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EVOLUTIONARY BIOLOGY

Spatially resolved single-cell atlas of ascidian endostyle
provides insight into the origin of vertebrate
pharyngeal organs

An Jiang't, Kai Han?1, Jiankai Wei'*t, Xiaoshan Su®t, Rui Wang?, Wei Zhang’, Xiawei Liu?,
Jinghan Qiao’, Penghui Liu’, Qun Liu?, Jin Zhang’, Nannan Zhangz, Yonghang Ge',

Yuan Zhuang1, Haiyan Yu1, Shi Wang1'3, Kai Chen4, Wange Lu5, Xun Xu6, Huanming Yange,
Guangyi Fan>®7*#, Bo Dong'>%+

The pharyngeal endoderm, an innovation of deuterostome ancestors, contributes to pharyngeal development by
influencing the patterning and differentiation of pharyngeal structures in vertebrates; however, the evolutionary
origin of the pharyngeal organs in vertebrates is largely unknown. The endostyle, a distinct pharyngeal organ
exclusively present in basal chordates, represents a good model for understanding pharyngeal organ origins.
Using Stereo-seq and single-cell RNA sequencing, we constructed aspatially resolved single-cell atlas for the
endostyle of the ascidian Styela clava. We determined the cell composition of the hemolymphoid region, which
illuminates a mixed ancestral structure for the blood and lymphoid system. In addition, we discovered a cluster
of hair cell-like cells in zone 3, which has transcriptomic similarity with the hair cells of the vertebrate acoustico-
lateralis system. These findings reshape our understanding of the pharynx of the basal chordate and provide in-
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sights into the evolutionary origin of multiplexed pharyngeal organs.

INTRODUCTION
The development of pharyngeal organs, including pharyngeal slits
and its associated apparatus, represents a remarkable morphological
innovation in deuterostome ancestors (I1-3). This has been docu-
mented in stem echinoderms (4) and stem vertebrates (5). The most
primitive form of the pharynx in extant deuterostomes has been
described in hemichordates as simple pharyngeal endoderm out-
pockets arising from the foregut (6). The pharyngeal endoderm in
vertebrates exhibits a common developmental pattern and regula-
tory network that closely resemble those of their ancestral species
(2, 7). It also plays an important role in the development of the ver-
tebrate pharynx (8, 9). The complexity of the vertebrate pharynx
increases with the incorporation of the cranial paraxial mesoderm
and neural crest-derived mesenchyme. This gives rise to a number
of accessory organs within the pharyngeal arches. In addition to
the thyroid gland, which develops from the pharyngeal endoderm,
various specialized organs originate from the pharynx primordium,
including the parathyroid gland, thymus, and auditory organ (10).
The endostyle is a unique pharyngeal organ found exclusively
in nonvertebrate chordates and ammocoetes, and represents a key
point in the evolutionary hierarchy bridging vertebrates and
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nonchordate deuterostomes. The endostyle takes the form of a
groove-like channel that extends longitudinally along the ventral
body wall. Both lateral sides of the endostyle, consisting of regional
ciliated epithelial cells specialized in mucus secretion and histological
support (11), play a role in facilitating the filter-feeding process
(12). Because of its endodermal origin (13), the endostyle expresses
regional-specific endoderm markers, showing tissue-specific expression
patterns (14-16). The endostyle is found in three categories, including
cephalochordates, urochordates, and ammocoetes, and has been rec-
ognized as a thyroid-equivalent organ because of the presence of
cellular components capable of concentrating iodine (17, 18) and
the capacity to synthesize thyroid hormones (14, 19-21). Recent
studies have uncovered various functions for the endostyle and sug-
gest that it may have a common evolutionary origin with vertebrate
pharyngeal organs. For example, in colonial ascidians, the sinus
region of the endostyle contains both hematopoietic stem cells (22)
and other somatic stem cells (23). Peptidergic neurons have also
been found within the sinus regions of the endostyle (24). Moreover,
the endostyle and its encompassing sinus region exhibit immune
functions as evidenced by immunohistochemical labeling in response
to exposure to pathogen-related biochemical compounds (25, 26).
Together, the endostyle contains diverse cell types with distinct
properties. These cell types may share common ancestors with
functional-equivalent cell populations in vertebrates.

The basic steps for investigating complex organ evolution include
defining and comparing cell types within organs (27). Using single-
cell transcriptomics, it is feasible to define the cell profile of an organ
at single-cell resolution (28-30). Nevertheless, when analyzing or-
gans characterized by specialized tissue arrangement patterns, such
as the endostyle, it becomes critical to capture transcriptomic data
at specified locations. To thoroughly investigate the cell composition
of the endostyle and its role in the evolution of pharyngeal organs,
we used a spatial transcriptomic technique known as Stereo-seq (31)
in conjunction with a high-throughput, single-cell transcriptomic
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method provided by 10x Genomics (32). Using this approach, we
constructed a location-addressable cell transcriptional profile for
transverse sections of the endostyle in the urochordate ascidian,
Styela clava, in which the genome and transcription factors have
been well characterized (33, 34). We produced a spatially resolved
atlas of the endostyle and defined 23 cell clusters by integrating
three bio-replicons of single-cell RNA-sequencing (scRNA-seq) and
six Stereo-seq sections. We used electron microscopy to visualize
the ultracellular structures of the endostyle, performed in situ
hybridization to verify marker gene expression, and conducted a
comprehensive cross-species analysis of the various cell types. On the
basis of these data, we identified a region containing hemolymphoid
cells as a component of the endostyle. In addition, we defined cell
types with specialized functions within the dense tissue region of
the endostyle, such as a cell population that expresses markers for
mechanically sensitive hair cells and neurons. Our research effec-
tively revealed the cellular composition of the endostyle, a pharyngeal
organ with exceptional importance in pharyngeal evolution, as well
as provided insights into cellular foundations for complex organ
evolution in vertebrates.

RESULTS

Pharynx-related diverse cellular composition of the

ascidian endostyle

The pharynx is possessed by animals including hemichordates,
basal chordates, and vertebrates (Fig. 1A). The hemichordates ex-
hibit the simplest pharyngeal structure, which is characterized as
pharyngeal slits originating from out-pockets of the endoderm. In
vertebrates, besides the feeding and respiration tunnel, multiple
derivative organs with versatile functions have developed from the
pharyngeal arch, such as the auditory organ, thyroid, tonsil, and
thymus. In the evolutionary continuum bridging invertebrates and
vertebrates, the endostyle, a distinct pharyngeal organ, is a crucial
component of the pharynx.

The transverse section of the endostyle consists of various regional
components. A bilaterally symmetric groove is flanked by nine ciliated
epithelial regions on the lateral sides, which are surrounded by a
sinus region adjacent to the ventral blood vessel (VBV) (Fig. 1B).
Although the gene expression pattern along the endostyle longitudinal
axis showed a considerable homogeneity, several Hox genes were
exceptions (35). To identify the cell components and potential ver-
tebrate homologs in the endostyle, we established a spatially re-
solved atlas at single-cell resolution (Fig. 1B and fig. S1A). The
scRNA-seq dataset, which consisted of 10,017 valid cells, was pro-
cessed using the Seurat workflow. The cell compositions of the
scRNA-seq dataset were preliminarily defined (fig. S1B). Multiple
cell types, including immune cells, secretory epithelial cells, and
blood cells, were discovered with cell cluster—specific markers
(fig. S1C and data S1). For Stereo-seq, the expression profile, de-
tected by spatially barcoded DNA nano-ball (DNB), was aligned
with a single-stranded DNA dye-stained optical image captured in
library construction (fig. SID). Two cell segregation strategies, in-
cluding square bin division and cell segregation, were applied to the
dense and sparse tissue regions, respectively, based on different cell
distribution characteristics. Using these methods, we segregated the
DNB spots into cell units, which represent a compromised reflection
of the real cell morphology (fig. S1E). Cell unit boundaries segregating
the DNB spots on silicon chips were constructed as the backbone of
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the atlas (fig. SIF). After cell segregation, 18,371 cell units were ob-
tained in six Stereo-seq sections, and cell type annotation was per-
formed (fig. S1G and data S2).

