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Abstract — During development, embryonic cells display a large variety of behaviors that lead to
the formation of embryonic structures that are frequently transient. Simultaneously, cells progress
towards a specific fate. The current challenge for embryologists is to resolve how these two distinct
aspects of development co-exist. As cell behaviors (including elementary cellular operations such
as motility, adhesiveness, polarization, change in shape, division and death) and their control are
much less well understood than the genetic aspects of cell fate determination, there is currently much
interest in the study of cell behaviors. This mainly consists of labeling groups of cells or, less
frequently, single cells and observing their descendants. In this review, we describe a few techniques
for labeling groups of cells and we discuss prospective and retrospective clonal analysis, in particular
the LaacZ system, in detail. We examine the information generated by these approaches.

cell lineage / laacZ / cell fate assignment / developmental patterning / change in shape / cell

adhesiveness / cell motility

1. INTRODUCTION

During development, embryonic cells
display a large variety of behaviors based
on various combinations of elementary cel-
lular operations: motility, adhesiveness,
polarization, change in shape, division and
death [1]. This leads to the formation of
embryonic structures that are frequently
transient. Simultaneously, cell fate is pro-
gressively determined. The current chal-
lenge for embryologists is to determine how
these two distinct aspects of development
co-exist. Cell behavior and assignment of
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cell fate could be two separate aspects con-
trolled independently (in parallel). How-
ever, progression towards a specific cell
fate and selection of a particular behavior
could depend on the same signal. Although
simple, this co-control theory does not take
into account the historical and contingent
characteristics of evolution that constrain
development. From an evolutionary view-
point, the development of increasingly
elaborate cell behaviors raises questions
about the associated selective advantage
[2]. Ttis possible that cell behaviors authorize
novel cell-cell interactions, thus enhancing
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developmental plasticity. This is particu-
larly plausible in vertebrates, unlike in
organisms with invariant lineages and
poorly elaborated cell behaviors.

There is currently much interest in cell
behaviors and their control as these aspects
are less well understood than the genetic
aspects of cell fate determination. The move-
ments that occur during gastrulation, which
have always fascinated embryologists [3],
are being intensively studied in amphibians
[4], chicks [5] and zebrafish [6], although
very little is known about the molecular
mechanisms involved. The description of
cell behaviors should make it possible to
determine how they are involved in the for-
mation of embryonic structures and, more
importantly, to understand how cell behav-
iors and genetic aspects of cell fate are coor-
dinated during development.

A powerful way to study many aspects
of cell behavior during embryogenesis
would be to film development at the cell
level by videomicroscopy (with the new
powerful imaging techniques) and to recon-
stitute the life of the embryo in 4D. How-
ever, it is not yet possible to generate
complete 4D reconstructions of a vertebrate
embryo because of the large number of cells
involved and because development is a
long-term process. In addition, embryos are
frequently mobile and it is difficult to inter-
fere with mobility without interfering with
development. Finally, mammals develop in
utero and their in vitro culture is only pos-
sible for short periods of time and at certain
stages. For the mouse, in vitro culture is
limited to 48 h during early development
(from E6 to E7) and even less at later stages.
Therefore, although extremely informative
[7], videomicroscopy is restricted to small
regions of the embryo and to short-term
analysis. As these approaches are, so far,
limited by severe technological problems,
the analysis of cell behaviors is mainly per-
formed by labeling groups of cells or (less
frequently) single cells and the observing
their descendants [8]. The labeling of
groups of cells allows global analysis of the

fate, the proliferation and the movements of
tissues, but it does not give any information
about individual behaviors, which is often
necessary to define the precise parameters
of development.

Clonal analysis is based on the study of
clones derived from single cells. It gives
very precious information about cell char-
acteristics and makes it possible to generate
lineages of embryonic cells. It can detect
apoptosis [9] and provide information on
the rate and mode of growth (either oriented
or isotropic). Cell dispersal and cell move-
ments can be defined. Furthermore, clonal
analysis makes it easy to detect the regions
[10] or compartments [11] of a structure and
to study the involvement of stem cells in
their formation [12].

In this review, we briefly describe a few
techniques for labeling groups of cells and
we discuss clonal analysis in detail, in par-
ticular the LaacZ system [13, 14], and the
information provided by these novel
approaches.

