bioRxiv preprint doi: https://doi.org/10.1101/2022.11.13.516304; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Title: Time-Aligned Hourglass Gastrulation Models in Rabbit and Mouse

Mayshar Y'3, Raz O"22 Cheng S', Ben-Yair R', Hadas R', Reines N, Mittnenzweig M', Ben-Kiki
O, Lifshitz A", Tanay A"%, and Stelzer Y

1 Department of Molecular Cell Biology, Weizmann Institute of Science, Rehovot, Israel

2 Department of Computer Science and Applied Mathematics, Weizmann Institute of Science,

Rehovot, Israel
3 Equally contributing authors
Correspondence:

Yonatan Stelzer Yonatan.stelzer@weizmann.ac.il

Amos Tanay Amos.tanay@weizmann.ac.il



mailto:Yonatan.stelzer@weizmann.ac.il
mailto:Amos.tanay@weizmann.ac.il
https://doi.org/10.1101/2022.11.13.516304
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.13.516304; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

ABSTRACT

The hourglass model describes the convergence of species within the same phylum to a similar
body plan during development, yet the molecular mechanisms underlying this phenomenon in
mammals remain poorly described. Here, we compare rabbit and mouse time-resolved
differentiation trajectories to revisit this model at single cell resolution. We modeled gastrulation
dynamics using hundreds of embryos sampled between gestation days 6.0-8.5, and compare the
species using a new framework for time-resolved single-cell differentiation-flows analysis. We find
convergence toward similar cell state compositions at E7.5, underlied by quantitatively conserved
expression of 76 transcription factors, despite divergence in surrounding trophoblast and
hypoblast signaling. However, we observed noticeable changes in specification timing of some
lineages, and divergence of primordial germ cells programs, which in the rabbit do not activate
mesoderm genes. Comparative analysis of temporal differentiation models provides a new basis

for studying the evolution of gastrulation dynamics across mammals.
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INTRODUCTION

Early mammalian development follows a generally conserved sequence of events resulting in
extraordinarily similar embryos at the time of organogenesis, representing a so-called
evolutionary hourglass effect3. The process of gastrulation involves the formation of the
embryonic germ layers from the pluripotent epiblast, and laying out of the basic embryonic axes.
This critical stage of development has been mainly characterized in the mouse model, in which
the developing blastocyst takes on the form of a cup shape, or egg cylinder. The mouse gastrula
is however, highly distinct among vertebrates, as most mammals begin gastrulation as a planar
embryonic disc. Such gross structural disparity is expected to have dramatic effects on
gastrulation by shaping cellular mechanics and spatiotemporal interactions. Moreover, wide
variation has been observed between species in relation to implantation strategies, and the
development and orientation of the extraembryonic tissues*®. The rabbit stands out among
possible alternative mammalian model organisms by presenting many of the advantages of the
mouse, namely, relatively short gestation, and large litters that can be accurately timed.
Importantly, the rabbit was shown to more closely resemble human development, in particular
with respect to the specification of primordial germ cells (PGCs)®’. Interestingly, implantation of
rabbit embryos is preceded by a period of rapid growth as an expanded blastocyst®®, and in this
form gastrulation is initiated'®. Further, while anti-mesometrial implantation occurs at embryonic
day (E)7, placental (mesometrial) implantation occurs only at E8', close to the time of
somitogenesis. This is in contrast to the mouse, in which implantation occurs early after hatching

of the blastocyst at around E4.5, long before the onset of gastrulation.

Single cell transcriptomics and multi-omics are recently being used to map transcriptional and
chromatin states in early embryonic development”'222, This resulted in comprehensive atlases
that greatly enrich and refine previous imaging-based data by characterizing precisely
transcriptional programs at high cellular resolution. Merging inferred cell states into a manifold
model facilitates the inference of cellular differentiation dynamics, at first using computational
tools searching for parsimonious differentiation trajectories®*2*. But the highly parallel and
complex nature of embryonic development, and gastrulation in particular, calls for refined
strategies to map precisely multi-lineage dynamics of the ensemble of single cells constituting the
developing embryo. We recently developed such an approach by sampling single cells from
individual embryos, and by inferring a differentiation flow model that describes how single cells
coordinately change their manifold state over time'*. This approach can also be instrumental to

elucidate the intrinsic and extrinsic function of genes in embryonic cell specification?. Together
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with technologies for mapping cell lineage trees (Reviewed in%), and spatial transcriptomics?’-2°,

this can be even further refined to obtain a true holistic view of embryonic development.

Importantly, embryonic atlases were recently described from precious and limited primate3®3! and
human?°32 samples, but the temporal resolution in these systems is limited. Here, we adapt the
rabbit as a second high resolution single cell model for mammalian gastrulation. We generated a
time resolved single-embryo, single-cell model from over 100 embryos, and used it for
comprehensive synthesis of morphological and molecular classification of rabbit embryonic
stages. We define the manifold alignment problem as the evolutionary task of matching molecular
states (e.g. cell types) and differentiation dynamics between related species, and describe how
to approach this problem when comparing mouse and rabbit models. This leads to
characterization of striking resemblance in gastrulation programs between the two species, but
also uncovers key differences in lineage coordination and differentiation timing, setting the stage
for understanding how conservation of the mammalian intrinsic cell state repertoire can be

compatible with changes in morphology and extrinsic signaling.
RESULTS

Charting the rabbit single cell gastrulation manifold using 120 individually profiled E6.0-
E8.5 embryos

While overall gestation of the rabbit is significantly longer than that of the mouse (~30 vs ~19
days), major early gestational milestones such as somitogenesis, limb, and eye development
occur at highly similar times33. Also, both species begin gastrulation shortly after E6.0. However,
despite the similarity in timing of gastrulation, and in form during organogenesis, several key
differences in the process of gastrulation exist between the species: (i) The rabbit embryo is much
larger than the mouse during all corresponding developmental stages. (ii) Uterine implantation,
which in the mouse occurs prior to gastrulation, only occurs gradually in the rabbit and at much
later stages between embryonic days E7-8. (iii) The egg cylinder shape of the mouse facilities
asymmetric interaction between the epiblast and extraembryonic tissues (distal-proximal axis), as
opposed to the disc shape of the rabbit embryo which in practice lacks such an axis. (iv)
Establishment of the mouse anterior-posterior axis involves coordinated signals from the anterior
visceral endoderm (AVE, corresponding to rabbit’s anterior hypoblast) and the extraembryonic
ectoderm (ExEc). However, in the rabbit, the part of the ExEc that is in contact with the embryo
proper (polar trophectoderm, also known as Rauber’s layer) deteriorates and disappears rapidly

