information about cell identity is of
limited use. It is natural to combine dynamic lineage barcoding with
single-cell RNA sequencing, such that one can map cell lineages and cell
types simultaneously. The barcodes can be retrieved by RNA sequencing
if transcribed as in LINNAEUS (Spanjaard et al., 2018) and scGESTALT
(Raj et al., 2018), both developed in zebrafish. An alternative pipeline
used in ScarTrace, a method also developed in zebrafish, runs RNA- and
barcode-DNA-sequencing in parallel (Alemany et al., 2018). In LIN
NAEUS, 32 indistinguishable RFP sequences are randomly inserted in
the zebrafish genome and targeted by Cas9 and the same gRNA (Span
jaard et al., 2018). After organ dissociation, the
DNA repair scars (mutations in the target sequence) are analyzed by
targeted sequencing of the RFP transcripts. Simultaneously, cells are
subjected to conventional single cell RNA-sequencing (scRNA-seq) using
droplet microfluidics. scGESTALT is an improvement of GESTALT
combined with scRNA-seq (Raj et al., 2018). In the original GESTALT,
barcode editing is restricted to early embryogenesis, limiting recon
struction of late lineage branches. scGESTALT implements an inducible
system to edit barcodes at later developmental stages. In ScarTrace, the
gRNA targets 8 copies of GFP inserted in tandem in the zebrafish genome
(Alemany et al., 2018). Scars and transcriptome are then analyzed by
SORT-seq.
Similar approaches were also implemented in mice. One of them uses
3 different tandem targets embedded into the 3′ UTR of a constitutively
expressed RFP protein (Chan et al., 2019). Various constructs are
inserted into the genome, with a multiplicity of 9–45 copies. Each copy
carries a unique identifier sequence, critical for barcode analysis.
However, having multiple copies of the target region dispersed across
the genome challenges barcode recovery and also makes the line diffi
cult to maintain. By contrast, CARLIN integrates an array of 10 target
sites in defined loci in the mouse genome (Bowling et al., 2020). CARLIN
further employs an inducible system to control Cas9 editing, making it
possible to reserve editable targets until later developmental stages.
In these approaches, the variability of repair outcomes can be
limited, as some of these outcomes can be much more frequent than the
rest (McKenna et al., 2016). In an attempt to overcome this limitation,
homing gRNAs were implemented in mSCRIBE (Perli et al., 2016) and
MARC1 (Kalhor et al., 2018). Unlike other gRNAs, homing gRNAs are
also vulnerable to the action of Cas9 that leads to mutations. These
gRNAs continue undergoing mutations until the sequence changes in a
region that is required for the gRNA transcription or function. These
mutations are then used as barcodes. Another innovation to circumvent
this problem is CHYRON, in which the terminal deoxynucleotidyil
transferase (TdT) is expressed together with Cas9. TdT catalyzes the
random incorporation of nucleotides at the DNA cut site, increasing the
frequency of insertion-based edits (reviewed in Wagner and Klein,

2020).
One of the main issues related to these strategies is that barcodes can
be overwritten. In GESTALT-like methods, intertarget deletions remove
previously edited targets (McKenna et al., 2016; Alemany et al., 2018;
Raj et al., 2018; Bowling et al., 2020). Using information that might
have been potentially overwritten can be misleading for the lineage tree
reconstruction, therefore reducing the number of targets that can be
used for the analysis. A potential solution to this problem is reducing the
number of adjacent targets (Spanjaard et al., 2018; Kalhor et al., 2018;
Chan et al., 2019). Another innovative strategy to tackle overwriting
takes advantage of engineered fusions of a nickase Cas9 version to
base-editing enzymes (Hwang et al., 2019). These fusion proteins cut a
single strand of DNA to introduce single base substitutions, without
generating double strand breaks and therefore without producing
intertarget deletions. Despite these enzymes should be less toxic for
cells, they can have substantial off-target effects that may affect devel
opment (Park and Beal, 2019). New variants with reduced off-target
events might avoid this issue (Yu et al., 2020).