2. METHODS FOR ANALYZING
OF CELL BEHAVIORS

2.1. The labeling of groups of cells

The labeling of groups of cells provides
information about their fate, their prolifer-
ation and their movements during develop-
ment. There are several different labeling
methods [15]:

(1) Delivery of fluorescent lipophilic
dyes (Dil, DiO) using iontophoresis or pres-
sure.

(2) Grafting. In quail chick transplanta-
tion, quail cells are grafted into a chick
embryo. The nuclei of quail cells can be dis-
tinguished from chick nuclei [16]. Grafts of
cells expressing GFP or LacZ or previously
labeled in vitro with a fluorescent dye are
also used.

(3) Electroporation of DNA encoding a
reporter gene.
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(4) In the mouse, tetraparental embryos
have been used [17]. This approach involves
combining two 2 to 8 cell stage embryos
from different lines to produce a chimera.
Cells are identified due to marker polymor-
phism (e.g. cis-glucose-6-phosphate-isomer-
ase GPI) or differences in the satellite DNA
[18]. The expression of a reporter gene
(LacZ, GFP, alkaline phosphatase) by one
line is also possible. This technique is lim-
ited because chimeras can only be gener-
ated at preimplantation stages.

Dye labeling has been used to produce
detailed fate maps at various stages of
mouse, chick and zebrafish embryogenesis.
Quail chick chimeras have been used to fol-
low the fate of numerous embryonic territories
such as the neural crest, the somites, various
regions of the neural plate and central nerv-
ous system [19]. Tetraparental mice have
shown that most of the structures of the
organism have a polyclonal origin and there-
fore that cell fate determination concerns
groups of cells rather than single cells [20].

As already mentioned, these approaches
are global and do not easily and unambig-
uously reveal the behavior of individual
cells. This is made possible by clonal anal-
ysis methods based on the labeling of single
cells. There are two main clonal analysis
approaches: prospective and retrospective.

2.2. Prospective clonal analysis

In prospective methods, the cell to be
labeled is chosen by the investigator and
therefore its position is known. Its fate is
determined by analyzing its clonal descend-
ants. The cell is labeled by intracellular
injections of an enzyme (horseradish per-
oxidase), a dye (usually fluorescent e.g.
dextran linked to rhodamine, fluorescein or
biotin; fluorescent dextran conjugates) or
DNAs encoding areporter gene (GFP, LacZ).
These labeling methods are cell autonomous
because the high molecular weight dyes
cannot diffuse from one cell to another [21].

Prospective clonal analysis has been used
to establish fate maps of many embryos and

embryonic territories of invertebrates and
vertebrates such as the mouse, amphibians,
and zebrafish. The complete lineages of
several invertebrates such as ascidians
(Ciona intestinalis) [22-24], sea urchin
(Strongylocentrotus purpuratus) [25, 26],
nematodes (Caenorhabditis elegans) [27]
and leeches (Helobdella triserialis) [28]
have been established using prospective
clonal analysis. These methods are exten-
sively used to study defined populations of
cells in vertebrates.

Labeling can also take the form of a
genetic modification induced at a given
time during development. Such labels are
permanent and are transmitted to the
descendants. The induction of mitotic clones
based on homologous recombination is
extensively used in Drosophila. Recombi-
nation can be induced by irradiation [29] or
by a heat shock using the FIp/FRT system
[30]. This technique has also been used in
zebrafish [31].

Prospective clonal analysis has several
limitations:

(1) The dilution of dyes following injec-
tion limits the analysis to four to six cell
divisions.

(2) Unavoidable embryo manipulation
can disturb development. This applies espe-
cially to mammals, as their embryos must
be cultured ex utero for such experiments.

(3) This approach is not totally objective
as the investigator chooses the cell to inject.
Therefore, it is difficult to be sure that all
cells at the origin of a structure have been
targeted. To overcome this problem, it is
more appropriate to use methods for the
systematic screening of all possible labels.
The retrospective methods satisfy this
requirement in principle.

2.3. Retrospective clonal analysis

Retrospective clonal analysis consists of
labeling a single cell at random and then
observing the derived clone. Information
concerning the fate of the labeled cell and



324 A.-C. Petit et al.

the behaviors of its descendants are retro-
spectively deduced. This method is based
on genetic labeling techniques.

