Jean-François Nicolas 
  
AND 102BIS, ARCHIVES BIOLOGIE MOLECULAIRE DU DEVELOPPEMENT, JEAN--FRANÇOIS NICOLAS] Elongation in chordates: a view from clonal analysis 1

I will discuss the architecture (design) of a major developmental process, the elongation. I will show how it is possible to characterize its elements and try to define their arrangement in operational modules. The methodology to reach this goal consists of comparing the elongation of the embryo of several species and also of different structures within the same species. These phylogenetic and ontogenetic comparisons of the same process reveal that specificity of this process in different contexts seems to depend on the multiplicity and specific arrangement of these basic operations. At long term it will allow to understand organisational principles that are maybe shared with other developmental processes underlying formation of specific body structures. In particular, it should allow understanding the coupling of elongation with genetic patterning (the assignation of regulatory states to cells). The elongation of the embryo of three chordates, mouse, zebrafish and amphioxus and the elongation of a structure formed during organogenesis, the hair follicle, will be discussed.

Slide 1: Thank you very much for the opportunity to present the work of my group in this meeting.

Slide 2: My laboratory is concerned by the study of cell behaviour during the development of the embryo and of its structures. We analyse cell behaviour as it controls and determines the spatio-temporal trajectories of the cells in the embryo and the spatio-temporal trajectory of a cell determines with which other cells it will interact chronologically during development and the positions it will occupy in the changing morphogenetic fields. Therefore the spatio-temporal trajectory of a cell determines the progression of their fate. This has two essential consequences. First, as modifying the behaviour of a cell could change the cells with which it will interact and its position in the morphogenetic fields, every single aspect of cell behaviour must be tightly controlled during development. Second, these categories of variations that impact fate determination create new possibilities that may well have been exploited during evolution to evolve development.

Slide 4 : We use clonal methods to study cell behaviour. The first method is RCA (for Retrospective Clonal Analysis). It exploits the LaacZ reporter. The LaacZ reporter has duplication in LacZ; it encodes a truncated inactive β-galactosidase until (during development) an homologous recombination between the duplication recreates the coding frame and initiates the labelling of a clone. This method has recently been made ubiquitous by combining LaacZ with the Rosa26 promotor and now any lineage can be studied. Two features of RCA are important to have in mind. First, the frequency of homologous recombination event is very low; so, the observed labellings are clonal. Second, the recombination can occur at any time and in any cell during development. So it allows exploring the whole history of a structure. The tree is a representation of the lineage of the ancestors of the cells of a structure from its monoclonal origin. These ancestors are of different nature. We find many clones that decorate only a portion of SE (bottom, the red arrow) and are most likely late events of recombination. We also find clones that participate to the whole SE as well as to internal structures (the yellow arrow), those clones are clearly early events and correspond to the labelling of ancestors of the founder cells of SE. We also got clones from true SE founder cells (the dark arrow). They have the same pattern than the clones of their ancestors but they do not participate to internal structures. We even got labelling that corresponds to the monoclonal origin of SE (the green arrow): the SE is entirely labelled. Obviously, RCA permits describing the whole clonal history of the structure. Slide 5 : RCA also permits to determine the mode of proliferation the founder cells of a structure follow. It is easy and simple to generate this data. You just have to count the number of cells of a sample of clones and to group them by size. In this example (up), we looked at the founder cells and their descendants of the embryo proper. Clearly, the growth of the founder cells of the embryo is exponential (that is, proliferative). It is not always the case of founder cells. For instance if we look at the founder cells of the hair follicle (down), and if again we count cells from clones and estimate their number the graph obtained is different: the number of clones with 4, 8, 16 cells increases. It does not decrease. This is typical of the production of the structure through a stem mode of proliferation. Clones in red are those that correspond to the founder cells; clones in blue correspond to the transient amplifying cells and the clones corresponding to the differentiated cells are in green. By generating such graphs, it is easy to deduce the mode of growth of the cells at the origin of a structure. RCA is the quick way to generate these data otherwise very difficult to obtain. Slide 6 : The second method used is called GICL (for Genetically Induced Clonal Labelling). It uses the Cre Lox system and we are again using an ubiquitous system where both the inducer and the reporter lines are under the control of an ubiquitous promoter. Slide 7 : It allows saturating clones for a certain temporal window during the development of a structure. Slide 9 : Another kind of information that clonal analysis generates concerns the potentiality of the cells. For instance, the clone, illustrated on the left in an E10.5 embryo, contribute to both the somites and the neural tube and only to these tissues as proved in sections (fig.on the middle). Therefore the labelled cell is bipotent. In fact it is a typical neuro-mesodermal clone. Other example of bipotent clone includes clones that participate to both ORS and IRS in the hair follicle (figs on the right).

