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DEVELOPMENTAL BIOLOGY

A single-cell analysis of the molecular lineage

of chordate embryogenesis

Tengjiao Zhang'*, Yichi Xu?*, Kaoru Imai>, Teng Fei*, Guilin Wang®, Bo Dong®, Tianwei Yu®,

Yutaka Satou’, Weiyang shi*!, Zhirong Bao?"

Progressive unfolding of gene expression cascades underlies diverse embryonic lineage development. Here, we
report a single-cell RNA sequencing analysis of the complete and invariant embryonic cell lineage of the tunicate
Ciona savignyi from fertilization to the onset of gastrulation. We reconstructed a developmental landscape of 47 cell
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types over eight cell cycles in the wild-type embryo and identified eight fate transformations upon fibroblast
growth factor (FGF) inhibition. For most FGF-dependent asymmetric cell divisions, the bipotent mother cell displays
the gene signature of the default daughter fate. In convergent differentiation of the two notochord lineages, we
identified additional gene pathways parallel to the master regulator T/Brachyury. Last, we showed that the defined
Ciona cell types can be matched to E6.5-E8.5 stage mouse cell types and display conserved expression of limited
number of transcription factors. This study provides a high-resolution single-cell dataset to understand chordate

early embryogenesis and cell lineage differentiation.

INTRODUCTION

Metazoans have vastly divergent cell types that develop from a sin-
gle precursor. Recently, droplet-based high-throughput single-cell
RNA sequencing (scRNA-seq) techniques have been applied exten-
sively to a variety of model systems to study early embryogenesis
(1-5). These studies inferred developmental paths through trajectory
analysis and greatly improved our understanding of how cells dif-
ferentiate. However, because in most animals the exact cell lineages
are not known, the trajectories remain computational hypotheses.
Cell barcoding techniques such as those based on CRISPR enable
cell lineage tracing (6, 7) but still face technical limitation in tempo-
ral resolution to capture every cell division.

In this regard, model organisms with invariant cell lineage, such
as the nematode Caenorhabditis elegans (8) and the ascidian Ciona
(9), provide a unique opportunity where the known lineage under-
lies the interpretation of developmental trajectories. In particular,
as the ascidians are sister group to vertebrates, they have comparable
body plan and cell types, and thus, studies on ascidians are crucial
to understand how vertebrate developmental programs arose during
evolution (10). Recently, a high-throughput scRNA-seq study ex-
amined Ciona intestinalis development from 110-cell to the larva
stage, revealing the developmental trajectories after the main tissue
subtypes are specified (11). Another study investigated early devel-
opment of a distant species Phallusia mammillata (2- to 64-cell stage)
(12), demonstrating the resolvability of cell types by scRNA-seq and
reconstruction of spatial axes from the transcriptome.
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Here, we use scRNA-seq to systematically examine lineage spec-
ification in early chordate embryogenesis using the Ciona savignyi
model. Using manual cell dissociation and isolation, we obtained a
total of 750 single-cell expression profiles that correspond to 47 cell
types for the wild type and 10 cell types for mitogen-activated pro-
tein kinase (MAPK) kinase (MEK) inhibitor-treated embryos. With
a high-resolution and accurate map of cell types, we exploited the
landscape of asymmetric cell division, fibroblast growth factor (FGF)-
MAPK induction, and notochord differentiation. For most of the
asymmetric cell divisions, we observed that the bipotent mother cell
predominantly shows the gene signature of one daughter. Our anal-
ysis of drug inhibition revealed previously unidentified FGF targets
as well as an unknown fate transformation {[the trunk ventral cells
(TVCs)] to muscle}. We also found that the asymmetric segregation
of mitochondrial genes is independent of FGF-MAPK signaling. In
addition, we expanded the notochord gene regulatory network
(GRN) with 18 genes that may function in parallel to Brachyury and
found that FGF-MAPK drives part of these genes. Last, we compared
our data to a mouse dataset on early embryogenesis (E6.5-E8.5) and
showed that only a handful of transcription factors (TFs) are con-
served between homologous tissues.

RESULTS
Cell isolation and sequencing
To best exploit the invariant cell lineage and low cell numbers in
Ciona embryos, we dissociated C. savignyi embryos at eight devel-
opmental stages (1, 2, 4, 8, 16, 32, 64, and 110 cell) and manually
collected individual cells from each embryo (Fig. 1A). For each em-
bryonic stage, we sampled two to eight embryos for a total of 29 wild-
type embryos. Furthermore, we collected cells from two 64-cell stage
embryos that were treated with U0126, a MEK inhibitor. We recov-
ered 100% of cells from each embryo up to 32-cell stage and more
than 90% of cells for 64- and 110-cell embryos, totaling 648 wild-
type and 125 U0126-treated cells to be sequenced (Fig. 1, A and B,
and table S1A).

For each isolated cell, we generated single-cell transcriptome using
a modified Smart2 protocol that sequences transcripts at the 3" end
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Fig. 1. Overview of scRNA-seq assay and cell type classification. (A) Number of embryos and cells sampled from the 1- to 110-cell stage. (B) Number of cells lost during
manual cell picking, showing low quality (<2000 genes) and high quality for wild-type and U0126-treated embryos. (C) Distribution of gene and transcript numbers per
cell for different stages. (D) Computational pipeline for iterative clustering to identify cell types and DEGs. (E) Identified cell types of the 110-cell stage. Cells from three
embryos are represented by different symbols. Clusters are labeled with blastomere names or fates (ne, neural; ep, epidermis; endo, endoderm; noto, notochord). Black
symbols represent rejected cells. (F) Expression levels of known cell type-specific markers at the 110-cell stage. Each column represents a cell. (G) Summary of identified
cell types (circles) in the form of differentiation trajectories. Double-headed arrow indicates that the two lineages of endoderm at 110-cell stage are indistinguishable.
Numbers in parentheses indicate the number of cell types identified for each stage. (H) Number of cells in each embryo assigned to each type compared to the expected

numbers across all embryos and stages. Numbers indicate the number of points falling at the same coordinates.
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and allows transcript counting and multiplexed library preparation.
On average, we detected >5000 genes and a median of 48,340 tran-
scripts per cell (Fig. 1C). Earlier-stage cells, which have larger cell
size, have more transcripts and genes than later-stage cells. A small
number of cells have less than 2000 genes detected, which we dis-
carded as low-quality cells. In total, we obtained 750 high-quality
single-cell transcriptomes, including 628 from wild-type and 122
from U0126-treated embryos.

Cell type identification

For objective identification of cell types, we undertook an iterative
clustering approach (Fig. 1D) and clustered cells at each developmen-
tal stage (Fig. 1E and figs. S2 and S3, A to E). Following identifica-
tion of highly variable genes (HVGs) from the scRNA-seq dataset
(fig. S1, B to D), we used the density-based spatial clustering of ap-
plications with noise (DBSCAN) algorithm (13) for unsupervised
clustering of cells (see Materials and Methods), which not only pro-
vides objective measures to optimize for but also allows exclusion of
individual cells as outliers (potentially low-quality cells). Each clus-
ter undergoes the next round of clustering based on cluster-specific
HVGs (Fig. 1D). When a cluster is split, we used bootstrapping to
examine whether the newly produced, tentative clusters are signifi-
cantly different from each other to be accepted (see Materials and
Methods). In practice, most of the clusters produced showed P < 0.001
(fig. S3F). Because the P value tends to lose significance on clusters
with a small number of cells, we accepted some of the smaller clus-
ters with P > 0.01 (fig. S3F) after examining the number and quality
of different genes expressed in them. The weakest case is the separa-
tion of the A-line and B-line notochord cells at the 110-cell stage
(P =0.036), which is discussed in details below.