Recombinant retroviruses (RRV) can be
used to introduce a reporter gene into
embryonic cells [32, 33]. Following infec-
tion, a single DNA copy of the virus is inte-
grated into the host genome as a provirus.
As a consequence, the labeling is stably
transmitted to descendants. RRV are defec-
tive, thatis unable to form new viruses. Sec-
ondary infection is therefore impossible
and the labeling is strictly cell autonomous.
The RRV encodes a reporter gene such as
LacZ, alkaline phosphatase, GFPs or luci-
ferase. In principle, this method allows the
labeling of any cell of the embryo if, as is
usually the case, the RRV used does not
exhibit tropism restriction. It is therefore
possible to screen all possible sorts of labe-
ling at a given embryonic stage.

This method has been, and still is, largely
used in the chick and the mouse. It has been
extraordinarily useful to study lineages in
the CNS. However, this method has severe
limitations: (1) the intra-uterine injection of
the RRV in mice can damage the embryo;
(2) the expression of the provirus depends
on its site of integration in the host genome;
(3) the provirus can be silenced by a variety
of epigenetic repression mechanisms; (4) the
accessibility and infectivity of all cells of
the embryo are not uniform. For instance,
murine RRVs do not infect post-mitotic or
resting cells. This limitation has recently
been overcome by using lentiviruses (HIV1-
based) [34].

Cells can also be labeled using the LaacZ
system, which is described in detail below.

2.4. Retrospective clonal analysis using
the LaacZ labeling system

The LaacZ system is based on a partic-
ular reporter gene that was obtained by
modifying the bacterial LacZ gene [13].
The duplication of 289 or 1000 bp in the
coding sequence of the gene generates
many in-frame stop codons. As a conse-

quence, the LaacZ gene encodes a trun-
cated, non-functional -galactosidase.

A functional LacZ gene can be restored
subsequent to intragenic homologous recom-
bination initiated by a double strand break
in the duplicated region. Repair mecha-
nisms, in particular double strand break
repair (DSBR), result in a homologous
recombination event that re-establishes the
LacZ coding frame generating a functional
B-galactosidase (Fig. 1A). The recombined
LacZ is then transmitted to all descendants
of the modified cell. The resulting clone is
detectable by B-galactosidase histochemi-
cal staining. This spontaneous event is rare
(1 per 10° cells per generation in culture).

The LaacZ gene is combined with a pro-
moter that targets its expression in a chosen
tissue or structure. This technique requires
the generation of LaacZ transgenic lines.
This limits its use to organisms for which
transgenesis is possible. The establishment
of these transgenic lines requires time and
effort and the characteristics of the chosen
animal must be taken into account. Several
mouse lines with different promoters
already exist. The atAChR-LaacZ line (in
which the LaacZ reporter is under the con-
trol of the promoter of the o sub-unit of ace-
tylcholine receptor) is useful to study the
myotome [13, 35]; the a actin-cardiac
LaacZ line is useful to study the cardiac and
skeletal muscular systems [36]; the NSE
LaacZ line (in which the reporter is under
the control of the promoter of the neuron-
specific enolase) is useful to study the cen-
tral nervous system [37]; and the Dct-
LaacZ line (in which the reporter is under
the control of the promoter of the
dopachrome tautomerase gene) is useful to
study neural crest derivatives such as
melanocytes [38].

In a LaacZ embryo, intragenic homolo-
gous recombination occurs at random, in
any cell and at any time during develop-
ment. This leads to random labeling of cells
without any need to manipulate the embryo.
As homologous recombination is an extremely
rare event, it generally concerns only one
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Figure 1. The LaacZ labeling system. (A) The LaacZ reporter gene. LaacZ was derived from the
bacterial LacZ gene by duplicating a portion of its coding sequence. This generates stop codons
leading to the translation of a truncated inactive B-galactosidase. The LacZ gene can be restored by
intragenic homologous recombination between the duplicated sequences. This re-establishes the
coding frame meaning that functional B-galactosidase can be produced. (B) Production of clones.
LaacZ embryos are produced by crossing homozygous LaacZ transgenic males with wild-type
females. In these embryos, a spontaneous homologous recombination event can occur randomly in
any cell and at any time during development. This rare event initiates the labeling. The recombined
cell carries a functional LacZ. -galactosidase-positive (B-gal*) clones can be visualized by X-gal
histochemistry.
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cellin the embryo (Fig. 1B). Labeled clones
can be visualized in the structure or tissue
in which the reporter gene is expressed. If
a tissue-specific promoter is used, it is pos-
sible to visualize cells derived from very
early labelings at a time when perhaps the
promoter was inactive. Libraries (collec-
tions) of clones can be produced. When
large enough, these libraries reflect the
labeling of all possible precursors of a given
structure.