Currently, mutation-based techniques use a number of edition tar
gets that is not sufficient to trace lineages in most models. Computer
simulations have shown that even under ideal conditions (optimal mu
tation rate and barcode recovery), one would need more than a hundred
targets to accurately reconstruct a lineage composed by 65,000 cells
(Salvador-Martinez et al., 2019). Probably, several-order more targets
are needed for encoding the approximately 75 million neurons in mouse
brains (Williams, 2000). Therefore, increasing the number of targets is
necessary for accurate reconstruction. A potential solution to this
problem is using endogenous DNA repeats that have hundreds of copies
in the genome (Hwang et al., 2019; Cotterell et al., 2020). A possible
disadvantage of this idea relates to the potential side effects in devel
opment that mutating hundreds of endogenous sequences might have.
Another strategy to circumvent the current limiting number of targets is
by temporal-, spatial- or genetically controlling Cas9 (Raj et al., 2018;
Bowling et al., 2020; Garcia-Marques et al., 2020). Thus, lineage tracing
can be restricted to one or few branches in the lineage tree for what the
number of edition targets could be sufficient.
Even if we could have sufficient targets to reconstruct a whole animal
lineage, approaches based on the combination of lineage tracing and
scRNA-seq still are limited by the poor efficiency of cell/barcode re
covery (Raj et al., 2018). Most of these approaches recover only a mi
nority of cells, and within these cells, only a minority of barcodes.
Intrinsic to scRNA-sequencing methods, cell loss will require substantial
technology innovations to fix, critical for single-cell genomics. On the
contrary, loss of transcribed barcodes is probably related to insufficient
barcode transcription/stability or inefficient amplification during li
brary preparation. These problems could be improved with minor in
novations in the constructs. A promising strategy incorporates a
bacteriophage promoter upstream from the barcode for in situ amplifi
cation before library preparation (Askary et al., 2020). This approach
boosts the concentration of barcodes in the RNA sample despite poten
tial silencing or variable expressions in the organism.
An important element of this technology is the computational
reconstruction of lineage trees. Some of these tools based on barcodes
have developed its own computational pipeline to reconstruct lineage
trees from the acquired dataset (Spanjaard et al., 2018; Chan et al.,
2019). In some cases, these tools borrowed algorithms from evolu
tionary phylogenetics, including maximum parsimony (McKenna et al.,
2016; Jones et al., 2020) and neighbor-joining methods (Salva
dor-Martinez et al., 2019). Considering the diversity of parameters
intrinsic to each genetic strategy, it seems unlikely to develop a uni
versal algorithm performing best across most of the tools. However, all
these algorithms face similar challenges, mostly derived from the
drawbacks of each genetic tool. These challenges include dealing with
cell/barcode drop-outs or homoplasy among others (Wagner and Klein,
2020). In fact, it remains unclear whether algorithms can overcome the
limits of availability of experimental data to produce accurate lineage
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trees, since these limits are intrinsic to each genetic tool.
The future of computational tools for lineage reconstruction will be
intimately bound to the best genetic approach for lineage tracing.
Developing a ‘gold standard’ genetic tool will spark research on
computational approaches to better build lineage trees based on the
particularities of that genetic approach. This specific algorithm will
probably perform much better than any other ‘universal’ algorithm
designed to perform well across multiple genetic methods. However,
future efforts in this direction will help aspects other than tree con
struction that are independent of the genetic tools used for lineage
reconstruction. These aspects include the elaboration of ‘consensus’
lineage trees based on information from multiple trees, which is
particularly useful in those organisms with no stereotyped development.
We could thus map variability along the lineage tree and distinguish
variable and invariable parts of the lineage. Also, new computational
tools will be critical to compare between different lineage trees. Similar
to searching homology in DNA sequences, lineage trees could be
‘blasted’ and used as fingerprints for evolutionary studies.

