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Single-cell RNA sequencing illuminates the
ontogeny, conservation and diversification
of cartilaginous and bony fish lymphocytes
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Elucidating cellular architecture and cell-type evolution across species is
central to understanding immune system function and susceptibility to dis-
ease. Adaptive immunity is a shared trait of the common ancestor of cartila-
ginous and bony fishes. However, evolutionary features of lymphocytes in
these two jawed vertebrates remain unclear. Here, we present a single-cell RNA
sequencing atlas of immune cells from cartilaginous (white-spotted bamboo
shark) and bony (zebrafish and Chinese tongue sole) fishes. Cross-species
comparisons show that the same cell types across different species exhibit
similar transcriptional profiles. In the bamboo shark, we identify a phagocytic
B cell population expressing several pattern recognition receptors, as well as a
T cell sub-cluster co-expressing both T and B cell markers. In contrast to a
division by function in the bony fishes, we show close linkage and poor
functional specialization among lymphocytes in the cartilaginous fish. Our
cross-species single-cell comparison presents a resource for uncovering the
origin and evolution of the gnathostome immune system.

An increasing number of cell types arose over the evolutionary his- The immune system is, similarly, a complex regulatory network
tory of species'. Recent studies have provided new insights into the  characterized by the coordinated functioning of specialized
evolutionary history of cell type diversification across organ sys- cell types, but little is known about the evolution of cell types within
tems, including the central nervous and reproductive systems®™*. this system.
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The adaptive immune system is a common feature of all gna-
thostomes (jawed vertebrates) but is not fully resolved in
invertebrates®®. Adaptive immunity consists of two types of immune
response: humoral immunity driven by B cells and cellular immunity
steered by T cells. Cartilaginous fishes (Chondrichthyes) are the oldest
jawed vertebrates reported to possess an adaptive immune system
with B cell receptors (BCRs), T cell receptors (TCRs), and a major his-
tocompatibility complex (MHC)*”%, Comparing cartilaginous fishes to
other species, especially teleost fishes, is essential to reveal the
ancestral and derived evolutionary features of adaptive immunity®’.

Research on the evolution of immune genes in cartilaginous and
bony fishes has relied heavily on cloned genes or, more recently,
whole-genome sequencing data'®™. Cartilaginous fishes possess an
immunoglobulin (Ig)-based adaptive immune system and have two
conventional immunoglobulin classes (i.e., IgM and IgW), and a spe-
cific Ig new antigen receptor (IgNAR)*¢. The discovery of phagocytic
B cells in teleost bridges innate and adaptive immunity" and warrants a
more comprehensive analysis of B cell types in cartilaginous and bony
fishes. In teleost, affT cell receptors (¢BTCRs) function as mechan-
osensors of CD4* and CD8' T cells, and evolutionarily conserved
oS TCRs have been found in cartilaginous fishes™. A CD4 molecule with
a different structure to bony vertebrates and the absence of some
related cytokines in the shark genome suggest a primitive or atypical T-
helper-cell (Th-cell) system in sharks'>*?', Genomic analyzes have also
revealed a close linkage of immunoglobulin and T cell receptor genes
in cartilaginous fishes, suggesting that their antigen receptor genes
evolved from a common ancestor'>***, Another important component
of adaptive immunity is an antigen presentation system dominated by
MHC molecules. The MHC presents endogenous and exogenous
antigens to the cell surface that are further recognized by the BCR/TCR
system**. MHCI and MHCII are recognized by CD8 and CD4, respec-
tively, during T cell activation. Taken together, while genomic and
evolutionary data have provided crucial insights into the evolution of
the key adaptive immune genes in fishes, the cell types and their pat-
terns of expression across various species remain unclear, as are the
ancestral and derived evolutionary features of adaptive immunity.

Here, we used single-cell transcriptomic sequencing (scRNA-seq)
to study the immune cells of a cartilaginous fish (the white-spotted
bamboo shark, Chiloscyllium plagiosum) and two bony fishes (the
zebrafish, Danio rerio, and the Chinese tongue sole, Cynoglossus
semilaevis). Using scRNA-seq profiles, we systematically characterized
the cell type architecture of the immune system and gene expression
patterns of immune cells in these species. The evolutionary features of
the immune cells were revealed through cross-species lineage con-
struction and comparative analysis. Furthermore, subtype analysis of B
and T cells in the shark revealed specific immunity characteristics of
cartilaginous fishes and provided new insights into the origin and
evolution of adaptive immunity.

Results

Immune cell architecture of cartilaginous and bony fish

To reveal the cellular architecture of the cartilaginous and bony fish
immune systems, we performed scRNA-seq of the immune organs of
the white-spotted bamboo shark, zebrafish, and Chinese tongue sole
(Supplementary Fig. 1a, b). The spleen, liver, and kidney (in the case of
the white-spotted bamboo shark) or the head kidney (specific to zeb-
rafish and Chinese tongue sole) play crucial roles in immune responses
and harbor a wide array of immune cells. We constructed a total of 60
single-cell libraries (Supplementary Data 1). Following stringent quality
control, we obtained transcriptome data of 58,866 cells (Supplemen-
tary Fig. 1c and Supplementary Data 1).

Next, we integrated the cells from the different immune organs of
each species (Fig. 1a-c). Our results showed that organ-specific cell
types were mainly tissue parenchymal cells. In contrast, immune cells
were present in all organs with only quantitative differences