at the onset of gastrulation® and is therefore unlikely to play a major signaling role at this stage.
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To better understand the conservation of the gastrulation program and its archetypical outcome
given such a diverse context, we sought to generate a time-resolved atlas of rabbit gastrulation
using a similar approach we previously implemented in the mouse™. To this end, we performed
scRNA-seq® on 160K cells of 120 individual embryos including their immediate surrounding
extraembryonic tissue. Each embryo was imaged and assigned a morphological stage*®, and
profiles of single cells were associated with their corresponding embryo. Litters were timed to
ensure adequate representation of the structural diversity from pre-gastrulation up to the 12
somite stage (Figures 1A, S1, S2A-D). Following quality control, we retained 130K profiles of
sufficient coverage (Figure S2A, median UMI count of 7,142) and constructed a transcriptional
manifold model using the metacells2 algorithm?®’. We have extended the rabbit gene annotation
to the yet unannotated oryCun3.0 genome assembly using the previous state-of-the-art
oryCun2.0 gene annotation as well as the mouse mm9 and Human hg19 gene annotations.
Furthermore, we account for any unannotated transcriptional activity that can be mapped to
oryCun3.0, adding 120K putative 3’-end loci to the OryCun3.0 25K annotated TSSs (Figure S2G).
In total we defined 3,584 metacells (MCs), facilitating precise quantitative and comparative
analysis of the represented transcriptional states (Figure 1B). We annotated ExEc and
extraembryonic endoderm (ExEnd) cells and analyzed them separately as elaborated below. We
then annotated the embryo manifold using 41 different cell types/states. The entire model is

accessible interactively at tanaylab.weizmann.ac.il/rabemb wex. For subsequent analysis of

embryo temporal dynamics, embryos were excluded for either insufficient embryonic cells (<20
cells, n=6), or obvious outliers in cell type composition (indicating a technical error, e.g. embryos

with only posterior cell types, n=6).

Refining rabbit embryonic stages by integrating morphology and transcriptional analysis
To describe rabbit gastrulation on an absolute temporal axis, we performed morphology-based
ranking of the embryos and ranking by k-NN similarities of single-cell profiles (Figures $1 and
S2H). Both measurements showed high concordance and generally matched the respective
litter's absolute gestation time (Figure S2E-F). We then defined twelve temporal bins comprising
groups of embryos with similar cell state compositions (see Methods), which were used in
subsequent modeling and refinement of the current morphology-based nomenclature (Figure
1C). Under the assumption that all embryos represent discreet times along a shared process,
each bin was manually assigned a representative time considering the absolute gestation time of

embryos comprising it, defined as E; (See Methods, and Table S1). Each embryo was also
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assigned to a specific morphological developmental stage, resulting in a multi-tiered annotation
of the rabbit gastrulation continuum (Figure 1D). We find that cell type composition changes in
many cases reflect visible morphological events, such as; a) the elongation of the embryo from
its initial circular form that coincides with the appearance of the mesoderm and anterior primitive
streak; b) the appearance of a narrowed primitive streak structure (Ei7.2, stage 4) together with
definitive endoderm and ectoderm, hematoendothelial cells, and expansion of the extraembryonic
nascent mesoderm, and, c) the brief window of time between the first observation of the
notochordal process anterior to the node (E; 7.5, stage 4c), and its full anterior extension (E:7.7,
stage 5), that is accompanied by an explosion of advanced cell types and disappearance of the
nascent mesoderm. Cell type composition analysis also allows direct comparison with similar
mouse analysis, providing an empirical measure of corresponding developmental stages across
species. In summary, single cell analysis of single rabbit embryos provided us with high resolution
description of the rabbit gastrulation stages. It thereby set the stage for quantitative modeling of
the differentiation process, transforming the pluripotent epiblast into the rich repertoire of

embryonic lineages during 2.5 days from E6.0 to E8.6.

A network flow model tracks rabbit gastrulation dynamics in absolute time

To infer a differentiation model from the single-cell and single embryo rabbit dataset, we used an
improved version of our network flows algorithm that was initially demonstrated in the mouse'
(see Methods). The algorithm resolved differentiation flows for metacells distributed over the
twelve time-bins, balancing similarities between expression states and estimation of cell
proliferation rates (Figures 2, S3A, and S3B). The latter was performed by computing co-
expression of S-phase and M-phase related genes, and quantifying a distinctive non-proliferating
cell subpopulation (Methods, Figure S3C). Consistent with the extremely high proliferation rate
in gastrulating rabbit embryos (estimated doubling every 6-7 hours®) we observe that almost all
cells express the cell cycle programs. Nevertheless, some metacells of the endoderm lineage,
notochord, and cardiomyocytes were linked with considerably lower expression of S- and M-
phase related genes, suggesting a slow-down in proliferation rates in these cell states (Figure
S3D). Estimations of the fraction of non-dividing cells per cell state and time were used to calibrate
differential growth rates and growth loss estimation for the flows ‘mass conservation’ constraint
(See Methods). Yet, for some extraembryonic lineages, we could not assume such conservation
due to incomplete or biased sampling. Namely, the rabbit choriovitelline placenta tissue is
extensive and lacks visible borders by standard light microscopy. Therefore, rabbit embryo
resection entails arbitrary removal of much of the yolk sac endoderm and related extraembryonic

mesoderm, which extends radially from the embryo and thus progressively undersampled. Hence,
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analysis of cellular hierarchy was excluded for hematopoietic, EXEnd, and trophectoderm lineages
(even though the timing of their sequential appearance remains highly informative, as discussed
below). Apart from these lineages, the rabbit flow model uncovers the exceptionally coordinated
process of differentiation in the ectoderm, mesoderm, and endoderm with high temporal and
quantitative precision. Importantly, this model is based on similar assumptions to those used to
create the analogous mouse model and therefore allows direct quantitative alignment between

the two species.

Manifold alignment uncovers highly conserved gastrulation states in rabbit and mouse
Given fully time resolved manifold and flow models for rabbit and mouse gastrulation, we wished
to define a framework for their principled comparison. Previous comparative single cell atlas work
analyzed either highly diverged species with non-alignable genomes®3°, or in the case of
mammals, using lower resolution data'®304041 These analyses therefore were restricted to
qualitative and coarse grain comparisons. To facilitate a high-resolution comparative analysis, we
developed a manifold alignment algorithm that simultaneously computes matching states
between mouse and rabbit while adjusting functional gene orthology. Our approach begins with
a naive assumption of complete functional conservation of 9,748 orthologous gene pairs for which
significant transcription is detected in both species. This pairing was used for initial approximation
of the similarity between all metacells in the two manifolds (Figure S4A), identifying 79
reciprocally best orthologous metacell (RBOM) pairs (Figure S4B). Notably, the identification of
such states is a highly non-trivial result, showing that the two manifolds are indeed alignable over
a very rich collection of transcriptional states. Using the 79 RBOMs as a new common reference,
we next recomputed gene pairing between the species. This involved; a) identifying sequence
orthologs that are transcriptionally diverged (Figure S4C); b) adding constant fold factor
correction for orthologs that show species-specific constant bias (Figure S4D); c) discovering
new putative ortholog associations for un-annotated (Figure S4E), or ambiguously aligned
(Figure S4F) rabbit genes that are linked uniquely to mouse genes. Following functional orthology
adjustments, we recomputed rabbit-mouse similarity over all manifold states. This procedure
uncovered a highly specific positive correlation between related cell type pairs and anti-correlation
for unrelated pairs (Figure 3A). We note that while overall alignment between the two manifolds
is specific and inclusive, it can be of variable precision with significant gene divergence observed
even for highly correlated states. Notably, the matching of PGC states between the species was
lower than observed for other states (Figure 3B). Manifold state alignment can also represent

broad similarities between related groups of states rather than a one-to-one state
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correspondence. For example, the rabbit ‘median TFAP’ state is not directly matched by a
corresponding mouse annotation, but still shows some similarity to the mouse epiblast, definitive

ectoderm, primitive streak, and PGCs (Figure 3A).