A total of 47 cell clusters were defined. These include 2, 2, 4, 7,
14, and 16 clusters for the 4-, 8-, 16-, 32-, 64-, and 110-cell stage
(Fig. 1E and fig. S3, A to E), respectively, based on the iterative clus-
tering analysis, while the 1- and 2-cell stages were each accepted as
one cluster.

To examine whether the assignment of each cell to the corre-
sponding cluster is proper, we performed additional verification by
comparing the similarity between the gene expression of a cell and
the average expression profile of its tentative cell cluster. We first
computed differentially expressed genes (DEGs) for each cluster
(see Materials and Methods). We then compared gene expression of
a cell to the DEGs of its cluster by Pearson’s correlation test (see
Materials and Methods). A cell is accepted into a cluster if P < 107
A total of 52 cells were reassigned, including 23 that were rejected
from all clusters as unclassified cells because their gene expression
profiles do not correlate well to any defined cell types (fig. S3G).

We then determined the blastomere identity of each cluster by
examining the expression of known markers of different cell types
(Fig. 1F) from the closely related species C. intestinalis (14, 15) and
generated the average expression profile for each cell cluster (table
S2) for ensuing expression analysis. Last, we ordered the 47 cell types
based on their assigned lineage identity across development stages
(Fig. 1G), which depicts the resolved landscape of lineage differen-
tiation. Notably, our result achieves single-cell resolution of the en-
tire B-line lineage.

As a test for the accuracy of cell type calling, we asked whether
for each cell type, the number of cells from each embryo agrees with
the expected number from the known cell lineage (Fig. 1H and table
S1B). In all 124 groups of cells from each type and each embryo, the
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numbers of cells are equal to or less than the expected numbers. For
92 (74%) of the 124 groups, the number of cells exactly matches the
expected number. Thirty-three (97%) of 34 groups at the 32-cell stage
or earlier showed exact match. Most groups with the number of cells
less than expected are from the 64- or 110-cell stage where cells were
lost during isolation. Considering the fact that the number of cells
in a given cell type was not part of the objectives in our computa-
tional analysis, the systematic agreement in cell number demonstrates
the quality of our cell cluster identification and cell type assignment.

Despite the high success rate in cell type identification, some
blastomeres that are known to be distinguishable in C. intestinalis
are not separated by our iterative clustering. These are limited to
two situations where the differences are known to be subtle with only
a handful of markers by in situ assays, namely, early blastomeres at
the 8- and 16-cell stages and tissue subtypes in later embryos (e.g.,
110-cell stage a- and b-line neuronal subtypes). Several technical issues
with our scRNA-seq assay likely contribute to the lack of resolution
in these cases. First, some known C. intestinalis markers do not have
homologs in the C. savignyi gene annotation and, thus, were left out
from our sequencing data, such as the early 8- and 16-cell stage mark-
er Ci-BzI used to distinguish a-line from b-line cells (16). Second,
some markers are not differentially expressed between known cell
types in our dataset. For example, Neurogenin is expressed in both
A8.15 and A8.16 in our data, whereas in situ only detected expres-
sion in A8.16. Table S1C lists all the cases where known cell types
were not separated.

We also compared our results with a recently published high-
throughput single-cell analysis of C. intestinalis (11). The published
study used the 10x Genomics platform to sample the 110-cell stage
at 26x coverage (equivalent of 26 embryos) and reported 14 cell
types, compared to 16 cell types in our study from three embryos.
Specifically, we resolved three tissue subtypes including the A-line
nerve cord, B-line mesenchyme, and B-line muscle. The separation
of these cell types is supported by clear differences in the expression
of 11 to 31 DEGs and one to two known markers (fig. S3, H to J).
Meanwhile, our clustering did not resolve the A- and B-line endo-
derm. The high-throughput study revealed six genes that are differ-
entially expressed between the two types (fig. S3K). In our dataset,
two of these genes, Ephrina-a and Notrlc, were detected robustly in
the endoderm cells. On the basis of the expression level of these two
genes, the endoderm cells in our results can be divided manually
into a putative A-line group and a putative B-line group. Each group
has the right number of cells from each embryo. Thus, it appears
that the difference reported there was marginally detected in our
dataset but was not enough to resolve the two cell types by the same
statistical threshold for other clusters. Overall, our study achieved
comparable power of resolution to the high-throughput approach
with about nine times higher coverage.

Identification of DEGs

After identifying the cell types, we characterized the DEGs among
them. We took a conservative approach in defining the DEGs by
requiring relatively stringent cutoffs for expression level, fold differ-
ence, and P value of Wilcoxon rank sum test (fig. S4, A and B; see
Materials and Methods). In total, we identified 306 DEGs across all
developmental stages examined (Fig. 2A and table S3), including most
of the known markers. As expected, many of the DEGs are TFs and
signaling molecules (56 and 43, respectively). Among the 387 pre-
dicted TFs (17), 15% were detected as DEGs. Furthermore, the DEG
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Fig. 2. Characterization of DEGs. (A) Gene ontology (GO) term classification of the 306 identified DEGs. (B) Variance of DEG expression levels among expressing cells
(red) and between expressing and low/no-expressing cells (black). (C) Number of DEGs per cell type across developmental stages. Each dot is a defined cell type.
(D) Specificity of DEGs as measured by the percentage of expressing cells at each stage. (E) Expression logic of DEGs at the 64-cell stage. From the top, color disks repre-
sent A7.1/2/5,A7.6, A7.3/7, A7.4/8,B7.1/2,B7.3,B7.4,B7.5, B7.6, B7.7, B7.8,a7.9/10/13, a/b-epidermis, and b7.9/10, respectively. Black circles around each cell type denote
cell type-specific DEGs. Lines denote lineage-specific DEGs. Arcs drawn left show DEGs shared by cell types in the same tissue type or germ layer. Arcs drawn right show
other DEGs with complex combinatorial patterns. The thickness of lines and circles is proportional to the number of DEGs. DEG numbers in each category are in paren-
theses. (F) Comparison of expression sites for known cell type-specific markers at the 64-cell stage between in situ (75) (black squares) and detection in this study (red
squares). HQ, high quality; LQ, low quality. (G) Summary of in situ and scRNA-seq comparison across stages. (H) Degree of expression site discrepancies between in situ

and scRNA-seq for high-quality genes from all stages.

list contains genes involved in rich and yet unexplored cell-cell
interactions (adhesion and other membrane proteins) and context-
specific cell biology (cytoskeleton and motor proteins and vesicle
trafficking) as well as chromatin-related pathways.

We then characterized the features of DEGs. The variance of ex-
pression level of individual DEGs among the expressing cell types is
smaller than and cleanly separated from the variance between the
expressing and nonexpressing cell types (Fig. 2B), demonstrating clear
differences in expression levels between the two groups of cells. The
number of DEGs per cell type increases over time (Fig. 2C), cor-
relating with increased zygotic expression over time and differenti-
ation. In terms of specificity, the DEGs on average are expressed in
25% of the cells at any stage (Fig. 2D). The DEGs exhibit complex
combinatorial expression patterns. For example, at the 64-cell stage,
only 20 of 147 DEGs are specific to a cell type, and 25 are shared by
lineage, tissue type, or germ layer, while the remaining 102 genes
show complex patterns (Fig. 2E).

In situ hybridization experiments provide rich and orthogonal in-
formation on gene expression patterns. To this end, we compared our
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results with published in situ data of 51 genes in the early C. intestinalis
embryo (15) that have clear homologs in C. savignyi (referred to as
Imai genes below). We evaluated two aspects of our data: DEG calling
and consistency of expressed sites.

First, among the 37 genes that showed differential expression by
in situ, 23, or 62%, are identified as DEGs in our data (Fig. 2F, gene
names in red). Among the 14 genes that did not show differential
expression by in situ, 12, or 86%, are not defined as DEGs in our data.