(Supplementary Fig. 1c). Cell types were identified through the analysis
of marker gene expression (Fig. 1d-f and Supplementary Data 2),
revealing 12, 17, and 16 cell types in bamboo shark, zebrafish, and
Chinese tongue sole, respectively. We observed shared cell types
among the three fish species, including hematopoietic stem cells
(HSCs), B cells, T cells, and erythrocytes. The HSCs were defined by the
transcription factor meisib and the stem cell regulatory factor ahnak)
(ahnak-like in bamboo shark). In the bamboo shark, HSCs were also
marked by Imo2, a crucial factor in hematopoietic development®.
HSCs were identified by the transcription factors mef2aa in zebrafish
and zeb2 in Chinese tongue sole. We also identified hematopoietic
progenitor cells (HPCs) by the stem cell-related genes myb, npmIa, and
csflrb in zebrafish, and npmla, myb, and kita in Chinese tongue sole. B
cells were characterized by bink, btk, flt3, and iglli-like in bamboo
shark, cd79a and paxs in the two bony fishes. T cells were defined by
tcf7,cd247, zap70, and ccr7 in the bamboo shark and zap70 in the bony
fishes. We further defined bamboo shark myeloid cells from the
expression of myeloid genes such as mpegi-like, mmp9, and fami33b.
In zebrafish, we also identified different myeloid cells, such as M1
macrophages (cd74a, irfS, and mpegl.l), M2 macrophages (grnl,
marco, and mfap4), neutrophils-l1 (mmp9, mmpl3a, and adam8a),
neutrophils-ll (adam8a, lect2l, and cpa5) and eosinophils cells (gata2a,
gygla, and viml). In Chinese tongue sole, we identified M1 macro-
phages (cd74a, irf8, and cd74b-like), M2 macrophages (marco, csf3r,
and ctss2.1), neutrophils-l (mmp9 and cebpb), neutrophils-ll (cpal,
mmp?9, and cebpb) and dendritic cells (flt3, sipr4, and spil). Further-
more, we defined erythrocytes by the marker genes including blvrb,
cahz-like, and rhag-like in bamboo shark, and cahz and alas2 in two
bony fishes. And we defined a cluster of proliferating cells with cell
cycle related genes including top2a, ube2c, and mki67-like in bamboo
shark, and pcna and mki67 in zebrafish, and top2a and ube2c in Chinese
tongue sole. Other non-immune cells identified were hepatocytes
(fabp10a), endothelial cells (kdrl), acinar cells (prssi), and goblet cells
(gata3, agr2, and cldn7-like) (Supplementary Fig. 1d-f). We also gen-
erated expression profiles of additional marker genes for each cell type
in the three species (Supplementary Fig. 2a-c). We analyzed the pro-
portion of immune cell types from the three species, revealing a higher
proportion of B and T cells in the bamboo shark (Supplementary
Fig. 2d). Our results indicated that the two bony fishes share more
marker genes than they do with the cartilaginous bamboo shark. This
indicates a high conservation of immune cells in the two bony fish
species examined.

Evolution of immune cells in cartilaginous and bony fish

The expression patterns of one-to-one orthologous genes allow the
study of immune system evolution®®?. In this study, we analyzed the
transcriptional similarity of immune cells from three species and the
expression of 7337 one-to-one orthologous genes (Fig. 2a and Sup-
plementary Data 3). Same cell types across different species exhibited
similar transcriptional profiles (Fig. 2a). For example, all T cells from
the three species clustered together and then clustered with B and NK
cells (Fig. 2a). This pattern indicates a conserved expression pattern of
orthologs in the lymphocyte lineages from cartilaginous to bony
fishes. Furthermore, although previous studies have shown that ery-
throcytes and myeloid cells differentiated from common myeloid
progenitors®, we found a higher similarity between myeloid and
lymphoid cells than between erythrocytes and myeloid cells (Fig. 2a).
Similar results were observed comparing all immune cells from dif-
ferent organs of the three fish species (Supplementary Fig. 3).

Next, we constructed cell-type phylogenies with single-cell tran-
scriptomes and performed pairwise comparisons (Supplementary
Fig. 4a). Generally, we found that the broad immune cell types were in
the same branch across species. We also found a one-to-one connec-
tion between cell types such as erythrocytes, HSCs, and B cells,
demonstrating the higher similarity of these cells (Supplementary
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plots showing the expression of key marker genes (x-axis) of major cell types (y-
axis) in bamboo shark (d), zebrafish (e), and Chinese tongue sole (f). The depth of
the color from light to dark and the size of the dots represent the average
expression from low to high and the percentage of cells expressing the gene.

Fig. 1| Single-cell atlas of immune organs from white-spotted bamboo shark,
zebrafish, and Chinese tongue sole. a-c UMAP visualization of all cells. Bamboo
shark (a), zebrafish (b), and Chinese tongue sole (c). Each dot represents one cell,
with labeled cell types being the predominant cell types in each cluster. d-f Dot
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Fig. 2 | Analysis of the cell-type evolution of three species. a Heatmap displays
the ‘one versus best MetaNeighbour’ scores for immune cell types across three
distinct species. AUROCs are determined by computing between the two closest
neighbors in the test dataset, with the assumption that proximity equates to a
higher scoring relationship. b, ¢ Cross-species pairwise cell type similarities
between bamboo shark and zebrafish (b), bamboo shark and Chinese tongue sole
(c), based on Kullback-Leibler divergence (KLD). The top 5% highest values are
depicted as arches linking different cell types, where the breadth of each arch

corresponds to the degree of KLD-based similarity. d-f Violin plot showing the
normalized expression of top shared orthologous genes (FC > 1.3, P-value < 0.001)
in highly similar cell types across species, compared to the average expression of
the same genes in all other cell types. Significance was calculated using paired
Wilcoxon test between in- and outgroup cell types, Wilcoxon signed rank test
adjusted P-value < 0.001 for all comparisons. d HSCs. e B cells in bamboo shark and
zebrafish. f T cells in bamboo shark and Chinese tongue sole.
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Fig. 4a). We proceeded to examine the similarities among cell types
across species using the Kullback-Leibler divergence (KLD)**°
(Fig. 2b, ¢, and Supplementary Fig. 4b). We found that some cell types
are similar to their counterparts across species (Fig. 2b, ¢, and Sup-
plementary Fig. 4b). For example, HSCs were highly conserved among
the three species, characterized by co-expression of 32 orthologs of
stemness maintenance-related genes and transcription factors such as
meislb, gfilb, and tall (Fig. 2d, Supplementary Fig. 4c, and Supple-
mentary Data 4). The proliferating cells co-expressed 104 orthologs
(e.g., mki67, cdkl, pcna, and mcm?) involved in DNA replication and
cell cycle regulation (Supplementary Fig. 4c, d and Supplementary
Data 4). Interestingly, proliferating cells also expressed epigenetic
enzymes such as dnmtl, dek, and smarcas. In addition, erythrocytes
were also highly conserved among the three fish species, manifested as
the co-expression of 36 orthologs, including the transcription factors
gata2, zfpml, and Imo2 and erythrocyte marker genes (e.g., epor, urod,
and fech) (Supplementary Fig. 4c, d and Supplementary Data 4).