A conserved gene regulatory core of transcription factors underlies gastrulation

Aligned manifold models at metacell resolution facilitate a fully quantitative comparison of the
gastrulation transcriptional states. As exemplified in Figure 3C, the expression of gastrulation
genes is, in most cases, within two-fold difference between the aligned species states. This
analysis also allows the detection of genes that escape such conservation, such as SNAI1 for
mouse allantois, NR2F 1 for rabbit somitic mesoderm, and more (Figure 3C and Table S3). Next,
we sought to systematically characterize the core gene regulatory conservation between the two
gastrulation manifolds. We computed a cross-species gene by gene correlation matrix and
searched for pairs of genes (not necessarily sequence orthologs) that were reciprocally best
correlated. Of these, 147 gene pairs were found to be best reciprocal sequence orthologs, the
majority of which (n=76) code for transcription factors (TFs) (Figures 3D-E. See complete list in
Table S2). These TFs constitute a massive core of conserved regulatory logic that drives
gastrulation. This logic is rapidly emerging over time, where 72% of the core TFs are significantly
expressed (log2(UMI frequency)>-14) in at least one metacell by Ei7.5. In almost all cases, the
identity of these early and concurrently induced TFs is still unmatched with specialized
downstream programs (i.e. characterized by structural and functional genes). The deep
conservation of the gastrulation TF core is particularly surprising given the high degree of
regulatory redundancy in the system, with multiple TFs active and regulating each lineage'. This
points toward a finely-tuned quantitative balance that goes beyond redundancy, suggesting such
balance is crucial for coordinating the complex cellular multifurcation that installs the blueprint of

cellular lineages during gastrulation.

Partial convergence of rabbit and mouse extraembryonic endoderm programs

The conservation of gastrulation transcriptional states is compatible with the known morphological
convergence of early mammalian embryos termed the phylotypic stage, and the related hourglass
model. In contrast to this conservation, the rabbit and mouse extraembryonic tissues highly
diverge in their structure, with the rabbit displaying typical planar mammalian hypoblast and
trophoblast, largely distinct from the mouse (Figure 4A). To understand how such morphological

divergence may potentially impact signaling between extraembryonic and embryonic tissues and
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hence their role in axial patterning*’, we created a rabbit ExXEnd manifold (Figure 4B) and
compared its states to the mouse counterpart (Figures 4C-D). This identified a program
characterized by expression of Laminin (e.g. LAMA1, LAMB1), which characterized mouse
parietal endoderm (PE), and in the rabbit included both PE, and hypoblast (Hyp) states (the latter
showing higher expression of the pluripotent factor ESRRB). A second matching behavior was
defined by strong expression of Apolipoproteins (APO-A/B/C), involving rabbit yolk sac endoderm
(YSE) states*, and in mouse embryo-associated visceral endoderm (VE) and extraembryonic
VE. We also detected a subpopulation of rabbit hypoblast cells expressing the TFs EOMES,
LHX1, HHEX, and the BMP antagonist CER1, together with relatively lower WNT3. This
subpopulation therefore exhibits a transcriptional repertoire closely reminiscent of the mouse
anterior visceral endoderm (AVE), and was termed anterior hypoblast**4°. As all rabbit epiblast
cells are initially in direct contact with the hypoblast cell layer, specialized hypoblast programs
were previously suggested to underlie the anterior-posterior polarization of the embryo®.
Experimentally, by resection of the rabbit hypoblast, it was demonstrated to play an inhibitory role,
confining the domain of the primitive streak to its stereotypic form*’. Importantly, the convergence
toward common functional programs in the endoderm of both species occurs even though some
of the regulatory machinery is diverged, as is the case for EPAS1 and MYC, two key TFs that

follow reversed patterns (Figure 4D).

Delayed and diverged rabbit trophoblast differentiation

In contrast to the overall transcriptional convergence of EXEnd states, the rabbit extraembryonic
ectoderm (ExEc) states (Figures 4E) show little resemblance to those of the mouse (Figures
S5A-B). The early bifurcating and diverging mouse chorion and ectoplacental cone (EPC)
populations*®4° could not be observed in rabbit EXEc. Instead, we found highly homogeneous
states that gradually reduced DPPA3, RBP2 and increase IRX2, LDHA, among many other genes
through E;7.5 and until E:8.0 (stages 4b-6) (Figures 4F - top, and S5C-D). Only following E:8.0
(somite stages), coinciding with time of mesometrial implantation'’, diversification of the ExEc
programs become evident, along a gradient spanned by diversifying expression of genes
including GATA2, TFAP2A, MITF, and CCNE1 (Figure 4F - bottom) and inverse regulation of
DNMT3B, LIFR, ALDOC, and CD34 (Figure 4F - middle). Comparison of this spectrum of late
rabbit ExEc states to the mouse chorion and EPC states (Figure 4G) reveals important common
features, including several TFs (TFAP2C, IRX2, ELF3, GATA3) and structural genes such as
PLET1 and LMNA. Nevertheless, the differentiation gradient of late rabbit ExEc states did not

associate strongly with either mouse chorion or derivatives of the ectoplacental cone lineage. This
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may either suggest dramatically altered placental transcriptional states, or that rabbit
differentiation toward functional placenta precursors initiates beyond the 8-12 somite stage
(E:8.6).

Differential expression of growth factors in early extraembryonic tissues

In the mouse, reciprocal interactions between the epiblast and ExEc that involve BMP4, NODAL,
and WNT3, regulate the induction of the primitive streak (PS)°0-2. Similarly, inhibitory signals
produced by the mouse AVE, namely, the BMP and WNT inhibitors CER1 and DKKA1, are critical
for proper anterior-posterior axis formation*. Analysis of the rabbit hypoblast and ExEc states at
the relevant time, prior to E6.5, showed conservation of BMP2 and WNT3 expression in the
hypoblast. Notably, while CER1 is enriched in the anterior hypoblast, DKK1 appears to be
expressed throughout the hypoblast (Figure 4H). BMP4 however, is not expressed in early ExEc
cells, and only at low levels in the hypoblast. This, despite its robust expression in the embryo
proper at later time stages, suggests the predominance of the more robustly expressed BMP2 for
early patterning (Figures S5A, F). Finally, we find IGF1 to be highly expressed in the rabbit
hypoblast, while in the mouse IGF1 expression is confined to the much later endothelial cells (also
shared in the rabbit) (Figure S5G). In line with this finding is the demonstrated role of IGF1 in
activation of embryoblast specific signal transduction®®, and maturation of ex utero cultured rabbit
blastocysts®. Together, this analysis suggests a minimal signaling role for the rabbit ExEc in
embryonic patterning (consistent with the deterioration of the Rauber’s layer), and supports
previous findings regarding the prominent role of hypoblast polarity. The detailed temporal
expression of signaling genes (Table S3) complements previous efforts using traditional
molecular techniques*®*%¢ and provides a basis for further understanding intercellular signaling

developmental regulation in non-rodent gastrulating embryos.

