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producing few single- and dual-fated descendants

Timothy R. Wood#, Anders Kyrsting%°%, Johannes Stegmaier3¢$, lwo
Kucinskil’, Clemens F. Kaminski?, Ralf Mikut®, Octavian Voiculescu®"

! Department of Physiology, Development and Neuroscience, University of
Cambridge, Downing Street, Cambridge CB2 3DY, UK

2 Department of Chemical Engineering and Biotechnology, University of
Cambridge, Philippa Fawcett Drive, Cambridge CB3 0AS, UK

3 Institute for Automation and Applied Informatics, Karlsruhe Institute of
Technology, Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-
Leopoldshafen, Germany

Abstract

Most embryos and regenerating tissues grow by the action of stem
zones. Two epithelial stem zones drive axial elongation in amniotes: the
mature organizer generates mesoderm, the neuralised ectoderm around
it extends the neuraxis. Bipotential progenitors were also shown to
exist. How are these stem cell populations organised and what controls
the cell fate of bipotential progenitors? We use direct, in vivo imaging of
these stem cells in the chick. We find that progenitors of single and dual
fates are mingled in a small region between the specialised stem zones.
Divergent tissue movements surround this region. When transplanted
downstream of these flows, cells from the region of mixed fates adopt
the molecular identity and behaviour of the target stem zone,
irrespective of their normal fate. Thus, multipotent cells serve to
separate the specialized stem zones, instead of a classical boundary.
We propose their fate is determined extrinsically by morphogenetic
shearing.
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Introduction

In most animal embryos, only anterior parts are specified during gastrulation;
the rest of the body is gradually laid down, in head-to-tail progression, by
additions of cells generated by posterior growth zones (Davis and Kirschner,
2000). Vertebrates use this developmental mode at various degrees (Martin
and Kimelman, 2009; Wilson et al., 2009): the amniotes to generate the entire
main axis except the head (Aires et al., 2018; Henrique et al., 2015), fish and
urodeles for posterior trunk and tail extension (Kimelman, 2016; Taniguchi et
al., 2017). An historical question, still unresolved, is whether the posterior
growth zone is composed of separate mesodermal and neural progenitors
(Vogt, 1926), undifferentiated bipotent cells (Holmdahl, 1925), or a
combination of these (Holmdahl, 1939).

The establishment of the posterior growth zone is better understood in
amniotes, where it marks the end of gastrulation stage. Gastrulation is
achieved at the midline primitive streak (PS) by cooperative epithelial-to-
mesenchymal transitions (EMT) (Voiculescu et al., 2014). The PS
continuously recruits cells from the epiblast lateral to it, replacing the
ingressed cells. Cells egressing from the caudal end of the PS form ventral-
most mesoderm, with progressively more dorsal types arising from positions
further along the PS (Psychoyos and Stern, 1996). During these stages, the
anterior PS (Hensen’s node) generates mostly definitive endoderm and
acquires organizer properties (Joubin and Stern, 1999).

Two key events establish the posterior growth zones. Firstly, the anterior PS
abruptly ceases to recruit cells (Sheng et al.,, 2003) and starts regressing
caudally. The region acts as a mesodermal stem zone (MSZ), harbouring
long-term resident progenitors that generate the internal dorsal tissues
(Selleck and Stern, 1992a): prechordal mesendoderm and notochord from its
front sector, and medial paraxial mesoderm from the sides (limura et al.,
2007; Selleck and Stern, 1991, 1992b) (see Figures la and 1b;
Supplementary Video S1). Secondly, the epiblast around the MSZ acquires
definitive neural character. Most of the neural territory, lying anterior to the
node, contributes to brain (Figures 1c and 1d; Supplementary Video S2). The
regions lateral to the anterior PS become neural stem zones (NSZ), which
then elongate the neuraxis caudal to anterior hindbrain (Brown and Storey,
2000; Mathis et al., 2001). Similar fate maps were drawn in the mouse
embryo (Kinder et al., 2001).

It has long been debated whether these specialised stem zones are clonally
separated or common, neuro-mesodermal progenitors (NMPs) exist (Catala et
al., 1995; Le Douarin et al., 1998; Patten et al., 2003). In chick, labelling of
single (Brown and Storey, 2000; Selleck and Stern, 1991) or small groups of
cells (Brown and Storey, 2000) found very few cells of double progeny in the
vicinity of the anterior PS. Such progenitors were also deduced to exist in
mouse from retrospective clonal analyses (Tzouanacou et al., 2009).
However, neither this approach nor extensive lineage reconstruction from live
imaging datasets (McDole et al., 2018) could map the NMPs.

Molecularly, the neural domain is marked by the expression of Sox2 (Sheng
et al., 2003), which marks only neurally-fated cells (Mugele et al., 2018) and is
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sufficient to neuralise even nascent mesoderm if ectopically expressed
(Takemoto et al., 2011). A molecular identity of the MSZ, also committed to its
fate, is lacking. However, it is and expresses generic pro-mesodermal genes
(Bra, Tbx6), which are in a mutually repressive relationship with Sox2 (Gouti
et al., 2017; Javali et al., 2017; Koch et al., 2017; Takemoto et al., 2011). A
few cells co-expressing pro-neural and pro-mesodermal genes were identified
around the organizer in chick (Henrique et al., 2015), mouse (Garriock et al.,
2015; Tsakiridis et al., 2014), fish (Martin and Kimelman, 2012) and frog
(Davis and Kirschner, 2000; Gont et al., 1993). Also, some Bra* cells in
mouse have neural destiny (Garriock et al.,, 2015). Transplantation
experiments showed that regions from around the mouse node can contribute
to both neural and mesodermal tissues (Cambray and Wilson, 2002, 2007;
Wymeersch et al., 2016). Pluripotent stem cells from both mouse and human
can be induced to co-express this antagonistic set of genes, and produce
either mesoderm, neural or neural crest cells (Denham et al., 2015; Frith et
al., 2018; Gouti et al., 2014; Lippmann et al., 2015; Tsakiridis et al., 2014,
Turner et al., 2014). These suggest that, at population level, cells of
neuromesodermal potential correspond to, or are a subset of the Sox2*, Bra*
population, although this definition has recently been challenged (Mugele et
al., 2018). The normal fate of bipotent cells could not be established.
Contrasting views of the posterior stem cell populations exist. On the one
hand, mechanisms were described that could ensure the segregation of NSZ
and MSZ cells (Acloque et al., 2011, 2012, 2017; Sheng et al., 2003). On the
other hand, it was suggested that the bipotential cells control production of
neural and mesodermal tissues, via the balance of Sox2 and Tbx6/Bra. This
could be altered either in response to extrinsic signals (Martin and Kimelman,
2012) or by the natural evolution of the gene regulatory network (Gouti et al.,
2017).