We found that the species-specific orthologs in the same cell type
contribute to a similar function. For example, there were 154, 130, and
146 orthologs specifically expressed in the proliferating cells of bam-
boo shark, zebrafish, and Chinese tongue sole, respectively (Supple-
mentary Fig. 4c and Supplementary Data 4). Gene enrichment analysis
revealed an intersection of GO terms or pathways such as ‘DNA
Replication’, ‘Cell cycle’, and ‘Metabolism of RNA’. For ‘DNA Replica-
tion’, we detected topbpl, orcl, and parpl in bamboo shark pro-
liferating cells; primi, orc4, dsccl, and chracl in zebrafish; and pole,
polg, and pold3 in Chinese tongue sole. This indicates a similar func-
tional gene expression pattern of these cell types among the three
species. We also found some species-specific characteristics. For
example, genes responsible for cartilage morphogenesis (e.g., chsyl,
ids, and furina) were specifically expressed in the HSCs of bamboo
sharks (Supplementary Data 4).

Bamboo shark immune cell types showed the greatest differences
in transcriptomic profiles relative to the two bony fish species based on
the number of connections between immune cells of different species,
consistent with its more distant phylogenetic position (Fig. 2b, c, and
Supplementary Fig. 4b). For example, HPCs, B cells, T cells, neu-
trophils, and M1 and M2 macrophages showed high similarity between
zebrafish and Chinese tongue sole, along with a large number of
shared orthologous genes (Supplementary Fig. 4e and Supplementary
Data 4). We also observed partial similarity of immune cells between
the cartilaginous fish and teleost fishes. A high similarity of B cells
between the bamboo shark and zebrafish was characterized by 123 co-
expressed orthologs (Fig. 2e). Furthermore, T cells were similar (199
co-expressed orthologs) between the bamboo shark and Chinese
tongue sole (Fig. 2f). Surprisingly, T cells from the bamboo shark and B
cells from zebrafish shared 136 co-expressed orthologs (Supplemen-
tary Fig. 4f). This indicates a close linkage of B and T cells in the
bamboo shark, revealing its divergent adaptive immune system.

Conserved cell function with divergent gene sets in B cells of
cartilaginous and bony fish

Both cartilaginous and bony fishes possess Ig-based adaptive immune
systems’. The shared orthologs of DEGs between cartilaginous and
bony fish indicate conservation of B cells (Fig. 2e and Supplementary
Data 4). To better understand the conservation and diversification of B
cells between cartilaginous and bony fish, we compared the B cells
from the three species in our dataset. The transcriptional profiles of
7,184 orthologous genes from 900 B cells from each species were
integrated and visualized using UMAP (Fig. 3a).

Generally, B cells from the three species studied were evenly
distributed in the integration results, indicating a high similarity of B
cells among species (Supplementary Fig. 5a). We identified six B cell
subsets (Supplementary Fig. 5b and Supplementary Data 5). The B-5
cluster was characterized by the expression of ragl and rag2 and

transcription factors such as zeb2b and rbx1, indicating that they are B
cell precursors (pre-B cells) (Fig. 3b). DNA replication and cell cycle
genes, including ligl, pcna, mcm7, slbp, and dnmtl, were highly
expressed in the B-3 cluster, indicating that B-3 are plasmablasts (i.e.,
plasma cell precursors). The B-6 cluster expressed plasma cells marker
genes including pdia4, ppib, ostc, and ddost. The B-1 cluster was char-
acterized by a high expression of mef2ch, sf3bl, kmt2a, and smcs5,
indicating that they are immature B cells. Genes including cd74a, rpl37,
and rpsi4 characterized the B-2 cluster. Interestingly, the B-4 cluster
expressed phagocytosis-related genes such as mmp9, wbp4, prdxeé,
and sod1I (Fig. 3b). Although the same cell types were identified in the
three species, the proportion of cells in the six clusters differed for
each species (Supplementary Fig. 5c). For example, the proportion of
B-1 cells was about 25% in the two bony fishes but more than 52% in the
cartilaginous fish.

We further analyzed the similarity of B cells (Supplementary
Fig. 5d). B-3 were the most similar among the three species, followed
by the B-6 sub-cluster (Supplementary Fig. 5d). Analysis of shared
DEGs among the three species also showed a higher similarity of B-3
and B-6 (Fig. 3c and Supplementary Data 6). The 217 shared DEGs
among the three species included 144 DEGs in B-3 (Fig. 3d) and 32 in
B-6 (Fig. 3e). The 144 shared B-3 DEGs in three species involved cell
cycle proteins and transcription factors, including dkcl, ybx1, and ncl
(Supplementary Fig. 5e).

Previous studies have revealed that cartilaginous fish possess
three types of antibodies, IgM, IgW, and IgNAR, different from those in
teleost fish. We annotated six Ig heavy chain constant region encoding
genes in the bamboo shark genome. [gNAR (LOC122543616) was highly
expressed in the B cells of the white-spotted bamboo sharks. While
IgNAR (LOC122543617 and LOC122543620), IgM (LOC122552345), and
IgW (LOC122547843 and LOCI122547844) were relatively lowly
expressed (Supplementary Fig. 5f and Supplementary Data 7). Inter-
estingly, the ostensible immunoglobin-secreting plasma cell cluster
B-6 shared 32 DEGs including protein folding-related genes (e.g.,
pdia4, ppib, and hspaS5) and genes related to protein localization in the
endoplasmic reticulum (e.g., erp44, hyoul, and derl?) (Fig. 3e and
Supplementary Data 6). Shared high expression of protein glycosyla-
tion modification-related genes (e.g., ost4, ddost, and rpn2) was also
observed in B-6 (Fig. 3f). Meanwhile, we observed high expression of
RNA splicing-related genes snwi, snrpf, and thoc5 and mitochondrial
translation elongation related genes mrpl3, gfml, oxall, and mrpl in
B-6 of bamboo shark, indicating the unusual regulation of plasma cells
in cartilaginous fish (Supplementary Fig. 5g and Supplemen-
tary Data 6).