repair the DNA lesion (Lin et al., 1984; Bhargava et al., 2016). As a
consequence, the full reporter sequence is reconstituted, thus activating
the reporter. As occurs with recombinases, this event is non-reversible
and therefore inherited by all the progeny if triggered in a progenitor
cell.
The spacer is a 20-bp sequence varying in distinct gRNAs that gua
rantees the specificity of Cas9 action. One can therefore derive 420
possible gRNAs with different specificities. The virtually unlimited
specificities allow independent controls over various reporter genes as
well as refinement of reporter expression based on multiple promoters.
In the simplest version of CaSSA, the expression of Cas9 and a gRNA
from different promoters entails a double genetic intersection. Only cells
co-expressing Cas9 and gRNA are labeled, with the labeling stably
inherited by all their progeny. Further, reporter genes can be regulated
by more than one target site. As a proof of concept, we designed a re
porter with two genetic switches responding to distinct gRNAs. Only
those cells expressing both gRNAs and Cas9 were labeled. Using this
‘AND’ reporter we specifically targeted the mushroom body lineage, one
out of the ~100 lineages in Drosophila. We also designed an OR-version
of CaSSA, in which the reporter can be triggered by either of two gRNAs.
This reporter allows to unite two different labeling patterns. Despite
initially optimized in Drosophila, we also proved that CaSSA works
efficiently in a model vertebrate.
Currently, only live imaging and MARCM can resolve lineages with
single-cell resolution. Live imaging is limited by optical accessibility,
and MARCM requires analysis of many samples to reconstruct a lineage
invariant across samples. Aiming at mapping a full neuronal sublineage
in individual samples, we created Cell Lineage Access Driven by an
Edition Sequence (CLADES, Garcia-Marques et al., 2020), a new
approach also based on CRISPR-induced SSA. CLADES subdivides a
lineage into several temporal windows, each labeled with a different
color (Fig. 3B). Each color is the result of combining different reporter
genes in a pre-established sequence, coupling birth-order and changes in
reporter expression.
Mechanistically, CLADES is based on a system of genetic switches to
activate and inactivate reporter genes in a pre-determined order. Each of
these switches is based on the idea of using SSA to repair DNA in a
predictable manner. Similar to CaSSA in which expressing Cas9 and a
specific gRNA can trigger a specific reporter, in CLADES these elements
are used to activate a specific gRNA. Thus, CLADES relies on a cascade of
gRNA activation in which each gRNA activates the following gRNA. The
progressive activation of multiple gRNAs occurs in a specific sequence,
and each gRNA activation is inexorably linked to the activation or
deactivation of a specific reporter gene. This ensures that the cascade of
gRNAs proceeds with synchronized activation or deactivation of re
porter genes. By restricting Cas9 to cycling neural stem cells (e.g. using
the Dpn promoter in Drosophila), the cascade selectively progresses
along serial stem cell cycles. Thus, the neurons can stably inherit the
combination of colors expressed by the progenitor at certain time.
An interesting add-on to this technology is the possibility of con
trolling the cascade transition by temporal induction. Expressing Cas9
under the regulation of a heat shock promoter allows to define the actual
time for the temporal windows labeled with each color. The resulting
relatively synchronized changes in the reporter combination greatly
simplify the mosaic patterns. Further, those stochastic single-cell clones
now become informative, as they reveal detailed morphology as well as
precise birthtime. Although mapping an entire lineage still requires
integrating over multiple brains, it greatly reduces the workload
compared to MARCM. However, only MARCM can resolve the patterns
of programmed cell death frequently observed in protracted fly neuronal
lineages.
In sum, CLADES enables genetic tracking of serial cell cycles in intact
tissues. Although weaknesses (e.g. interrupted cascade) remain, CLADES
represents one of the first genetic system capable of dynamic lineage
tracing by imaging.