Key questions remain: What are the location of bipotential progenitors and
their spatial organisation? How do they divide? What are their respective
contributions to axial elongation? What role do they play in development?
Here, we use molecular profiling to find ways to distinguish clearly between
the specialised stem zones. We then present a comprehensive cell lineage
analysis of the stem zones involved in axial elongation, based on direct
observations of the stem zones in live chicken embryos, and experimentally
explore the mechanisms of lineage segregation.

Results

A unique molecular profile of the mesodermal stem zone

While the transcriptomes of the neural stem zones and of the putative
neuromesodermal precursors have been explored (Gouti et al., 2017; Verrier
et al.,, 2018), the mesodermal stem zone is poorly characterised. As a
prerequisite to assess the molecular identity of cells in posterior stem zones in
functional experiments, we first sought to identify a specific molecular identity
of MSZ, distinct from both the surrounding neural plate and the more caudal
PS that continues to gastrulate. We fluorescently labelled (CM-Dil) the
organizer epiblast just prior to it becoming a stem zone (at fully extended PS,
stage HH 3*; see Figure le); embryos were then left to elongate to 8-10
somites (Figure 1f). Cells remaining in the MSZ were collected and,
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separately, their neighbours in the neural plate and emerging paraxial
mesoderm. Two methods were employed: laser capture microdissection from
fixed, sectioned specimens and manual separation from live embryos (Figures
1g and 1h). For each method, three pairs of biological replicates were deep
sequenced and compared (Figure 1i and Materials and Methods). We
selected 93 transcripts showing consistent and higher expression in the MSZ
(see Supplementary Table S3). For an initial assessment of their specificity of
expression, we used RT-PCR on cDNA from pieces of tissue dissected from
the MSZ and five other embryonic locations (Figure 1j and 1k). Thirty-two
genes (Supplementary Table S4) showed restricted expression in the MSZ
and the midline structures anterior to it; their expression was further examined
by in situ hybridization. This revealed 4 genes that are turned on in the
anterior PS at the end of stage HH 3*, and afterward remain expressed there
and in the tail bud: cWIF1, cTPO, cPTGDS and cUCKL1 (Figures 2a-p). Their
expression is similar in the anterior PS, and is absent from the presomitic
mesoderm originating laterally from the anterior PS; expression persists in the
emerging notochord, to different degrees between these genes. Transcripts
were not detected in any region of the neural plate.

Do these transcripts faithfully mark the MSZ at all stages? To label all cells of
the MSZ, we grafted anterior PS regions homotopically and isochronically, at
the onset of elongation (late stage HH 3*), from embryos Ilabelled
fluorescently (CMFDA) into unlabelled hosts (Figure 2q, n=25). At subsequent
stages (5-15 somites), we found that long-term resident cells (remaining in the
MSZ) express all four genes (Figures 2r-u).

Wifl is an antagonist of both canonical and non-canonical Wnt ligands (Hsieh
et al., 1999). The prostaglandin synthase PTGDS was implicated in controlling
EMT (Zhang et al., 2006) and transporting retinoids (Tanaka et al., 1997).
Thrombopoietin controls proliferation in the hematopoietic niches (de Graaf
and Metcalf, 2011; Hitchcock and Kaushansky, 2014; Kaushansky, 2016),
and UCKLL1 in blast transformation (Kashuba et al., 2002; Michaille et al.,
2005). Importantly, none of these proteins is known to regulate any of the
other three; indeed, their genes do not belong to known synexpression
groups, such as those shared by different embryonic organizers (Anderson et
al., 2016). Therefore, their co-expression provides a unique MSZ molecular
identity.

In vivo imaging of the axial stem zones reveals the dynamics of axial
stem cell lineages

In parallel, we asked where the progenitors of the specialised stem zones
arise, whether they are separated or mixed, if and where common progenitors
exist. To capture the dynamics of the process, the epiblast regions fuelling
axial elongation and their surroundings were directly imaged, using high-
resolution multi-photon time-lapse microscopy (Voiculescu and Stern, 2012) in
live transgenic chick embryos expressing membrane-tethered EGFP
ubiquitously (Rozbicki et al., 2015) (Figures 3a and 3b). The fifteen-hour
sequence encompasses the final stages of gastrulation (HH 3*) and axial
elongation up to the formation of 10 somites (HH 10), similar to the embryo in
Supplementary Video S2 (Supplementary Videos S5 and S6). This approach
permits both prospective and retrospective lineage analyses. Automatic
segmentation and cell tracking (Stegmaier et al., 2016) correctly identified
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more than 95% of cells between cell divisions; this approach provides a view
of the cellular flows at high density. To gain perfect accuracy in establishing
lineage relationships, we manually tracked 752 lineage trees, with 732 cell
divisions; this manually annotated dataset includes virtually all cells at the
interface between the neural and mesodermal stem zones. Agreement
between the cell movements obtained with these approaches is shown in
Supplementary Video S7. The cell movements and behaviours characteristic
for each epiblast domain are summarised below.