Next, we integrated the dataset from three biological replicates of
scRNA-seq and Stereo-seq from six sections of 10-pm thickness
(Fig. 1C and fig. S2) and annotated the cell types de novo based on
cluster-specific gene expression (fig. S3A and data S3). The annota-
tion was then projected onto the spatial landscape to create the cell
atlas (Fig. 1B).

In the dense tissue regions of the atlas, regional cell types formed
a clear bilaterally symmetric pattern, consistent with previous studies
labeling with regional markers (15). The surrounding sinus region,
filled with immune and blood cell clusters, is defined as the hemo-
lymphoid region (HLR). To determine the batch effect of two tech-
nical replicates, we compared the cell numbers of each cell clusters
between the scRNA-seq and spatial transcriptome in the atlas. The
results indicated a general homogenous distribution of cell numbers
among the clusters (fig. S3B). By performing integration process
using Seurat, we observed that cells from scRNA-seq and Stereo-seq
datasets are well co-embedded within the same uniform manifold
approximation and projection (UMAP) space (fig. S3C). Cell anno-
tations from each individual dataset were also projected onto the
integrated space, showing that cells of the same cell type clumped
together and cell groups with similar functional profiles were nearly
located (fig. S3D), further supporting the similarity between scRNA-
seq and spatial transcriptome datasets.

To discover possible biological processes associated with endo-
style at the expression level, we selected highly variable genes in the
integrated dataset (fig. S3E) and performed a functional enrichment
analysis. Gene ontology (GO) enrichment analysis revealed func-
tions that are highly variable in the endostyle, including neuron
transduction (axon guidance and glial cell differentiation), immune
process (adaptive immune system), muscle (muscle filament sliding),
and pathways related to microtubule cytoskeleton or supramolecular
fiber organization (fig. S3F). Additionally, we identified 13 gene
modules with notable spatial autocorrelation in the Stereo-seq dataset
using hotspot (Fig. 1D and fig. S4A) (36). These 13 gene modules
were further classified into five categories based on their spatial dis-
tribution similarity (fig. S4B). We detected a greater variety of mod-
ules and genes in the sparse tissue region than in the dense tissue
region, which may indicate the functional diversity of the sparse
region (fig. S4C). Module score heatmaps revealed regional enrich-
ment of potential functions, such as response to hormone function
in the dorsal parts of the dense tissue region, regulation of the
microtubule-based process in the ventral parts of the dense tissue
region, and erythrocyte differentiation function in the HLR. These
terms are consistent with the corresponding biological characteristics
of the regions, including hormone metabolism, mucus net for filter
feeding (37), and surrounding blood tissue (22) (Fig. 1E).

To identify potential conservation between the endostyle and ver-
tebrate tissues, we reanalyzed the published single-cell dataset from
zebrafish (Danio rerio) (30, 38-40). The results indicated that the em-
bryonic lineages of zebrafish, including the pharyngeal endoderm,
paraxial mesoderm, neural crest, and pharyngeal arch, exhibited high
similarity in expression compared with the endostyle of S. clava
(Fig. 1F), suggesting substantial similarity between the ectoderm-
derived tissues from zebrafish and the endostyle. Moreover, a com-
parison between the endostyle and adult zebrafish tissues revealed
high transcriptomic similarity between the endostyle and the thymus,
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Fig. 1. Cell atlas construction for the endostyle of the adult basal chordate, S. clava. (A) Extant pharyngeal organs and apparatus in three deuterostomes categories,
including hemichordates, basal chordates, and vertebrates. Left: Schematic of the pharyngeal organ, pharyngeal slits in hemichordates. Middle: Schematic of the pharyn-
geal organ in basal chordates, represented by an ascidian, including the pharyngeal slits (on the pharyngeal sac) and the endostyle. Right: Schematic of the pharyngeal
primordium in vertebrates. Pharyngeal organs (tonsil, thymus, auditory organ, and thyroid) have primordium in the pharynx arch. (B) Spatial atlas showing the distribu-
tion of cell units on the transverse section colored by cell annotation. The upper right schematic shows the transverse structure of the endostyle, consisting of bilaterally
symmetric zones 1 to 9 with a ciliated groove in the center, surrounded by the sinus region. The subendostylar vessel is located on the ventral side. D, dorsal; V, ventral.
(C) UMAP of all 28,388 scRNA-seq and Stereo-seq cell units, colored with cell annotation. (D) Heatmap showing gene modules based on spatial autocorrelation. (E) Spatial
visualization of selected modules in the heatmap of the gene modules. Three modules labeled with the enriched gene function. (F and G) Circos plots showing transcrip-
tomic similarity between the endostyle and the embryo lineage (F) or adult tissue (G) of zebrafish (D. rerio). Here, *** indicates the top 40% similarity.
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thyroid, myeloid lineage, and nervous system from zebrafish (Fig. 1G),
suggesting a similarity between the endostyle and immune/blood
system-related tissues in zebrafish at the transcriptome level.

The HLR provides a niche harboring blood and immune cells
To identify the cell composition of the HLR in the spatially resolved
single-cell atlas, we selected cell clusters dominated by cell units lo-
cated in the sparse region as shown in the Stereo-seq results (fig. S5A).
All scRNA-seq and Stereo-seq cell units within the sparse regions
of these clusters were included and visualized for further analysis
(Fig. 2A). Cluster-specific markers supported the cell type annota-
tions, with most clusters being related to immune/blood function
(Fig. 2B). The expression of markers, complement C3 (C3) and hemo-
cyanin 2 (HCY2), were verified by in situ hybridization (fig. S5B).

Morphological observation of the HLR was conducted using con-
focal and transmission electron microscopy. Two adjacent tissue com-
ponents, the HLR and VBV, were observed in addition to the dense
tissue region in the transverse section (Fig. 2C). The HLR predomi-
nantly contained a highly developed extracellular matrix, forming
cave-like structures within the region. A large number of cells were
scattered throughout the extracellular matrix space (fig. S5C). We sys-
tematically compared the morphology of cells in the HLR with that of
blood cells reported in Ciona robusta (41). Most of the blood cell types
reported in C. robusta were also found in the HLR of the endostyle
(fig. S5D).

To verify the divergence of cell clusters in the HLR and peripheral
blood system, in situ hybridization was used to assess the expression
of complement C3, a marker gene for the complement cell cluster in
the HLR. We calculated the ratios of cells expressing complement C3
in the HLR to those in the peripheral blood tissues (Fig. 2D). There is
a notably larger ratio of C3+ cells in the HLR compared to that in the
peripheral blood. This finding indicates an enrichment of C3+ cells
within the HLR relative to the peripheral blood, suggesting enhanced
immune activity within the HLR (fig. S5, E and F).

Next, we conducted a pseudotime analysis on cell clusters within
the HLR. Cells annotated as “stem cell” within the single-cell dataset
were assigned as the root of the pseudotime trajectory, representing
cells with distinct expression of proliferation markers (fig. S1C). The
results indicated that the complement cell cluster and IRF+ cell
(IRFC) cluster had the lowest pseudotime value, indicating a low dif-
ferentiation status. Conversely, clusters including the dendritic-like
cell, blood cell, and AKNA+ cell corresponded to high pseudotime
values and were associated with a high differentiation status (Fig. 2E
and fig. S5G). Additionally, RNA velocity analysis using dynamo also
revealed a similar transition trend as the above results. The general
trend of the streamlines exhibited a pattern starting from the comple-
ment cell cluster and the IRFC cluster (fig. S5H). Furthermore,
streamlines of RNA velocity were projected onto the spatial landscape
and showed a trend starting from the ventral part and ending at the
dorsal part (Fig. 2F).