2.2.4.2. CRISPR-imaging-based systems. A great limitation of the
sequencing-based technology is its inability to recover spatial and
morphological information of cells. Library amplification for scRNA-seq
requires disrupting the spatial context of cells to prepare a solution of
single-cells. However, in most cases the position within the tissue or the
morphology is one of the most important attributes to assign cell iden
tity. Reading the mutation outcome by imaging has been the goal behind
the implementation of Memory by Engineered Mutagenesis with Optical
in situ Readout (MEMOIR) (Frieda et al., 2017). This approach uses a set
of recording elements termed scratchpads. Upon Cas9-driven muta
genesis, these elements collapse via deletions. The state of individual
scratchpads can be distinguished by single-molecule RNA fluorescence
hybridization (smFISH). Thus, one can resolve lineage relationships in
situ, by subjecting the tissue to several rounds of hybridization. How
ever, this technology is unable to recover the cell morphology and it only
produces two alleles (intact and mutated). Encouragingly,
CRISPR-generated barcodes placed downstream of phage promoters can
also be detected by in situ hybridization following in-vitro transcription
(Askary et al., 2020). Yet, in situ barcodes readout is not compatible
with typical scRNA-seq pipelines. A promising approach to recover
transcriptomic data without losing tissue integrity is spatial tran
scriptomics (Wang et al., 2018; Moncada et al., 2020). This technology
acquires RNA-seq data directly in individual tissue sections and could
also be used for barcode readout. Additionally, computational methods
can also contribute to spatially resolve scRNA datasets. By using a
database of known in situ markers, Karaiskos et al. (2017) mapped cells
back to their position of origin to produce a virtual embryo with
single-cell transcriptome resolution.
Genetic intersections based on two recombinases have opened the
possibility of targeting specific progenitors expressing a combination of
two genetic markers. Yet, in most cases, refined marker expression un
expectedly labels additional cell types. Most cell types require multiple
markers to be uniquely targeted (Zeisel et al., 2015; Li et al., 2017).
However, the number of recombinases is limited, and their high
expression is harmful for cells. This is a key limiting factor to target
progenitors producing specific lineage branches.
Harnessing the unlimited specificity unlocked by the CRISPR/Cas9
system, we developed CaSSA (Garcia-Marques et al., 2019). This strat
egy aims to solve the problem of genetic intersections with multiple
genetic markers. In CaSSA, we designed a reporter gene in which the
presence of a genetic switch makes the reporter inactive (Fig. 3B). This
genetic switch consists of two direct repeats forming part of the reporter,
separated by a specific gRNA target site. The concurrent expression of
Cas9 and a matching gRNA leads to a double-strand break in the DNA,
triggering the cellular machinery for DNA repair. Due to the presence of
two repeats flanking the cutting site, SSA is the most likely mechanism to
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2.3. Lineage tracing based on single-cell genomics

scRNA-seq requires cell lysis before sequencing, this technology can only
acquire snapshots of the transcriptional profile of individual cells. Even
though this view is static, sampling cells at different developmental
stages offers a powerful method to study differentiation dynamics
(Trapnell et al., 2014; Kester and van Oudenaarden, 2018). This method
requires analyzing cells that span different intermediate states in the
differentiation process and ordering them based on similarity in gene
expression. This allows to reconstruct a continuum of cells in differen
tiation, termed developmental trajectory.
Numerous algorithms have been developed to reconstruct develop
mental trajectories and represent cells along an axis often called pseu
dotime (Cannoodt et al., 2016; Tritschler et al., 2019). However, these
representations only show whether cells are in a steady or transitioning
state. Because the ordering is only based on transcriptional similarity,
additional information is needed to define the direction of the devel
opmental trajectory. An inference approach called RNA velocity uses the
ratio between unspliced and spliced mRNA to inform about the direc
tionality of state changes (La Manno et al., 2018). Thus, RNA velocity
probabilistic directional information predicts the future state of indi
vidual cells, helping to reconstruct more accurate developmental
trajectories.