We also analyzed 269 teleost-specific (zebrafish and Chinese
tongue sole) DEGs in the six B cell sub-clusters (Fig. 3c). Interestingly,
the shared DEGs and teleost-specific DEGs of the B-3 cluster showed
enrichment for the gene ontology categories ‘Metabolism of RNA’,
‘Proteasome’ and cell cycle-related processes. ‘Protein processing in
endoplasmic reticulum’ and ‘protein glycosylation” were enriched by
the shared DEGs and ‘protein localization to endoplasmic reticulum’
was enriched by the teleost-specific DEGs of the B-6 cluster. Species-
specific DEGs (786 in bamboo shark, 234 in zebrafish, and 1008 in
tongue sole) revealed the gene expression diversity in each species
(Supplementary Fig. 5g). The enrichment of pathways and ontologies
by different gene sets reflect that gene adaptations in one species can
be substituted with other genes in different species while performing
similar cellular functions (i.e., functional convergence).

Characterization of phagocytosis of B cells in cartilaginous fish
Previous studies have demonstrated that B cells in teleost fish are
involved in innate immune functions such as phagocytosis. In
agreement, many innate immunity genes were found in the signature
genes of B cells in zebrafish and Chinese tongue soles (Supplementary
Fig. 6a, b). Notably, the genes specifically expressed in bamboo shark B
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the clustering of B cell subclusters from three species. b Dot plot showing the
expression of most significant DEGs in each sub-cluster of B cells. ¢ Heatmap
showing the conserved and teleost-specific differentially expressed genes in B cell
sub-clusters. Enriched Gene Ontology categories for DEGs of B-3 (colored green)

NADONOONYS ™D ONLD N6 o

7.

SIS I YIS SIS IS YIS

and B-6 (colored purple), respectively. The enrichment analysis was generated
using Fisher’s exact test on the Metasape web server, with Bonferroni correction for
multiple hypotheses testing. P-values are indicated on the x-axis. d, e UpSet plots
showing shared orthologs of three species in B-3 (d) and B-6 (e). fHeatmap showing
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cells are also associated with innate immunity (Supplementary Fig. 6¢).
Pathway enrichment analysis revealed that ‘Fc-gamma receptor
(FCGR) dependent phagocytosis’ and ‘Regulation of actin dynamics for
phagocytic cup formation’ signaling pathways were enriched in B cell
of bamboo sharks (Supplementary Fig. 6d). Furthermore, compared
with bony fish, the bamboo shark B cells exhibit upregulation of genes
involved in phagocytosis (such as rhoh, met, pikfyve, and tmem175) as

LL UL LR UR

LL UL LR UR

well as myeloid cell differentiation (kmt2a, sf3bl1, ncorl, ddx46, pdcd2,
etc.) (Supplementary Fig. 7). These results suggest that the potential
phagocytic function of B cells present in cartilaginous fishes.

We generated a phagocytosis-related gene set using the GO terms
of the zebrafish, mouse, and human® (Supplementary Data 8). Many
phagocytic genes showed high expression in the B cells of the bamboo
shark, including pecam1, nckapil, and rubcn(Fig. 4a). Both B cells and
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Fig. 4 | Phagocytic function of B cells in bamboo shark. a Heatmap showing the
expression of phagocytosis gene set in B cells of bamboo shark. b UMAP plots
showing co-expression of bink with plcg2, ncf2, and tlr2, respectively, in B cells of
bamboo shark. The co-expression color threshold for all genes is based on the same
standard of 0.5. ¢ Heatmap showing the expression of pattern recognition recep-
tors in B cell. d Confocal laser scanning microscopic images of phagocytosis of
fluorescence-labeled microbeads by B cells (n = 3 biological replicates), B cells were
detected by fluorescence in situ hybridization (FISH) with B cell markers (blnk and
ignar). Cell membranes were stained with Dil. Scale bar =10 pm. e Flow cytometry

identification of phagocytic B cells in bamboo shark spleen cells by the combina-
tion of fluorescence-labeled microbeads and anti-IgNAR antibody. LL, lower left:
indicates IgNAR- non-phagocytic cells; UL, upper left: indicates IgNAR- phagocytic
cells; LR, lower right: indicates IgNAR+ non-phagocytic cells; UR, upper right:
indicates IgNAR+ non-phagocytic cells. f, RT-qPCR analysis of the expression of
phagocytotic gene in FACS-sorted cells in Fig. 4e. n =3 independent biological
replicates. Bars represent mean values + /- SEM. P-values were determined using
the two-tailed Mann-Whitney test.

myeloid cells expressed plcg2, irf8, ncf2, illb, elmo3, etc. The phago-
cytic genes plcg2, tir2, and ncf2 were co-expressed with B cell marker
genes such as bilnk and fit3 (Fig. 4b and Supplementary Fig. 8a).
Interestingly, bamboo shark B cells highly expressed several pattern
recognition receptors. Fc-gamma receptors (e.g., fcgrla-like, fcri3, and
fcrl5) and toll-like receptors (e.g., tir, tlr2, tlr7, and tlr9) were highly
expressed in B cells (Fig. 4c). Considering the different types of Ig
genes, we analyzed the co-expression of Ig genes and phagocytic genes
(plcg2, tlr2, and ncf2), and found a high co-expression of IgNAR
(LOC122543616) with phagocytic genes (Supplementary Fig. 8b-f).

Next, we investigated the phagocytosis of B cells in the bamboo
shark by flow cytometry. Forward and side scatter parameters (FSC/
SSC) were used to gate lymphocytes. After incubating with microbe-
ads, 3.27% of lymphocyte cells gave a positive result. An increased
microsphere-cell ratio increased the proportion of fluorescence-
positive lymphocytes to 6.23% (Supplementary Fig. 9a). Next, we
observed the phagocytosis of B cells by confocal microscopy. Micro-
spheres with blue fluorescence were found in the cytoplasm of bink-
positive or IgNAR-positive cells, indicating that B cells had ingested
microbeads (Fig. 4d). Next, we sorted both IgNAR+ phagocytotic,
IgNAR- phagocytotic cells, and non-phagocytotic cells by using a
combination of fluorescence-labeled microbeads and anti-IgNAR
antibody by FACS (Fig. 4e and Supplementary Fig. 9b). The
increased expression of phagosome maturation genes including
rab5b, indicated the activation of phagocytosis (Fig. 4f).