To infer the potential stemness of the blood/immune lineages, we
visualized the expression of categories of stemness marker genes
(Fig. 2G). The IRFC cluster showed intense expression of genes asso-
ciated with hematopoietic stem cell differentiation and hematopoietic
progenitor cell differentiation. Cell populations, including M3KI+
lymphoid like, STYC+ lymphoid like, and PA21B+ lymphoid like cell
clusters, exhibited enriched expression of genes in the lymphocyte
differentiation category. These findings suggest that cell clusters with
lower pseudotime values or immature status have higher stem or
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proliferation capacity. Additionally, the results indicate a nonunifor-
mity of cell distribution. Cells at the beginning of the developmental
trajectory tended to be located in the ventral region of the HLR, while
cells at the dorsal part were more likely to be found at the end of the
developmental trajectory.

On the basis of the morphological and expressional evidence, we
hypothesized that the HLR may serve as a potential hub for the gen-
eration of blood and immune cells, potentially acting as a supple-
mentary source to the peripheral blood. Consequently, we performed
scRNA-seq on the HLR tissue and blood from S. clava (fig. S6A). The
resulting datasets from the two samples were merged, resulting in the
identification of 12 cell clusters (Fig. 2H and data S4). Gene expres-
sion scoring revealed that cell clusters C2, C9, and C11 uniquely
expressed hematopoietic stem cell-related pathways, along with
myeloid/lymphoid gene pathways. Furthermore, cells from the HLR
demonstrated more intense expression patterns in gene pathways,
including hematopoietic progenitor cell differentiation, myeloid
leukocyte/lymphoid progenitor cell differentiation, and repressive
genes related to differentiation (fig. S6B). To further demonstrate the
differential characteristics among C2, C9, and C11, a pseudotime tra-
jectory analysis revealed divergent differential statuses of cells from
different clusters and samples (Fig. 2I and fig. S6C). Moreover, the
distinct expression of transcription factors was observed in C11, in-
cluding early growth response factor 1 (EGRI; known for its role in
maintaining hematopoietic stem cell homeostasis in vertebrates)
(42), catenin beta 1 (CTNNBI; known for its role in expanding the
hematopoietic stem cell pool in vertebrate through overexpression)
(43), claudin 7 (CLDN?), and goosecoid homeobox 2 (GSC2; associ-
ated with embryo head and pharynx organization) (fig. S6D) (44).
Consequently, cells in C11 were considered to be in the stem devel-
opmental stage. The C11 cell cluster, located at one end of the trajec-
tory, predominantly consisted of cells originating from the HLR
(Fig. 2I and fig. S6, E and F). These in silico findings primarily sup-
port the differential trajectory from a cluster of the HLR cells that
potentially contribute to the blood system, which further supports
our hypothesis.

These results suggest that the HLR is a potential hub for the gen-
eration and maintenance of blood and immune cells. It may represent
a primordial hemolymphoid system that shares homology with the
blood and immune systems of vertebrate species. Furthermore, the
HLR may act as a stem cell center, contributing to the production of
functional cells within the immune and blood systems, potentially
playing a crucial role in replenishing the blood supply (Fig. 2J).

Hair cell-like cells have transcriptomic similarity with hair
cells in vertebrates

Hair cell-like cells (HCLCs) were identified in zone 3 of the dense
tissue region spatially mixed with the IRFCs (Fig. 3A). The HCLCs
exhibited expression of several markers, including protein tyrosine
phosphatase receptor type Q (PTPRQ), usherin (USH2A), whirlin
(WHRN), and adhesion G protein-coupled receptor V1 (ADGRV1),
which are important factors in maintaining functionally active hair
bundles and stereocilia in hair cells of the vertebrate (Fig. 3B and
fig. S7A) (45-49). Additionally, neuronal markers such as neuronal
cell adhesion molecule (NRCAM), semaphorin-1A (SEM1A), and sol-
ute carrier family 26 member 4 (SLC26A4) were detected. NRCAM is
essential for the development of spiral ganglion neurites (50). SEMIA
plays an important role in growth cone guidance (51). SLC26A4 is
an electroneutral sodium-independent transporter for chloride and
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Fig. 2. The HLR provides a lymphoid-like niche for blood/immune cell lineages. (A) Spatial visualization of the cell clusters in the HLR. (B) Bubble plot showing the
expression of marker genes in the indicated cell types. (C) Structure and location of the HLR based on confocal microscopy. Cells in the HLR were scattered. (D) In situ
hybridization showing the expression pattern of complement C3. Left: Results on the peripheral blood cell. Right: Results on the endostyle cryosection. Yellow arrows point
at signals. (E) Pseudotime trajectory analysis showing trajectories among cell clusters in the HLR based on the UMAP. Cells are colored with pseudotime values on the
UMARP. (F) RNA velocity streamline plots showing the predicted trajectory of the cell cluster transition in the HLR of the endostyle. Cells are plotted based on their location
in the spatial atlas. (G) Bubble plot showing the expression intensity of the HLR cell clusters for the gene categories. (H) UMAP showing the merged scRNA-seq from the
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of the connected cell clusters. (H) Left: Schematic for hypothetical mechanical force-sensing candidate in the endostyle. The blue arrow and green arrows correspond to
the ligand-receptor relationship, GRN to SORT1 and NRG2 to ERBB4, respectively. Right: Schematic of the mechanical force sensing element in vertebrates.
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iodide, associated with deafness and Pendred syndrome (52). The ex-
pression of PTPRQ, SEM1A, and SLC26A4 was verified with in situ
hybridization and showed unique signals in zone 3 (Fig. 3C and
fig. S7B). Distinct IRFC markers compared to the HCLC cluster,
including gelsolin (GSN), actinin alpha 2 (ACTN2), intermediated
filament (IF), plastin 3 (PLS3), and annexin A7 (AXNA?7), are impor-
tant cytoskeletal components, suggesting potential correlations with
morphology architecture and mechanical support (fig. S7C).

To describe the morphological features and relationship between
the HCLC and IRFC populations, we performed visualization by con-
focal and transmission electron microscopy. Transmission electron
microscopy results exhibited that the cells in zone 3 manifested a slen-
der, shuttle-like shape, closely interleaving with one another (Fig. 3D
and fig. S7, D and E). Notably, long F-actin cilia were distributed on
the apical surface, whereas densely and tightly arranged cell nuclei
were distributed underneath (Fig. 3E). The HCLC population with
specialized apical cilia were connected tightly to basal cells, which
were thought to be IRFC. The association between two cell popula-
tions was supported by a ligand-receptor analysis, which revealed in-
teractions from neuregulin 2 (NRG2) to Erb-B2 receptor tyrosine
kinase 4 (ERBB4) and granulin (GRN) to sortilinl (SORT1). Both in-
teractions are important cell-cell interactions in the nervous system
(Fig. 3F and fig. S7F) (53, 54). To determine the evolutionary relation-
ship of the HCLC in zone 3 with organs/tissues in vertebrates, we per-
formed a cross-species comparison analysis. Spearman correlation
between HCLC cells and zebrafish tissues was calculated based on the
average expression of transcription factors. The results showed that
the HCLC cluster had a higher similarity to the zebrafish cochlea
compared to other tissues (fig. S7G). Consequently, we conducted a
cross-species comparison between the HCLC cluster to hair cell-
related tissues in zebrafish (39). The results indicated that the HCLC
cluster in zone 3 exhibits a high similarity with hair cell populations
and hair cell progenitors of the acoustico-lateralis system in zebrafish
(Fig. 3G).