Despite this methodology provides the most complete view of
development acquired to date, it is important to bear in mind that
developmental trajectories are different to lineage trees. While devel
opmental trajectories are often represented as tree-like hierarchies, its
branches are completely hypothetical (Tritschler et al., 2019, Wagner
and Klein, 2020). Some concerns relate to the assumption that similarity
between two cells implies a developmental relationship. Other debat
able assumption is that differentiation occurs as a continuum of cellular
states. Another limitation is assuming that cell states are completely
defined by transcription, without considering other parameters
including post-translational regulation (e.g. protein phosphorylation),
chromatin state, asymmetric cell division, etc. Some of these limitations
were highlighted in a recent study comparing transcriptional develop
mental trajectories to the invariant cell lineage of C. Elegans (Packer
et al., 2019). Knowing these and similar assumptions implicit in this
approach can prevent over-interpretation of developmental trajectories.
Nonetheless, understanding the general pathways unfolded by devel
opment to generate cell diversity is also critical for the generation of
clinically valuable cell types (Biddy et al., 2018; Shakiba et al., 2019).
Strategies of direct lineage reprogramming are generally inefficient,
producing incompletely converted cell types that do not recapitulate the
intended cell identity. Understanding how cell specification occurs both
in normal development and in vitro is critical to improve the protocols
applied to this problem.

All the tools discussed so far are highly invasive, require optical
accessibility or entail important genetic manipulations. This prevents
their application in certain models, particularly in the context of human
development and disease. Enabled by the advances in single-cell geno
mics, methods that do not require transgenesis promise to extend the
limits of lineage tracing to new models.
2.3.1. Somatic mutations
Mutations occur in the genome as a consequence of environmental
stressors or errors in the DNA replication and repair machinery (Mar
tincorena and Campbell, 2015, Greenman et al., 2007). When these
mutations take place in somatic cells, they are termed somatic muta
tions, and are inherited by all progeny derived from the cell in which one
of these mutations occurred. Although some DNA regions are more
prone to these mutations, somatic mutations occur rather stochastically,
and they tend to accumulate throughout the lifetime of the organism.
Similar to GESTALT (McKenna et al., 2016), naturally occurring muta
tions can be identified by next-generation single cell sequencing and
used to reconstruct lineages by phylogenetical analysis. The only con
dition is that these mutations should not affect organism development.
Somatic mutations are rare and scattered across the genome. One
technical challenge is distinguishing these rare variants from sequencing
errors. There are different types of mutations that can be used for lineage
reconstruction, including copy-number variants (CNVs), microsatellites
(MSs), retrotransposons and single-nucleotide variants (SNVs) (Wood
worth et al., 2017). Two parameters are most important to decide which
type of mutations should be analyzed: abundance and difficulty of
detection. Abundancy is critical for high-resolution, and allows to
reduce the sequencing depth, therefore reducing the cost. However, one
needs to distinguish these variants confidently and exclude sequencing
artifacts.
Different strategies have focused on variants that are easy to detect,
such as copy-number variants (CNVs, Navin et al., 2011), microsatellites
(MSs, Frumkin et al., 2005) and retrotransposons (Evrony et al., 2015).
On the other hand, only MSs and SNV are abundant, posing them as ideal
candidates to study lineages at single-cell resolution. In particular, MSs
with known genomic locations permits recovery through targeted
sequencing instead of whole-genome sequencing (Woodworth et al.,
2017). The genomic location of MS is known, allowing the use of tar
geted sequencing instead of whole-genome sequencing. This is a great
advantage as it allows to increase coverage and reduce cost. Another
source of somatic mutations is the mitochondrial DNA (mtDNA). Mu
tations occur 10–100 times more frequently in mtDNA than in nuclear
DNA, which makes them very interesting for lineage tracing (Ludwig
et al., 2019).
In summary, this approach will co-evolve with sequencing methods.