We also detected the expression of these pattern recognition
receptors in B cells from zebrafish and Chinese tongue soles (Sup-
plementary Fig. 9c, d). Many receptors were expressed in B cells in the
two bony fishes. Flow cytometry showed that only about 0.36% of
lymphocyte cells in the Chinese tongue sole were fluorescence-
positive after microbead incubation (Supplementary Fig. 9e). We also
observed the phagocytosis of Chinese tongue sole B cells by confocal
microscopy (Supplementary Fig. 9f). These results hint at an enhanced
phagocytosis function of cartilaginous fish B cells compared to
bony fish.

Identification of T cell subsets in cartilaginous fish

Much effort has been expended to identify CD4 genes and related
cytokines in cartilaginous fishes to understand the function of T cell
subtypes better'>?. We explored the main functions of T cells by KEGG
pathway enrichment. DEGs of T cells in the bamboo shark were enri-
ched in pathways related to CD4" T cell subsets such as ‘Th17 cell
differentiation” and ‘Thl and Th2 cell differentiation’ (Fig. 5a).

We divided T cells from the bamboo shark into six subclusters
(Fig. 5b; Supplementary Fig. 10a, b and Supplementary Data 9). We
analyzed the expression of TCR genes and found high tcrb expression
and low tcrd expression (Supplementary Fig. 10c, d, and Supplemen-
tary Data 7). We then annotated each subset based on DEG expression
(Fig. 5¢). T-0 cells were characterized by tissue-resident memory T cell-
related genes such as itgae-like and btnl2. The naive T cell marker genes
lef1, ccr7, and tcf7 were highly expressed by T-1 cells. T-2 cells primarily
expressed transcription factors (junb-like** and aiolos-like*®), and CD4*
T cells differentiation-related genes (il12rb2** and sh2d1a-like®), exhi-
biting characteristics of the helper T cell subset. Interestingly, T-3 cells
highly expressed many genes associated with B cells, including bink

and igj-like. The genes fIt3 and tmem119b, which were DEGs of bamboo
shark B cells (see above), were also expressed in this cluster. Cluster
T-4 was characterized as proliferating T cells based on the high
expression levels of cell proliferation-related genes (e.g., pcna, myc-
like, and eiflad). T-5 cells specifically expressed T cell activation-related
genes such as myb, egr2b and tagapb (Fig. 5¢).

Many studies have investigated the presence of canonical CD4
and T cell lineage diversification®*%. Our study aimed to elucidate the
diversification of the T cell lineage in the white-spotted bamboo sharks
using single-cell data. We found that T-2 with helper T cell character-
istics is CD8a negative (Fig. 5d). We identified the sequence of CD4
gene in white-spotted bamboo shark (Supplementary Fig. 11) based on
a previous study?. However, the expression of the CD4 gene was not
subset specific (Supplementary Fig. 12a), which may be related to the
structural differences (stemming from a highly diverged gene locus
and protein sequence) of CD4 in cartilaginous and bony fish. Like other
species, MHCI genes were expressed by most immune cell types in the
bamboo shark, while MHCII genes were specifically expressed in
antigen-presenting cells (Supplementary Fig. 12b).

Antigens presented by the MHC are recognized by different T cell
subsets, and through the cascade signaling of Ick and zap70, ultimately
lead to T cell activation and differentiation®. Lck was primarily
expressed in the T-2 subset and zap70 was ubiquitously expressed in
all T cell sub-clusters, indicating different mechanisms of T cell acti-
vation in the bamboo shark (Fig. 5d). In addition, some Thl-related
genes were expressed in the T-2 subset, including ifng-like, cxcr3-like,
and cxcl10-like (Fig. 5e). However, we failed to detect the expression of
other Th2 effectors, including i{12 and tnfa in T-2. Furthermore, ccllI-
like and ccl20-like, involved in the IL-17 signaling pathway*’, were also
expressed in the T-2 subset (Supplementary Fig. 12c).

Transcription factors are crucial in determining cell fate. We
analyzed the expression of transcription factors of bamboo shark
T cells (Fig. 5f). Some of the signature transcription factors of CD4"
T cells were expressed (Fig. 5f and Supplementary Fig. 12d). Both the
CD4" T cell-related transcription factor gata3 and the CD8* T cell-
related transcription factor runx3 were ubiquitously expressed in all T
cell subsets (Fig. 5g). The transcription factor ZBTB7B is essential for
the development of the CD4 lineage, and its lack results in the com-
mitment to the CDS lineage*'. We confirmed that the zbtb7b-like gene
in the bamboo shark is intact at its conserved domain; however, the
gene was not specifically expressed by T cells (Fig. 5g). In conclusion,
we have characterized the subsets of T cells in a cartilaginous fish and
further elucidated the function of the T-2 subset in a bamboo shark.
Our results indicate that T-2 is a Th-like subpopulation in sharks.
Moreover, it may have cell fate determinants that differ from those
identified in bony vertebrates.

AT cell subtype co-expressed T and B cell markers in
cartilaginous fishes

Unexpectedly, the differentially expressed genes of the bamboo shark
T cell subcluster T-3 included some B cell-related genes (Fig. 5c).
Genome studies have reported a close linkage between immunoglo-
bulin and T-cell receptor genes™. To demonstrate that our result did
not occur due to cell admixture, we used co-expression analysis to
verify that these genes were expressed by T cells. Many cells in T-3
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Fig. 5 | Characterization of T cell sub-types in the bamboo shark. a Heatmap
showing the expression of all DEGs of T cells in bamboo shark. Gene expression levels
utilize a Z score, which depicts variance from the mean, as defined on the color key in
the right top corner (left). Histogram showing KEGG pathways enriched by these
genes (right). The enrichment analysis was generated using Fisher’s exact test, with
Benjamini-Hochberg (BH) corrected for multiple hypotheses testing. The P-values is
represented by the depth of red. b UMAP plot showing 6 T cell subsets of bamboo

shark. ¢ Dot plot showing expression levels of selected signature genes in T cell
subsets. Dot size indicates the fraction of expressing cells, colored based on nor-
malized expression levels. d UMAP plot showing T cell activation-related gene
expression in different T cell subsets. e UMAP plot showing Th2-related gene
expression across T cell subsets. f Heatmap showing CD4" T cell subset transcription
factor expression across T cell subsets. g UMAP plot showing CD8" T cell and CD4* T
cell key transcription factor expression across T cell subsets and immune cell lineages.
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showed co-expression of bink, fit3, and tmemi19b with the T cell
markers cd247 (Fig. 6a). We verified the expression of tcf7, cd247, bink,
and flt3 by fluorescence in situ hybridization (FISH), and detected the
cells co-expressing tcf7 and bink, cd247 and fIt3 (Fig. 6b). Furthermore,
we also analyzed the cell populations that co-expressing tcf7, cd247
and IgNAR (Supplementary Fig. 13a). In addition, many immunoglo-
bulin genes were expressed by bamboo shark T cells, especially in the
T-3 and T-4 clusters (Fig. 6¢). We also found a substantial overlap
between bamboo shark T and B cell DEGs (Fig. 6d). The correlation of
the gene expression pattern of T and B cells from the bamboo shark
was higher than that of zebrafish (Fig. 6e).