On the basis of the gene expression and morphological results, we
hypothesized a model with potential mechanical force-sensing capac-
ity. In contrast with vertebrate mechanical force sensing elements
consisting of hair cells and synapses, the HCLC and IRFC populations
in the Styela endostyle form tightly interlaced layers. These cell clus-
ters are distributed from the apical ciliated surface to the basal mem-
brane. This arrangement may facilitate the transmission capacity of
nerve electrical signals through tight junctions in the absence of a
synaptic structure (Fig. 3H).

The thyroid-equivalent element has cells of different
maturation status

In the spatial atlas, a unique cluster of thyroid-like cells was observed
in zone 7 of the endostyle (Fig. 4A). This cell cluster specifically ex-
pressed key markers associated with thyroid hormone synthesis, in-
cluding thyroid peroxidase (TPO) (14) and dual oxidase 1 (DUOX1)
(55). Additionally, we detected the expression of Intelectin 1 (ITLNI)
(56, 57) and milk fat globule membrane (MFGM) (58). These findings
suggest a potential immune capacity and a role in maintaining epithe-
lial tissue homeostasis for this group of cells (Fig. 4B and fig. S8A).
The expression of an important marker, TPO, was verified by in situ
hybridization, which is consistent with findings from a previous study
(14) (Fig. 4C and fig. S8B). Ultrastructural observations revealed a
single layer of nonciliated cuboidal epithelial cells (Fig. 4D). To verify
the function of thyroid-like cells, we estimated the module score of
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pathways related to the thyroid hormone, serving as an important in-
dicator of thyroid activity. The expression scores for the functional
pathways of the thyroid hormone generation and metabolic processes
were mapped onto the spatial landscape, revealing intense signals in
zone 7 (Fig. 4E and fig. S8C).

The thyroid-like cell cluster is located in the thyroid homologous
region of the ascidian endostyle, which has been reported to be zone
7 (14). To verify that the transcriptional data obtained by Stereo-seq
and scRNA-seq could support the reported homologous relationship
between the endostyle regions and the thyroid gland (19), we con-
ducted a cross-species comparison between the thyroid-like cell clus-
ter of the endostyle and developmental lineages/organs of zebrafish.
The result indicated that the thyroid-like cell cluster exhibited the
highest similarity with the thyroid, liver, and pharyngeal endoderm
(Fig. 4F). On the basis of the results of marker expression, in situ hy-
bridization verification, and cross-species comparison, we defined the
thyroid-like cell cluster as a cell population with thyroid-equivalent
features in the endostyle, which further confirmed the reliability of
the cell atlas.

To explore the potential developmental status of the thyroid-like
cell cluster, a developmental trajectory assignment was performed.
We constructed a cell trajectory for the pharyngeal endoderm and the
adult thyroid of zebrafish and identified important genes for the tra-
jectory of thyroid gland development. These genes were enriched in
functional pathways, including the extracellular matrix-receptor in-
teraction (fig. S8, D to F). The expression of vital thyroid developmen-
tal gene homologs within the thyroid-like cell cluster of the endostyle
was visualized (Fig. 4G). Pseudotime values were assigned to the
thyroid-like cells based on the value of the most highly expressed
gene. The frequency distribution revealed the different maturation
status of the cells in the thyroid-like cell cluster (Fig. 4H). In addition,
we projected pseudotime values onto the cell atlas of the region
(Fig. 41). The pseudotime distribution was calculated based on a curve
fit with cell units from a bilateral-symmetric region. Analysis of the
evenly segmented curve revealed enriched and highly differentiated
cells in the dorsal region of the thyroid-like cell cluster (Fig. 4]). These
results suggest a renewal trend or a differentiation trajectory of the
cluster, from ventral to dorsal.

Cell populations of other dense tissue regions revealed the
endostyle transcriptome diversity

In addition to the zones described above, we conducted a detailed
analysis of the cellular components and gene expression in the
dense tissue regions (fig. S9, A to C). Zones 1 and 8 were charac-
terized by flagellate cell and ciliated cell clusters, both of which
exhibited similar expression profiles associated with the ciliated
cell structures. Zones 2 and 4 displayed a similar morphology and
gene expression pattern, and the two cell clusters were defined as
peptidylprolyl isomerase B (PPIB)— and PPIB+ secretory cells. The
cell components in zone 6 were defined as the antimicrobial epi-
thelium based on the intelectin 2 (ITLN2) expression, whereas in-
formation on zone 5 was still lacking because of its small area as a
connective tissue.

Combined with the cellular components of the HLR (Fig. 2A) and
previous studies in colonial ascidians (22, 23), the regional cellular
components of the endostyle were revealed. The cell populations de-
fined in this atlas not only are consistent with the previous under-
standing of the endostyle regions (15) but also provide insight into the
evolution of pharyngeal organs.
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Fig. 4. Homologous cell cluster to the thyroid gland in the endostyle cell atlas. (A) Spatial visualization of the thyroid-like cell cluster. (B) Bubble plot showing the expression
of marker genes for the thyroid-like cell cluster. (C) Left: Schematic showing the location of the thyroid-like cell in the transverse section. Right: In situ hybridization showing the
expression pattern of TPO. Black arrows indicate the signals. The field is the left black rectangular region. (D) Left: Transmission electron microscope showing ultracellular structures
of cells in the thyroid-like cell cluster (blue masked). Right: Detailed visualization of the red rectangle region. (E) Heatmap showing the spatial expression of functional pathways.
(F) Cross-species comparison between the thyroid-like cell cluster in the endostyle and tissue/organs in zebrafish. The thickness of the connections indicates the correlation value
of the connected cell clusters. (G) Expression of genes with trajectory information (fig. S8, D and E). Each bubble represents the expression level of a specific gene in a cell. Bubbles
are colored with the trajectory location of the gene. The size of bubbles indicates the expression level. Cells in the thyroid-like cell cluster were ranked on the horizontal axis based
on the trajectory type of the top expressed genes. (H) Distribution of cells on the pseudotime trajectory defined by the trajectory type of their top expressed genes. The bubble
size indicates the number of cells for a given pseudotime status. (1) Visualization of the trajectory status. (J) Top: Single-stranded DNA image for the rectangular region in (I). Middle:
Track line showing the epithelium extending from the ventral region to the dorsal region, divided into nine segments evenly. The left and right zone 7 were labeled with different
colors. Bottom: Bar plot showing the statistics for the pseudotime values for cells on nine segments.
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DISCUSSION

The evolution and origination of complex organs have long been an
intriguing topic in evo-devo ever since Charles Darwin emphasized
the importance of embryology for evolution (59). With the advent of
multi-omics techniques such as single-cell and spatial transcrip-
tomics, the identification of cell type and cell-to-cell interactions from
an evo-devo perspective has advanced rapidly, thus providing oppor-
tunities to study the evolution of organs in animals of evolutionary
importance (27). Using cutting-edge Stereo-seq and scRNA-seq, we
constructed the first spatially resolved cell atlas at single-cell resolu-
tion for the endostyle, an important pharyngeal organ in basal chor-
dates. This study provides the first spatial resolved cell atlas for a
marine animal. This is important for resolving the cell composition of
organs with complex structural organization and tissue arrangement
patterns compared with previous single-cell datasets on marine ani-
mal samples (28, 60-62).

Marine organisms exhibit remarkable variability among different
species. The sample preparation method for spatial transcriptomics
was optimized based on previous results obtained using fixed and
embedded methods for in situ hybridization and single-molecule
RNA fluorescence in situ hybridization (63-65). To ensure the re-
producibility of the atlas, we combined three replicates of scRNA-
seq and six sections of Stereo-seq. These data exhibited similar
expression patterns, except for the statistical differences between the
two techniques (fig. S3, B to D). We analyzed data from replicates
and technical batches not only separately but also in combination,
which supported the reliability of our conclusion. To improve the
alignment efficiency of the transcriptomic data, we adjusted the
gene structural annotation and replenished the alternative splicing
information based on a previous publication (33), which largely im-
proved the mapping results of the endostyle datasets. The updated
version of the gene structural annotation was released on EDomics,
a multi-omics database for animal evo-devo (66). scRNA-seq and
Stereo-seq identified 18,685 and 11,912 genes, respectively, com-
pared with the bulk RNA-sequencing results (11,083 genes from
bulk RNA-sequencing) (35) (fig. S3, G and H, and data S5), which,
to some extent, exhibited differences among the techniques. Al-
though spatial transcriptomics still has limited capture efficiency
compared with scRNA-seq, it has irreplaceable advantages, includ-
ing providing detailed spatial information and exhibiting less bias in
the capture of rare cell types and signatures. Our results provided a
detailed reference for the de novo construction of a cell atlas in ma-
rine species with limited previous research.