Slide 10 : We generate large scale libraries of clones. The slide is an example for surface ectoderm at E14.5. From these libraries we can extract the mode of growth, cell movement, cell rearrangement that is, again, the major elements that determine the spatio-temporal trajectories of cells and as a consequence, their fate. By itself, it is enough to justify these approaches but there is more.

In the remaining of my talk, I would like to convince you that by analysing these parameters we could learn about developmental processes; that is, about integrated operations that create forms in the embryo. And it is because clonal analysis provides information about the growth vectors and the topological operators at work. Slide 11 : As an example of a developmental process let's consider elongation that plays a major role in embryogenesis and organogenesis. Many structures elongate, such as the hair follicle in the teguments, early structures of the embryo such as the limbs and the tail formed after gastrulation and the embryo itself (see the four figs, at scale, from left to right). I will go from the apparently simplest case to the more complex. FRANÇOIS NICOLAS] Slide 12 : The first case of elongation discussed here concerns the tubules of the kidney. They undergo massive proliferation post-natally. Each tubule is formed of 5 columns of the same type of cells. We labelled them using GICL at a selected time during their growth and observed clones one week later. We systematically see these long lines of blue cells with no white cells intercalated (fig A andC), meaning that the growth of the tubules is coherent and oriented. Clearly there is no cell movement or rearrangement at all and oriented cell division is tightly controlled. The corresponding elongation process is only based on the control of the orientation of cell division. Marco Pontoglio has shown that the PCP pathway controls it. Slide 13 : The second case discussed here concerns the surface ectoderm. Late clones that form the SE have a coherent growth oriented along the dorso-ventral (DV) axis (figs on the left). Therefore, DV elongation uses a coherent mode of growth and oriented cell division, again no cell movement or rearrangement. The case is closed to the renal tubules case. However, the complex clone on the right demonstrate that before this stage of CO growth, there is a mechanism that has distributed the progenitors of these clonal units (indicated by the red points, fig. on the right) along the AP axis of the embryo. This mechanism is clearly dispersive and is at the basis of the AP elongation of SE. How have these progenitors been distributed? Slide 14 : …in the trunk, they have been distributed by a mechanism that involves a self-renewing pool of cells Slide 15 : …. and in the head by a mechanism that involves a regional type of distribution of the progenitor.

In both cases, the growth vector is oriented AP. FRANÇOIS NICOLAS] Slide 16: It is not the first time that the elongation of a tissue of the embryo through the action of a self-renewing pool of cells is reported. This idea has been proposed for the production of the myotome (maybe the whole paraxial mesoderm, fig on the left) and also for the neural tissues in the posterior central nervous system (fig on the middle). We now add the trunk SE to the list. These three pools that self renew themselves are present in the embryo at about the same stage. So the question of their potential relationship is posed. To study this problem, we used ubiquitous RCA and GICL and examine clones in libraries produced in E10. Here is an example.

Slide 22 : With this approach, we hope to be able to determine whether intercalation is radial or not or if a novel cell behaviour is involved.