To further expand on our results, we analyzed the scRNA-seq
dataset of the nurse shark (Ginglymostoma cirratum)** with the same
quality control flow performed in this study. T and B cell markers co-
expressed in a specific subset of T cells in nurse sharks (Supplementary
Fig. 13b). Meanwhile, there is no subcluster co-expressing T and B cell
markers in Chinese tongue sole or zebrafish (Supplementary
Fig. 13¢c, d). This observation suggests that the T-3 subset (co-expres-
sing T-cell and B-cell markers) appears to be specific to cartilaginous
fishes. Furthermore, we added additional cross-species analysis. We
extracted zebrafish and Chinese tongue sole T cells for clustering and
identified several subgroups. Cross-species analysis revealed that
there are no T cell subpopulations in zebrafish and Chinese tongue
soles with similar transcriptional characteristics to T-3 in sharks
(Supplementary Fig. 14). These results support the claim that the T-3
subset is exclusive to cartilaginous fishes. This cell type may represent
a unique branch of T cell evolution, conferring specific immune
advantages to cartilaginous fishes. However, whether the T-3 is a
unique group that distinguishes cartilaginous fish from all bony fishes
still needs to be determined. Further expansion of the species range
for in-depth comparative analysis is needed.

Discussion
The immune landscape of lamprey has revealed the heterogeneity of
lymphocytes between jawless and jawed vertebrates*. The cell atlases
of a cartilaginous fish and two bony fishes generated here will further
advance our understanding of the evolution of immunity in jawed
vertebrates. Previous studies of genomes indicated that investigating
the immune system of cartilaginous fish is essential for revealing the
origin and evolution of adaptive immunity'>”. By creating a cellular
atlas of a bamboo shark using three organs (liver, spleen, and kidney),
we have systematically revealed the composition of the immune sys-
tem and gene expression profiles in cartilaginous fish. The main cell
types and cell type-specific marker genes were conserved in three
species. For example, ahnak and meisib were specifically expressed in
HSCs, and zap70 were expressed in T cells. While bink is highly
expressed in the B cells of all three species, pax5 is specifically
expressed in the B cells of the bony fishes. Furthermore, we also found
that flt3, an important cytokine receptor involved in hematopoiesis
and early B cell development**, is specifically expressed in the B cells of
the cartilaginous fish. The construction of an immunology cell atlas
presented in this study reveals the similarity and diversity of immune
cell types in cartilaginous and bony fishes, enhancing our knowledge of
the molecular mechanisms, cell lineage decisions and regulatory pro-
cesses within the immune system. Considering the tissue-specific dis-
tribution of immune cells, an integrated cell atlas of all the immune-
related tissue and a more detailed cell type identification is needed.
In mammals, phagocytosis is generally completed by specialized
phagocytes such as monocytes, neutrophils, and macrophages®.
Moreover, phagocytosis in the literature has gradually evolved from a
role only in innate immunity to a role in adaptive immunity*®*". It plays
a key role in the uptake and destruction of microorganisms and initi-
ating and developing the adaptive immune response®’. Previous stu-
dies have shown that malignant mouse and human B cell lines can be
transformed into macrophage-like cells with the ability to phagocytize

large particles*®*. Later, it was found that bony fish B cells effectively
carry out phagocytosis both in vivo and in vitro. It does so by inducing
a ‘downstream’ degradation pathway by ingesting particles, resulting
in the fusion of lysosomes and phagosomes to form phagocytic lyso-
somes, which then kill microorganisms in cells™.

We found that cartilaginous fish B cells expressed many genes
involved in innate immunity and phagocytosis. We verified that bam-
boo shark B cells also possess the ability to phagocytize immune
microspheres. It is worth noting that several vertebrate B cells can
phagocytize particles in a non-BCR-mediated manner but in the same
way as traditional phagocyte pattern recognition receptors®. Inter-
estingly, we also observed the expression of pattern recognition
receptors in bamboo shark B cells. Whether the mode and mechanism
by which cartilaginous fish B cells recognize antigen particles are the
same as those of higher vertebrates remains to be studied. In conclu-
sion, our exploration of the phagocytic function of B cells in cartila-
ginous fish illustrates the key role of B cells in connecting innate
immunity and adaptive immunity. However, the potential phagocytic
functions of B cell perhaps derived from the cooption of a gene reg-
ulatory network, and how it differs from the phagocytic function of the
innate immune system need to be further explored.

Our single-cell sequencing results provide a new strategy for
analyzing T cell subtypes of cartilaginous fishes. T helper 1-related
cytokines, including IFN-y, IL-12 and TNF-«, were found in the genome
of the elephant shark (Callorhinchus milii), indicating the presence of
helper T cell sub-types'. We found that MHCII tends to be specifically
expressed in myeloid cells and B cells, while MHCI is ubiquitously
expressed in all cell types. We propose the existence of an antigen-
presenting signaling pathway mediated by MHCII and TCR in cartila-
ginous fishes. The lack of co-expression of Ilck with CD8 and a broad
expression of zap70 in all T cells suggest a different activation
mechanism of TCR in cartilaginous fishes. The absence of CD8 and
specific expression of ifng-like, cxcl10-like, and cxcr3-like genes in T-2
suggest that this sub-cluster may be helper T cells. However, the
expression of CD4 in the bamboo shark is not specific. Previous studies
have found that the cytoplasmic tail of shark CD4 has a CxH motif
instead of a CxC motif for (presumably) binding to LCK, which may
lead to functional changes®. Further research on the shark TCR acti-
vation pathway, the T-2 subset, and CD4 gene function will help us
elucidate the characteristics of shark T cells. In addition, the genomes
of the Atlantic cod*® and anglerfish™ suggest that some bony fishes also
lack CD4 and related genes. More research is recommended to reveal
the origin and evolution of CD4" cells by comparing the immune sys-
tems of cartilaginous and bony fishes. The limited diversity of T cell
subtypes and the non-specific expression of transcription factors in
sharks suggest evolutionary divergence in the T cell lineage of carti-
laginous fishes.