In the PS caudal to the node, cells ingress by epithelial-to-mesenchymal
transition (EMT) within 2 hours of entering the PS. They are replaced by cells
from the lateral epiblast that move in bilaterally symmetrical trajectories
towards the PS, similar to gastrulation stages (Voiculescu et al., 2014) (green
and turquoise in Figures 3d-g and 3H-J, Supplementary Videos S8 and S9).
Most cells present in the anterior PS at the end of gastrulation also ingress
fast. They are replaced by the long-term resident cells originating from the
periphery of the node at the end of gastrulation (yellow and red in Figures 3d-
g and 3h-j, Supplementary Videos S8 and S9), and composing the Hensen’s
node at the end of the sequence. During the first 5 hours after the end of
gastrulation (HH 4-6), the cells in the right-hand sector of the node transiently
rotate by about 30° leftward as they move toward the centre of the PS
(Figures 3h-j), confirming earlier observations (Gros et al., 2009; Mendes et
al., 2014). The resident cells occupying the very tip of the PS at late stages
(yellow) are derived from cells located in an anterior V-shaped quadrant of the
organizer, previously shown as the origin of prechordal mesendoderm and
notochord (Selleck and Stern, 1991). The remainder of the resident cells
(red), which give rise to medial somitic mesoderm (limura et al., 2007; Selleck
and Stern, 1991), originate from the lateral sides of the Hensen’s node at the
end of gastrulation.

Neural plate-destined cells (blue) were annotated based on their position.
Instead of moving towards the PS (as the cells in the epiblast lateral to it) or
the NSZ, they persistently translocate anterior to the node, and none is then
seen moving in the opposite direction. Some cells could not be classified as
belonging to either the NSZ or the MSZ domain from their movements during
the sequence or from their final location (magenta in Figure 3 d-j); we refer to
their domain as the “zone of neuromesodermal precursors” (ZNMP).

We found two types of lineages where sister cells have different fates. These
are presented separately below.

Individual cells undergo EMT and ingress from the neural plate

Cells arriving at the PS caudal to the NSZ ingress with high probability
(Figure 4a), none dwelling for longer than 2 hours (Supplementary Video
S10). However, these cells undergo EMT singly, being surrounded by cells
forming rosettes (see Figure 4d), and which ingress later. Surprisingly, we
observed infrequent EMT events outside the PS: in the epiblast lateral to the
PS, the ZNMP between the neural and the mesodermal stem zones, and all
regions of the neural plate (Figure 4b and 4c, Supplementary Video S10).
These EMT events are qualitatively indistinguishable from those in the PS
(Figures 4e-g), but occur with very low probability (1.6% per cell per hour). Of
note, the sisters of ingressing cells do not ingress at the same time, and most
persist throughout the sequence in their neural or ectodermal territories.
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A narrow domain contains long-term bipotential cells mingled with
precursors of single fate

When tracking neural and node cells back to the end of gastrulation, we
observed a crescent-shaped region of around 200 cells where precursors of
the late organizer (MSZ) are mingled with neural plate progenitors, including
the NSZ (magenta in Figure 5 a-c, and Supplementary Videos S8 and S11).
During the 15 hours of axial elongation examined here, most of the cells in
this region (ZNMP) do not move into either the late organizer or the neural
plate. Only 15 progenitor cells produce daughters of different fate (Figure 5 a-
c and Supplementary Video S11): one produces descendants in both the
neural and mesodermal stem zones, and the rest have one daughter in the
NMPZ and another one in a committed domain (6 in MSZ and 8 in the NSZ).
All cells in the ZNMP divide isotropically and at the same rate as in the
neighbouring regions

Do cells of different fates (fated to become neural, mesodermal or in the
ZNMP) have different modes of cell division? In all three lineages, dividing
cells follow the same sequence of morphological changes (Figure 5d): the
mitotic cell rounds up at the apical surface, compressing the neighbours; the
daughter cells usually separate, although some remain in contact (see below),
and cause rearrangement of neighbouring cells, confirming and extending
previous observations (Firmino et al., 2016). The number of divisions
observed within 15 hours varies between 0 and 4; asymmetry is seen with
respect to the length of the cell cycle within each family tree with multiple
divisions (Figure 5e). These types of lineages are uniformly distributed
spatially, irrespective of cell fate (Figure 5f and Supplementary Video S12),
and have the same frequency in the populations destined to become neural,
mesodermal, or both (Figure 5g). No preferred orientation of cell division
planes was detected with respect to direction of movement of their progenitors
(Figures 5h-j and Supplementary Video S13) or the main axis of the embryo
(not shown). Daughter cells separate after mitosis to various degrees and
further drift apart, with no significant difference between regions (Figures 5k-m
and Supplementary Video S13).

All cells in the ZNMP are multipotent, irrespective of their normal fate
Since cells in the ZNMP do not differ in their rate or mode of cell division from
those of neighbouring regions, what drives cells in the ZNMP to move and
differentiate differently from one another? One hypothesis is that the cells of
the ZNMP are intrinsically committed to different fates and move accordingly.
Alternatively, it could be that all cells in the ZNMP are multipotent and only
adopt their fate once they arrive in the neighbouring, committed domains. We
observed that the ZNMP sits between divergent morphogenetic movements in
the MSZ and the neural plate (Figures 6a and 6b, Supplementary Movie 14),
and the occasional cells leaving the ZNMP follow these collective flows. To
distinguish between the hypotheses above, we transplanted groups of cells
from the ZNMP (Figure 6c) downstream of the collective cell flows
surrounding their original location, in the locations where they could end up in
3 hours’ time (see Tablel for a summary of operations). The epiblast
corresponding to the ZNMP was transplanted after careful removal of
underlying mesoderm; completely to exclude from analysis any residual
mesodermal cells, the epiblast of the donor embryo was electroporated with a
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control, fluorescently-labelled morpholino, and we analysed the molecular
identity and contribution of these labelled cells.