In sum, elongation of the hair follicle involves two modes of growth (stem then proliferative), oriented cell division and a mode of cell intercalation to align cells in a column -surprisingly complex! Slide 23 : I have considered cases of elongation of several tissues: the tissues of the embryo during axis formation (a huge elongation), the elongation of the renal tubules and of the hair follicle, these two last structures appearing late during development. I have examined the topological operators involved in these processes.

It raises the following question: Is there in the gene regulatory network, states that would group series of topological operators meaning "elongate a structure" or is it that each elongation is performed from various and unrelated topological operators ?

In the first case, elongation will correspond to a real developmental process that will be independent of the background. In the second case, elongation will correspond to many different elongation processes, each specific of the particular background.

Distinguishing between these two possibilities is of central importance for our understanding of both development and the GRN. To approach this question, we need first to model a little bit the elongation process and second, to take an evo-devo perspective that is to add to these ontogenic comparisons phylogenetic comparisons. Slide 24 : The model considers the mode of extension of the structure (the middle element of the figure) from the initial non-elongated pool of progenitors (the left element of the figure). Obviously, there are different plausible modes and for each we can predict a particular clonal pattern (the element right to the extended structure of the figure). Therefore, the model will not only tell us whether there are preferred modes used but also whether these clonal patterns are discriminating. The first conclusion -not shown here-is that there are many theoretical possibilities that are simply not used. It indicates that elongation is constrained. Those now discussed are the cases that are used. Slide 25 : I will not go into the details of the model but it distinguishes three cases: when elongation is based on cell rearrangement only (I), when elongation is based on growth only (II) and when elongation is based on a combination of both (III). As you can see (on the right of each extended structure), the expected clonal patterns are discriminating.

Slide 25 : Let's put the cases presented here next to their mode. Each has a particular mode, but these modes seem to use a combination of a small number of topological operators. For the renal tubules it is oriented cell mitosis control by the PCP pathway and an absence of movement; for the neural columns of the cerebral cortex, it is the sequential production of cells from a self-renewing pool and again very little or no cell rearrangement. For the anterior SE, it is a regional type II mode plus a cell rearrangement process (still to be determined). For the trunk SE, it combines a sequential production of cells from a self-renewing pool and a cell rearrangement process. The hair follicle uses sequential production of cells from a self-renewing pool, then a proliferative mode of growth, oriented cell mitosis and a mode of cell intercalation to align cells in a column. This complex mode of elongation is intriguing because the structure is simple and because it appears late during evolution. Slide 26 : It raises the hypothesis that in fact, it is precisely because the hair follicle appeared late during evolution (fig. on the right) that it is complex: it had the chance to use an already prepared, but complex, elongation process already present in the structure of the gene regulatory network (GRN) of mammals.

This consideration and others makes important to learn more about the first invention of elongation (its most basal form) in chordates. That is, to add to the ontogenic comparison of elongation in different structures of the same specie a phylogenic approach (an evo-devo perspective). Clearly elongation dates from at least the urbilateria and possibly the first invention of elongation in chordates is the elongation of the embryo of the animal at the origin of bilaterians.

[DOCUMENT N° 2010--102 AND 102BIS, ARCHIVES BIOLOGIE MOLECULAIRE DU DEVELOPPEMENT, JEAN--FRANÇOIS NICOLAS] Slide 27 : Today this animal is best represented by the extant representative of the common ancestor of all chordates, that is amphioxus.

. By looking at Amphioxus, we choose to analyse an elongation process that occurs in a context of cell proliferation and in an animal whose genome is believed to be close to the basal state of urbilateria, (and at least before the two major duplications of the genome that characterise vertebrates). This will eventually greatly simplify the analysis of the gene regulatory circuits involved. Slide 28 : We have developed in Amphioxus 4D imaging and tracking that leads to the reconstruction of digital embryos, allowing for in silico analysis of cell behaviour's. Here is an example of such a 3D time-lapse movie where GFP protein is targeted to nuclei (note that to improve protein translation from injected mRNAs, an amphioxus Kozak consensus has been used and the codon usage has been optimized). This is a lateral view of the embryo; animal pole will appear on the left and vegetal pole to the right. Starts at 2-cell stage -cleavage, synchronised divisions, desynchronisation, gastrulation starts with invagination and follows with blastopore closure.