Second, we compared the consistency of expression sites be-
tween the two datasets. Taking each gene in each cell type as an ex-
pression site, only 8% of expression sites of our defined DEGs show
discrepancy with those of in situ (Fig. 2F, gene names in red). We
then focused on 51 Imai genes at the 64-cell stage, among which
33 genes show largely consistent patterns [Fig. 2F, HQ (high quality)],
including Ttf-1, Brachyury, and Myod in the endoderm, notochord,
and muscle lineages. Slight differences also exist, such as for Lhx3, which
is detected by scRNA-seq but not by in situ in B7.5 (the TVC pre-
cursor) and A7.6. We observed the opposite pattern as well, such as
E(spl)/hairy-a being detected by in situ but not by scRNA-seq in
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B7.5. Lhx3 was detected in B7.5 by in situ in C. savignyi (18) and was
reported to be required for TVC specification in C. intestinalis (19),
suggesting a false-negative result in Imai’s study For all stages, about
60% of the Imai genes show high degree of agreement between the
two detection methods (Fig. 2G and fig. S4, C to E). Among these
high-quality genes, 78% display <10% unmatched sites between in
situ and scRNA-seq (Fig. 2H). Orthogonal evidence, such as genetic
analysis, is needed to resolve the discrepancy. About 40% of the Imai
genes show relatively large inconsistency (Fig. 2F), which can be fur-
ther divided into three situations. At 64-cell stage, 14 Imai genes
showed predominantly false-positive detection [Fig. 2F, LQ-1 (low
quality-1)] in our data, i.e., they display cell type specificity by in
situ but were ubiquitously detected by scRNA-seq in almost all cell
types. These could be due to errors in the gene models used for
C. savignyi or erratic complementary DNA (cDNA) amplification.
Two Imai genes (Gata-b and Soxb2; Fig. 2F, LQ-2) were not detected
by scRNA-seq in any cell type, likely resulted from low sensitivity or
the use of divergent Ciona species. Last, two Imai genes (Soxc and
Tbx2/3; Fig. 2F, LQ-3) showed large fraction of both false-positive
and false-negative detections compared to in situ data across differ-
ent cell types. Together, the systematic comparison between the
scRNA-seq and in situ data shows moderate sensitivity in DEG de-
tection by scRNA-seq but high specificity in those detected.

Insights on differential gene regulation in early

ascidian embryo

Initiation of zygotic transcription is a major transition step in early
embryo development. Ascidian embryogenesis does not display global
maternal-to-zygotic activation (20). The earliest detected zygotic
expression includes Foxa-a and Soxb1 at the eight-cell stage (21, 22).
We used the scRNA-seq data to systematically examine the earliest
zygotic transcription. Specifically, we analyzed the expression level
of DEGs between each mother-daughter pair to identify presumptive
de novo transcription from 1- to 16-cell stage (Fig. 3A; see Materials
and Methods). We detected extensive de novo transcription at the
16-cell stage (Fig. 3B and fig. S5A), which includes 11 zygotic genes
in all three somatic lineages, including the known cases of Soxbl
and Fgf9/16/20 (fig. S5A). However, it is a cell cycle later than the
reported initiation at the eight-cell stage. We did detect a putative
de novo transcription event at the eight-cell stage in the B4.1 cell,
which turned out to be a mitochondrial transfer RNA gene (asterisk
in Fig. 3B), a likely false-positive classification of a maternal gene.
The delayed detection in our analysis may result from a combination
of our stringent cutoffs and the lack of sensitivity in scRNA-seq.
These results are in line with a recent study in C. intestinalis (23).
Nine genes can be considered overlapping, with zygotic transcrip-
tion detected in both species despite the different cutoffs.

Before the start of zygotic transcription, the early Ciona blastomeres,
nevertheless, display differential gene expression through asymmet-
ric localization/inheritance of maternal mRNA. Among the 26 and
37 DEGs at the four- and eight-cell stage (table S3), most show higher
numbers of average Unique Molecular Identifiers (UMIs) in the germ
line (B and B4.1), including known cases like Eph1, Wnt5, and Pem
(24). However, at each stage, there is also a group of genes showing the
opposite pattern, such as Foxj2 with a higher level in A and Ci-ZF087
higher in A4.1/a4.2/b4.2 (unresolved cell type group).

We further examined genes associated with germline lineage
formation. In ascidian embryo, a group of maternal RNAs called
postplasmic/PEM are preferentially localized to the posterior blasto-
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meres and contribute to the development of the germline lineage
(25). We examined how well the known postplasmic/PEM genes can
be detected by the pattern of elevated levels in the germ line than its
sister lineage across all stages. Of the 44 C. savignyi genes that
have been annotated as postplasmic/PEM (25), 21 can be identified
(Fig. 3C and fig. S5B). In particular, at the eight-cell stage, 10 known
postplasmic/PEM genes are among the 152 genes enriched in B4.1
(Fig. 3D). A previous work showed that some postplasmic/PEM genes
are both ubiquitously expressed in the cytoplasm of all cells and
enriched in a specialized cytoplasmic region (called the CAB, the
centrosome-attracting body) in the posterior cell. Such a pattern may
not be reflected as a simple whole-cell elevation in the germ line.
For the remaining 142 of the 152 genes enriched in B4.1, it is diffi-
cult to say whether all of these are postplasmic/PEM genes without
further evidence such as localization to the CAB.

In Ciona embryo, different cell types are generated by asymmet-
ric cell divisions that involve both internal and external cues. Tak-
ing advantage of the single-cell expression data, we systematically
examined expression profiles in mother-daughter trios where the
two daughters take up different fates. Across all stages examined, we
identified 12 asymmetric cell divisions where daughter cells were
clustered into distinct cell types (Fig. 3A, boxes). Typically, daugh-
ter pairs showed 20 to 80 DEGs with a >1.8-fold difference between
each other in expression level (Fig. 3E). We then asked for each case
whether the mother cell, which is, in theory, bipotent, exhibits char-
acteristic gene expression of the two daughter fates (Fig. 3F). The
DEGs with a >1.8-fold difference in one daughter compared to the
other were considered the characteristic gene expression of the for-
mer. We found that the 12 divisions fell in two groups. In 3 of the
12, namely, A6.1/3, B4.1, and B6.3, the mother cell has about equal
number of characteristic genes of each daughter. In the other nine
cases (asterisk, chi-square test P < 0.01; Fig. 3F), the mother cell is
heavily biased toward one daughter’s DEG expression profile. Among
these, two are influenced by maternal determinants (B, B5.2, and
germ line), while the remaining seven cases are FGF dependent. The
favored daughters are uniformly the default fate. These results sug-
gested that there are two different scenarios in FGF-MAPK-dependent
fate induction. In the first scenario, where the mother cell only has
DEGs of the FGF-MAPK-negative daughter, FGF-MAPK directly
activates the program of the FGF-MAPK-receiving daughter (e.g.,
Brachyury in the notochord) and also inhibits the DEGs of the FGF-
MAPK-negative daughter in the FGF-MAPK-receiving daughter.
By contrast, in the second scenario (i.e., A6.3), the mother cell has
DEGs of both daughters. It would require a more complex mechanism
to segregate the two daughter fates compared to the other cases.
Our previous study showed that fate induction in A6.3 requires a
complex interaction between FGF-MAPK, Ephrin, and Nodal sig-
naling (26).

The molecular lineage and temporal dynamics
of differentiation
Combining the invariant cell lineage and the DEGs in each cell type,
we constructed a molecular lineage (Fig. 4A), which reveals a global
view of how gene expression underlies lineage differentiation, i.e.,
emergence and turnover of DEGs along lineages. On the basis of the
molecular lineage, we examined the divergence of the epidermal
lineage.