Importantly, it holds the immense potential of being the only conceiv
ably approach so far to trace whole cell lineages in humans. Recently,
cerebral organoids have emerged as an alternative model to study
human lineages in vitro (Heide et al., 2018; Velasco et al., 2020).
Organoids are three-dimensional cerebral tissues derived from human
induced pluripotent stem cells (iPSCs). This model allows genetic
manipulation and invasive imaging technology while mimicking critical
aspects of the in vivo structure and developmental pathways involved in
brain development. In theory, most approaches described here should be
amenable to this model. However, important concerns remain, including
the lack of reproducibility between experiments and the challenge of
studying later stages of development, as mainly early stages of brain
development are modeled correctly (Fischer et al., 2019).

3. The future of lineage tracing
An ideal tool for lineage tracing
The repertoire of technologies aforementioned comes with advantages and
disadvantages. The perfect tool should embody the following features: 1) achieves
single-cell resolution by analyzing a single individual, labeling every cell in the
lineage tree with a distinct mark, 2) is compatible with molecular analyses,
particularly based on single-cell genomics, 3) conserves spatial and morphological
information, 4) does not compromise developmental integrity, 5) is generalizable to
multiple models, with or without stereotyped development, including humans, and
6) allows easy readout of results, compatible with rapid analysis of mutant
phenotypes.

The reconstruction of whole lineages is as important to a develop
mental biologist as fully mapping the connectome to a neuroscientist.
Whereas current technology makes it in principle possible to solve whole
lineages of main animal models within decades, tool innovations remain
critical for achieving this ambition at reasonable costs. A clear vision of
what we are aiming for is also critical for advancing the field rapidly.
Modern technologies for lineage tracing can be classified in two main
categories: sequencing-based approaches, with high scalability but poor

2.3.2. Developmental trajectories
Next-generation sequencing has provided an unprecedented glimpse
into cells. In particular, scRNA-seq is currently the most complete
approach to define the identity and state of individual cells. Since
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strategy is very promising as it allows to include many targets for edition
within the same construct. With sophisticated approaches for inte
grating large constructs (Moriarity et al., 2013; Zhao et al., 2014), one
could easily insert thousands of targets per integration locus. However,
these forms of Cas9 have a strong off-target activity that may result in
developmental anomalies. Another alternative to induce double
strand-breaks is using integrases to edit a barcode. Elowitz’s lab has
presented a second version of MEMOIR based on integrases that allows
arranging up to 10 targets in tandem without intertarget deletions
(reviewed in Espinosa-Medina et al., 2019). Even though this strategy is
promising, many of these barcodes need to be integrated in the genome,
which is currently a limitation. A clever strategy based on selection with
antibiotics produced a mouse line with 60 integrations (Kalhor et al.,
2018). Although maintaining such line is problematic given these in
sertions are scattered across the genome, this strategy should allow to
integrate up to 600 integrase targets that could be edited without
intertarget deletions. Additionally, endogenous loci can also be used as
targets for lineage tracing (Hwang et al., 2019). However, introducing
thousands of mutations in endogenous DNA sequences might be risky
since we do not completely understand the regulatory function of these
sequences.
Yet, even if we could integrate a great number of targets available for
edition, there are other issues related to the sequencing-based technol
ogy. The most important are the low cell recovery that is associated with
the RNA-seq technology and the high cost when millions of cells need to
be analyzed with high depth. Overcoming these limitations, we can trace
lineages through the analysis of somatic mutations without requiring
any transgenic tools. Indeed, this is the ultimate technology for lineage
tracing as it would allow to reconstruct lineages in all models including
humans. Even then continuous efforts are needed for efficient whole
lineage tracing and powerful computer modeling. The success of these
efforts will facilitate comparative studies in different organisms, both in
control and disease models.

resolution, and 2) imaging-based approaches, with low scalability but
high resolution (Fig. 4). Future technology will therefore have to
improve scalability in imaging-based methods or resolution in
sequencing-based methods.