We performed a comprehensive comparison between the endostyle
and zebrafish tissues. The results indicated a high expression similarity
and potential homology. The endostyle exhibited a high transcriptome
similarity to the myeloid lineage, which is consistent with the hemato-
poietic niche in the endostyle of colonial ascidians (22). On the basis of
the results, we fully characterized the enclosed region surrounded by
the epithelia extending from zone 9 and other dense tissue regions,
which were previously defined as a blood sinus region. This region,
which was defined as the HLR in this research, was characterized by
the presence of blood and immune cell populations, potential develop-
mental lineages, and highly developed cave-like extracellular matrix
structures. Our findings represent a remarkable advance over previous
discoveries of the hematopoietic niche (22) and stem cell characteris-
tics (23). The highly developed extracellular matrix may provide a
favorable microenvironment for cell proliferation and lineage devel-
opment, although further experimental verification is needed. An
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HLR-like region is likely to be present in a common ancestor of verte-
brates and tunicates. This region may evolve into the HLR region in
tunicates and the blood and lymphoid system, including organs like
the thymus and tonsil organs in vertebrates (Fig. 5, A and B). However,
the mixed blood and immune system in the HLR is different from the
highly developed erythroid and myeloid cell lineage derived from ver-
tebrate hematopoietic stem cells. A more precise and robust compari-
son remains to be investigated.

In the comprehensive cross-species comparison, besides the ex-
pression similarity between the ascidian endostyle and the zebrafish
thyroid or pharyngeal endoderm, cell types in the endostyle also ex-
hibited high transcriptome similarity to the placode and cochlea,
which are ectoderm-origin tissue/organs. We assessed the expression
of a set of markers with functions such as maintenance of hair cell
architecture and neuron signaling. These marker genes are homolo-
gous to those in hair cells of the vertebrate acoustic-lateralis system.
Morphological and in silico evidence supported the existence of
the HCLC cluster in zone 3. Recent studies on the endostyle of both
Oikopleura (67) and Ciona (68) revealed that, even when the Nkx
homeobox-1 (Nkx2.1) gene was deleted, the supporting regions still
developed normally. This result suggests that the supporting compo-
nents in the endostyle are established under the control of transcrip-
tion factors other than Nkx2.1. These data, together with our results,
suggest the potential existence of a non-endoderm component in the
endostyle, although the endostyle has long been believed to originate
from the ventral pharyngeal endoderm (11, 13). While the hair cells
of the acoustic-lateralis system are derived from ectodermal placodes,
which are thought to be homologous to the siphon in ascidians (69),
we currently lack detailed evidence for the developmental contribu-
tion of the placode or ectoderm to the pharyngeal region in basal
chordates. Further studies are needed to address these unresolved is-
sues, including tracing the spatially resolved developmental lineages
that contribute to the formation of the adult endostyle and determin-
ing the function of the cell populations identified in this study.

The evolutionary origins of an important endocrine endoderm
gland, the thyroid organ, can be traced back to cell clusters in the en-
dostyle, which are believed to concentrate iodine and secrete thyroid
hormone. In the ascidian endostyle, zone 7 has been confirmed as the
thyroid equivalent region (14). Here, we identified a cell cluster domi-
nating zone 7 and defined it as the thyroid-like cell cluster based on
multiple pieces of evidence. When mapping the pseudotime trajecto-
ry with the developmental trajectory of the thyroid gland in zebrafish,
we observed a diverse developmental status within the thyroid-like
cell cluster. Cells with different developing status coexist in the region,
and statistical analysis revealed a transitional maturation tendency
from the ventral to the dorsal region. This suggests that the thyroid-
like cell cluster may be capable of replenishing cells. This feature of the
cluster in ascidians contrasts with the limited renewal capacity of the
adult vertebrates’ thyroid gland (70) and might provide a model for
thyroid research.

Here, aiming to elucidate the evolution of multi-germ layered
complexed organs in the vertebrate pharynx, we generated a high-
quality dataset for a pharyngeal organ that exclusively exists in basal
chordates. We found that the endostyle features a diverse cellular
composition and exhibits potential functional similarities with organs
in vertebrate pharynx. The HLR, which contains immune/blood cell
lineage and developmental trajectory, may share common ancestry
with vertebrate immune organs such as the tonsil and thymus. Fur-
thermore, cell populations in zone 3 are likely homolog candidates to
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Fig. 5. Comparison of the pharynx organ between the endostyle in ascidian and developing pharynx in vertebrates. (A) Left: Schematic showing the location of the
endostyle in the adult ascidian. Right: Transverse section of the endostyle showing the diverse cellular composition of the endostyle, including the immune and blood cells,
HCLC, and the thyroid-like cell cluster, which correspond to the major cell populations for the HLR, zone 3, and zone 7 in the schematic. The gradient color in three regions
shows their distinct developmental status within the tissue. Distinct marker genes are labeled. (B) Left: Schematic showing the morphology location for the developing phar-
ynx in vertebrates. Right: Coronal plane of the developing pharynx showing the multiple organ primordium, including the thyroid, auditory organ, tonsil, and thymus.

the auditory/lateralis system in vertebrates. We also found that the
thyroid-like cell cluster corresponds to the vertebrate thyroid gland
and showed the coexistence of cells with different maturation states.
These findings support the idea that the endostyle is a key organ in
pharyngeal evolution and that the endostyle may have function simi-
larities to those of vertebrate pharyngeal organs. The involvement
of multiple cell components in the pharynx of the basal chordate
implicates a cellular basis for the emergence of multiple organs in ver-
tebrates and provides insight into the evolutionary footprint of pha-
ryngeal architecture.

MATERIALS AND METHODS

Animals and sample collection

Adults S. clava were purchased from the Xunshan Company in
Weihai, China, and temporarily preserved in a circulating aquarium
system within the laboratory at 18°C, equipped with air pumps. The
endostyle of healthy individuals was gently dissected using disinfected
instruments as the previous description (35). All guidelines for ani-
mal experiments were approved by the Institutional Animal Care and
Use Committee of Ocean University of China (OUC-IACUC), with
approval numbers 2020-0032-0517 and 2023-0032-0039.

Single-cell isolation and scRNA-seq library construction for
the endostyle, HLR, and blood

Tissues from five adult individuals were used for single-cell isolation
and library construction. Among them, three endostyles from dif-
ferent animals were used separately as biological replicates for the
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endostyle library, one endostyle tissue for the HLR library, and one
intact heart tissue for the blood library.