This method presents several advanta-
geous characteristics for the analysis of suc-
cessive stages of clonal development:

(1) As the LaacZ gene can recombine
even when not expressed, all cells of the
embryo can potentially be labeled.

(2) The labeling does not necessitate any
manipulation of the embryo.

(3) The labeling is genetic, therefore per-
manent, allowing long-term analysis.

A different system of genetic cell labe-
ling for retrospective clonal analysis has
been engineered in Antirrhinum majus
(snapdragon). It is based on the random
deletion of a transposon that leads to a red
pigmentation in a white background [39]. It
has been used to study clonal behaviors in
the petals [40].

3. TERMINOLOGY AND CONCEPTS
OF RETROSPECTIVE CLONAL
ANALYSIS

The LaacZ system makes it possible to
initiate clones at any time during the forma-
tion of a structure. To facilitate the analysis
of the libraries of clones obtained, it may be
useful to bear in mind a few theoretical sit-
uations of the formation of prototypical
structures [41].

3.1. Definitions

3.1.1. Progenitors and founder cells

The cells that form the structure called A
(Fig. 2) are those present at the time of the

analysis (observation). These cells can cor-
respond to several cell types if the structure
is multitissular and already, at least partly,
mature.

In the lineage of the structure A, the pro-
genitor cells are those cells whose descend-
ants all participate in the final structure and
the founder cells are the earliest cells whose
descendants all participate in the structure
(Fig. 2). The progenitor cells derive from
the division of founder cells. The descend-
ants of a founder cell in structure A are
defined as a cohort. When a founder cell or
a progenitor cell is labeled, all its descend-
ants are in structure A and are detected.

3.1.2. The ancestral cells

If only a fraction of its descendants con-
tribute to structure A, a cell is an ancestral
cell of structure A (Fig. 2). The other descend-
ants will contribute to other structures of the
embryo. For instance, before gastrulation, a
cell of the presumptive mesoderm can be an
ancestral cell of the cardiac muscle but can
also contribute to other mesodermal deriv-
atives such as the skeletal muscle system. If
an ancestral cell is labeled, the cells
detected in structure A do not represent all
the clonal descendants of this cell.

The period that precedes the founder
cells of a structure (from the ancestral cells
to the founder cells) is called the pre-his-
toric period of the structure because its lin-
eage is more or less indeterminate during
this period. The period from the determina-
tion of founder cells is called the historic
period of the structure because its lineage is
determinate.

3.1.3. Horizontal and vertical clonal
growth

The division of an ancestral cell gives
rise to a novel ancestral cell for A and to
another cell whose descendants will partic-
ipate in other structures (Fig. 2A). This type
of growth is called “non-clonal” as only one of
the two daughter cells will have descendants
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in A. It is also known as “vertical growth”
as the number of cells contributing to struc-
ture A remains constant during subsequent
generations.

However the pool of ancestral cells can
increase in size if an ancestral cell of struc-
ture A gives rise to two daughter cells both
with ancestral characteristics (Fig. 2B). The
growth is known as “clonal” as both daugh-
ter cells contribute to structure A. It is also
called “horizontal” growth as the number of
cells contributing to structure A increases.

From the founder cell stage onwards,
growth is always clonal and horizontal
except if the structure exhibits apoptosis. If
apoptosis occurs, the number of progenitor
cells of structure A can remain constant
from one cell generation to the next.

3.1.4. Monoclonal or polyclonal origin
of a structure

A structure has a monoclonal origin
when it is formed from the descendants of
only one founder cell. Its origin is polyclo-
nal when it is formed from the descendants
of several founder cells. When the structure
has a monoclonal origin, only two periods
characterize the formation of the structure:
a non-clonal period of vertical growth for
the ancestral cells and then a clonal period
of horizontal growth for the founder and
progenitor cells (Fig. 2A). This situation is
nevertheless exceptional. In vertebrate
embryos, it has been repeatedly found that
most organs, including very tiny ones such
as the hair follicle in mammals, have a pol-
yclonal origin.

When the structure has a polyclonal ori-
gin, several cases are possible. Two exam-
ples are given in Figures 2B and 2C. In the
first case (Fig. 2B), an intermediate pool of
ancestral cells is formed at a certain phase
during development with a period of clonal
and horizontal growth, before the determi-
nation of the founder cells. Therefore, there
are successive periods of clonal and non-
clonal growth. In the second case (Fig. 2C),
structure A is formed by several independ-
ent lineages. This can result from the

recruitment of novel cells at a certain time
during development. Growth can follow
either scheme in each lineage.