When grafted into the neural domain anterior to the node (Figure 6d), all cells
contributed to a small region of the brain (Figures 6h and 6l). When brought
into the neural stem zone lateral to the node, all cells contributed to a long
stripe along the more posterior neural plate (Figures 6i, 6m and 6n), with
some residing in the NSZ. Conversely, all ZNMP cells transplanted into the
axial- or paraxial mesoderm-producing regions of the MSZ (Figures 6f and 6g,
respectively) gave rise to the normal derivatives of those regions, some
becoming residents of the MSZ (Figures 6j and 6k). In such experiments, it is
possible that grafted cells were simply carried away by adhering to the
neighbouring host cells. We tested this alternative and found that the
transplanted ZMP cells remaining in the mesodermal stem zone also
upregulated cWIF1 (Figures 60 and 6p for the notochord region, and Figures
69 and 6r for the somitogenic region of the MSZ) and the other MSZ genes
(not shown), as appropriate for this stem zone.

Discussion

Previously, two committed stem zones (mesodermal, MSZ, and neural, NSZ)
were shown to drive axial elongation after gastrulation; however, indirect
evidence also indicated that they share some common, neuromesodermal
progenitors (NMPs) during elongation (see Introduction). These could not be
directly observed and mapped in mouse (McDole et al., 2018), chick or
zebrafish (Attardi et al., 2018) at elongation stages. There is also some
controversy regarding their molecular definition and the interpretation of
genetic manipulations at population level to deduce the individual cell
behaviours fate decisions that allocate cells to the specialised stem zones
(Mugele et al., 2018). Here, we used direct, in vivo imaging and
comprehensive lineage tracing to determine the relationships between the
axial stem zones in the chick.

Our data show that individual cells produce progeny of dual fate by two
distinct processes, occurring in different embryonic domains. One source are
rare EMTs (frequency of ~1,6% per cell per hour) occurring outside the
primitive streak, including the neural stem zone and the differentiated neural
plate (Figure 4 and Supplementary Video S8). Every cell undergoing EMT has
a sister either ingressing at a different time-point or, in the majority of cases,
remaining in the ectoderm during the duration of the sequence. The ingressed
cells may insert into the underlying mesoderm (pre-somitic mesoderm or
notochord), where they could give rise to clones of short antero-posterior
extent. Their siblings, remaining either in the neural stem zone or the
differentiated neural plate, are likely to contribute long and, respectively, short
clones in the neural tissue. We propose this explanation for the pairs of short
mesodermal clones accompanied by long or short neural clones observed in
the mouse retrospective analyses (Tzouanacou et al., 2009). Long clones in
both tissues can be generated by the other source of progenitors of dual fate:
the NMPZ located at the interface between the specialised axial stem zones.
These are contained in an arc 5-10 cell diameters thin, containing about 200
cells (see Figure 5a-c and Supplementary Videos S8 and S11). Most of these
cells remain in this domain during the 15 hours of elongation examined here,
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and a few of these produce daughters in different domains. However, all cells
in the NMPZ domain are evenly mingled, irrespective of their fate; they are
also equally multipotent and can become part of either the mesodermal or the
neural stem zone (see Figure 6).

What mechanisms drive cells in the NMPZ to adopt different fates? We found
no evidence for over-proliferation or oriented divisions in the NMPZ (see
Figure 5 and Video S13). Another hypothesis is that daughters of cells in the
NMPZ differ in their response to signals from adjacent territories, and move
actively into either the mesodermal or neural stem zone. This might be due to
variations in the expression of pro-mesodermal and pro-neural genes (see
Introduction); this hypothesis could not be tested, and also presupposes that
the cells could exert directional movements within the epiblast, a tight
epithelium. We propose a simpler mechanism, which does not require any of
these assumptions and only relies on the general properties of the tight
epithelium the MSZ, NMPZ and NSZ are part of. The divergent collective
flows the cells surrounding the NMPZ (see Figure 6b and Video S14) involve
thousands of cells in the mesodermal and neural fields, compared with a few
hundred in the intervening NMPZ; they also increase in magnitude away from
the NMPZ. They cannot therefore be caused by the NMPZ. Instead, the
retraction of the node (the shortening of the PS) and the convergence and
extension of the neural plate are likely to produce shear between the MSZ
and NSZ. The NMPZ cells disperse locally and isotropically after cell division,
and we propose that they are then pulled passively by the massive, collective
movements surrounding their domain. The descendants of the NMPZ cells
only assume a stable identity once they reach the neural or mesodermal
domain.

What role do the NMP cells play in vivo? Our results show that most cells
elongating the axis are born directly in the specialized stem zones
(mesodermal and neural), and that the neuromesodermal zone contributes
very few cells to either of these; this might explain why their ablation in mouse
only produces limited defects (Mugele et al., 2018). It also appears that
bipotential progenitors do not actively allocate cells to the specialized axial
stem zones based on intrinsic determinants, and do not control the balance of
mesoderm and neural tissue produced. Therefore, the neuromesodermal
state does not seem to be an obligatory step in populating most of axial stem
zones or in fuelling axial elongation. However, the NMPZ functioning reveals a
principle of how two committed domains (stem zones) can be separated in the
absence of a classical boundary. The results suggest that, in embryos of
regulative development, a region of bipotential cells is created at their
interface. This prevents each of the committed domains from drawing cells
from the other, instead pulling from the reservoir of cells that can adopt their
identity.