The a-line and b-line epidermal cells remain as one cell type up
to the 64-cell stage but become two distinct types by the 110-cell
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stage (Fig. 1G). To further examine the divergence of cell fates, we
used pseudotime analysis (see Materials and Methods) to reconstruct
the bifurcation of cellular state toward the a-line and b-line epidermal
fates and the accompanying changes of DEG expression (Fig. 4,
B and C). The result showed that the divergence occurs during the
64-cell stage. Furthermore, the analysis showed a leap of cell state
from the 32-cell stage to the 64-cell stage, which is followed by grad-
ual transition during the 64- and 110-cell stage (Fig. 4B). Consistently,
the expression level of DEGs changes rapidly between the 32- and
64-cell stages but less so between 64- and 110-cell stages (Fig. 4C).
The leap is not an artifact of smaller number of cells at the 32-cell
stage since there is a comparable number of cells in each of the grad-
ually changing branches at the 64-cell stage. This pattern is also not
an artifact of embryo age variation: Cells from individual embryos
do not display biased ordering along the pseudotime (fig. S5C). The
abrupt change of cell state indicates rapid gene expression and turn-
over, which may be dictated by the short cell cycle and continuous
differentiation in an invariant cell lineage.

Role of FGF-MAPK signaling in asymmetric cell fate
specification in Ciona embryo

Distinct cell types are generated by the interplay between signaling
pathways and cellular determinants. The FGF pathway plays broad
roles in metazoan development. In Ciona, the Fgf9/16/20-dependent
MAPK pathway is the major inductive signal for cell fate specifica-
tion across multiple lineages (27, 28). We inhibited FGF-MAPK
signaling with the MEK inhibitor U0126 (29) at the 1-cell stage and
performed single-cell analysis for two 64-cell embryos.

First, we examined fate transformation upon U0126 treatment.
We performed iterative clustering of U0126-treated cells using DEGs
from wild-type 64-cell embryos and identified 10 cell types (Fig. 5A
and fig. S6). Among these, we identified eight fate transformation
events including all seven known cases such as notochord to nerve
cord and mesenchyme to muscle (table S1D). SplitsTree (30), which
was originally developed for evolutionary phylogeny construction,
was used to visualize the similarities of cell types between wild-type
and U0126-treated embryos (Fig. 5B). The tree does not imply lin-
eal or evolutionary relationship in this context. We noticed that for
the case of notochord and mesenchyme induction, whereas the cor-
responding FGF-MAPK targets are diminished by U0126 treatment,
the presumptive notochord and mesenchyme blastomeres do not
adopt a complete fate transformation. They are still separable from
the sibling nerve cord and muscle fates by 4 or 5 retained DEGs
(table S1D), although the differences are much reduced compared
to more than 30 DEGs in the wild-type. In addition, our analysis
revealed a previously unknown fate transformation event in which
the presumptive TVC (B7.5) is transformed to a muscle-like fate
B7.4 (table S1D). This is consistent with the previous observation
that the expression of Mesp in B7.5, a key TF of the TVC fate, is par-
tially dependent on Fgf9/16/20 (19). Our result further revealed that
upon loss of MAPK signaling B7.5 adopts a muscle fate.

Next, we examined gene regulation by the FGF-MAPK pathway.
U0126 treatment caused broad changes in DEG expression across
cell lineages at 22% of the expression sites (Fig. 5C and table S3).
Specifically, known FGF-MAPK targets including Brachyury, Twist-like,
and Otx were diminished from the corresponding cell types, con-
firming the specificity of the inhibitor (fig. S6B). Our analysis also
identified previously unknown FGF-dependent gene expression. For
example, Lefty, which belongs to the transforming growth factor-

Zhang et al., Sci. Adv. 2020; 6 : eabc4773 4 November 2020

superfamily, is normally expressed in notochord, B-line mesenchyme
and TVC in wild-type embryos (Fig. 5D). Upon U0126 treatment, the
expression is completely diminished in the embryo, suggesting that
Lefty is a target for FGF-MAPK. In addition, we found that ZicL,
an early specifier for mesoderm lineages, is under FGF-MAPK reg-
ulation in a context-dependent manner. In U0126-treated embryos,
ZicL is specifically lost in the posterior muscle and mesenchyme
lineage (B7.7/B7.8) but unaffected in the anterior muscle and
mesenchyme (B7.3/B7.4) or the A-line blastomeres (Fig. 5D). The
regulation of Lefty and ZicL by the FGF-MAPK pathway was further
confirmed by our in situ experiments (Fig. 5E).

Last, we examined the interplay between FGF-MAPK signaling
and asymmetric inheritance of cytoplasmic determinants during
lineage differentiation. Among the asymmetric cell divisions that de-
pend on FGF induction, three cases, namely, A7.3/7 versus A7.4/8,
B7.3 versus B7.4, and B7.7 versus B7.8, are accompanied by trans-
port of mitochondria (MT) toward the marginal daughter (31), which
is reminiscent of asymmetric MT inheritance in mammalian em-
bryonic development and stem cell differentiation (32, 33). This
pattern can be robustly detected in our scRNA-seq dataset by examin-
ing MT-coded genes (fig. S6D). We identified 78 genes during these
divisions whose mRNA show enrichment in the marginal daughters
compared to their medial sisters. In addition to 25 MT-coded genes,
this gene list also contains genes encoding signaling pathways and
TFs (Fig. 5F). We then asked whether the asymmetry of MT and the
cosegregating genes requires FGF-MAPK signaling. After U0126 treat-
ment, 24 of the 25 MT-coded genes remain asymmetric (Fig. 5G),
which suggests that MT segregation does not require FGF-MAPK
signaling and another polarity cue exists. Similarly, 31 non-MT genes
remain asymmetric. Further experiments are required to determine
whether these mRNAs are transported by the same mechanism as
the MT. Last, 22 non-MT genes become symmetric (Fig. 5H), which
are consistent with being conventional target genes of the FGF-MAPK
pathway. Together, these results suggest that multiple polarity path-
ways function in these asymmetric cell divisions and may involve
transport of mRNA in addition to MT.

The GRN of notochord differentiation

The notochord is a chordate-specific innovation during evolution
(34). In contrast to vertebrates, the Ciona notochord forms from
two distinct lineages: the primary notochord from the A-line neural/
notochord precursor (A6.2/4) and the secondary notochord from
the B-line mesenchyme/notochord progenitor (B7.3). The two no-
tochord lineages become fate restricted at different time points: 64-cell
stage for the A-line and 110-cell stage for the B-line, as manifested
by the onset of Brachyury expression, a key regulator of notochord
fate in Ciona (35). Brachyury expression is also activated in distinct
manners in the two notochord lineages. In the A-line notochord,
Brachyury expression depends on ZicL and Fgf9/16/20 signaling,
with ZicL being activated by Foxa.a and Foxd (Fig. 6A, pink box)
(15, 27, 36-39). In the B-line notochord, Brachyury is subjected to
an additional level of negative regulation, being repressed by Snail
at the 64-cell stage and subsequently derepressed by Notch signal-
ing (Fig. 6A, blue box) (40-42).