Aligned rabbit and mouse gastrulation time axis highlights an hourglass-like bottleneck

Following alignment of the rabbit and mouse gastrulation manifolds, we next sought a principled
strategy for comparing the two differentiation processes, as represented by our models. We
therefore tested whether the independently determined rabbit and mouse gastrulation “clocks”
could be aligned over a common time axis. To eliminate potential cell type annotation bias we
generated a unified representation of rabbit/mouse cell state distributions (See Methods), and in
this manner computed cross-species embryo cell-state frequency similarities over time (Figure
5A). The resulting similarity matrix revealed a stereotypical structure in which pre-gastrulation

states are aligned but not synchronized, leading toward a bottleneck at approximately Ei7.5 in
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both species, followed by a more synchronized gastrulation process with potential gradual loss of
coherence. This analysis showed that overall we can use the absolute time axes of the two
species for comparing their gastrulation processes. It also clearly demonstrates divergence and
compensation in some key stages, particularly highlighting the earlier and more gradual
emergence of PS populations in the mouse (Figures 5B, C). Remarkably, although the rabbit PS
emerges later, it then converges to embryonic frequencies that closely match those observed in
mouse. We next performed detailed comparison of the conserved and diverged gene expression
signatures in the epiblast and PS of both species (Figure S6A, B). This highlighted the
conservation of most of the previously characterized PS TFs and signaling genes, but also
detected intriguing divergence of several developmental genes such as GATA4, FGF4, and
POU3F1. This data further demonstrates conservation in the establishment of the core PS
program, despite sizing, contextual and morphological differences between rabbit and mouse pre-

gastrulation embryos.

Interestingly, initiation of gastrulation between the species is also characterized by clear
differences in the induction of the anterior primitive streak (APS). In contrast to the gradual
acquisition of APS through an intermediate PS state in the mouse, rabbit APS rapidly accumulates
and appears to be induced directly from the epiblast (Figure 5D). Figure 5E shows that mouse
PS states co-expressing T/Brachyuri (key TF of the PS) and FOXA2 (early endoderm TF) are not
matched in the rabbit manifold. Instead, rabbit epiblast differentiation toward the PS quickly
induces MSX1 (mesodermal TF) and CDX1 (caudal homeobox), distinguishing itself from high
FOXAZ2 states linked with the APS. Together, these results indicate that rabbit endoderm may be
established without transiently activating a meso-endo like program. This also serves as an
example for conserved states that can be developmentally reached, even though the trajectories

leading to them have changed during evolution.

Conserved rostral-caudal signatures in morphologically diverged gastrulas

Following the observation of species-specific timing of PS bifurcation, we next tested
systematically whether this might further propagate to affect the later rostral-caudal program. To
this end, we searched for conserved caudal and rostral gene regulatory modules (Figure 5F),
and computed for each metacell a rostral/caudal score by calculating the expression ratio
between the two. We then used the flow models to traceback the differentiation trajectories of
metacells, grouped by type, and charted the rostral/caudal scores of each trajectory over time

(Figures 5G and S7A-H). This showed remarkable conservation in differentiation toward most
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fates, not restricted to fates defined specifically by their rostral/caudal transcription (e.g. caudal
mesoderm and caudal neurectoderm), as well as in lineages creating significant caudal-rostral
diversity (e.g. neural tube). Yet, rostral/caudal identities of some lineages are inconsistent,
possibly reflecting morphological differences. For example, the data indicates strong separation
between the large fraction of rabbit extraembryonic mesodermal amnion cells, that develop a
strong transient caudal expression signature in E+~7.7, and a minority showing a transient rostral
signature, converging after E:8 (Figure S7A). Similar separation is also seen in the surface
ectoderm, though in this case the separation is maintained throughout. The strong expression of
the axial gene signature indicating a more polarized development of the amnion in the rabbit vs
the mouse, suggests that this module may be used by evolution at different stages and lineages,

to compensate for the morphological divergence (size and shape) between the species.

Screening for evolutionarily diverged differentiation kinetics toward conserved fates

To further characterize the conservation or divergence of gene expression kinetics, we compared
entire differentiation trajectories between mouse and rabbit. Specifically, we wished to examine if
temporal kinetics of key cell-type-specific genes would be tightly conserved, shifted in phase, or
compensated by other genes, and whether the kinetics of genes that are transiently active during
state differentiation are also conserved. For example, when studying the differentiation toward
somitic mesoderm, we observed high conservation between rabbit and mouse trajectories and
expression kinetics (Figures 6A and S7B). In-depth analysis of TF kinetics along this trajectory
showed that while some key factors are tightly conserved between the species (Figure 6B, top),
other TFs have altered timing (Figure 6B, second row). Regulation of the somitic mesoderm
program is also correlated with conserved transient expression kinetics, though such behavior
seems to span a more extended period in the mouse (Figure 6B, lower rows). Thus, this
coordinated network of TFs (such as T, TBX6, and RIPPLY2) not only leads toward the ultimate
expression of a conserved somitic mesoderm program (including for example, retinoic acid
signaling genes, collagens, etc.), but also to highly conserved timing of the entire somitic

mesoderm specification process.

As a contrary example, the differentiation kinetics of the allantois greatly diverges, and rabbit
embryos develop an allantois cell state later and more synchronously than the mouse (Figures
6C and S7C). Comparative kinetics analysis (Figure 6D) outlines the potential mechanistic basis
for such divergence. Notably, some TFs that characterize the extraembryonic mesoderm program

define a conserved basis for allantois differentiation and emerge at similar time points (Figure
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6D, top), but other more specific allantois factors are delayed (Figure 6D second and third rows).
Perhaps most significant is the allantois-specific transcription factor TBX4 which shows a very
significant delay in rabbit compared to the mouse. The delayed commitment of the allantois
(visible from E9, Figure S7I) is possibly related to the aforementioned overall delay in maturation
of the rabbit placenta, perhaps relaxing the requirement for its early maturation. In summary,
comparing differentiation processes using kinetics of orthologous genes can provide a powerful
tool for identifying conserved regulatory links and may suggest how similar regulation is used
within diverging contexts. It is however only a basis for even deeper exploration of the evolution
of gastrulation logic which must also consider regulatory rewiring events, for example those
involving compensation by paralogous genes as shown for SNAI1/2 (Figure 6D, bottom), or

repurposing factors to perform diverged tasks.

Early specification of rabbit primordial germ cells without transient mesoderm program
activation

From all embryonic gastrulation states, primordial germ cells (PGCs) were associated with much
lower conservation scores between the species (Figures 3A, B). The flow model indicates that
rabbit PGCs appear early at E7.0 (stage3) (Figure 1C), and are specified either directly from the
epiblast state or from a variant of the epiblast state distinctly marked by TFAP2A and TFAP2C
expression (hence denoted “median TFAP”) (Figure 2A). In a previous study’, numerous
TFAP2C/POU5F 1 positive cells were observed in the posterior end of gastrulating rabbit embryos.
First, broadly in the posterior epiblast layer of stage2 embryos (E6.5-6.75), and later also in the
mesoderm layer, becoming more spatially restricted by stage3-4 (E6.5-7.0). Further, in a recent
human in vitro study, a TFAP2A/TFAP2C hierarchy was shown to regulate PGC specification
from embryonic stem cells (ESCs)®’. Intriguingly, we find rabbit PGCs rapidly downregulate
TFAP2A while TFAP2C levels remain high (Figures 7A and S8A), yet a similar cell state does
not exist in the mouse (Figure S8A). To further examine transcriptional dynamics underlying
rabbit PGC specification, we screened for TFs that were specifically enriched in rabbit PGC
metacells and compared their time-dependent expression between epiblast, median TFAP, PS,
Nascent mesoderm, and PGC. The PGC states are associated with high expression levels of
TFAP2C, SOX15, SOX17, CITED1, FOXA3, and NANOS3 (Figure 7A). Interestingly, SOX15 has
been shown to be a primate and rabbit naive pluripotency TF, though not in mouse'4°. Analysis
of PS and nascent mesoderm TFs, clearly showed that PGCs from all embryonic stages do not
upregulate most canonical TFs, such as T, EOMES, MIXL1, SNAI1 and HOXA1. This is in contrast