To obtain a cell suspension of the whole endostyle, fresh endostyle
was transferred into clean vials and immediately dissociated with
0.2% trypsin in a solvent of Ca*"-free artificial seawater with 5 mM
EGTA. The tissue was consistently scissored and pipetted for 15 to
20 min on ice to ensure complete dissociation. To obtain a cell sus-
pension from the HLR, we conducted a two-step digestion. First,
fresh endostyle tissue was cut into segments, transferred into a clean
vial, and immediately dissociated using 0.2% trypsin and 0.2% colla-
genase in the solvent mentioned above. The tissue was pipetted (with-
out scissored) for 40 to 50 min on ice to completely remove the dense
tissue, retaining the intact sparse tissue. Then, the sparse tissue was
transferred to Ca®*-free artificial seawater, rinsed, and dissociated us-
ing 2.5% trypsin in the same solvent, followed by pipetting on ice for
5 to 10 min for complete dissociation. Digestion was inhibited in all
samples using 0.2% bovine serum albumin (BSA) in Ca®"-free artifi-
cial seawater. The suspension was filtered into a vial with a 35-pum cell
filter cap. Cells were collected via centrifugation at 4°C, 500g for 2 to
5 min and resuspended in ice-cold Ca**-free artificial seawater con-
taining 0.1% BSA. To obtain fresh blood cells, the intact heart region
of an adult individual was carefully exposed. The beating heart (typi-
cally observed to beat a few times per minute in S. clava) was pierced
with a syringe, and the blood was immediately drawn and transferred
to glass tubes.

For the whole endostyle single-cell library, single-cell gel beads
in the emulsion were generated using a Chromium Controller ins-
trument (10x Genomics). Sequencing libraries were prepared using
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Chromium Single-Cell 3" Reagent Kits (10x Genomics) according to
the manufacturer’s instructions. After performing cleanup using a
SPRIselect Reagent Kit, the libraries were constructed through the fol-
lowing steps: fragmentation, end repair, A-tailing, SPRIselect cleanup,
adapter ligation, SPRIselect cleanup, sample index polymerase chain
reaction (PCR), and SPRIselect size selection. The libraries were sub-
sequently sequenced using the Illumina NovaSeq system.

For the HLR and blood single-cell libraries, cell number and
viability were estimated using a fluorescence cell analyzer (Countstar
Rigel S2) with AO/PI reagent. Libraries were prepared using SeekOne
MM Single Cell 3’ Library Preparation Kit (SeekGene, Cat# SO01V3.1).
An appropriate number of cells were loaded into the flow channel
of the SeekOne MM chip and allowed cells to settle by gravity in
microwells. Unsettled cells were removed, and cell barcoded mag-
netic beads (CBBs) were pipetted into the flow channel and also
allowed to settle in microwells under a magnetic field. Excess CBBs
were rinsed out, and cells in the MM chip were lysed to release and
capture RNA. Reverse transcription was performed at 37°C for
30 min. Barcoded cDNA on the CBBs was hybridized with a ran-
dom primer, which had read 2 SeqPrimer sequences at the 5" end
and could extend to form the second strand with a 3" end cell bar-
code. The resulting second-strand DNA was denatured off the
CBBs, purified, and amplified in a PCR. The cDNA product was
cleaned and added to an adapter and sample index. Finally, the
indexed sequencing libraries were cleaned with SPRI beads, quan-
tified, and sequenced on the Illumina NovaSeq.

Data analysis for scRNA-seq for the endostyle,

HLR, and blood

For the scRNA-seq results obtained from the 10x Genomics Chro-
mijum platform, we processed the three endostyle samples sepa-
rately. BCL files were converted to FASTQ format using bcl2fastq
v1.8.4 from Illumina. Cell Ranger v3.0.2 was used to generate
gene-barcode matrices for each sample, using the mkref and count
functions with default parameters. Previously published genome
sequences (33) were used as a reference. Next, Seurat objects were
created using Seurat 4.0 (71) based on the gene expression matrix,
followed by several preprocessing steps, including filtering, inte-
gration, and clustering. Initial filtering was based on gene expres-
sion levels, with nCounts ranging from 0 to 5000 and nFeature
ranging from 300 to 1200. Cells with high mitochondrial expres-
sion percentages, defined as the mitochondrial gene counts divided
by the total cell count, were excluded using specific thresholds
(30, 45, and 35 for three samples, respectively). To identify and
eliminate potential doublets, we normalized the data using the
SCTransform function, with parameters set to 2000 variable features
and the gpoisson method. We processed the data using Doublet-
Finder v3.0 (72), using parameters of 0.075 for the assumed dou-
blet formation rate and 15 for principal component. We used SoupX
(73) to remove ambient RNA that may have come from the buffer
system. Subsequently, each high-quality dataset underwent another
SCTransform normalization and scaling under a reshaped dimen-
sionality. Finally, the three processed single-cell datasets were inte-
grated using the IntegrateData function to remove batch effects
and co-embed them into the same space. The integrated dataset
was subjected to principal components analysis (PCA) and further
clustered with a resolution of 0.3 based on the precalculated shared
nearest neighbors. Marker genes for each cell cluster were identi-
fied using the FindAllMarkers function.
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For scRNA-seq data from the HLR and blood samples, which were
sequenced using the SeekOne platform, we processed the paired-end
FASTQ format files using the seeksoultools rna module (http://
seeksoul.seekgene.com/en/v1.2.0/index.html) to generate gene-barcode
matrices. The FASTQ files of HLR were down-sampled by SEQTK
with seed 100 and a ratio of 0.2 to ensure balanced library depth for
the two samples before the processing with the seeksoultools. We
used Seurat 4.0 (71) for cell cluster identification, following the same
steps as previously mentioned. For the HLR sample, filtering thresh-
olds were set at nCounts ranging from 100 to 3000, nFeature ranging
from 50 to 1000, and the lowest mitochondrial expression percent of
40. For the blood sample, filtering thresholds were set as nCounts
ranging from 0 to 1000, nFeature ranging from 10 to 500, and a lowest
mitochondrial expression percent of 50. The filtered data from the
HLR and blood were processed with SCTransform separately and
then merged using the Seurat merge function. Clustering was per-
formed on the merged object with a resolution of 0.3. Subsequently,
the FindMarkers function was executed to identify marker genes for
C2, C9, and C11 clusters. To investigate the potential transitional rela-
tionship between the two samples, we constructed a cell trajectory us-
ing Monocle 2 (74) and focused on cell clusters C2, C9, and C11.
Highly expressed genes (log_avg2FC > 0.25) for these clusters were
estimated using the differentialGeneTest function to identify genes
that change along pseudotime.

Stereo-seq library preparation and sequencing

For Stereo-seq cryosection, an endostyle sample from a single adult
animal was isolated and immediately immersed in methane pre-
cooled to —20°C for 5 min. The rapidly fixed tissue was snap-frozen in
Tissue-Tek OCT (4583, Sakura, Torrance, CA) with liquid nitrogen
prechilled isopentane. It was then transferred to a —80°C refrigerator
for storage before cryosection. Before sectioning, the OCT-embedded
tissue was placed in a —20°C freezing microtome for 30 min for equil-
ibration. Cryosections were collected at 10-pm intervals along the
transverse plane using a Leica CM1950 cryostat.

Stereo-seq experiments were performed as previously described
by Chen et al. (31). Briefly, the Stereo-seq chip was washed with NF-
H,O supplemented with ribonuclease (RNase) inhibitor (0.05 U/ul)
(NEB, M0314L). Six sections from the anterior half of the endostyle
were mounted onto a single Stereo-seq chip with a 3-min incubation
on a thermocycler adaptor at 37°C. Subsequently, sections were fixed
using methanol and incubated at —20°C for 40 min. Sections on the
chip were then stained with a nucleic acid dye (Thermo Fisher Scien-
tific, Q10212) for single-stranded DNA imaging and scanned using
the Motic Custom PA53 FS6 microscope system to capture the full-
structure images (20X objective).

Tissue sections were permeabilized in 0.1% pepsin (Sigma-
Aldrich, P7000) with a 0.01 M HCI buffer and incubated at 37°C for
6 min. The RNA released and captured on the Stereo-seq chip was
reverse-transcribed overnight at 42°C using SuperScript II Reverse
Transcription (RT) Mix. Sections were washed twice with a Wash
Buffer and digested with Tissue Removal buffer (10 mM tris-HCI,
25 mM EDTA, 100 mM NacCl, 0.5% SDS) at 37°C for 30 min. The re-
maining RT products were collected and amplified using KAPA HiFi
Hotstart Ready Mix (Roche, KK2602) with 0.8 pM cDNA-PCR prim-
er. Sequencing libraries were prepared with PCR products following
the steps that included concentration quantification, DNA fragmen-
tation, PCR amplification, and purification. The purified PCR prod-
ucts were used to generate DNBs and were finally sequenced on the
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MGI DNBSEQ-T1 sequencer [35 base pairs (bp) for Readl, 100 bp
for Read2].