Slide 29 : When comparing the shape of the embryo before and after gastrulation, it appears that elongation starts during gastrulation and is along the A-V axis. So we are analysing in details cell behaviours during gastrulation to understand their contribution to elongation. Slide 30 : We found that cell divisions are oriented along the elongation axis and that there are very little cell rearrangements (no intercalation). Although things are starting to make sense we still need to determine precisely the other topological operators and to find their "image" in the GRN (that is the gene regulatory circuits involved).

This will tell us whether elongation is a real developmental process that is used and reused during evolution and development the same topological operators. If it is the case these onto and phylo genetic comparisons will tell us something about the evolution of developmental processes (their plasticity) an important topic because, as you know, the evolution of developmental processes is the back box of both development and evolution. Slide 31 : First row : Christine Chevallier, Morgane Dolez, Anne--Cécile Petit, Amelie Wegener, Suzanne Capgras. Second row : Inês Sequiera, Elena Tzouanacou, Pascal Dardenne, Isabelle Rosko, Emilie Legué, Françoise Kamel, Estelle Hirsinger, Claude Legrand.

THE FOLLOWING IS THE REFERENCED TEXT (SAME AS ABOVE) OF THE CONFERENCE.

Thank you very much for the opportunity to present the work of my group in this meeting.

My laboratory is concerned by the study of cell behaviour during the development of the embryo and of its structures [START_REF] Mathis | Cellular patterning of the vertebrate embryo[END_REF]. We analyse cell behaviour as it controls and determines the spatiotemporal trajectories of the cells in the embryo and the spatio-temporal trajectory of a cell determines with which other cells it will interact chronologically during development and the positions it will occupy in the changing morphogenetic fields. Therefore the spatio-temporal trajectory of a cell determines the progression of their fate. This has two essential consequences. First, as modifying the behaviour of a cell could change the cells with which it will interact and its position in the morphogenetic fields, every single aspect of cell behaviour must be tightly controlled during development. Second, these categories of variations that impact fate determination create new possibilities that may well have been exploited during evolution to evolve development.

We use clonal methods to study cell behaviour. The first method is RCA (for Retrospective Clonal Analysis). It exploits the LaacZ reporter. The LaacZ reporter has duplication in LacZ; it encodes a truncated inactive βgalactosidase until (during development) an homologous recombination between the duplication recreates the coding frame and initiates the labelling of a clone [START_REF] Bonnerot | Clonal analysis in the intact mouse embryo by intragenic homologous recombination[END_REF] [START_REF] Mathis | Retrospective tracing of the developmental lineage of the mouse myotome[END_REF] [START_REF] Petit | Methods in clonal analysis and applications[END_REF]. This method has recently been made ubiquitous by combining LaacZ with the Rosa26 promotor and now any lineage can be studied [START_REF] Tzouanacou | Redefining the progression of lineage segregations during mammalian embryogenesis by clonal analysis[END_REF]. Two features of RCA are important to have in mind. First, the frequency of homologous recombination event is very low; so, the observed labellings are clonal. Second, the recombination can occur at any time and in any cell during development. So it allows exploring the whole history of a structure.