Methods

Fertilized eggs of wild-type hens (Bovans Brown) were obtained from
WinterEgg Farm (Thriplow, Herts, UK), and of transgenic myr-EGFP birds
(Rozbicki et al., 2015) from the Roslin Institute (Royal (Dick) School of
Veterinary Studies, University of Edinburgh, Roslin, UK).

Embryo culture
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Fresh, fertilised hen’s eggs were kept for up to one week at 15°C until use,
and incubated at 38°C for embryo to reach the desired stages. Embryos were
explanted and manipulated in Pannett-Compton saline (Pannett and
Compton, 1924), and cultured using New’s technique (New, 1955), as
modified and described previously (Voiculescu et al., 2008).

Fluorescent labelling

Working dilutions of lipophilic CM-Dil and DiO (Invitrogen, cat. # C7001 and
D1125) were prepared fresh, by adding 1 pl of stock solutions (0.5% wi/v in
ethanol, kept at -20°C) to 9 pl of aqueous sucrose solution (6% wi/v) pre-
warmed to 37°C. Finely drawn capillaries, with a tip broken to a bore of about
1-2 um, were used to deposit warm solution close to the epiblast of embryos
kept in saline.

Whole node transplantations

Donor embryos were fluorescently labelled by CMFDA (Invitrogen, cat. #
C2925) by bathing whole, for 1 hour at 38°C, in Pannett-Compton solution
containing CMFDA diluted 1:250 from stock solution (10 mM in DMSO, kept at
-20°C). They were then transferred three times for 10 minutes each in fresh
Pannett-Compton saline to remove excess dye, before having their nodes
excised. The nodes were excised from unlabelled receiving embryos,
prepared in New culture; the labelled nodes were aspirated and transferred
with the aid of a P2 pipette adjusted to 0.2 pl.

Electroporations

Electroporation of epiblast of donor embryos (Figure 6c) was done with the 3’-
fluorescein tagged standard control morpholino (Gene-Tools), diluted 1:5 from
the aqueous stock (1 mM) in a solution containing 6% (w/v) sucrose and
plasmid DNA (100 pg ml-1) (Voiculescu and Stern, 2017; Voiculescu et al.,
2008). A train of three square pulses of 5.7 V, 50 ms duration at 500 ms
interval was applied using an Intracel TSS 20 Ovodyne electroporator.
Microsurgery

Surgical manipulations were done using fine tungsten needles sharpened by
electroelution (Brady, 1965). For RNA-seq (Figure 1h), the region containing
the resident, fluorescently-labelled cells in the mature organizer was first
excised whole from the embryo, which was then subdivided into the brightly
fluorescent regions of the anterior primitive streak and the faintly- or non-
labelled regions. For the transplantation experiments exemplified in Figure 6c¢-
g, incisions were made in the epiblast of the electroporated donors, following
the contours of the region shown in Figure 6¢. The cut epiblast was then
gently separated from the embryo by scraping under it to separate the
underlying mesoderm. The excised material was then cut into four pieces,
each of which transplanted into the regions indicated in Figure 6d-f. In the
receiving embryos, mounted in New’s culture rings (endoderm-side up), a
keyhole incision was made over the intended grafting area, and a small cut
was made in the epiblast. The grafted material was pushed in, and covered
with the lower layers of the receiving embryo to help healing. Operated
embryos were kept at room temperature for 2-4 hours, conditions under which
embryos are in developmental diapause but healing can take place, and then
placed in a humidified box at 38°C and allowed to grow.

Gene expression analyses

RT-PCR (Figure 1j) was done using Phusion High-Fidelity (ThermoFisher, cat.
# F553L) a cDNA generated from 5 nodes dissected at stages HH 4-7. The
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list of primers used The PCR fragments were gel-purified and sequenced to
check their sequence corresponds to the intended transcript, and DIG-RNA
probes were synthesised using the SP6 promoter included in the reverse
primers, as described in GEISHA. In situ hybridizations were performed using
the methods described earlier (Streit and Stern, 2001)..

RNA-seq

Total RNA was column-extracted from freshly dissected or laser-captured
(LCM) material using RNeasy Micro Kit (Qiagen, cat. # 74004), with a yield of
1-8 ng per sample. Several fixation methods were compared, of which we
found Methacarn (methanol:chloroform:acetic acid, 6:3:1 volume proportions)
to be most suitable in terms of morphology preservation and quality of
extracted RNA. Embryos with the mature organizer fluorescently labelled
were grown in vitro (see above). At the end of incubation, the glass ring with
vitelline membrane supporting the embryo was lifted from the culture dish, the
membrane and embryo quickly washed with Pannett-Compton solution, and
placed in a watch glass over a small pool of ice-cold fixative; fixative was also
used to flood the inside of the glass ring and submerge the embryo. The
assembly was kept on ice for 30 minutes. Dissected embryos were brought
into absolute ethanol, embedded in paraffin and serially cut at 5 um. Sections
were placed on metal framed, 0.9 um thick POL-membranes (Leica, REF
11505191), and the regions of interest were dissected using a Leica LMD 600
laser capture microdissection system fitted with a x63 lens and fluorescence
optics. The total RNA was quality-checked on a pico chip (Bioanalyzer 2100,
Agilent), amplified with SMARTer kit (Clontech), and sequenced on an
lllumina HiSeq 4000 platform (100bp runs, pair end).