to the transient but significant upregulation of the PS genes T and EOMES observed in vitro’. In
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addition, DPPA3 (Stella) that is gradually silenced with time in the epiblast and all mesodermal
states (Figure S8B) remains expressed throughout in PGCs — further supporting a direct
differentiation trajectory. Comparing expression of PGC-specific genes between mouse and
rabbit (using epiblast as a common baseline) showed conserved features, including the
upregulation of PRDM1, TFAP2C, SOX17, and KIT (Figure 7B). Consistent with the previously
described downregulation of SOX2 in non-rodent PGCs"8, we find rapid downregulation of this
gene in the PGC trajectory starting at the median TFAP progenitor state (Figure S8C). The
expression of Fragilis (IFITM3), ALPL, and additional mouse-specific genes were completely
missing in rabbit PGC (some possibly due to technical lack of orthology). At the same time, a
number of the strongest rabbit markers were either not expressed in mouse (CD34, RELN,
FOXA3), or did not have a mouse orthologue, such as the rabbit orthologue for human germ-cell-
specific gene PASD1%. The early specification of rabbit PGCs is also supported by cell cycle
analysis (Figure 7C). While it is impossible to accurately deduce the actual reduction in PGC
proliferation, the data suggest it to be mild, and stable up to E:8.6. Together with flow analysis
(Figure S8D), these results are most consistent with an early specified self-sustaining PGC
population with declining frequency but slowly increasing absolute numbers, within a more rapidly

growing embryo.

DISCUSSION

Gastrulation is the hallmark developmental process that translates “raw” intracellular pluripotent
regulatory logic into the stereotypical blueprint of the vertebrate body plan. It requires single cells
to acquire increasingly more specialized internal states in a precise and stable fashion. At the
same time, and perhaps more importantly, gastrulation is defined by the capacity of cell
ensembles to acquire such identity in a coordinated fashion. All the while, the embryo proliferates
massively, and the initially unlimited potential of the epiblast is restricted and shaped by a
combination of changes in cells’ internal state, cellular interactions, and physical forces - toward
defined germ layers, cell types, and organ precursors. In this work, we used extensive sampling
of the ensemble of single cells from single gastrulating rabbit embryos to combine quantitative
characterization of transcriptional cell states with a model tracking the coordinated dynamics of
the cell ensembles over time. Using comparative analysis of the new rabbit model and our recently
published mouse gastrulation model™, we could begin to approach fundamental questions on the
universal and conserved properties of mammalian gastrulation and characterize diverged
mechanisms ultimately leading toward the diversity across mammals in general, and between

rabbit and mouse in particular.
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An initial “static” comparative strategy of mouse and rabbit gastrulation manifolds shows
remarkable conservation between the transcriptional states of both species. Such conservation
is both specific and quantitative. Its specificity is indicated by the identification of 79 distinct
RBOMs - transcriptional states that are reciprocally matched between the species. The discovery
of a large number of distinct RBOMSs reflects a truly rich conserved transcriptional space going far
beyond a broad conservation of the germ layers states or specialized cell types like the primitive
erythrocytes. Furthermore, conservation is highly quantitative, as shown by comparison of gene
expression frequencies of thousands of genes in matched states, indicating almost all genes are
conserved quantitatively up to a two-fold ratio. This precision of conservation is surprising since
the gastrulation manifold does not consist of a large number of highly distinct states, but is instead
a continuum of multifurcating programs™23. Such plasticity could in theory support significant
regulatory redundancy and subsequent evolutionary flexibility. But instead, at the core of the
gastrulation programs, which we define by reciprocal best orthologous genes, we can identify 76
(and possibly more) transcription factors that retain a distinct and rigid regulatory identity between
mouse and rabbit. Such conservation suggests that these factors coordinate the gastrulation
process in a highly quantitative and balanced fashion, which limits the evolutionary plasticity of
this process. Notably, 7 of these TFs are of the HOX family, supporting their suggested central
role in establishing the phylotypic state'. Our model therefore calls for a quantitative and muilti-
factorial approach toward understanding the regulation of gastrulation state transitions in ways

that were so far difficult to practice.

As noted above, understanding gastrulation at the transcriptional level entails more than mapping
static cell states and types at single cell resolution, as the process inherently involves ensembles
of interactive and proliferating cells. We therefore developed a framework for comparative
analysis of the gastrulation process as it occurs over a carefully quantified time scale. The data
coming out of this analysis unequivocally showed that gastrulation is conserved as a process,
and highlighted a specific point in time, coinciding with the onset of massive differentiation (stages
4c-5; E{7.5-7.7), where both mouse and rabbit gastrulation are aligned with maximum specificity
(Figure 5A). This striking conservation, which provides fresh support and a possible mechanistic
basis to the hourglass model for vertebrate evolution should be considered in light of the highly
diverged extraembryonic tissues, overall difference in size, as well as dramatic morphological
differences between the rabbit bilaminar disc and mouse cup-shaped structures®. Still, the

structural divergence of the rabbit and mouse extraembryonic endoderm remains compatible with
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conserved signaling. Namely, the canonical organizer function of the anterior hypoblast and the
corresponding mouse AVE. One key difference however, is the apparent compensation by the
rabbit hypoblast for the lack of functional signaling from the trophoblast. In general, rabbit
trophoblast is markedly delayed in its development compared to the mouse extraembryonic
ectoderm, in line with similar retardation of the allantois. The divergence of extraembryonic
structures are contradictory to the strong conservation of the gastrulation process. This could
suggest that the crucial conserved steps underlying embryonic diversification are more
intrinsically driven, for example by the rich core of conserved TFs discussed above. Such a
process is unlikely to rely on complex maternal or extraembryonic interactions that would strongly

depend on conserved structure.

Our detailed rabbit gastrulation flow model and the new comparative methodology hereby provide
a scaffold for further comprehensive and robust interpretation of other mammalian models, for
which similar resolution and accuracy is yet to be attained. Human (and primate) gastrulation is
already known to share many states and characteristics with the mouse. However, the temporal
process of differentiation and proliferation for human cell ensembles during gastrulation would
have to be modeled more carefully, especially considering the sparsity of such data. As flow
models become integrated with new data and models for primates and other species, it can be
expected that we will come closer toward truer understanding of human developmental process.
This, will be useful for designing the control of embryonic stem cell differentiation, tissue models,
and analysis of ex-utero and synthetic embryos. Lastly, such models will place us in an
unprecedented position to synthesize the molecular phenotypes of gastrulation states between

and within phyla®® with an underlying genome and epigenome evolutionary theory.
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FIGURE LEGENDS
Figure 1. Generation of a temporal rabbit single cell transcription manifold

(A) Morphological characterization of rabbit embryos analyzed in this study. Shown is a
schematic representation of the main morphological features observed in each embryonic
stage, alongside an image of a representative embryo. Gestation time reflects a single idealized
time for each embryo time group. Images are uniformly scaled. Scale bar = 500um.