Here is an illustration with surface ectoderm [START_REF] Petit | Large-scale clonal analysis reveals unexpected complexity in surface ectoderm morphogenesis[END_REF]. The tree is a representation of the lineage of the ancestors of the cells of a structure from its monoclonal origin [START_REF] Mathis | Retrospective tracing of the developmental lineage of the mouse myotome[END_REF] [START_REF] Petit | Large-scale clonal analysis reveals unexpected complexity in surface ectoderm morphogenesis[END_REF]. These ancestors are of different nature. We find many clones that decorate only a portion of SE (bottom, the red arrow) and are most likely late events of recombination. We also find clones that participate to the whole SE as well as to internal structures (the yellow arrow), those clones are clearly early events and correspond to the labelling of ancestors of the founder cells of SE. We also got clones from true SE founder cells (the dark arrow). They have the same pattern than the clones of their ancestors but they do not participate to internal structures. We even got labelling that corresponds to the monoclonal origin of SE (the green arrow): the SE is entirely labelled. Obviously, RCA permits describing the whole clonal history of the structure.

RCA also permits to determine the mode of proliferation the founder cells of a structure follow. It is easy and simple to generate this data. You just have to count the number of cells of a sample of clones and to group them by size. In this example (up), we looked at the founder cells and their descendants of the embryo proper. Clearly, the growth of the founder cells of the embryo is exponential (that is, proliferative) [START_REF] Tzouanacou | Redefining the progression of lineage segregations during mammalian embryogenesis by clonal analysis[END_REF]. It is not always the case of founder cells. For instance if we look at the founder cells of the hair follicle (down), and if again we count cells from clones and estimate their number the graph obtained is different: the number of clones with 4, 8, 16 cells increases. It does not decrease. This is typical of the production of the structure through a stem mode of proliferation [START_REF] Nicolas | Evidence in the mouse for self-renewing stem cells in the formation of a segmented longitudinal structure, the myotome[END_REF] [START_REF] Petit | Methods in clonal analysis and applications[END_REF]. Clones in red are those that correspond to the founder cells; clones in blue correspond to the transient amplifying cells and the clones corresponding to the differentiated cells are in green. By generating such graphs, it is easy to deduce the mode of growth of the cells at the origin of a structure. RCA is the quick way to generate these data otherwise very difficult to obtain.

The second method used is called GICL (for Genetically Induced Clonal Labelling) [START_REF] Legué | Hair follicle renewal : organization of stem cells in the matrix and the role of stereotyped lineages and behaviors[END_REF]. It uses the Cre Lox system and we are again using an ubiquitous system where both the inducer and the reporter lines are under the control of an ubiquitous promoter.

It allows saturating clones for a certain temporal window during the development of a structure.

Both RCA and GICL give easily key information about growth parameters. Coherent Isotrope (CI) for the skin : the cells remain together in the pattern and isotrope, as there is no specific orientation of the clonally related cells; Dispersive and Isotrope (DI) in the yolk sac. Coherent and clearly Oriented for surface ectoderm (CO). And any combinations between dispersive/coherent and isotrope/oriented can be find as a succession of modes during development. Again, clonal analysis is a quick and certain way to describe these complex series of cell behaviours.

Another kind of information that clonal analysis generates concerns the potentiality of the cells. For instance, the clone, illustrated on the left in an E10.5 embryo, contribute to both the somites and the neural tube and only to these tissues as proved in sections (fig.on the middle). Therefore the labelled cell is bipotent. In fact it is a typical neuro-mesodermal clone [START_REF] Tzouanacou | Redefining the progression of lineage segregations during mammalian embryogenesis by clonal analysis[END_REF]. Other example of bipotent clone includes clones that participate to both ORS and IRS in the hair follicle (figs on the right) [START_REF] Legué | Hair follicle renewal: authentic morphogenesis that depends on a complex progression of stem cells lineages[END_REF].

We generate large scale libraries of clones. The slide is an example for surface ectoderm at E14.5 [START_REF] Petit | Large-scale clonal analysis reveals unexpected complexity in surface ectoderm morphogenesis[END_REF]. From these libraries we can extract the mode of growth, cell movement, cell rearrangement that is, again, the major elements that determine the spatio-temporal trajectories of cells and as a consequence, their fate. By itself, it is enough to justify these approaches but there is more.