Jan Klein first proposed the idea that the immune system should
be compartmentalized into conserved components when studying its
evolution®. Our study found that the HSCs are highly conserved in
three fish species. This is consistent with the previous studies, which
show that the regulatory mechanism of HSCs is highly conserved
across species, from zebrafish to mammals®. We found that lymphoid
lineages, such as B and T cells, have similar connections between
cartilaginous and bony fishes (here, two distantly related teleost spe-
cies). This suggests that adaptive immunity in cartilaginous fish is
highly consistent with that in bony fishes. We found that B cells were
evenly distributed after integrating data from our three study species,
indicating that the subtypes of B cells in cartilaginous fish are the same
as those in teleost fish. Among them, B-6 cells of the three species
share genes involved in protein folding and transport, such as pdia3
and ppib. This shows that although the types of immunoglobulins
differ, antibody synthesis and processing mechanisms are conserved.
When comparing all cell types of the three species, proliferating cells
were found to have the most homologous genes. Similarly, B-3 (the
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proliferating B sub-cluster cells) had the highest similarity among the
three species compared to other B cell subsets. These results suggest
that genes involved in basic life processes, such as DNA replication and
cell division, are more conserved across species. This prompts us to
think about the key factors that drive evolution and the most impor-
tant gene sets responding to the driving factors. The evolution of
additional functions that may respond to environmental changes is
more important for forming new cell types. Cell-type-specific genomic
information (coding and non-coding) plays a pivotal role in defining
the unique identity of each cell type. Therefore, more attention should
be given to investigating such specific gene sets.

Classically, lymphoid and myeloid cells are differentiated from
HSCs**. Our research found that, like bony fishes, cartilaginous fish B
cells also have a phagocytic function, indicating an ancient con-
nection between the lymphoid and myeloid lineages in cartilaginous
fishes. We revealed B and T cell markers in the T-3 cluster, hinting at
aclose link between T cells and B cells. This result is compatible with
previous research showing a close linkage of immunoglobulin and T
cell receptor genes in the elephant shark genome'™. Our results also
revealed limited T cell sub-types, supporting a unique cartilaginous
fish differentiated T cell state. An increasing number of studies have
reported the function of innate-like lymphocytes, including
NKT cells, mucosal-associated invariant T cells, B1 cells, marginal
zone B cells, and innate lymphoid cells*~°. Interestingly, the newly
discovered paired immunoglobulin-like receptors-A (PIR-A) med-
iates the acquired memory of monocytes and macrophages to major
MHCI antigens®’. Therefore, our results add to the hypothesis that
the emergence of adaptive immune cells originates from innate
immune cells with a gain of a new function. The ‘Big Bang’ and
‘gradual accumulation of changes’ hypotheses should be investi-
gated further.

In conclusion, our immune cell atlas of both cartilaginous and
bony fishes provides data that supports a comprehensive under-
standing of immune system architecture and gene expression char-
acteristics. Cell-type evolution lineage and comparative studies across
species provide new perspectives on the origins and development of
adaptive immunity at the single-cell resolution.

Methods

Ethics and experimental fish

The animal experimental protocol of this study was reviewed and
approved by the Experimental Ethics Review Committee of the Yellow
Sea Fisheries Research Institute of the Chinese Academy of Fishery
Sciences (YSFRI-2023036). The white-spotted bamboo shark (Chi-
loscyllium plagiosum) approximately 25-40 cm in length was pur-
chased from the fish and aquarium market in Xiamen, Fujian, China.
The shark was maintained in a controlled environment with a water
temperature of 25+ 1 °C and a seawater salinity 25%o + 0.5%o. The two-
year-old Chinese tongue sole (Cynoglossus semilaevis) was obtained
from an aquaculture factory in Qingdao, Shandong, China. The Chi-
nese tongue sole was maintained in a controlled environment with a
water temperature of 24 +1°C and a seawater salinity 16%o + 0.5%.. The
Tubingen background experimental adult zebrafish (Danio rerio) were
used and maintained in the circulation water system on a 14:10 h light-
dark cycle at 28°C and fed twice daily. The sample information is
shown in Supplementary Data 1.

Immune organ collection and cell sample preparation

Prior to immune organ collection, fish were placed in sterile collection
chambers for 15 minutes. To obtain a high-quality cell suspension, we
meticulously managed the preparation time. First, each fish was
anesthetized with a concentration suitable for MS222. After anesthe-
tization, fish were weighed. And briefly, each immune organ (liver,
spleen, kidney/head kidney) of these three fish was carefully
excised on ice.

For white-spotted bamboo shark and Chinese tongue sole, each
organ was dissociated for one single-cell library. The organs were
washed twice with DMEM medium (0.2% sea salt added). Other tis-
sues adhered to the immune organs (liver, spleen, kidney/head kid-
ney) were removed with tweezers. Each immune organ tissue was
sliced with a blade into tissue homogenate. The tissue was digested
in 0.05% trypsin and 0.1 mg/mL collagenase IV at 28 °C for 5 or 10 min
(10 min for the liver and bamboo shark kidney, and 5 min for the
remaining three organs). The digestion reaction was rapidly termi-
nated by adding fetal bovine serum (FBS) to 10%. The cell suspension,
after digestion, was passed through a 40 pm filter to eliminate tissue
remnants. We then collected roughly 6 mL of this strained suspen-
sion into a 15 mL sterile tube. The tube was then centrifuged for 5 min
at 500 g using a horizontal rotor in a low-temperature centrifuge.
The cells were then washed twice and resuspended with PBS (0.05%
BSA added). For zebrafish, cells were isolated from 3-5 animals for
one spleen single-cell library, and about 10 animals for one head
kidney single-cell library. The organs were washed with ice-cold PBS,
then triturated with needle and syringe and digested in 0.05%
Trypsin-EDTA and 0.1 mg/mL collagenase IV at 32 °C for 5 or 10 min
(5min for spleen and head kidney, and 10 min for liver). The diges-
tion reaction was terminated by adding fetal bovine serum (FBS) to
10%. The digested cell suspension was washed with ice-cold 0.05%
bovine serum albumin (BSA)/PBS buffer and filtered through a 40 pm
filter to obtain single-cell suspensions®. All single-cell suspensions
were counted utilizing a hemocytometer under microscopic obser-
vation, we enumerated the cells and adjusted their concentration to
approximately 1000 cells per microliter. The cell viability was mea-
sured and recorded using a Trypan Blue Staining kit (Sangon
Biotech).