To explore how notochord fate develops in these two lineages,
we used single-cell expression data to characterize the notochord
GRNs. We first identified notochord-specific genes that were de-
fined as genes that are expressed in both notochord lineages and
show specificity (>1.8-fold difference) compared to its non-notochord
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sister lineage (A7.3/7 versus A7.4/8, A8.5/6/13/14 versus A8.7/8/15/16,  tence of pathways parallel to Brachyury (Fig. 6A, green box). These
and B8.6 versus B8.5). A total of 28 notochord-specific genes were  genes include TFs (Mnx and Elk), signaling molecules (Prickle, Lefty,
identified. In theory, these would include both upstream regulators  Ddr1/2, and Bmp5/7), and extracellular protein genes (Plod1/2/3,
and downstream targets of notochord fate, which should display  Dsel, and Col4al1/2/6). Of these, Mnx and Prickle have been impli-
different temporal dynamics with respect to notochord fate restric-  cated in notochord development (43, 44). Among the nine genes
tion in each lineage. We observed two major patterns of expression  turned on at the 64-cell stage, five are down-regulated in our FGF-
(Fig. 6B). The first pattern (Fig. 6B, red bar) contains three genes MAPK drug inhibition experiment, including Mnx and Lefty [Fig. 6,
that are activated in the A-line one cell cycle before the B-line, in- A (genes in red) and B (asterisk)]. This result suggests that part of
cluding genes in the known Brachyury pathway, i.e., Brachyury and  the parallel pathway is regulated by FGF signaling, which further
its upstream regulator Foxa-a. The second pattern of expression  expands our understanding of FGF function in notochord differen-
(Fig. 6B, blue bar, 23 genes) is synchronously turned on in both  tiation beyond the known role to activate Brachyury.

notochord lineages and contain most of the notochord-specific genes Despite the overall similarity of notochord-specific gene expres-
identified. Notably, 18 of the 23 genes are turned on at the 32- and  sion in the A and B lineages, the B-line notochord precursors give
64-cell stage before the activation of Brachyury, suggesting the exis-  rise to secondary notochord lineage in the larval tail tip and express
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different genes than the primary notochord (40). To explore how
these differences may arise, we identified 16 genes that are differen-
tially expressed between the A-line and B-line (>1.8-fold difference
in A8.5/6/13/14 versus B8.6, fig. S7). To distinguish whether these
differences reflect their lineage history or diversification of subtypes,
we examined whether these differences are already present in their
progenitors before notochord fate restriction, i.e., 32-cell A-line and
64-cell B-line, respectively. Nine of the 16 genes come from lineage
history. For example, ZicL is expressed in higher levels in A-line
than B-line (Fig. 6B, asterisk, and fig. S7), whereas Snail is expressed
exclusively in the B-line precursor. As ZicL is a direct activator of
Brachyury, the lower level of ZicL in B notochord lineage may par-
tially contribute to the delayed activation of Brachyury. In addition,
5 of the 16 genes are expressed at or after notochord fate restriction,
suggesting that these are newly activated in either the A- or B-line
and may contribute to the diversification of notochord subtypes. These
include Orphan bhlh-1 and Ephrina-a in A-line (fig. S7). Thus, at
this early stage of notochord differentiation, most of the differences
between A- and B-line notochord come from lineage background
but subtype-specific gene expressions begin to emerge.

Systematic comparison of cell types in early chordate
embryogenesis

As the sister group to vertebrates, the ascidians provide a critical node
in evolution to understand how vertebrate developmental programs
arose. To this end, we conducted a comparison between Ciona and
mouse embryonic cell types and investigated the degree of gene ex-
pression conservation between them.

Accurate match of developmental stages between Ciona and mouse
is key to this question, but the two systems undergo very different
embryogenesis patterns. Ciona embryonic tissue specification occurs
before gastrulation with the 10 major tissue types (table S4B, Ciona
tissue types) emerging at the 64- to 110-cell stage, while in mouse,
such tissue specification events do not happen until after gastrulation
(E6.5 and after). We compared the Ciona cell types defined in our
study to those in a recently published single-cell study of mouse
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embryogenesis for E6.5-E8.5 (4) so that we could compare gene ex-
pression between the two species when the cell types first emerge.

First, we created a map of homologous cell types based on the
known tissue homology and lineage in Ciona and mouse. Among
the 10 tissue types defined in Ciona, 5 showed a one-to-one match
in terms of tissue homology, namely, endoderm to foregut (E7.5),
neuron to brain (E7.75), nerve cord to spinal cord (E7.75), notochord
to notochord (E7.5), and germ line to primordial germ cell (PGC)
(E7.0) (Fig. 7A, the earliest stage of mouse cell types with >10 cells;
Fig. 7B, first two columns). The birth times of mouse cell types are
not biased by the number of cells of each stage and are also evidenced
by the onset of known cell type-specific markers (fig. S8A). The re-
maining five Ciona cell types do not have clear matches in mouse at
E6.5-E8.5 because of heterochrony of development (muscle and epi-
dermis) (45), different lineage route for the relevant cell types [TVC and
trunk lateral cells (TLCs)] (46, 47), or derived ascidian-specific types
(mesenchyme) (48) (Fig. 7B, first two columns).

Next, we examined gene expression between Ciona and mouse
cell types for patterns of conservation. Because the mouse study did
not define DEGs for each cell type, we examined the expression of
the homologous genes (table S4A) of the Ciona DEGs in correspond-
ing mouse cell types. The most prominent pattern of conservation
is shared expression of TFs (Fig. 7B and table S4). These include TFs
essential for tissue specification. For cell types with clear homology,
Sox2is expressed in both Ciona and mouse neural tissues, Brachyury,
Foxal, and MnxI in the notochord, and Foxal in the endoderm
(49). For Ciona TVC and TLC, we observed shared TF expression
with their corresponding mouse cell types that would give rise to
homologous cell types in their progeny. TVC shares Mesp2 and
Tbx6 with mouse somitic mesoderm in the context of being a
muscle progenitor (50) and IrxI with the pharyngeal mesoderm in
terms of the second heart field. The splanchnic mesoderm in mouse
that gives rise to the first heart field was not identified in the pub-
lished results. Similarly, TLC shares TFs with both mouse somitic
mesoderm in terms of body muscle (Foxb1) and hematoendothelial
progenitors [Etv2, (51)]. Ciona TVC, muscle, and TLC, all capable
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of giving rise to muscle, each express a unique combination of TFs
that are coexpressed in mouse somitic mesoderm that gives rise to
body muscle. In addition, Ciona epidermis expresses Gata3 that is
essential for skin stem cell lineage determination (52). A few signal-
ing molecules are also shared, such as Chrd in the notochord. How-
ever, the major signals for fate induction in mouse development are
largely not, which may reflect the fact that fate allocation in the two
species goes through different lineage route. Last, in terms of other
types of genes, only TVC shows notable similarity to mouse in the
context of the cardiomyocyte. The shared genes are structural genes
for muscle in general. These results are based on the gene expression
of each mouse cell type from its first appearance to E8.5. Using different
time spans (table S4, C and D, 0.5 or 1 day after first appearance) did
not affect the conserved gene list. Thus, conservation of gene expres-
sion between homologous cell types in Ciona and mouse embryo is
limited to a small number of TFs important for tissue specification.
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Last, we tested the possibility to identify homologous cell types
de novo from expression data. We found that similarity based on
tissue-specific TF expression was able to capture the homologous
cell types. We calculated the similarity score for a given pair of Ciona
and mouse cell type based on how specific the expressed TFs are to
the given cell types, which is measured by the z score of a TF’s ex-
pression level within the species (see Materials and Methods for de-
tails). For four of the five Ciona tissues with clear mouse homology
(neuron, nerve cord, notochord, and endoderm), the correspond-
ing cell types show the best score (Fig. 7C). For the remaining five
Ciona tissue types without clear homology, the similarity score led
to spurious matches. It is worth noting that the scores for these spu-
rious matches are not substantially lower compared to the correct
matches above. That is, while homologous cell types are best matches
for each other, not all best matches are homologous. Varying the
time span in mouse (0.5 or 1 day after first appearance instead of to
E8.5) did not improve the results (fig. S8B). Expanding the compar-
ison to using tissue-specific DEGs instead of TFs produced worse
results: Only two of the five pairs of homologous cell types were
matched (fig. S8B). The deterioration is not a surprise given the ob-
servation in Fig. 7B that conservation of gene expression is limited
to TFs that are essential for fate specification.