3.1.5. Families of clones and saturation
of the libraries

The random labeling of cells with the
LaacZ system generates different types of
clones that can be grouped into families on
the basis of common characteristics: size,
spatial distribution, cell type, etc.

The labeling reaches saturation when the
library of clones obtained has more than one
example of any possible labeling. At this
stage, additional clones do not provide any
new information.

3.2. Concepts
3.2.1. Modes of growth

Several modes of growth are possible: a
proliferative mode, when each division pro-
duces two equivalent daughter cells; a stem
cell mode, when the division produces a cell
similar to the parental one and another cell
with a different fate; and a diversification
mode, when the division produces two dif-
ferent daughter cells that are also different
from the parental cell. Clonal analysis
makes it possible to distinguish between
these three modes.

As the number of cells doubles at each
generation in the proliferative mode, the
probability of reaching a cell of a given gen-
eration also doubles with each generation.
Therefore the probability of obtaining a
clone of a given size is inversely propor-
tional to this size. The most frequent clones
have only one cell and the rarest are the larg-
est (Fig. 3A).

In the stem cell mode of growth, each
cell divides asymmetrically giving one cell
that self renews the pool of stem cells and
another cell with a different fate. As in the
proliferative mode, the most frequent clones
are those with only one cell. Whatever the size
of the clone (> 1 cell), the probability of
labeling remains constant. If the clones are
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Figure 2. Genealogical trees for simple model structures. (A) Monoclonal origin. The various dif-
ferentiated cells (pale blue ovals) that constitute A (the blue rectangle) are derived from a single
founder cell (green oval). Two successive periods of growth occur during the formation of A: a period
of non-clonal growth during the vertical propagation of the ancestral cells (orange ovals); a period
of clonal growth during the horizontal expansion of the pool of progenitor cells (dark blue ovals)
from the single founder cell (green oval). The progenitor cells produce the differentiated cells that
constitute A. (B) Polyclonal origin. The various differentiated cells (pale blue ovals) that constitute
A (the blue rectangle) are derived from a pool of several founder cells (green ovals and the green
rectangle). A period of clonal growth leads to the expansion of the pool of ancestral cells (orange
ovals and the orange rectangle). A cohort of differentiated cells is represented in purple. (C) Dual
clonal origin. The cells that constitute A (the blue rectangle) are derived from two distinct lineages.
The first lineage has a monoclonal origin (one founder cell, in green, as in 2.A). The second lineage
has a polyclonal origin (several founder cells, green ovals and green rectangle, as in 2.B) and an
intermediate pool of ancestral cells (orange ovals and orange rectangle). The cells from the two linea-
ges intermingle in the final structure. For a colour version of this figure see www.edpsciences.org/rnd.
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grouped in classes following an exponen-
tial progression (to make comparison with
the proliferative mode of growth possible),
it becomes clear that the frequency of pro-
duction of labeled clones of the different
classes increases exponentially with their
size (Fig. 3B). This is the opposite of the
proliferative mode of growth (compare
Figs. 3B and 3A).

Obviously the formation of a structure
may involve both of these modes. For
instance, a period of proliferation can fol-
low a period of stem cell growth. In such
cases, the graph of the frequencies of the
clones in relation with their sizes will
exhibit an exponential decrease character-
istic and indicative of a period of exponen-
tial growth and then an exponential increase

indicative of a period of stem cell growth
(Fig. 3C). Careful examination of the size
of the clones in a library can therefore
reveal periods of exponential (prolifera-
tive) and linear (stem cell) growth.