In the remaining of my talk, I would like to convince you that by analysing these parameters we could learn about developmental processes; that is, about integrated operations that create forms in the embryo. And it is

[DOCUMENT N° 2010--102 AND 102BIS, ARCHIVES BIOLOGIE MOLECULAIRE DU DEVELOPPEMENT, JEAN--FRANÇOIS NICOLAS]

because clonal analysis provides information about the growth vectors and the topological operators at work. As an example of a developmental process let's consider elongation that plays a major role in embryogenesis and organogenesis. Many structures elongate, such as the hair follicle in the teguments, early structures of the embryo such as the limbs and the tail formed after gastrulation and the embryo itself (see the four figs, at scale, from left to right). I will go from the apparently simplest case to the more complex.

The first case of elongation discussed here concerns the tubules of the kidney. They undergo massive proliferation post-natally. Each tubule is formed of 5 columns of the same type of cells. We labelled them using GICL at a selected time during their growth and observed clones one week later. We systematically see these long lines of blue cells with no white cells intercalated (fig A andC), meaning that the growth of the tubules is coherent and oriented. Clearly there is no cell movement or rearrangement at all and oriented cell division is tightly controlled. The corresponding elongation process is only based on the control of the orientation of cell division. Marco Pontoglio has shown that the PCP pathway controls it [START_REF] Fischer | Defective planar cell polarity in polycystic kidney disease[END_REF].

The second case discussed here concerns the surface ectoderm. Late clones that form the SE have a coherent growth oriented along the dorso-ventral (DV) axis (figs on the left). Therefore, DV elongation uses a coherent mode of growth and oriented cell division, again no cell movement or rearrangement. The case is closed to the renal tubules case. However, the complex clone on the right demonstrate that before this stage of CO growth, there is a mechanism that has distributed the progenitors of these clonal units (indicated by the red points, fig. on the right) along the AP axis of the embryo. This mechanism is clearly dispersive and is at the basis of the AP elongation of SE. How have these progenitors been distributed? …in the trunk, they have been distributed by a mechanism that involves a self-renewing pool of cells [START_REF] Petit | Large-scale clonal analysis reveals unexpected complexity in surface ectoderm morphogenesis[END_REF] …. and in the head by a mechanism that involves a regional type of distribution of the progenitor [START_REF] Petit | Large-scale clonal analysis reveals unexpected complexity in surface ectoderm morphogenesis[END_REF].

In both cases, the growth vector is oriented AP.

It is not the first time that the elongation of a tissue of the embryo through the action of a self-renewing pool of cells is reported. This idea has been proposed for the production of the myotome (maybe the whole paraxial mesoderm, fig on the left) [START_REF] Nicolas | Evidence in the mouse for self-renewing stem cells in the formation of a segmented longitudinal structure, the myotome[END_REF] and also for the neural tissues in the posterior central nervous system (fig on the middle) [START_REF] Mathis | Different clonal dispersion in the rostral and caudal mouse central nervous system[END_REF]. We now add the trunk SE to the list. These three pools that self renew themselves are present in the embryo at about the same stage. So the question of their potential relationship is posed. To study this problem, we used ubiquitous RCA and GICL and examine clones in libraries produced in E10.5 embryos… … asking whether long clones in one structure participate (or not) to the other structures.

We found long clones that participate to both the mesoderm and the neural tissues and only to these two structures (clone on the left). All long clones of the libraries are represented on the left. They have been classified by their most anterior contribution. Obviously these neuro-mesodermal (N-M) clones are derived from a pool that exhibits self-renewing [START_REF] Tzouanacou | Redefining the progression of lineage segregations during mammalian embryogenesis by clonal analysis[END_REF]. Therefore, this N-M pool in part couples elongation of neural and mesodermal tissues. but is clonally uncoupled with SE and endoderm elongation.

The third case discussed here concerns the hair follicle. The hair follicle is as the renal tubules formed of epithelial cell but it is more complex. This is an example of a clone in the inner root sheet layer. So part of the elongation process of the HF uses a stem cell mode of growth. However, it is not enough to explain the clonal patterns.