Increasing scalability in imaging-based methods is technically chal
lenging. Although live imaging resolved lineages with single-cell reso
lution, this approach is limited to optically accessible models. Yet, this
limit could be improved in the future. A recent study described a pro
tocol to open uterine windows for recording mouse embryo develop
ment (Huang et al., 2020). This work paves the way for other mammals,
although it seems far from being applicable to most models. An alter
native to live imaging is MEMOIR, an imaging-based approach that in
creases resolution by revealing a barcode through multiple rounds of
fluorescent in situ hybridization (Frieda et al., 2017). However, MEMOIR
fails to provide morphological information that is critical to distinguish
cell identities, especially in the absence of a transcriptomic analysis. In
particular, morphology is key to distinguish different neuronal types.
Neurons that can be distinguished during development based on
scRNA-seq data converge to a similar transcriptomic profile in the adult
(Li et al., 2017). These transcriptomic differences during development
may be encoded in the morphology of the cell as different molecules are
required to establish different axonal projections. This distinct tran
scriptional profile could then fade out in the adult, as it is not required
anymore. Therefore, morphology could be the only feature to distin
guish certain neuronal types in the adult. Yet, another limitation of
MEMOIR is the number of distinct colors that can be simultaneously
resolved, which is a general limiting factor for most imaging-based ap
proaches. Future advances in microscopy might solve this problem. This
is the case of resonance microscopy, a promising technology that boosts
the number of available tags (Wei et al., 2017). Until these advances in
microscopy become available, the increase of scalability in
imaging-based methods will not be sufficient to trace whole lineages in
most models of interest.
The alternative way to develop a tool with high scalability and high
resolution is improving resolution in sequencing-based methods. Most
current approaches utilize Cas9 to induce mutations in a barcode
composed by several targets arranged in tandem. Cas9 acting on two
targets simultaneously results in deletions that hamper accurate cell
lineage reconstruction. Inducing mutations with a Cas9 variant that
introduces single-nucleotide mutations has avoided that problem. This

3.1. Targeted lineage analysis with single-cell resolution: the power of
genetic drivers
Despite the excitement for whole-organism lineage tracing, current
technology maps non-selective lineages with poor resolution. By
contrast, targeting specific progenitors allows to resolve small

Fig. 4. Timeline of the past, present and likely future of lineage tracing methods. At the beginning, all methods were based on microscopy and imaging. Then
this timeline bifurcates to reflect the eruption of sequencing-based methods. Solid lines represent technologies that were developed in the past (gray) or present
(orange). The blue dashed line represents a likely scenario of tool development in the future. For sequencing-based technology, some of the innovations that could
help lineage reconstruction include a mitosis counter or a genetic system to induce ordered mutations.
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sublineages with single-cell resolution, which is critical for detailed
mechanistic studies on cell fate specification.
As proved by the fundamental insight gained in developmental
biology in the last decades, tracing lineages with single-cell resolution
permits identification of cell fates and their underlying molecular
mechanisms. The reconstruction of the whole C. elegans lineage led to
discovery of important concepts such as the occurrence of develop
mental regulated cell death (Potts and Cameron, 2011). In Drosophila,
single-cell resolution allowed to identify genetic cascades governing the
early specification of neuronal types (Isshiki et al., 2001). Also,
single-cell lineage tracing in Drosophila established the importance of
hemilineages as independent entities of development and evolution
(Harris et al., 2015). In our lab, we also found that RNA-binding proteins
function as a molecular timer controlling the specification of serial
neuronal fates (Liu et al., 2015). All these concepts required lineage
maps at single-cell resolution.