DISCUSSION

Single-cell technologies have revolutionized the developmental bi-
ology field and provide an unprecedented opportunity to reveal the
role of individual cells in the developing embryo. However, embryos
of most model organisms pose several challenges. First, at key tissue/
cell type specification stage, embryos contain too many cells to
sample using existing high-throughput platforms. Previous studies
in mouse, zebrafish, or frog embryos often cover less than 5 to 10%
of cells of a given embryo. Second, a given tissue type at a specific
embryonic stage often contains cells of continuous development
stages, making identification of the exact steps of cell fate specifica-
tion and diversification difficult. Thus, these studies may provide an
overview of major embryonic cell types but difficult to dissect de-
tailed molecular events for lineage specification, progenitor-progeny
relationship, and asymmetric cell fate specification. Instead, the as-
cidian embryo not only contains a low cell number (~100 at tissue
specification and 2500 for larva) but also develops through invariant
lineage, thus providing an ideal system for single-cell characteriza-
tion of embryogenesis.

In this study, we chose a plate-based low-throughput approach
and generated single-cell transcriptomes of C. savignyi embryos from
fertilization up to early gastrulation. Instead of dissociating embryos
together and sample cells from multiple embryos, we separately dis-
sociated individual embryos and recorded the attribution of each
cell. With this, our clustering results could be precisely validated
using accurate cell number as a benchmark, and reliable clustering
empowers us to explore gene dynamics along the true differentia-
tion paths of Ciona invariant lineage. This approach was similarly
used in a recent single-cell study of P. mammillata (12) and resulted
in comparable results. By contrast, Cao et al. (11) used a droplet-based
high-throughput method to study C. intestinalis embryogenesis from
the 110-cell stage onward (11). This provides a unique case to com-
pare the performance of two single-cell methods on comparable
developmental systems. As to this, we revealed that despite the differ-
ence in cell coverage, our low-throughput data provide a comparable
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and, perhaps, better clustering result compared to their high-throughput
data (16 versus 14 cell types), which implies that throughput and
single-cell method both account for clustering quality.

Our work in FGF/MAPK perturbation, which enables systematic
evaluation of FGF functions on Ciona cell types, identified unknown
FGF-dependent fate transformation events, previously unidentified
FGF targets, as well as new insights on asymmetric cell division: (i) Our
data first showed that TVC (64-cell B7.5) adopts muscle fate upon
FGF inhibition. (ii) We identified many FGF targets in different
cell types, in particular, genes that are involved in notochord specifi-
cation and working in parallel to Brachyury. (iii) The high preci-
sion of single-cell profiling allowed us to determine gene expression
changes in the mother-daughter trio fate division process. We
showed that in cases where FGF directly activates gene expression
in the MAPK-positive progeny, the MAPK-negative progeny is very
similar to the mother DEG expression, suggesting that FGF sig-
naling may also act for asymmetric inheritance of mother DEGs
and/or actively repress mother DEGs in the MAPK-positive daughter.
This pattern is quite different from the mixed-state model of asym-
metric cell division as observed in C. elegans and stem cell division,
in which the mother cell has the signatures of both daughters (53, 54).
More broadly, our FGF analysis illustrates that with whole-embryo
single-cell studies of just a few perturbation experiments, one can resolve
the major signaling requirements for embryonic cell fate specification,
amounting decades of work with mutational and in situ analysis.

Single-cell data coupled with defined lineage development knowledge
also allowed us to make new findings of GRN in lineage specifica-
tion. In ascidian notochord development, Brachyury is long re-
garded as a master regulator of notochord fate (55, 56). However,
only a subset of notochord-enriched genes is up-regulated by ecto-
pic Brachyury expression (57), and Brachyury mutants still express
certain notochord genes (58), indicating that Brachyury might not
be a strictly defined master regulator. Our data detected the earlier
activation of 18 notochord-specific genes before Brachyury, includ-
ing TFs and signaling molecules. This result provides evidence to the
idea that Brachyury together with Brachyury-independent genes act
in parallel in notochord GRN for notochord specification. FGE-MAPK
activates part of the parallel pathway in addition to activating
Brachyury. In addition, our data also shed light on the differential
activation of Brachyury between A- and B-line notochord. Traditional
view holds that Brachyury is repressed by Snail in B-line at 64-cell
stage and subsequently derepressed by Notch signaling at 110-cell
stage. However, loss of Snail does not result in ectopic Brachyury
expression in the muscle lineage (15), suggesting Snail repression
may not be the only reason Brachyury is not turned on in 64-cell
B-line notochord lineage. Our work identified one possible candi-
date, ZicL, a direct activator of Brachyury, which is expressed at
much lower levels in 64-cell B-line than A-line (B7.3 < A7.3/7) and
may not be sufficient for initiating Brachyury expression at 64-cell
B-line notochord.

As more single-cell data become available regarding model or-
ganism embryonic development, it offers the chance to systemati-
cally examine the similarities and differences between homologous
tissue/cell types across different species. A previous cross-species
comparison (1) successfully aligned ~70% cell types between zebrafish
and Xenopus, indicating broad conservation of lineage topologies
between species. Spanning a larger evolutionary distance, our com-
parison between Ciona and mouse could link 50% of the Ciona cell
types. Despite the different extent of conservation, epidermis and
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mesoderm tissues stand out as distinct cell types in both compari-
sons, suggesting the diversity of lineage topologies in these tissues.
When it comes to conserved gene expression of homologous tissues,
Sobral et al. (59) found a broad divergence in expression profiles be-
tween Ciona and zebrafish. Briggs and colleagues (I) reached a sim-
ilar conclusion comparing between zebrafish and Xenopus that only a
subset of genes are shared between homologous tissues and mostly
limited to TFs, especially those of core regulators of tissue fates.
This unexpectedly low level of conservation detected between Ciona
and mouse, between Ciona and zebrafish, and between frog and fish
indicates that only a small set of key regulators are conserved over
evolution, while their upstream activators as well as downstream
targets can drift. A similar notion is reflected in the developmental
toolkit genes theory (60), although it is still unexpected to see that
even at relatively short evolutionary distances, conservation of gene
expression is reduced to key TFs.

MATERIALS AND METHODS

Animals and embryology

Fecund C. savignyi animals were collected from the Jiaozhou Bay in
Qingdao, Shandong and kept in 18°C circulation seawater tank.
Fertilization, dechorionation, and embryo cultures were done as pre-
viously described (61). For FGF-MAPK drug inhibitor experiments,
embryos were grown in seawater containing U0126 (2 pug/ml) from
1-cell stage and kept to 64-cell stage for dissociation.

For embryo dissociation, staged embryos were transferred to
Ca,*/Mg,"-free artificial seawater (61) containing freshly prepared
0.1% trypsin (MP Biomedicals). Single embryos were gently pipetted
using a mouth pipette until all blastomeres dissociated. All blasto-
meres from a single embryo were transferred to a new dish of fresh
seawater at 4°C, after which cells were individually transferred us-
ing a glass capillary needle attached to a mouth pipette to polymerase
chain reaction (PCR) tubes containing the Smart-seq2 lysis buffer
(62). The tubes were flash-frozen in liquid nitrogen and temporarily
stored at —80°C before library preparation.

Single-cell RNA sequencing
A modified Smart-seq2 protocol with an 8-base pair (bp) barcode
and 9-bp UMI in reverse transcription (RT)-primers was used to
allow sample pooling and amplification bias removing. RT and pre-
amplification were processed as the Smart-seq2 protocol. Briefly, cells
in lysis buffer were thawed on ice, put on a 72°C thermal cycler for
3 min to denature, and immediately put on ice for annealing. RT mixture
with template-switching oligos was added and proceeded using
the following PCR steps: 42°C for 90 min and then 10 cycles of
50°C for 2 min, 42°C for 2 min, and last, 70°C 15 min. cDNA pre-
amplification was performed for 12, 13, 14, 15, 16, and 17 cycles,
respectively, for 1/2-cell, 4-cell, 8-cell, 16-cell, 32-cell, and 64/110-cell
stage samples.

cDNA libraries from different cells were pooled and purified for
subsequent sequencing library construction. cDNA (500 pg) of each
pooled sample was fragmented and tagged and the 3’ end amplified
according to the Nextera XT instructions except that a custom P5
primer was used for amplification. Libraries were sequenced on an
Ilumina HiSeq X Ten platform with a custom read1 sequencing primer.
We used the 150-bp paired-end and 8-bp index mode, consistent
with default X Ten machine settings. Each cell was sequenced for an
average depth of 500,000 paired-end reads.
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In situ hybridization

We performed in situ hybridization in both wild-type and U0126-
treated embryos at the 64-cell stage. For drug-treated embryos, em-
bryos were also grown in seawater containing U0126 (2 pg/ml) from
1-cell stage. Embryos were hybridized in situ with probes for ZicL
(36) and lefty (63) using standard protocols described previously (64).