The second important point is that the elongation of the hair follicle involved the formation of columns. Columns are the developmental units in this system. The examination of the clones indicates that to construct a column more than one stem cell of the germinative layer is needed. It is because there are white cells intercalated between the blue ones. Therefore, the elongation of the HF also includes a process of cell intercalation [START_REF] Legué | Hair follicle renewal : organization of stem cells in the matrix and the role of stereotyped lineages and behaviors[END_REF].

Movies of in vivo cultured hair follicle help to understand what is going.

Here is an example.

With this approach, we hope to be able to determine whether intercalation is radial or not or if a novel cell behaviour is involved (Inés Sequeira, unpublished).

In sum, elongation of the hair follicle involves two modes of growth (stem then proliferative), oriented cell division and a mode of cell intercalation to align cells in a column -surprisingly complex! I have considered cases of elongation of several tissues: the tissues of the embryo during axis formation (a huge elongation), the elongation of the renal tubules and of the hair follicle, these two structures appearing late during development. I have examined the topological operators involved in these processes. It raises the following question: Is there in the gene regulatory network, states that would group series of topological operators meaning "elongate a structure" or is it that each elongation is performed from various and unrelated topological operators ?

In the first case, elongation will correspond to a real developmental process that will be independent of the background. In the second case, elongation will correspond to many different elongation processes, each specific of the particular background.

Distinguishing between these two possibilities is of central importance for our understanding of both development and the GRN. To approach this question, we need first to model a little bit the elongation process and second, to take an evo-devo perspective that is to add to these ontogenic comparisons phylogenetic comparisons.

The model considers the mode of extension of the structure (the middle element of the figure) from the initial non-elongated pool of progenitors (the left element of the figure). Obviously, there are different plausible modes and for each mode, we can predict a particular clonal pattern (the element right to the extended structure of the figure). Therefore, the model will not only tell us whether there are preferred modes used but also whether these clonal patterns are discriminating. The first conclusion -not shown here-is that there are many theoretical possibilities that are simply not used. It indicates that elongation is constrained (J.F. Nicolas, unpublished results). Those now discussed are the cases that are used.

I will not go into the details of the model but it distinguishes three cases: when elongation is based on cell rearrangement only (I), when elongation is based on growth only (II) and when elongation is based on a combination of both (III). As you can see (on the right of each extended structure), the expected clonal patterns are discriminating (J.F. Nicolas, unpublished results).

Let's put the cases presented here next to their mode. Each has a particular mode, but these modes seem to use a combination of a small number of topological operators. For the renal tubules it is oriented cell mitosis control by the PCP pathway and an absence of movement; for the neural columns of the cerebral cortex, it is the sequential production of cells from a selfrenewing pool and again very little or no cell rearrangement. For the anterior SE, it is a regional type II mode plus a cell rearrangement process (still to be determined). For the trunk SE, it combines a sequential production of cells from a self-renewing pool and a cell rearrangement process. The hair follicle uses sequential production of cells from a selfrenewing pool, then a proliferative mode of growth, oriented cell mitosis and a mode of cell intercalation to align cells in a column. This complex mode of elongation is intriguing because the structure is simple and because it appears late during evolution.

It raises the hypothesis that in fact, it is precisely because the hair follicle appeared late during evolution (fig. on the right) that it is complex: it had the chance to use an already prepared, but complex, elongation process already present in the structure of the gene regulatory network (GRN) of mammals.

This consideration and others makes important to learn more about the first invention of elongation (its most basal form) in chordates. That is, to add to the ontogenic comparison of elongation in different structures of the same specie a phylogenic approach (an evo-devo perspective). Clearly elongation dates from at least the Urbilateria and possibly the first invention of elongation in chordates is the elongation of the embryo of the animal at the origin of bilaterians.