(B) Color coded 2-D UMAP projection of the metacells (MCs) graph representing the entire
transcriptional manifold. MCs (nodes) are connected by edges, indicating the most similar
neighbors for each MC.

(C) Cell type distribution per embryo, arranged according to intrinsic transcriptional rank and
separated into 12 characteristic age groups.

(D) Morphological staging of individual embryos, indicated by a black square. Embryos that
could not be assigned a stage (lacking proper image) are left empty. Color bar indicates the
actual gestation time of each embryo, calculated from the time of mating. Some of the most
distinctive morphological and cell state events are noted in the boxes below.

Figure 2. Rabbit gastrulation network flow model

(A) The gastrulation network flow model consists of MCs (nodes in rows) distributed in time (x-
axis), and flows (edges) that link MCs between adjacent time points. The first time-point
represents a common source for all MCs. Annotation (color coded) relies on marker expression
and flow-based fate mapping.

(B) Heatmap showing relative expression (log2) of key lineage-specific genes. Extraembryonic
endoderm and ectoderm lineages are presented separately, see Figure 4.

Figure 3. Rabbit/Mouse cross-species manifold alignment

(A) Comparison of independently annotated rabbit and mouse transcriptional states according to
similarity of global gene expression profiles (here, based on 955 genes that are the intersection
of each manifolds set of feature genes).

(B) Accumulated maximal correlation between rabbit MCs of each type, to any MC in the mouse
manifold.

(C) Comparable gene expression in selected cell types. Each point indicates absolute
expression levels in rabbit and mouse for each gene (log2 of UMI frequency, x- and y- axes,
respectively, averaged by cell type).

(D) Gene-gene correlations between reciprocally best orthologous metacells (RBOMs). Shown
are most highly correlated transcription factors between species.

(E) MC-MC correlations between RBOMSs for a number of representative genes (following linear
correction, see Methods).

Figure 4. Similarities and differences in extraembryonic endoderm and ectoderm
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(A) Schematic of structural organization of late streak rabbit and mouse embryos. Midsagittal
sections of mouse and rabbit are shown alongside an en-face view of the rabbit embryo. The
planar form of the hypoblast and trophoblast observed in rabbits diverges from the cup-shaped
mouse embryo.

(B, E) Color coded 2-D UMAP projection of the MC graph representing the extraembryonic
endoderm and ectoderm manifolds, respectively. MCs (nodes) are connected by edges,
indicating the most similar neighbors for each MC.

(C) MC-MC correlation matrix of rabbit and mouse extraembryonic endoderm.

(D) Side by side expression heat map (log2 of UMI frequency) of highly variable genes in rabbit
and mouse extraembryonic endoderm.

(F) Temporal expression of key genes during EXEc development. Each dot represents a single
MC.

(G) Heatmap showing relative expression of most highly variable genes within the ExEc (log2
fold-change relative to the embryonic average).

(H) Expression of key signaling factors during early gastrulation. Each dot represents a single
MC. Only MCs with calculated time of E6-6.5 are shown.

AMC - anterior marginal crescent; PGE — posterior gastrula extension; PS — primitive streak;
Epi — epiblast; Hyp — hypoblast; EXEc — extraembryonic ectoderm; VE — visceral endoderm;
AVE — anterior visceral endoderm; ExVE — extraembryonic visceral endoderm; YSE — yolk sac
endoderm; AHyp — anterior hypoblast; PE — parietal endoderm; Chor — chorion; Chor.p —
chorion progenitors.

Figure 5. Interspecies temporal alignment

(A) Heatmap of interspecies correlation of cell type composition over time. For comparability,
rabbit MC identities were derived de novo by the most similar mouse annotation according to
gene expression (see Methods). Dynamic time warping (DTW) is plotted as a solid line along
the diagonal (dashed), explaining differences as temporal compression/stretching. Plotted
below, the DTW derivative, highlighting the temporal segments of major changes.

(B) Temporal expression of key genes during epiblast to PS transition. Each dot represents a
single MC.

(C) Temporal alignment of PS frequency in mouse and rabbit. Lines represent Loess smoothing,
standard error bounds indicated by shading.

(D) Vein plots describing the continuous transition of cell types from the epiblast (represented by
diagonal flows spanning time points), and the dynamic relative frequencies of these cell types in
the embryo over time (vein width on the y- axis). Vein connection width represents flow flux at
each time point.

(E) Temporal expression of key genes in epiblast, PS and APS. Each dot represents a single
MC.

(F) Correlation in rabbit and mouse of, Rostral genes: CER1, OTX1, SHISA2, HESX1, and
Caudal genes: GBX2, TBX6, CDX1,2,4, GRSF1.
(G) Rostral-Caudal score of individual MC trajectories of terminal types, as indicated.
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Figure 6. Conservation and divergence in expression kinetics over differentiation
tracebacks

(A, B) Tracebacks were performed from (A) somitic-mesoderm and (C) allantois, in flow models
of both Rabbit (left) and Mouse (right, mirrored). The latest rabbit time bin, and the first mouse
time bin, for which there are no corresponding data from the other species, were trimmed.
Network plots depict traced-back flows, colored by cell types (top). Heatmaps show average
expression kinetics for genes with conserved gene expression profiles (see Table S3),
displaying the highest variance over the trajectories. Below, colored polygons represent the cell
type composition of the traceback at each time point for the full flow maps.

(B, D) Absolute expression level (log2 of UMI frequency, y-axis) for select marker genes along
each of the trajectories shown in the respective network plot. Dots represent individual
tracebacks for each terminal MC, lines indicate respective medians.

Figure 7. PGC differentiation

(A) Absolute expression level (log2 of UMI frequency, y axis) for select marker genes.

(B) Relative expression in PGC vs epiblast (log2 of UMI frequency in PGC - log2 of UMI
frequency in epiblast) in rabbit (Dark grey) and mouse (light grey). Mouse genes with no known
rabbit ortholog are annotated with “*” (top) and rabbit genes lacking mouse orthology with “**”
(bottom).

(C) Cell cycle score. A cycling score combining the expression of S- and M- phase characteristic
genes (see Methods) was assigned to each single cell (y- axis). Due to the low number of PGCs
in the manifold, cells were binned to four groups (6-6.6, 7-7.4, 7.5-7.9, 8.1-8.6). Partial cycling
slowdown in the PGC population is observed, when compared to the notochord (substantially
halting) or other early populations (fully cycling).
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Figure S1. Rabbit embryo compendium

Pictures of embryos sampled in the study. Embryos shown in sequence according to intrinsic k-
NN transcriptional rank. Color bars indicates separation into 12 age groups. Scale bar = 500um.

Figure S2. Embryo collection and scRNA-seq data preparation

(A) Distribution of UMIs per single cell, exclusion cells criteria denoted by red and green vertical
lines.

(B) Distribution of fraction of excluded gene UMIs per single cell (see Metacells vignette).
Exclusion cells criteria denoted by red vertical line.

(C) Number of embryonic cells per embryo (after QC, ranked from “youngest” to “oldest”).