Gene counts and comparisons of gene expression levels between each pair
of samples were performed using the Trapnell pipeline (Trapnell et al., 2012).
For each pair, we assigned a score of 1 to genes at least 5 times more
expressed in the “red” sample (from the MSZ) than in the “white” one (from
surrounding regions), and a score of 2 if there was a significant gene count in
the “red” sample but zero in the “white” one. Genes were then ranked based
on the aggregate score (sheet 1 in Supplementary Table S13, sheet 1). For
further assessment by RT-PCR (Supplementary Table S13, sheet 2), we
discarded the genes whose expression patterns were known not to be specific
to the regions of interest, but included low-ranking genes showing very
dissimilar levels in at least some pairs of samples.

Time-lapse imaging and processing

- Microscopy

Time-lapse epifluorescence movies were acquired with a PlanApo N 2x/0.08
lens on an Olympus IX71 wide-field microscope, fitted with fluorescence
excitation source (CoolLed pE-2) and appropriate emission optics, motorised
stage (Prior), and Hamamatsu C8484 camera controlled by HClmage
software. The system was enclosed in a Perspex box, one wall of which is the
top of a Marsh Automatic Incubator (Lyon, U.S.A.) to provide thermoregulation
and air circulation.

For multi-fluorescence imaging, transgenic embryos were mounted in custom
imaging dishes (Voiculescu and Stern, 2012), and placed under an upright 2-
photon microscope (LaVision BioTech TriM Scope IlI) with the fs laser
operating at 915 nm. The 2-photon microscope was equipped with thermo-
regulated hood, and imaging performed using a 25x/1.01 water dipping lens
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(Olympus XLPLN25XWMP2). Immersol W 2010 (Zeiss, cat. # 444969-0000-
000) was used as a medium between the objective and the imaging dish. Two
partially overlapping fields (400 um x 400 um) were acquired to cover the
anterior primitive streak and surrounding regions; acquisition fields were
reassigned as needed, to keep the regressing node in the centre of one field.
For each field, 90-100 optical planes (1282 x 1282 xy resolution, 16-bit depth)
were acquired with a 1.5 pm z-spacing to encompass the entire thickness of
the embryo.

- Preparation of multiphoton raw imaging data

The two fields acquired per time point were stitched using the Fiji Stitching
Plugin, and then registered using the Multiview Reconstruction plugin in Fiji,
working in the hdf5 container image format. Initially the time points were
manually translated for rough alignment, followed by an automated rigid body
registration with normalization. This was then output without any cropping of
the data into tiff image stacks for use in cell tracking within FIJI and RACE.

- Manual tracking

Tracking and production of lineage trees were accomplished using the FIJI
package with the TrackMate plugin (Tinevez et al., 2017), and this was also
used to analyse the distribution of lineages with different numbers of cell
divisions (Figure 5e, f). Manual tracks were independently drawn and checked
by two members of the team. A bespoke XML parser was written to import the
tracking file into MATLAB for further analyses.

- Automatic Segmentation

An automatic segmentation pipeline was developed on the basis of the RACE
algorithm (Stegmaier et al., 2016) and implemented as a custom pipeline in
the open-source image analysis software XPIWIT (Bartschat et al., 2016).
Initially, image noise was reduced using a 3D median filter with a radius of 1
voxel (3x3x3 filter mask) followed by a Hessian-based objectness filter that
emphasized plane-like structures in the 3D images (for details, see (Antiga,
2007; Bartschat et al., 2016)). The enhanced cell walls were then binarized
using a manually adjusted threshold and converted to a distance map where
intensity values of the image represent the Euclidean distance in voxels to the
closest foreground voxel of the binarized cell walls (bright spots in the centres
of the cells, darker towards the cell membranes). The distance map was then
multiplied with the inverted raw image, to further lower the intensity of the
distance map on the cell walls. Finally, we applied a morphological watershed
algorithm (Beare and Lehmann, 2006) in 3D on the enhanced and inverted
Euclidean distance map image (dark valleys in cell interior and bright
boundaries on the cell walls) to obtain the final segmentation. This procedure
was repeated separately for each of the unregistered 3D raw images and the
segmented label images were subsequently used for tracking.

- Registration and Tracking

To compensate for the posterior retraction movements of the stem zones
regions occurring during acquisition, we initially preregistered the 3D images
semi-automatically using a custom-made MATLAB user interface. Next, we
performed an elastic registration using the B-spline method implemented in
elastix (Klein et al., 2010) to obtain a displacement map for the entire 3D
image that was used for improved tracking. Tracking was implemented in
MATLAB and we identified corresponding objects in a backwards fashion (i.e.,
from the last to the first time point) by identifying the maximally overlapping
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connected components in adjacent frames. For each of the segments present
in t+1, we identified the segment with the largest overlap in time point t and
remembered this predecessor id for the subsequent reconstruction of the
object trajectories. If the maximally overlapping segment was the background
(e.g., if the cell moved out of the field of view), the traceback was stopped. To
improve the overlap between consecutive frames, we kept one of the frames
as a reference (t+1) and then transformed the respective label image of the
neighbouring frame t using the displacement map identified during the elastic
registration of the raw images with a nearest neighbour interpolation scheme
to avoid distorting the discrete segment labels. Note that the elastic
registration was only used for the identification of the maximally overlapping
segments in neighbouring frames and that the final positions used for all
visualizations correspond to the locations of the shift-corrected images.