Gene classification

The C. savignyi gene model (CSAV2.0; Ensembl) was first compared
against the gene models from C. intestinalis (KH2012; Aniseed) by
BLASTP to transfer the functional annotation of the genes in C. intestinalis
by orthology. Mutual best hit with identity >30% and an e value of
<17 were considered as orthologs. The reference of all the gene models
is provided in table S2. TFs (n = 387) in C. savignyi were download-
ed from DBD (database of predicted TFs) (17). TFs (n = 1506) in
Mus musculus were downloaded from TcoF-DB v2 (65). Ciona and
mouse orthologous genes were downloaded from Ensembl. In addi-
tion, DEGs in Ciona that do not have Ensembl orthologs were matched
to mouse genes on the basis of sequence similarity. Specifically, top
BLASTP hits (maximal # = 3) with an e value of <10™'* and align-
ment length >30% were considered as orthologs. Among the DEGs
in Ciona, 158 genes have Ensembl-assigned orthologs, and 45 have
orthologs upon BLASTP (table S4A).

Gene ontology (GO) annotations for each gene were downloaded
from Ensembl. Thirteen categories of GO terms were sequentially
matched to GO terms of each DEG in the following order: TF, chro-
matin, RNA binding/splicing, protease/ubiquitin, signaling pathway,
adhesion, extracellular matrix, cytoskeleton/microtubule, myosin/
kinesin/dynein, vesicle, MT, metabolism, and membrane. Each gene
is only assigned to one category. Genes whose GO annotation do
not match to any category were assigned to “other.” Genes without
any GO annotation were assigned to “unknown.”

Data processing of scRNA-seq

Drop-seq software (66) was used for data demultiplexing, reads
alignment, and cellular-molecular barcodes processing. Barcodes (9 to
16 bp) and UMI (17 to 25 bp) extracted from readl were added to
read2 as tags. PolyA tail sequence and template switch oligo se-
quence were trimmed. Only read2 were mapped to the C. savignyi
genome (CSAV2.0, Ensembl). A “GE” tag was added onto reads
when the read overlaps the exon of a gene. Reads of used exact bar-
codes were counted to get the raw count matrix. The raw and pro-
cessed data were deposited into Gene Expression Omnibus (GEO)
(GSE113788). Low-quality cells with the number of detected genes
less than 2000 were removed. Genes with per-embryo effect were
considered systemic errors and removed from downstream analy-
sis. Per-embryo effect was defined as greater than twofold differ-
ence on average UMIs between any pair of embryos at the same
developmental stage. Normalization were performed by DESeq2
(67) in cells at each developmental stage.

Definition of clusters and DEGs through iterative clustering
Selection of HVGs
We used two methods (fig. S1, B and C) to select HVGs at each de-
velopmental stage as described below. The hypothesis is that HVGs
do not conform to Poisson distribution as most of the genes. Genes
from both methods were then merged as the HVGs at each stage.
Method 1. 1) Theory: pi(k = 0) = y; = n - ¢ *; in Poisson distribu-
tion, where x is the mean and y is the number of 0 count.
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2) Plot 0 count against log, mean for each gene.

3) Tentative outliers on this plot were detected by k-nearest-
neighbors distance (R package DDoutlier, k = 3 to 6, distance <15).
The boundary between inliers and outliers was further smoothed by
local polynomial regression fitting on maximal inliers on each value
on the y axis. Final outliers were considered as genes out of the smooth
boundary.

4) To exclude genes with low expression, HVGs were defined as
outliers with a mean of >0.1 and number of 0 count >10% X n, where
n is the total number of cells at each stage.

Method 2. 1) Theory CV* = ;‘—22 = &, o° = p in Poisson distribution.

2) Plot CV? against log, mean.

3) Outliers on this plot were detected by confidence line (P = 0.999)
of linear regression.

4) Same with method 1.4 to exclude genes with low expression,
HVGs were defined as outliers with a mean of >0.1 and number of
0 count >10% x n, where # is the total number of cells at each stage.
Initial clustering of cells
Dimension reduction at each developmental stage was performed
by t-distributed stochastic neighbor embedding (t-SNE) using HVGs
(R package Seurat; parameters were set according to cell number, as
listed in Table 1). Clustering was performed in t-SNE space with
local density clustering (R package dbscan). To optimize parame-
ters of dbscan, we enumerate the combination of parameter k (min-
imal number of points required to form a dense region: 2 to 6) and
parameter eps (size of neighborhood: range from the minimal pair-
wise distance to the maximum pairwise distance in a step of 0.1).
The objective function for the parameter search is to minimize the

global Davies-Bouldin index DB = X, maxi;tj(SiM;ijS’), where S; is
the average distance of all points in cluster i to its centroid, Mj; is the
distance between the centroids of cluster i and cluster j, and # is the
number of clusters. Table 2 lists the optimized parameters of dbscan
and DB index of clustering.

Iterative clustering of cells

To obtain high resolution on cell types, we applied iterative cluster-
ing to resolve nested cell types (fig. S2).

Further division of a given cluster. 1) Further clustering of a given
cluster is based on the same t-SNE and DBSCAN-based method
used for initial clustering. HVGs used in further clustering are fil-
tered from global HVGs from step 1with an average UMI of >0.5 in
the given cluster (Fig. 1D).

2) Each tentative cluster produced by further clustering is
evaluated for the difference to its closest cluster and will only be
accepted as a cluster if the difference is significant. The closest
cluster is defined by the local Davies-Bouldin index, i.e., cluster j in
S

Si . .
A; } is the closest cluster for cluster i. To evaluate

argmax{j #1i | ;
the difference between cluster i and j, we first identify genes from the
HVGs whose expression is significantly different between the two
groups of cells. For each gene, a P value is calculated on the basis
of the Wilcoxon rank sum test, where cells are ranked by the UMI of the
given gene. A gene is considered significantly different if P < 0.01. The
cumulative difference for two clusters, dj, is defined as Y k=1 —log,(pi),
where py is the P value of significant gene k and # is the number of
significant genes. The significance of dj; is further evaluated by a
background distribution. This background is calculated by randomly
sampling two groups of cells from all cells of the same developmental
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Table 1. Parameters used for different cell numbers in Seurat
clustering. PCA, principal components analysis.

gf“gﬁ:’ (0,101 (10,20] (20,40] (40,60] (60,100] n>100
PCA dim 5 10 10 15 20 30

Lo
e S S

Table 2. Optimized parameters for dbscan and DB index of clustering.

Stage k eps DB index
c4 3 38.8 0.31

stage, with one group matching the number of cells in cluster i and the other
cluster j. A dvalue is calculated for the sampled two groups. The distribution
of d is compiled by repeating the random sampling 1000 times.

3) Iterative clustering was applied on each cluster until it reached
any of the following four terminal conditions. (i) Number of cells
less than 4, (ii) no partition by dbscan, (iii) further clustering iden-
tified a tentative cluster from one embryo (residual batch effect be-
comes locally dominant), and (iv) significance of difference between
the tentative clusters show P > 0.01 as calculated above.