Today this animal is best represented by the extant representative of the common ancestor of all chordates, that is amphioxus [START_REF] Holland | The chordate amphioxus: an emerging model organism for developmental biology[END_REF]. By looking at Amphioxus, we choose to analyse an elongation process that occurs in a context of cell proliferation and in an animal whose genome is believed to be close to the basal state of urbilateria, (and at least before the two major duplications of the genome that characterise vertebrates) [START_REF] Mclysaght | Extensive genomic duplication during early chordate evolution[END_REF]. This will eventually greatly simplify the analysis of the gene regulatory circuits involved.

We have developed in Amphioxus 4D imaging and tracking that leads to the reconstruction of digital embryos, allowing for in silico analysis of cell behaviour's (E. Hirsinger et al., unpublished results). Here is an example of such a 3D time-lapse movie where GFP protein is targeted to nuclei (note that to improve protein translation from injected mRNAs, an amphioxus Kozak consensus has been used and the codon usage has been optimized). This is a lateral view of the embryo; animal pole will appear on the left and vegetal pole to the right. Starts at 2-cell stage -cleavage, synchronised divisions, desynchronisation, gastrulation starts with invagination and follows with blastopore closure.

When comparing the shape of the embryo before and after gastrulation, it appears that elongation starts during gastrulation and is along the A-V axis. So we are analysing in details cell behaviours during gastrulation to understand their contribution to elongation.

We found that cell divisions are oriented along the elongation axis and that there are very little cell rearrangements (no intercalation). Although things are starting to make sense we still need to determine precisely the other topological operators and to find their "image" in the GRN (that is the gene regulatory circuits involved).

This will tell us whether elongation is a real developmental process that is used and reused during evolution and development the same topological operators. If it is the case these onto and phylo genetic comparisons will tell us something about the evolution of developmental processes (their plasticity) an important topic because, as you know, the evolution of developmental processes is the back box of both development and evolution.
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  5 embryos… Slide 17 : … asking whether long clones in one structure participate (or not) to the other structures. Slide 18 : We found long clones that participate to both the mesoderm and the neural tissues and only to these two structures (clone on the left). All long clones of the libraries are represented on the left. They have been classified by their most anterior contribution. Obviously these neuro-mesodermal (N-M) clones are derived from a pool that exhibits self-renewing. Therefore, this N-M pool in part couples elongation of neural and mesodermal tissues. but is clonally uncoupled with SE and endoderm elongation. Slide 19 : The third case discussed here concerns the hair follicle. The hair follicle is as the renal tubules formed of epithelial cell but it is more complex. Hair follicle is composed of 7 layers of different epithelial cells arranged concentrically (fig. on the left). The cells that are juxtaposed to the dermal papilla produce these layers (fig on the middle). We called these cells the germinative layer because it is formed of cells that self renew themselves (cell 1, fig on the right) and produce transient amplifying cells (cell 2, fig on the right) that next produce two to four differentiated cells of one layer only. This is an example of a clone in the inner root sheet layer. So part of the elongation process of the HF uses a stem cell mode of growth. However, it is not enough to explain the clonal patterns. FRANÇOIS NICOLAS] Slide 20 : The second important point is that the elongation of the hair follicle involved the formation of columns. Columns are the developmental units in this system. The examination of the clones indicates that to construct a column more than one stem cell of the germinative layer is needed. It is because there are white cells intercalated between the blue ones. Therefore, the elongation of the HF also includes a process of cell intercalation. Slide 21 : Movies of in vivo cultured hair follicle help to understand what is going.

  Hair follicle is composed of 7 layers of different epithelial cells arranged concentrically (fig. on the left). The cells that are juxtaposed to the dermal papilla produce these layers (fig on the middle). We called these cells the germinative layer because it is formed of cells that self renew themselves (cell 1, fig on the right) and produce transient amplifying cells (cell 2, fig on the right) that next produce two to four differentiated cells of one layer only.
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