(D) Number of embryos participating in the flow analysis, collected over gestation time.

(E) Embryo stages by morphological assessment vs gestation time.

(F) Calculated time (Et) vs gestation time for each time bin.

(G) Genome annotation enhancement pipeline.

(H) Temporal ordering and binning of embryos. Left, k-NN embryo/embryo similarity (horizontal
lines mark separation of time bins, numbered in bold). Right, cell-type frequency per embryo
(see Figure 1).

Figure S3. Flows support

(A) Embryonic cells per time bin, plotted over the 2-D UMAP projection, color coded by cell type.
(B) MC/MC distance metric used as constraint for the flow problem formulation, indicating
transcriptional logistic distance.

(C) Cell cycle S-phase score vs M-phase score based on UMI count fractions. Cutoff line
(bottom left diagonal) represents cells with low cycling score.

(D) Distribution of MCs cycling score, by type. MC cycling score indicates fraction of cells below
cutoff (as in C).

Figure S4. MC alignment support

(A) Correlation across all MCs of the rabbit and mouse manifolds, ordered by cell type and
internally by time.

(B) Correlation across the 79 RBOMs of the rabbit and mouse manifolds (ordered as in (A)).
(C) Example of transcriptionally diverged sequence orthologs of APLN.

(D) Example of sequence orthologs showing species-specific constant bias. Shown before and
after linear correction (factor of 0.41) according to the manifold alignment.

(E) Example of new putative ortholog association for un-annotated rabbit MESP1 gene,
matched with the transcriptional hostpot33433.

(F) Example of annotation assignment for the rabbit TWIST1 gene based on alignment to the
mouse genome (mm9). Table lists explicit OryCun3.0 genome coordinates for genes mentioned
in (C-F).
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Figure S5. Extraembryonic ectoderm (ExEc) interspecies comparison

(A) Side by side gene expression heatmap in mouse and rabbit ExEc.

(B) MC-MC correlation matrix of rabbit and mouse ExEc.

(C) Relative expression of notable ExEc and ExEnd genes (rabbit only).

(D) Temporal distributions of rabbit ExEc.

(E) Temporal expression (log2 of UMI frequency) of key genes during ExEc development. Each
dot represents a single MC.

(F, G) Temporal expression of rabbit BMP4 and mouse IGF1, respectively. Each dot represents
a single MC.

Figure S6. Conserved and diverged gene expression signatures in the epiblast and PS

(A) Comparison of PS - Epiblast differential gene expression (log2) between rabbit (x- axis) and
mouse (y- axis). Canonical TFs such as MIXL1 and T are upregulated in the epiblast to PS
transition in both species (top right corner).

(B) Heatmap of genes with extreme profiles in their PS-Epiblast differential expression, grouped
by the quadrants of (A), each column represents a single MC.

Figure S7. Gene expression trends over trajectories

(A-H) Rostral-Caudal score of individual MC trajectories of terminal types, as indicated.
(I) Representative E9.0 embryo (16 somite pairs, not sequenced).

Figure S8. PGC specification

(A) Expression over time of TFAP2A for mouse and rabbit.

(B) Expression of DPPAS3 (Stella) over time. While gradually silenced with time in the epiblast
and mesodermal states, DPPA3 remains expressed in PGCs.

(C) Expression over time of SOX2 for mouse and rabbit.

(D) Internal PGC flow over time. After an initial differentiation of non-PGC cell types to PGC,
beyond Et7, the number of PGC cells can be explained solely by internal proliferation.
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METHODS

Embryo Collection and Documentation

Embryos were collected from pregnant New Zealand White female rabbits (mated by Envigo, and
shipped on the morning of each experiment), between E6.0-8.5. All animal experiments were
approved by the Institutional Animal Care and Use Committee (07100820-2). Animals were
sacrificed by intravenous injection of lethal dose of pentobarbital (100mg/kg), and embryos
removed as described by®'. In brief, uteri were placed in ice-cold PBS, and embryos removed
individually from dissected uterus segments containing a single site using fine iridectomy scissors
on darkened (Activated charcoal C9157, Sigma-Aldrich) Sylgard184 (Dow) coated 10cm plates.
Embryos were resected from most of the extraembryonic tissues, washed in fresh PBS, and
transferred to chilled DMEM (Phenol-red free, Gibco) supplemented with 10% FBS (Biological
Industries) for imaging prior to dissociation. Phase contrast images were taken with an Eclipse
Ti2 inverted microscope (Nikon) and Zyla sCMOS camera (Andor). Embryo staging was
performed according to36:62,

Flow Cytometry

Prior to dissociation, to focus on tissues that contribute to the embryo proper, most of the
extraembryonic ectoderm and yolk sac were removed using fine forceps and fine iridectomy
scissors. For isolation of single cells for scRNA-seq, embryos were dissociated with 0.25%
Trypsin-A, 0.02% EDTA (Biological Industries) solution for 5’ at 37°C, and resuspended in DMEM
w/o phenol red (Gibco) supplemented with 10% FBS (Biological Industries). Samples were sorted
to 384well lysis plates using a FACSAria-lll or Symphony S6 flow cytometer (BD Biosciences),
excluding doublets and cell debris by FSC and SSC metrics.

Single-cell RNA-sequencing and initial filtering

Single cell cDNA libraries were prepared using the MARS-seq method, as described®53, with the
following modifications: The final concentration of the RT1 primers was 2nM, and pooling was
done via centrifugation to VBLOCK200 reservoir (Clickbio). Klenow reaction was not followed by
heat inactivation. The volume of the first RT and Exonuclease | reactions mix were scaled down
to 1 and 0.5ul, respectively, and dispensed by MANTIS liquid handler (FORMULATRIX). MARS-
seq reads were processed following the MARS-seq2.0 pipeline®. Briefly, demultiplexing plate
barcodes (4 base pairs) from Read 1, the reads were mapped to the OryCun3.0 genome using
STAR®*. Demultiplexing of the reads and construction of the single-cell UMI matrix was based on
well barcodes (7 base pairs) and UMI barcodes (8 base pairs) from Read 2. Embryo identities
were recorded per well during sorting and recovered as part of the MARS-seq post-processing
stage. Overall we processed 165,504 wells, out of which we retained 117,660 well-covered cells
for further analysis. In particular, cells with less than 2,600 or over 50,000 UMIs were filtered out
(median 7,142 UMIs).

Reference genome and annotation

We based our annotated 3' gene ends on the rabbit reference genome OryCun2.0
[GCA_000003625.1]. This assembly is of shallow depth at 7.5X and annotated with limited
precision. We've extended the basic annotation with additional RefSeq gene orthologies to define
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a total of 48,189 genes. We then used the higher depth (but not annotated) OryCun3.0 assembly
[GCA_013371645.1], and projected the initial set of OryCun2 annotations to it using LiftOver
mapping. This resulted in 42,926 genes being uniquely lifted. We expected this set of predicted
3’ends to be missing genes in poorly aligned genomic regions and therefore performed additional
screening for genes using clusters of mapped of scRNA-seq reads that could not be matched with
an existing annotated region. This was done by identifying transcriptional hotspots as genomic
bins of 500 bps that were covered by over 150 scRNA-seq UMIs across our dataset, unifying
overlapping bins. Hotspots that ended up overlapping with an annotated 3’ locus were merged
into the annotated gene model. For hotspots that were not associated with genes in this way, we
attempted additional annotation using blastn with the refseq_rna db. A summary of the annotation
pipeline is shown in Fig S2G. The extended annotation is available from the papers’ github
companion.