3.2.2. Crossing index, compartments
and regionalized structures

Embryonic structures are sometimes
regionalized during their formation. After
regionalization, clones are no longer ran-
domly distributed in the structure: they are
preferentially located in a given region.
This contrasts with the clones initiated
before regionalization, which can contrib-
ute to several regions of the structure. To
detect a process of regionalization with a
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Figure 3. (A) Proliferative mode of growth. Each cell (blue ovals) divides into two equivalent
daughter cells (Aa). The frequency of clones (y axis) decreases exponentially according to their size
(x axis) (Ab and Ac). The graphs are the same whether we consider clone size (Ac) or groups of
clones in classes of increasing exponential size (Ab). (B) Stem cell mode of growth. Each stem cell
(dark blue ovals) divides unequally to give rise to a new stem cell and to another cell with a different
fate (light blue ovals) (Ba). The most frequent clones have one cell and the frequency of clones is
the same when the clones are composed of more than one cell (Bc). When clones are grouped in
classes of increasing exponential size, the distribution of clone size increases exponentially (Bb).
(C) Combined mode: stem cell mode followed by proliferative mode. In this case, the division of a
stem cell produces a new stem cell and another cell that shows a proliferative mode of growth. This
transient amplifying cell (blue rectangle) produces a cohort of four cells in the final structure (purple
rectangle). When clones are grouped in classes of increasing exponential size, the distribution of
clone size first decreases exponentially (typical of a proliferative mode of growth) and then increases
exponentially (typical of a stem cell mode of growth) (Cb). For a colour version of this figure see
www.edpsciences.org/rnd.
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random labeling technique such as the
LaacZ method, the clone library must be
saturated. It is next best to use a function
called “crossing index” to detect regionali-
zation (Fig. 4). Practically, the structure is
divided into units either arbitrarily or on the
basis of morphological marks. For each
limit between the units, the value of the
crossing index is equal to the number of
clones that crosses it. In non-regionalized
structures, the value of the crossing index
remains constant (Fig. 4A). In regionalized
structures, the value of the crossing index
presents one or several minima at the level
of the limits between the regions (Fig. 4B).
To detect regions, the crossing index can be
calculated for each family of clones in the
library. If for a family the minimum of the
crossing index is equal to O, it means that

2-3 4.7 8-15
Clone size

16-32

the cells of the clones do not cross the limits
between regions (Fig. 4B, ¢ and d). The
regions may thus correspond to develop-
mental compartments, although regions are
frequently not compartments. The study of
a family of clones with minimum crossing
indexes of 0 makes it possible to date the
appearance of regions or compartments.

3.2.3. Clonal complexity and regions
of preferential proliferation

Using saturated libraries, it is also pos-
sible to detect regions of preferential pro-
liferation. The use of clonal complexity
values helps in this search (Fig. 5). The
clonal complexity of a region is equal to the
number of clones that contribute to it. For
instance, in Figure 5B, region 3 is labeled
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of the crossing index is equal to the number of clones that crosses it. In structure A and structure B,
a collection of 23 clones is represented in blue, with one clone per line (Aa and Ba). The class of
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is constant and equal to 5. When considering the four-cells clones (Ac), the crossing index remains
constant and equals 2 (graph Ad). (B) Crossing index of a regionalized structure. Graph Bb
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that the structure is regionalized. In graph Bd, when considering only the four-cells clones, the
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the four-cells clones are formed and, therefore, limits 3 and 6 are frontiers. For a colour version of
this figure see www.edpsciences.org/rnd.
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Figure 4. Continued.

15 times (15 clones): some of these clones
contribute only to this region but others also
contribute to region 2 or to regions 1 and 2.
In contrast, region 1 is labeled only three
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times, but the clones extend into regions 2
and 3. The clonal complexity of region 3 is
higher than that of region 1. This reveals
that the zone of preferential proliferation
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Figure 5. Clonal complexity. Structure A and structure B (in red) are divided into six regions,
numbered 1 to 6. Fourteen clones (in blue) are represented along vertical lines in structure A (Aa)
and 30 clones in structure B (Ba). Clonal complexity is the number of clones that participate to a
region. The graphs show the clonal complexity (y axis) for each region (x axis). (A) A structure
with regions of equivalent growth potential. Clonal complexity is constant (graph Ab). (Note that
structure A follows a proliferative mode of growth.). (B) A structure with two regions of preferential
growth. The graph (in Bb) shows two maxima for regions 3 and 6, demonstrating the presence of
two regions of preferential growth. (Note that structure B follows a stem cell mode of growth.) For
a colour version of this figure see www.edpsciences.org/rnd.

corresponds to region 3. The preferential
proliferation may be due to stem cells.

If the cells of all regions of a structure
have equivalent growth potential, the clonal
complexity is equivalent for all regions
(Fig. 5A).

The measurement of the clonal complex-
ity identifies potential zones of preferential
proliferation.

3.3. Information that can be deduced
from the description of the clones

In general, different families of clones
can be identified in a library. It is again
important that the library be saturated to
have a fair representation of all possible
labeling. As the clones are generated at ran-
dom and at any time during embryogenesis,
the most recent were generated in the structure
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itself and the others were generated at the
level of the progenitors, founders or ances-
tral precursors. However the cellular gen-
eration in which the labeling was initiated
provides no clear answers about the size and
the topography of the clones.