Stereo-seq data processing

Spatially resolved RNA-seq data generated by Stereo-seq were pre-
processed to generate gene expression matrices for subsequent analy-
ses. Sequenced reads were aligned to their spatial locations and the
corresponding gene structures. Briefly, forward reads containing spa-
tial barcodes were first aligned to coordinate identifiers (CIDs in the
mask file) with a 1-bp mismatch tolerance. The remaining spatially
valid data were then cleaned by filtering read pairs if the reverse reads
providing cDNA sequences contained any sequencing adapters. The
reverse reads were further aligned to the reference genome, and only
mapped reads with a MAPQ greater than 10 were annotated using
handleBam (https://github.com/BGIResearch/handleBam, code ver-
sion: 1.0.0, accession date: 13 April 2022). During this annotation pro-
cess, mapped reads that overlapped with more than 50% of the exon
region were classified as exon transcripts, while others were annotated
as intron or intergenic by checking whether they were located in the
intron region or not. The final spatial gene expression profile matrix
was generated using the exonic reads.

Cell segmentation and DNB assignment

To obtain the final spatial gene expression matrices, we performed
data correspondence and cell assignment for DNBs. We performed
object segmentation based on the nuclei in the single-stranded DNA
staining image and then overlaid the outlines of these objects on the
corresponding aligned gene expression spatial images.

To do this, we first performed image registration to align the
single-stranded DNA images with the coordinates in the gene ex-
pression matrices. The spatial gene expression matrices were then
transformed into two-dimensional spatial images by color-coding
the unique molecular identifier counts of each DNB. Simultaneously,
the corresponding single-stranded DNA images underwent a series
of pre-processing steps, including background noise filtering and
local contrast enhancement. These images were then transformed
to their true physical size by replacing the pixel unit with the dis-
tance of the DNBs (715 nm). Subsequently, the pre-processed im-
age datasets were aligned with the TrakEM?2 algorithm by Fiji,
where tissue morphology was manually identified and used for fea-
ture matching. The single-stranded DNA images were transformed
to match the spatial coordinates of gene expression based on the
affine matrix.

Next, we detected and segmented the cell objects in the trans-
formed single-stranded DNA images using CellProfiler software (75).
Briefly, nucleus locations were determined using the global Otsu
thresholding strategy without manual annotation. The Mutex Water-
shed algorithm was used to automatically determine whether the
pixel belonged to a specific nucleus, resulting in the creation of cell
boundaries. These boundaries of segmented cells had preset object
diameters ranging from 6 to 40 pixels. The RNA data associated with
each DNB location were then assigned to individual cell objects based
on whether they fell within the segmented cell boundaries. For the
regions where dense nuclei were located and the boundary could not
be detected, we manually masked these regions and retained binl5
partitions, each approximately 10 pm in width and height, instead of
cell segmentation. Using the aligned coordinates of cells and gene ex-
pression, the gene expression matrices were further aggregated into
putative cells ready for downstream analysis.
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Stereo-seq data clustering

We filtered the aggregated cell-level spatial RNA data, retaining cells
with a minimum of 25 gene types and a maximum of 7500. The fil-
tered matrices were then normalized using the SCTransform function
in Seurat 4.0. Data from different sections were then integrated using
the IntegrateData function. PCA was performed with default param-
eters, and the top 30 principal components were extracted for unsu-
pervised clustering with a resolution parameter set to 0.8. Spatial
information was not considered for the clustering algorithm and we
projected the resulting Seurat clusters into their spatial coordinates
based on the cell-segmented locations.

Data integration of scRNA-seq and Stereo-seq

Three biological replicons from scRNA-seq and six Stereo-seq sec-
tions were integrated using the Seurat IntegrateData function, using
the SCT normalization method and including 2000 variable fea-
tures. The integrated data were processed using PCA and clustered
with a resolution of 0.8. The resulting clusters were visualized
using UMAP.

Cell type annotation

For the clustering results generated from the single-cell dataset, the
Stereo-seq dataset, and the integrated dataset of single-cell and
Stereo-seq, we identified a list of differentially expressed genes
(DEGs) using the FindAllMarkers function in Seurat with default
parameters, separately. For each of the datasets, we extracted the top
30 genes with greater fold change and significant P values and fur-
ther queried their function in the Swiss-Prot database (https://www.
ebi.ac.uk/uniprot/index).

Cell types or cluster identifiers were manually annotated based on
the cluster-enriched DEGs for the single-cell dataset and the Stereo-
seq dataset separately. To compare the similarities and differences be-
tween the scRNA-seq data and the spatial data, we projected the
annotations from the two datasets into the same integrated UMAP
dimension and manually verified their consistency. The final compre-
hensive annotations were determined based on the integrated cluster-
ing results, taking into account the previous single-cell and Stereo-seq
annotation process.

Identification of spatially correlated modules

Gene modules were categorized using the autocorrelation algorithm,
Hotspot, based on spatial location (36). The spatial expression matrix
was normalized by the total unique molecular identifier count of each
putative cell after filtering genes that expressed in less than three cells.
A K-nearest neighbor (KNN) graph of genes was constructed with a
parameter of 300 neighbors in spatial space. Genes with significant
spatial autocorrelation [false discovery rate (FDR) < 0.05] were re-
tained for the calculation of local correlations. Gene modules were
identified using the create_modules function with a minimum gene
threshold of 20 and an FDR threshold of 0.05.

Reuse of zebrafish single-cell transcriptomic dataset

To investigate the similarity between the endostyle cell types and
vertebrate tissues, we collected scRNA-seq data of zebrafish from
Farnsworth et al. (30), Qian et al. (39), and Gillotay ef al. (40) as refer-
ence datasets. Before comparing the endostyle and zebrafish tissues,
we preprocess the zebrafish datasets to unify the annotations and
eliminate batch effects between different samples. These three zebrafish
developmental and tissue-specific single-cell expression objects were
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individually normalized and then integrated using Seurat 4.0. PCA
was performed on the integrated assay, and the top 30 principal com-
ponents were selected for clustering. The integrated assay was then
reclustered at a resolution of 0.8 to generate uniform clustering labels,
ensuring that cells with similar statistics or identities received the
same label, even if they came from different data sources. Annotations
were manually updated based on the original cell types and our inte-
grated clustering.

Similarity inference of S. clava endostyle and
zebrafish tissue/lineage
To infer the conservation of vertebrate tissue and the endostyle, we
used previously reported Kullback-Leibler divergence methods (76)
to calculate the similarities of endostyle to each zebrafish tissue. We
performed separate analyses for adult tissues and developing tissues/
lineages. The reason for this is that we considered that a mixture of
gene signatures from tissues/lineages at different developmental sta-
tus (potentially overlapped/similar expression profile in adjacent de-
velopment status) may lead to a failure in the comparison process.
We identified homologous genes between S. clava and zebrafish by
performing TBLASTX, which aligns the coding sequences of S. clava
with those of zebrafish. Gene pairs with reciprocal best matches in
both forward and reverse alignments were retained as true aligned
hits. For one-to-many homologous gene pairs, we determined knee
points based on the identity, bit score, and e values of the top 5 hits to
each S. clava gene. Matches greater than the maximum identity values
of the knee points were considered homologous hits.