Merge clusters. Check whether any cluster can be merged after all
clusters meet the termination condition. Merge clusters to its closest
cluster if their significance of difference P is >0.01.

Definition of tentative DEGs

DEGs for a given developmental stage were defined as genes that have
statistically significant difference between some cell types with high
expression and other cell types with low/no expression. Wilcoxon
test was used to measure the statistical difference.

Method. To define high- and low/no-expression groups for a given
gene, we first sort cell types by their average expression level of the
given gene. At each possible position to bisect the sorted list, we cal-
culate the P value by Wilcoxon test between the two groups of cell
types. The bisection with the minimal P value is used to define high-
and low/no-expression groups.

Thresholds. 1) Mean count in high-expression group >0.5.

2) Fold difference between high and low/no group >1.8.

3) Wilcoxon P value cutoffs at different developmental stages
(higher cell number at late developmental stages gives a more
significant P value, i.e., C4, 0.01; C8, 0.01; C16, 107 C32, 107>
C64,107;C110,107"))

Special case. The 16-cell stage had the lowest detection ratio of
known markers. Therefore, we used a more sophisticated process to
recover the tentative DEGs at this stage. First, we used a more strin-
gent cutoff of Wilcoxon P value compared with the other stages (see
Thresholds above) to generate a core set of high-quality DEGs. Next,
we searched for genes that show good correlation with any high-
quality DEG (Pearson’s correlation coefficient > 0.6).
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Reclassification of individual cells

To examine whether a cell truly belongs to the cluster that it has been
assigned to, we compare the gene expression profile of the cell to
that of the cluster (fig. S2).

Method. 1) The gene expression profile of each cluster is defined
as the vector of mean expression values of the tentative DEGs. The
gene expression profile of the cell is defined as the vector of expres-
sion values of the tentative DEGs.

2) The similarity between a cell and a given cluster is measured
by Pearson’s correlation. Genes with an expression value of 0 are ex-
cluded from the vectors before Pearson’s correlation was calculated
(UMI in an individual cell <4 or mean UMI in a cluster < 0.5). The
Pvalue of the correlation was calculated using Student’s ¢-distribution
with degrees of freedom n — 2 (n is the length of the vector).

3) If the P value is <107, then the cell belongs to the cluster. If,
for a cell, there are more than one cluster with P value of <107, as-
sign the cell to the cluster with the minimal P value. If, for a cell, there
is no cluster with P value of <107, then it is rejected as a vague cell.

4) After all cells are assigned as described above, we further ex-
amine each cluster for outliers based on the P value used above.
Specifically, for each cluster in each embryo, cells were sorted by the
P value. Moving from the most significant P value to the least, we
examined the difference in P value between adjacent cells. If the less
significant P value is 50-fold greater or more, then this less signifi-
cant cell as well as all cells after it in the sorted list are rejected as
outliers.

Final list of cell types and DEGs

After reclassification of individual cells, all cells remain in a cluster
is consider the final list of cells for the cluster (table S3A). Final DEGs
were computed on the basis of the final list of cells for each cluster
using the same method of defining tentative DEGs.

Assignment of lineage identity

Assignment of canonical cell types/lineage identity was based on known
markers (15). The relationship between cell clusters and canonical
cell types was documented in table S1E.

Special cases. 1) B at four-cell stage and B4.1 at eight-cell stage:
When we proceeded to assign cell types and define DEGs, we found
B and B4.1 subdivided into two clusters violating expected cell number
per embryo. So, we rejected the subdivision and took the superclusters
that correspond to B and B4.1.

2) The A-line and B-line notochord at 110-cell stage showed the
weakest separation (P = 0.036 between the two groups). The legiti-
macy of their difference is systematically documented in fig. S7 and
related text. ZicL expression was used to assign lineage identity be-
tween the two groups (15).

Identification of zygotic transcription

We detect potential zygotic transcription by searching for genes whose
expression level is significant higher in a cell compared to that of its
mother cell by two criteria: (i) not detected in mother or ancestors
(average UMI in cell type <0.2 or total UMI in cell type <2) and (ii)
robust detection in self (average UMI > 0.5 and fraction of positive cells
in type = 0.5) or present in self (average UMI > 0.25) but robust detec-
tion in one of its daughters. To focus on the earliest zygotic expression,
we examined each mother-daughter pair from 1- to 16-cell stage.

Analysis of scRNA-seq data in drug-treated embryos
Data preprocessing and iterative clustering of scRNA-seq data in
drug-treated embryos were performed as described above (Fig. 1D).
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Matching cell types between drug-treated and wild-type embryo
For cell types in drug-treated embryos without fate transform, we
considered wild-type cell type with the most similar expression of
DEGs as its cell type. For cell types transforming cell fate, the ex-
pression of retained DEGs could be used to infer its presumptive
cell type. The numbers of cells per cell type per drug-treated embryo
agree with the expected number of cells.

Method. 1) Calculate nonzero (mean of count > 0.5) correlation
of mean expression of DEGs at 64-cell stage between clusters of drug-
treated embryos and wild-type cell types (table S1D).

2) The most similar cell type in wild-type type is considered as
the cell type for each cell cluster of drug treated embryos.

3) DEGs at 64-cell stage were used to distinguish cell types in a
mixture cluster caused by fate transformation (table S1D).

B7.5 fate transformation. B7.4/5 is a mixture of B7.4 and B7.5.
No retained DEG could distinguish B7.5 from B7.4. Because the prob-
ability of losing all four B7.5 cells is very low (P=C; /C$,,=1.8 x 10~°;
6 cells were lost in a total of 128 cells from two drug-treated embryos),
we concluded that B7.5 is transformed to B7.4.

The global hierarchy of cell type similarities

The similarity between cell types in wild-type and drug-treated
embryos was visualized by SplitsTree (30). As input for SplitsTree,
pairwise distances between cell types used in SplitsTree were com-
puted as 1 — Jaccard index of the overlap of their DEGs.

MT cosegregating genes

To search for genes that have similar asymmetric expression as
MT-encoded genes, we required uneven gene expression in all
three pairs of asymmetrical divisions (A7.4/8 > A7.3/7, B7.4 > B7.3,
and B7.8 > B7.7). Specifically, in wild-type embryos, genes with
fold differences in three pairs greater than 1.5 and average UMI
greater than 0.5 in high-expression cells (A7.4/8, B7.4, and B7.8)
were defined as MT cosegregating genes. In drug-treated em-
bryos, MT cosegregating genes with 1.5 or higher fold differ-
ences in A7.4/8 versus A7.3/7 and B7.4/8 versus B7.3/7 were
considered as remaining asymmetrical, and those with 1.2 or
lower fold differences in those two pairs were considered as losing
asymmetrical.

Similarity of cell types between Ciona and mouse

When evaluating the similarity of gene expression, we consider the
specificity of the shared genes. To measure the specificity of a gene
in a species, we consider the distribution of its expression value
across the cell types of the species (average UMI for each cell type).
On the basis of this distribution, the given gene gets a z score for
each cell type. The higher the z score, the more specific the gene is
to the cell type.

Because the published study of the mouse dataset did not define
DEGs, we focused on the DEGs defined in the Ciona cell types
and examine the expression of their orthologs in the mouse cell
types. For a given cell type in Ciona, we select all of its DEGs that
have a z score (see above) of >2, that is, the DEGs that are more
specific to the given cell type. When comparing to a mouse cell type,
we calculate the average z score for the orthologs of the DEGs
selected in the given Ciona cell type. This average z score is used as
the similarity score of the mouse cell type to the given Ciona cell
type. When similarity is measured by TFs, we use the TFs in the
DEGs of a given Ciona cell type, followed by the same selection of
z score > 2.
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabc4773/DC1

View/request a protocol for this paper from Bio-protocol.
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