Rabbit embryo k-NN ordering

Following an initial coarse-grained embryo ordering, we applied the k-NN order refinement
heuristic as we previously described for the mouse'. Briefly, a cell-cell transcriptional similarity
k-NN graph is constructed over all embryos’ cells, excluding those annotated as extraembryonic.
Embryo similarity is defined by the number of k-NN edges crossing between the embryos’ cells,
normalized for the number of cells per embryo. A greedy pairwise order switching heuristic aims
at eliminating k-NN edges crossing large time gaps, improving upon the initial ordering until
convergence (Figure S2H).

Defining absolute developmental time

Each embryo was associated with an approximate time based on its sampling time post mating.
For the latest somite stages, an idealized time was given based on a 2hr cycle for each somite
(see Table S1 for data on all embryos). We then formed 12 bins aiming to equalize the total
number of cells per bin and its time homogeneity. We then manually assigned a representative
time per bin, defining the parameter E/ for bin i (Figure 1C, S2H).

Metacell analysis and cell type annotation

Metacells®” analysis was performed as described in the package vignette. Mitochondrial
associated hotspot transcripts and additional genes linked with non-coding activities that are
batch-affected were excluded, removing 391 loci in total. A total of 1,565 stress, cell cycle-related,
and additional batch-affected transcripts in manually annotated gene modules were defined as
forbidden to be features prior to applying metacells. Metacells then derived a metacell model over
3,584 MCs representing 117,660 retained single cell profiles.

Cell cycle modules and estimation of metacell proliferation rate

We defined the M-phase gene module using single cell correlation to MKI67, TOP2A, and UBE2C,
and expanded to include by association ARHGAP11A, ARHGAP27P1-BPTFP1-KPNA2P3,
ARLG6IP1, ASPM, AURKA, AURKB, BUB3, CCNB1, CCNB2, CCNF, CDCA2, CDCA3, CENPE,
CENPF, CKAP2, CKAP2L, DEPDC1B, G2E3, GTSE1, HYLS1, INCENP, KIF11, KIF14, KIF18A,
KIF20A, KIF23, KIFC1, MIS18BP1, MKI67, NCAPG, NUSAP1, PLK1, PRC1, PRR11, PSRC1,
RACGAP1, SGO2, SPAG5, TOP2A, TPX2, TTK, UBE2C and hotspot44564.
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The group of S-phase genes was defined by correlation to PCNA, RRM2 and expanded to include
DTL, FEN1, MCM2, MCM4, MCM6, MCM7, PCNA, RFC3, RRM2, hotspot60823.

For each cell, we computed an M- and S- phase score as the fraction of UMIs for these gene
modules (Figure S3C). Based on these estimations we assigned each metacell m with a
proliferation rate in units of doublings per 24h:

Om = 3.5 * ActiveCycling,,

Where 3.5 is the maximum doublings per day, and ActiveCycling,, is defined as the fraction of
cells showing high combined S- and M-phase expression in metacell m:

ActiveCycling,, = Pr(2.65E5 + Ey > 0.0045| m).

Network flow inference and modeling

We inferred rabbit network flows as previously described for the mouse, with improved modelling
of proliferation rate variation among metacells. The standard network flow constraint is assuming
all nodes (e.g. metacells) are conserving their relative frequencies, which can be interpreted as
either constant mass per time, or as assuming uniform proliferation rates:

DS = fim

Where m, u are metacells, i the time and f the flow per time and metacell pair.

To express variable proliferation rate per metacell, we define generalized flow constraints as:

Z . AT .
fl—l — __ Zfl
4 mu ZuP&Au’l 4 um

Where the growth per metacell and time A is defined as:

AT = 98m*(B{=Ef™)
And Y, }/JEA“"‘ represent the mean growth of the ensemble in time bin i, with {95 is defining the
estimated frequency of metacell u at time bin i.

We inferred § values for all metacells, except for those annotated as notochord and gut for which
6m = 0 and §,, = 1 were assumed based on empirical analysis of overall cell type frequency over
time, respectively. In addition, for hematopoietic lineages we defined negative proliferation rates
to account for their under sampling. This, due to the radial expansion of these cells in the
extraembryonic yolk sac mesoderm, that results in their progressive elimination during dissection.

Manifold alignment

To facilitate comparison of transcriptional states between rabbit and mouse, we first identified
9,748 gene pairs with common names in the two species, representing a set of genes G with
unambiguous sequence orthologies for downstream analysis. We then represented the rabbit and
mouse manifolds quantitatively using distributions of gene expression for this set of comparable
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genes over metacells, log transformed and regularized (log2(10~° + p)) to defined matrices
legg, leyy™ for rabbit (oc) and mouse (mm) respectively. We then compared metacells U and V in
the two species using Pearson correlation of the log transformed vectors to derive:
0y = cory(legg, legy™
We then identified reciprocally best orthologous metacells (RBOMs, Figure S4B) pairs as:
RBOM = {(u, v} mn%x(oum) = mn?x(omv) = Oy}

That is, for each metacell in one manifold, we picked the maximal correlating metacell in the other
manifold only if the correlation was also maximal for that second manifold metacell across all the
metacells of the first. Using the RBOMs as a comparable manifold reference, we computed gene-
gene cross-species correlations:
0ggr = COT(yv)erpom (legg, leggfn

To correct for systematic estimation biases between the species we computed a linear model
(setting constant to zero) fitting each rabbit gene expression (in linear scale: 2'%i4) to its
orthologous mouse genes over the RBOMs (Fig S4D). Whenever the best fit coefficient was in
the range 0.2-5 we applied it to correct rabbit expression, and used corrected values for the
comparative work described in Fig 5-7.

Projected annotation

We used the correlation between corrected expression profiles of the rabbit manifold and the
mouse expression profiles to redefine the similarities between all rabbit and mouse metacells
(RBOM being the subset for which matching is completely unambiguous) (Fig S4A). To allow
comparisons of whole embryos between the two species, we represented mouse embryos as
distribution over the mouse cell type annotation terms. We then derived a similar representation
(over the same mouse types) for rabbit embryos in an unbiased fashion. To this end, we identified
the top 5 correlated mouse metacells for each rabbit metacell, and selected the majority
annotation term within them as the assigned projected rabbit annotation term. This provided us
with a common representation for embryos in the two species, allowing computation of the cross-
species embryo correlation as shown in Fig 5A. We linearly interpolated the cell type frequencies
per time bins and censored it at Et6-8.3, to create a high-resolution common time grid for both
species. To derive the trend line shown in Fig 5A, we used dynamic time warping (DTW) applied
on the two time series.

Inference of kinetics over genes and gene modules

To infer the differentiation trajectories leading to cell fates of interest (Figure 5G, Figure 6, Figure
S7), we used the flow model as described in Mittnenzweig et al 2021, When analyzing the
kinetics of gene modules (e.g., Rostral/Caudal analysis in Figure 5), we used the log2 transformed
mean of the expression per metacell over the module’s genes (eg. Rostral: CER1, OTX1,
SHISA2, HESX1, and Caudal: GBX2, TBX6, CDX1,2,4, GRSF1).
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