SAMap analysis

Blast matches with an e value less than 107 and an identity value
greater than 30% were kept as confident hits and were subsequently
used in the SAMap comparison (77). Before comparison, we aggre-
gated every 10 cells of the same cell type into pseudo-meta cells to
emphasize the cell type-specific features. For the comparison be-
tween specific endostyle cell types and zebrafish tissues, we subset
the endostyle thyroid-like cell cluster and zebrafish pharyngeal
endoderm-related groups, and the endostyle HCLCs and zebrafish
hair cell-related groups to apply SAMap analysis.

Cell trajectory analysis of the HLR cells

We used Monocle 3 (78) to construct a pseudotime trajectory for the
HLR cells, which we assumed to have a hierarchy lineage based on
the expressed signatures. Only cell types that were primarily located
in the HLR were retained and used to construct the construction of
trajectory, while cells located in the dense tissue region were filtered
out. The subset data from each section were re-processed using Seur-
at 4.0 with SCTransform function and further integrated with 2000
integration features. PCA was performed on the top 30 principal
components. The processed Seurat object was then converted to a
Monocle3 object using as.cell_data_set function, and it was clustered
using the UMAP dimensional reduction calculated from Seurat. We
used methods including learn_graph and order_cells to construct
the trajectory. The root of trajectory was assigned as the cell type
closest to “stem cell” from the scRNA-seq dataset.

In addition, Dynamo (79) analysis was performed following the in-
structions at https://dynamo-release.readthedocs.io/. The unspliced
and spliced raw count matrices were calculated using the Velocity
package, based on the annotation file and bam file generated by
SAW. These matrices were further processed using the recipe_monocle
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function in Dynamo. The top 3000 highly expressed genes were se-
lected for dimension reduction using UMAP with default parameters.
RNA velocity vectors were estimated on the normalized matrix and
projected into the spatial visualization.

Cell-cell interaction analysis

We used ligand-receptor pairs from CellChatDB (80) to evaluate cell-
cell interactions between each pair of cell types. To identify potential
ligand and receptor genes in S. clava, we used the SonicParanoid (81)
software with default parameters to identify orthologous relationships
between S. clava and the human, which is the source of known ligand-
receptor database. All orthologous genes, including one-to-one and
one-to-many, were used as possible matches to further infer the
ligand-receptor relationship in S. clava. The interaction scores of each
ligand and receptor gene were calculated using the cell2cell (82) pack-
age, following the instructions at https://earmingol.github.io/cell2cell
(code version: 0.6.4, accession date: 15 February 2023). Target cell
types, specifically HCLCs and IRFCs, were selected based on manual
determination of their spatial proximity.

Cross-species trajectory projection

Inspired by the evolutionary homology between the thyroid-like
cell cluster in the endostyle and the thyroid organ in vertebrates,
we performed similarity calculations between the endostyle
thyroid-like cell cluster and tissues from different developmen-
tal processes of vertebrate thyroid. To investigate the evolution-
ary and developmental status of endostyle thyroid-like cells, we
evaluated the similarity between thyroid-like cells and cells
from different trajectory points in thyroid development and
projected the thyroid-like cells onto a pseudo-evolutionary tra-
jectory. We first constructed the pseudo-time trajectory of the
pharyngeal endoderm (developmental origin of the thyroid)
and the thyroid. Monocle 2 (74) was used to trace the develop-
mental footprint of the zebrafish thyroid. Highly expressed
genes (log_avg2FC > 0.25) in pharyngeal endoderm and thyroid
were estimated using the differentialGeneTest function to find
genes that change along the pseudotime. By identifying the
pseudotime point with maximum expression, these trajectory-
related genes were then classified into different clusters and
were treated as representing developmental stages. Finally, we
ordered the endostyle thyroid-like cells based on the pseudo-
time value of their most highly expressed trajectory-related
genes and inferred the order as the pseudo-trajectory of endo-
style thyroid-like cells.

To assess the spatial preference of endostyle thyroid-like cell
pseudo-trajectory, we compared pseudotime values across differ-
ent partitions along the spatial region. First, we manually desig-
nated two regions within the thyroid-like cell cluster located on
either side of the bilateral-sympathetic region. We then used curve
fitting to represent the spatial distribution of cells. The fitted curve
was divided into three subregions, and each thyroid-like cell re-
gion was projected into these subregions based on the nearest
distances.

In situ hybridization on the endostyle and peripheral blood

The fresh endostyle sample was fixed with 4% paraformaldehyde
(PFA) in artificial water at 4°C overnight. Sucrose descent was per-
formed with a 30% sucrose in phosphate-buffered saline (PBS).
The dried tissue was embedded in OCT compound (Sakura 4583)
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and snap-frozen in liquid nitrogen. Cryosections for in situ hybrid-
ization were prepared using Leica CM3050, and the sections were
mounted onto adhesive slides. Peripheral blood from S. clava was
collected from the non-endostyle pharynx blanket tissue and fixed
with 4% PFA. Blood cell droplets were washed with PBS and then
dried on adhesive slides. Digoxigenin (DIG)-RNA probes were de-
signed (data S6) and synthesized by in vitro transcription using SP6
RNA polymerase and T7 RNA polymerase (Thermo Fisher Scien-
tific, EP0131, EP0111). The in situ hybridization procedure was per-
formed in a humidified black box to prevent the drying of the slides.
Regions of tissue on the slides were outlined with hydrophobic
paint. The tissue was digested with proteinase K (10 pg/ml) for
30 min at 37°C and washed with PBST (0.1% Tween 20 in PBS). The
tissue was then refixed with 4% PFA in PBS solution for 30 min at
room temperature and washed with PBST. The tissue was then incu-
bated with pre-hybridization buffer [50% formamide, 5X saline so-
dium citrate buffer (SSC), 0.1% Tween 20] for 10 min at room
temperature. The tissue was then incubated in hybridization buffer
[50% formamide, 5% SSC, 0.1% Tween 20, 5X Denhardt’s solution,
yeast tRNA (100 pg/ml), and heparin (50 pg/ml)] at the hybridiza-
tion temperature for 4 hours. A fresh hybridization buffer contain-
ing probes at a concentration of 0.5 ng/pl was added, and the tissue
was incubated at the hybridization temperature for 20 hours. The tis-
sue was washed four times with a solution (50% formamide, 5x SSC,
0.1% Tween 20) and four times with PBST. The tissue was then in-
cubated in 1% blocking buffer (Roche) with Dig antibody at 4°C
overnight. Finally, the tissue was incubated with nitro blue tetrazolium-
bromochloroindolyl phosphate for chromogenic detection.

Cytoskeleton and nuclear staining of transverse sections
Cryosections were prepared as described above. The slide was incu-
bated with 0.1% PBST (Triton X-100) for 20 min at room tempera-
ture. The slide was then washed three times with PBS solution.
Phalloidin 488 (Alexa, A12379) was diluted at 1:100 with PBS, and the
slide was stained in the absence of light at room temperature for
30 min. The slides were then sealed with VECTASHIELD Antifade
Mounting Medium with DAPI (4’,6-diamidino-2-phenylindole)
(H-1200-10) and resin. The prepared slides were visualized using a
ZEISS LSM 900 confocal microscope.

Sample preparation and transmission electron

microscopy observation

Fresh endostyle was collected and immersed into the fixation buffer
(2.5% glutaraldehyde in artificial seawater) and stored at 4°C. The
semi-thin section and ultrathin sections were prepared by the Biomed-
ical Center of Qingdao Medical College, Qingdao University. The sam-
ple was observed by transmission electron microscope JEM-1200EX.

Statistical analysis

All the statistical analyses were performed using R (version 3.6).
Student’s ¢ test and Spearman’s rank correlation analysis were used
in this study. The P value <0.05 was considered as a significant dif-
ference exists. *0.01 < P < 0.05; ¥*0.001 < P < 0.01; ***P < 0.001.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Legends for data S1 to S6
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Other Supplementary Material for this manuscript includes the following:
Data S1 to S6
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