The importance of single-cell resolution in lineage tracing seems
clear for organisms with stereotyped development. In these models, the
progenitor cell can produce cells with different fate every one or two
mitoses (Yu et al., 2010; Lin et al., 2012). However, it is difficult to
evaluate how important single-cell resolution is in other organisms as
vertebrates. In the mouse retina, high-resolution lineage maps revealed
the critical last steps in the determination of neuronal types (Cepko,
2014). Similarly, MADM applied to the cerebral cortex revealed that
during neurogenesis (E11-E17, Angevine and Sidman, 1961), the pro
genitor cell gives rise to a clone of 9 neurons spanning multiple layers
(Gao et al., 2014). Assuming that neurons in different layers belong to
different classes and considering an average cell cycle length of ~17 h
(Calegari et al., 2005), the progenitor would produce neurons with
different fates every few cell cycles. This scenario is generally similar to
the model of neurogenesis in Drosophila. Unfortunately, we will need to
accomplish single-cell resolution to see whether or not this resolution is
truly necessary in vertebrates.
Understanding the involvement of molecular factors in cell fate de
cisions require mapping lineages at single-cell resolution. Otherwise,
one might conclude that a gene is involved in a cell fate decision without
even knowing if that gene is expressed at the exact moment where the
cell fate decision is made. Single-cell resolution also sheds light on the
nature of molecular mechanisms involved in cell fate determination. For
instance, if two cell types belong to the same clone, mapping their
relationship within the lineage could reveal that one of the types has
been generated after the other. Or maybe both types come from the same
asymmetric division. Thus, we can discern whether the cell fate deter
minant is a molecular factor involved in temporal specification or is a
factor inherited asymmetrically. Finally, another important argument
for single-cell resolution is the necessity of establishing in vivo groundtruth in which high-scale approaches can be tested.
Even if sequencing-based methods could resolve whole cell lineages
with single-cell resolution, this technology alone is limited in analyzing
underlying molecular mechanisms. On the contrary, classic genetic tools
used to trace sublineages were developed together with genetic drivers
(regulatory DNA sequences) that can target desired cell types. Indeed,
the fact that most studies use only a handful of drivers highlights the
importance of each driver and the requirement for additional and more
specific drivers. However, developing drivers has mostly depended on
experimental testing that is tedious and unpredictable. This claims the
need for technology that allows to rationally design single drivers or
combinatorial drivers to target specific progenitors where cell fate de
cisions occur. Given the complexity of transcriptome, genetic intersec
tion is key to creating cell type-specific drivers. CaSSA (or similar
technologies leveraging the multiplexing capacity of CRISPR) with the
ability to make unlimited orthogonal genetic switches would greatly
facilitate targeted lineage analysis.

3.2. Coupling lineage analysis with genetic manipulations
With sequencing-based methods, it is possible to incorporate
perturb-seq (Dixit et al., 2016) into genetic barcoding. Even at low
resolution, one can probably screen for genes governing major lineage
decisions. However, it would require sequencing copious cells of various
conditions to comprehend such complex multi-dimensional data. The
applicability is clearly limited by costs.
Imaging-based genetic methods (e.g. MARCM) are often designed for
lineage tracing as well as genetic manipulations. However, they suffer
from low throughput and are further limited by recovering only partial
lineage information from each sample. We developed CLADES to
address both limitations. This CaSSA-based technology allows to sub
divide a lineage into multiple windows expressing different reporter
genes. Therefore, one can easily reach a resolution compatible with the
identification of cell types. Comparisons between control and mutant
lineages are then straightforward and comprehensive. With CLADES,
one can further perturb gene functions along the cascade by activating a
series of independent binary transcriptional systems. This would allow
us to mimic endogenous cascades of transcription factors for further
sophisticated functional studies. In addition, CLADES is compatible with
mutation-based methods. With proper designs, the gRNA cascade in
CLADES can direct Cas9 to edit discrete sets of DNA sequences in the
same order as the reporter gene transitions. This would allow coupling
of morphology with transcriptome in lineage analysis, to characterize
phenotypes at both cellular and molecular levels. These and further
innovations will finally carry us to the next landmark in the field: the
herculean task of reconstructing the whole lineage of a vertebrate.
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