- Visualization and data analyses

Visualization and data analyses were performed in MATLAB. Raw image
slices were extracted from the 3D stacks by fitting a 2D surface to the
locations of manually tracked objects at each of the time points. We then
extracted intensity values from the original stacks based on the estimated
surface height at each of the voxel locations and performed a contrast-limited
adaptive histogram equalization (Zuiderveld, 1994) for improved visibility and
contrast of the extracted image slice. For improved visualization and
interpretability, all manual and automatic trajectories were smoothed using a
moving average filter with a span of 11 time points. Moreover, the node
position was manually selected in all of the frames and was used as a point of
reference, i.e., all images and cell locations were translated with respect to
this point, such that the node remained static throughout the sequence and
the surrounding tissue moved relative to this point.
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Figure 1. Two distinct stem zones drive axial elongation, allowing
separation of their cells. a, b The tip of the primitive streak (PS, dotted
outline) becomes a stem zone for dorsal mesoderm. The anterior and middle
of the primitive streak (PS) labelled fluorescently (red) at the end of
gastrulation (a). Only the anterior PS (MSZ) retains long-term resident cells,
as a reservoir of axial and paraxial mesoderm (b). c, d The epiblast around
the anterior MSZ becomes neural instead of contributing to mesoderm. The
anterior, middle and posterior PS (green fluorescence), and adjacent epiblast
positions (red fluorescence) labelled at the end of gastrulation (c). Cells lateral
to the node (solid arrowhead) contribute to neural plate, while the MSZ
generates axial and paraxial mesoderm (open arrowhead, d). In contrast,
more caudal epiblast ingress through the mid- and caudal PS and form
mesoderm. e, f Exemplar embryo used for differential gene expression
between the MSZ and surrounding regions. e Fluorescent labelling of the
anterior PS at the end of gastrulation. f Embryo in after culture, used to isolate
resident cells in the MSZ. Line indicates the level of sections used in laser-
capture micro dissection (LCM) in (g). g LCM of resident cells in the MSZ (red
fluorescence, LR) and their unlabelled neighbours (LW). h Caudal part of an
embryo similar to (F); body axis is horizontal, anterior to the left. Boxed,
region excised to manually dissect MSZ cells (MR) and their neighbours
(MW). i Scheme for differential expression of RNA-seq profiles between the
MSZ and neighbouring cells. j, k Genes with higher gene counts in the MSZ
checked for specific expression by RT-PCR. j Regions used to generate
cDNA. k Results for a gene (cTPO) typically selected for in situ hybridization
screen.

Scale bars, 500 um (a-f); 200 um (g, h).
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Figure 2. The mesodermal stem zone displays a constant molecular
signature. a-p Four genes upregulated only in the mesodermal stem zone at
its formation, and remain expressed at subsequent stages: cWifl (a-d),
cThPO (e-h), cUCLKZ1 (i-), cPTGDS (m-p). g Whole organizer (green
fluorescence) grafted homotopically into an unlabelled embryo at the end of
gastrulation. r, s At subsequent stages, all descendants of the labelled cells
(brown) residing in the NSZ express cWifl (purple). t, u sections at the levels
indicated in (R, S), respectively.

Scale bars, 500 um (a-c, e-g, i-k, m-0, g-s); 1 mm (d, h, I, p); 100 um (t, u).
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Figure 3. Direct in vivo imaging of the stem zones allows they dynamic
mapping of progenitors fuelling axial elongation. a, b Multi-photon
imaging of the stem zones in a membrane-GFP transgenic chick embryo.
Embryo at the end of gastrulation (a) and after 15 hours of imaging (b); the
region imaged at higher resolution is boxed. c Comparison between
trajectories of automatically and manually tracked cells (red and green,
respectively). Imaged volumes are registered with respect to the centre of the
organizer. d-f Location of manually tracked cells contributing to the neural
plate (blue), the mature organizer (yellow and red), and regions of the
primitive streak posterior to it (green and turquoise); stereo pairs at the times
indicated. Cells in magenta do not move into either the MSZ or the neural
plate during the sequence. h-j Trajectories of cells displayed in (d-f) during
the indicated intervals. A few automatically tracked cells are shown in grey.
Scale bars, 500 um (a, b); 100 pm (c-i).
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Figure 4. Individual epithelial to mesenchymal transitions occur in the
neural and non-neural epiblast during elongation stages. a-c Location of
EMT (ingression) events during axial elongation in the PS and epiblast lateral
to it (a), the zone of neural and mesodermal precursors (b) and the neural
plate (c). The time of occurrence is colour-coded. d-g Sequence of EMT
events. Ingressing cells are coloured magenta and surrounding cells yellow,
cyan and blue. Examples are shown in the primitive streak (d, midline on the
along the right edge of panels), epiblast lateral to the PS (e), the zone of
neural and mesodermal precursors (f) and the neural plate (g).

Scale bars, 100 pm (a-c); 10 um (d-g).
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Figure 5. The cells in the neuromesodermal region display the same
modes of cell division and daughter dispersal as those in the
neighbouring, specialised stem zones. a-c A subset of cells in the ZNMP
(magenta) have progeny of different fates. Sister cells are connected by white
bars. Cells coloured according to fate: the neural plate — blue; node sectors
generating notochord and somatic mesoderm - yellow and red, respectively;
more caudal PS - green and turquoise. a Neuromesodermal precursors cells
are initially mingled with precursors of only neural and mesodermal fates. b, c
Lineages separate over time. d Sister cells (coloured) disperse by different
amounts following cell division: some remain in contact (yellow, red), but most
separate immediately (blue, turquoise, green, magenta). e Examples of
lineage trees, coloured by the number of cell divisions observed. Time runs
from top to bottom, in 10’ ticks. f Lineages with different number of mitotic
events, color-coded as in e, are uniformly distributed. g The distribution of
lineages with different number of cell division is similar in the neural,
neuromesodermal and prospective mesoderm territories. h-j Orientation of
cell divisions with respect to direction of mother cell in the neural plate (h),
neuromesodermal zone (i) and mature organizer (j) lineages. k-m Distance
between daughter cells in the neural plate (k), neuromesodermal zone () and
mature organizer (m) domains; the mean is shown as a thick line.