3.3.1. Establishment of the lineage
of the structures

When observing clones, the most direct
information possibly relates to the type of
differentiated cell from which they are
composed. When a structure is multitissu-
lar, if a clone contributes to only one tissue,
it means that the labeled cell was unipotent.
However, if the clone contributes to several
tissues, then the labeled cell was pluripo-
tent. This information can be used to build
a tree of the genealogical relations between
the different cell types in the structure. For
instance, the cerebellum is formed of sev-
eral cell types: the deep nuclei neurons, the
Purkinje cells, the granular neurons, the
Golgi cells, the stellate and the basket neu-
rons. Using a large library of clones
obtained using NSE LaacZ transgenic line,
it has been demonstrated that all cell types
except the granular neurons are produced
sequentially (first the neurons of the deep
nuclei, then the Purkinje cells, then the
Golgi cells and finally the stellate and bas-
ket neurons) from a unique common pre-
cursor [37]. The granular neurons have a
distinct clonal origin. This indicates that the
cerebellum has a dual clonal origin.

3.3.2. Families of clones
and regionalization

To date the birth of a clone, it is neces-
sary to compare it with the diverse families
of clones in the library. It is interesting to
attempt to identify the families correspond-
ing to the ancestral, founder and progenitor
cells. However, this is not a trivial problem
because several families of clones can cor-
respond to one category of precursor cells
if these precursors are not equivalent and/
or can adopt different behaviors. Further-

more, the comparison of the different fam-
ilies of clones may reveal that one family
(e.g. A) has the properties of potential sub
clones of another family (e.g. B). This may
indicate that the B family clones were gen-
erated later than the A family clones. This
sort of temporal classification is also very
valuable for other reasons.

The probability of labeling the cells at
the origin of a given family of clones is
directly proportional to the size of its pool
(total number of cells at the origin of this
family). This number depends on the
number of cells present at a given cellular
generation in the embryo but also on the
number of generations during which the
cells at the origin of the family have existed.
For instance, the ancestral cells of a struc-
ture are constituted of a relatively small
number of cells at a given cellular genera-
tion but may exist for many generations.
Therefore, the pool can be very large. In
contrast, the founder cells of a structure are
only present during one cellular generation
and, therefore, they are always more rarely
labeled than ancestral cells.

Finally, by quantifying the contribution of
an ancestral or founder cell to a structure, it
is possible to estimate the number of founder
cells in this structure. This approach showed
that the pools of founder cells at the origin
of the myotome [12], the Purkinje cell layer
of the cerebellum [37] and cardiac tissue
[36] contain 100-150, 80 and 140 cells
respectively.

3.3.3. Topological properties
of the clones

The size and the spatial distribution of
the cells of a clone can give information
about many aspects of the characteristics of
a structure such as whether it is or not
regionalized. To extract the important fea-
tures of the topology of the clones, it is nec-
essary to find a method to describe it. It is
often practical to divide the structure into
arbitrary units, in relation or not with mor-
phological criteria (such as segments in the
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myotome or in the rhombencephalon), with
the axes of the structure (dorso-ventral,
antero-posterior, medio-lateral, proximo-
distal) or with morphological boundaries.
The clonal contribution to these units can
then be described. Some clones contribute
to several units whereas others are
restricted to only one unit. It is possible that
this analysis reassesses these arbitrary
units, in other words that this analysis
reveals limits between real regions that can-
not be detected using morphological mark-
ers. The validity of the regionalization can
be tested using the crossing index method
described in Section 3.2.2.

It is then possible to describe the geom-
etry of the clones within each defined
region. This description includes the orien-
tation of the clone and quantitative data
such as its position and the value of the
angle in relation with the axes. For instance,
in the myotome, which has been studied
with the tAchRnls LaacZ line, the clones
were first described in relation with the
somites and with their most anterior posi-
tion along the longitudinal axis [12] and
then within each somite [35].

The clonal complexity of each region
may give information about the presence of
regions of preferential proliferation (see
Sect. 3.2.3.). This approach ultimately
leads to the delimitation of regions and
boundaries within the structure in relation
with the distribution of the clones. The con-
tribution of the clones to these different
regions and their properties can next be
studied.

3.3.4. The topology of the clones, cell
movements and oriented growth

The spatial characteristics of clones can
provide information about the dispersal of
the precursor cells of a structure. Indeed, a
clone can correspond to one, several or
many clusters of cells. A clone formed of
several clusters is suggestive of a phase of
cell dispersal during development. The dis-
persion can be oriented or isotropic

(Figs. 6C and 6D). In contrast, a clone
formed of a unique coherent group indi-
cates that the growth has (probably) always
been coherent. In this case, growth can be
either oriented or isotropic (Figs. 6A and
6B). A period of coherent growth can fol-
low a period of dispersion. The final
arrangement of cells in a clone results from
this sequence of behaviors (Fig. 6). It is
important to note that if a period of disper-
sion follows a period of coherent growth,
the period of coherent growth cannot be
detected by looking at the final aspect of the
clone. Similarly, a period of coherent ori-
ented growth will mask a previous period of
coherent isotropic growth.

3.3.5. The size of the clones
and the modes of growth

In the case of regional and proliferative
growth from strictly equivalent cells in the
absence of apoptosis, the size of a clone
gives a reliable indication of its date of
birth. However, when one of these condi-
tions is not fulfilled, the size of the clones
and their date of birth are not directly cor-
related. For instance, if the cells have dif-
ferent generation times, the labeling of a
cell with a poor division potential at the
beginning of the lineage will produce a
small clone (possibly dispersed in different
regions of the structure) and the labeling of
a cell with a high division potential closer
to the end of the lineage will produce a large
clone (possibly restricted in only one region
of the structure). Similarly, an early clone
may be smaller than a late clone if a fraction
of its descendants undergo apoptosis.

Finally, it is interesting to consider the
situation of a structure produced following
a temporal mode from a pool of stem cells
such as the myotome. In such cases, a small
clone that contributes to the first segments
produced may have been initiated very
early in the embryo and a large clone con-
tributing to several caudal segments may
have been initiated later during the devel-
opment of the structure.



Clonal analysis and applications 337

]
@
(]
& .
()
A B C
Q,
8 8 s.. ..O
g 8 %, 8
C+A C+B

D+A

D
~,
5 ~..,""
% ~,
D+B

Figure 6. Clonal modes. The growth of a structure generally combines several elementary growth
behaviors, called clonal modes. First line: Elementary clonal modes. (A) Isotropic-coherent growth.
(B) Oriented-coherent growth. (C) Isotropic-dispersive growth. (D) Oriented-dispersive growth. Sec-
ond line: a few examples of the growth when clonal modes are combined.

The size of clones can also give very val-
uable information concerning the mode of
growth of the structure (proliferative or
stem cell mode). Clones must first be clas-
sified by size. The study of the probability
of labeling of these different clones then
makes it possible to distinguish between
these different modes and their sequences
and therefore to determine whether stem
cells are involved in the formation of the
structure (see Sect. 3.2.1.) [10].

4. CONCLUSION

Clonal analysis is one of the most pow-
erful ways to elucidate the history of a struc-
ture. Retrospective clonal analysis using
the LaacZ method makes it possible to
detect with certainty the successive steps of
the formation of a structure because any
ancestral or precursor cell can be marked.

The lineage, as well as certain aspects of
cell behavior, can be deduced by analyzing
libraries of clones. This method also pro-
vides more complex information such as
the level of regionalization of a structure,
the presence of developmental compart-
ments or the mode of growth (proliferative,
stem cell-based or diversificative). This
kind of approach can be performed for any
structure if an appropriate promoter can tar-
get the expression of LaacZ in it. Another
very interesting problem is the relationship
between the different embryonic structures.
It is fair to say that too little is known con-
cerning the lineages and the cell behaviors
involved. Therefore, it would be interesting
to control LaacZ by a promoter conferring
ubiquitous expression such as the promoter
of Rosa26 locus. This would make it possi-
ble to detect clones whatever the complex-
ity of their tissue composition and at any
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time. This work, which is now in progress,
will open many novel possibilities.

One difficulty with the LaacZ method is
that the date of birth of the clones is not
known. The establishment of a system
allowing the temporal induction of clones
would therefore complement the LaacZ
system. Unfortunately, all attempts have
been unsuccessful because the existing
induction systems such as the Cre/Lox sys-
tem do not fulfill all necessary require-
ments. Firstly, the background activation of
clones must be extremely low. Secondly,
the induction of only one clone per embryo
must be possible. Thirdly, induction must
be possible at any stage during develop-
ment. In the future, it may be possible to
derive a temporal induction system from
the LaacZ method. This would provide the
opportunity to study the cellular history of
the relations between embryonic structures.
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