Scale bars, 50 um (a-c, f); 10 um (d).
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Figure 6. All cells in the zone of mixed precursors are competent to
become incorporated into either specialised stem zone. a Location of
cells in the zone of neuromesodermal precursors (magenta) at stage HH 5.
Surrounding cells are coloured blue (neural plate), yellow and red (the mature
organizer), green and turquoise (later ingressing through of the more posterior
primitive streak). b Cells in the zone of neuromesodermal precursors shown
against the displacements of neighbouring cells over the following three
hours. Trajectories intensify with time, and eventual positions are marked by a
dot. A subset of automatically tracked cells (grey) are also shown. ¢ Boxed,
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transplanted region of mixed precursors from a donor embryo of same stage
(HH 5). Ectoderm cells are electroporated with a fluorescently-tagged control
morpholino. d, g Embryos having received quarters of the region boxed in c
into the neural plate above the level of the node (d), neural stem zone (e),
anterior or lateral mature organizer (f, g, respectively). h-k The operated
embryos in (d-g), respectively, after 15 hours of development. Grafted cells
are stained purple (h, i) or brown (j, k). I-r, Transversal sections of the
embryos above in (h-k), at the levels indicated by lines. I-n Sox2
immunostaining (brown). o-r cWifl in situ hybridization (purple).

Scale bars, 50 um (a-c, I-r); 500 um (d-k).
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Stage of Operation

HH4 | HH5 | HH6

Definitive 12 (25) | 13(30) | 10(24)
neural plate

Neural stem 14 (25) | 15 (30) 9 (24)
ZNMP | zone
grafted

into | Anterior node | 18 (25) | 20 (30) | 15 (24)

Lateral node 20 19 (30) | 17 (24)
(25)

Table 1. Summary of ZNMP grafts.

Total successful operations, in which the grafts integrated into the target
tissue. Numbers in brackets indicate the total operations performed.
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Supplementary information

Video S1. The organizer becomes a stem zone at the end of gastrulation.

The organizer and the middle of the primitive streak fluorescently labelled with
CM-Dil (red) at the end of gastrulation (HH 3*). Time is indicated in
hours:minutes.

Video S2. Cells around the mature organizer do not ingress, instead
contributing to the neural plate.

The tip, middle and posterior of the primitive streak labelled with DIO (green),
and the epiblast left to these locations labelled with CM-Dil (red).

Table S3. Gene counts in the mature organizer (R) and surrounding
tissues (W).

L and M correspond to the method of isolation employed (laser capture or
manual dissection).

Table S4. Primers used to for RT-PCR and in situ hybridisation probes.
Genes examined by in situ hybridization are highlighted in yellow.

Video S5. Multi-photon imaging of the regions involved in axial
elongation, in membrane-EGFP transgenic embryos.

The scanned regions include and surround the mature organizer and the
portions of the streak; acquisition fields were changed to follow the node
during its posterior retraction.

Video S6. Stereo-pair movie of the regions fuelling axial elongation.
Frames are registered with respect to the node to compensate for its posterior
retraction.

Video S7. Comparison between the manually and automatically tracked
cells.

Lineages traced manually (green) are superimposed on the trajectories of
automatically segmented and tracked cells (red). Only a fifth of the latter are
displayed, for clarity.

Video S8. Stereo movie of axial stem cell lineages, coloured by fate.
Cells of neural fate in blue, those contributing to the anterior quadrant and
lateral sides of the mature organizer in yellow and red, respectively. Magenta
denotes cells of the zone of mixed, neural and mesodermal precursors
(ZNMP). Cells pulled towards, and later ingressing through the primitive
streak, are coloured green and turquoise.

Video S9. Cell movements of the axial stem cells

The actual position of each cell is indicated by a dot, coloured as in Video S8.
As cells move, their trajectories over the previous 3 hours are displayed as
fading tails. Left, lineages displayed against the raw images’ projection to
provide anatomical context. Right, only the tracked lineages are displayed.
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Video S10. Ingression events occur outside the primitive streak,
including the neural plate.

Neural plate cells are shown in blue, ZNMP cells in magenta, and cells
contributing to any level of the primitive streak in green. Ingression events are
marked by an enlarged dot, at the time when they occur.

Video S11. Cell divisions in the ZNMP producing descendants of
different fate.

White bars connect daughters of cell divisions of cells in the ZNMP (magenta)
that adopt different fates. Other cell types are coloured as in Movies S8, S9
and S10.

Video S12. Regional distribution of lineages with different cycling times.
Lineages are colour-coded with respect to the number of cell divisions
observed during the duration of the movie (see lower middle inset for key).
Nine-hour trajectories are displayed.

Video S13. Angles of cell division and dispersion of daughter cells.
Cells are colour-coded with respect to their fate: neural plate (blue), ZNMP
(magenta) and primitive streak-destined (green), as in as in Movies S8, S9,
S10 and S11. Left, white bars connect daughter cells after each cell division.
Middle column, angle of cell divisions with respect to mother cell trajectory.
Right column, distance between sister cells following cell division.

Video S14. Collective cell flows around the zone of multiple precursors.
Left, ZNMP cells coloured in magenta; cells destined for the neural plate
(blue), mesodermal stem zone (yellow and red) and the more caudal primitive
streak (green) are shown with fading 6 hour-long trails. Trails of automatically
segmented cells are also shown in grey levels, to illustrate the cell flows with
higher density.

Right, the cells of different fates are shown with the same colour scheme
without trails, against the imaged regions to provide anatomical context at
each time point.
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