Single-cell RNA libraries construction and sequencing

After each high viability (>90%) single-cell suspension of fish immune
organ was prepared, the single-cell RNA-seq library was constructed
immediately. For library construction, we used the DNBelab C Series
Single Cell RNA Library Preparation Kit (MGI, China) according to the
manufacturer’s protocol, based on droplet microfluidics technology.
In detail, single cells were prepared as droplets, and subjected to cell
lysis and mRNA capture using the DNBelab C4 portable single-cell
system. Subsequently, the microdroplets containing the captured
mRNA were retrieved utilizing an emulsion-breaking recovery system.
The mRNA bound to magnetic beads was then converted into cDNA,
which underwent 16 cycles of PCR amplification for enrichment. Then,
following the manufacturer’s protocol, the enriched cDNA products
progressed through a series of steps, including fragmentation, end
repair, ligation, and an additional 12 cycles of PCR amplification. Fol-
lowing this, the cDNA was subjected to denaturation, circularization,
and digestion procedures, ultimately yielding single-stranded DNA
libraries. Finally, 10 ng of digested products were obtained and
sequenced using the MGISEQ 2000 platform (BGI, China). The detailed
information on the sequencing quality of each library was provided in
Supplementary Data 1.

Identification of CD4 gene in the transcriptome of white-spotted
bamboo shark spleen

RNA-seq datasets from spleen (GenBank SRR18297556-SRR18297559)
of bamboo shark (C. plagiosum) were retrieved from the Bioproject
“Chiloscyllium  plagiosum Raw sequence reads’” (GenBank
PRJNA811401). Raw RNA-Seq data underwent rigorous quality control,
employing the fastp tool, version 0.23.2, which effectively identified
and removed any reads contaminated with adapter sequences or
exhibiting substandard quality. The White-spotted bamboo shark
transcriptome was de novo assembled from clean data using Trinity
(version 2.8.5) to generate a contig file for RNA reads mapping. BLAST
was used to align the assembled transcriptome data with the coding
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sequences of the CD4 genes of five shark species in previous studies to
obtain candidate CD4 transcripts?. For verification of CD4 sequences,
total RNA from spleen tissue of bamboo shark was reverse-transcribed
into cDNA. CD4 was amplified with primers designed according to
contig assemblies (F: GATCTGCAGGCTGCTCCG, R: CTGCTTGA
GGATCCTCTCG). PCR reactions for sequence validation were per-
formed with 2 x Rapid Taq Master Mix (Vazyme) according to the
manufacturer’s guidebook. PCR products were cloned into pEASY T1
Vector with TA Cloning Kit (Transgen Biotech), and sequenced by
Ruibiotech Co., Ltd. (Beijing, China).

Bioinformatic processing of single cell RNA raw sequencing data
We used the reference genome and annotation files downloaded
from NCBI (Danio rerio GCA_000002035.4, Chiloscyllium plagiosum
GCF_004010195.1, Cynoglossus semilaevis GCF_000523025.1). The
validated CD4 gene sequence is appended to the C. plagiosum gen-
ome file. These reference genome files are in turn used to create
custom references using the CellRanger mkref command with
default settings and for subsequent analysis. The cell barcodes and
UMIs of raw data were embedded into the fastq file through the
parsing feature of PISA. Subsequently, the data underwent a quality
check using the FastQC (version 0.11.3). We employed STAR (version
2.7.9a) (https://github.com/alexdobin/STAR) to map the reads to the
genome®. PISA’s sam2bam and anno options were sequentially uti-
lized to transform the barcodes into tag format within the BAM files.
Subsequently, the reads within the BAM files were annotated and
appended with tags. Sambamba (version 0.7.0) (https://github.com/
biod/sambamba/releases/tag/v0.7.0)®° was used to sort BAM files.
The gene-cell UMI count matrix was constructed with PISA. The gene-
cell expression matrices were served as processed raw data for fur-
ther analyzes.

Library integration and clustering analysis

The raw gene expression matrix from the PISA pipeline was processed
using the Seurat (version 3.0) (https:/satijalab.org/seurat/) R
package®’. First, individual UMI count matrices from the libraries were
imported into the R environment through the Read10X function, fol-
lowed by the creation of Seurat objects for each experimental dataset.
To obtain high-quality gene readings, we first filter out cells that detect
less than 200 genes and 500 transcripts. Based on transcriptional
differences between species, cells with excessive gene count and
mitochondrial gene expression in each species were also removed
(Supplementary Data 1). Subsequently, DoubletFinder (version 2.0)
(https://github.com/ddiez/DoubletFinder)®* was employed to identify
doublets, assuming a 4% doublet formation rate for the loaded cells of
each library. From the filtered cells, the gene expression matrices were
standardization by the function of SCTransform. Next, minimize the
differences between technical repetitions and use the RunCCA func-
tion to combine Seurat objects (each library from the same organ).
After single organ integration, the integration of three organ datasets
used Harmony (https://github.com/immunogenomics/harmony)®* for
corrected batch effects between organs. Briefly, we performed prin-
cipal component analysis (PCA) on the integrated objects using
RunPCA with “npcs = 30”. The cell clustering was performed using the
FindNeighbors and FindClusters functions with a resolution of 0.5. The
data was visualized by non-linear dimensional reduction using the
RunUMAP functions (reduction = “pca”, dims = 1:30). The differentially
expressed genes for each of the identity classes were computed with
FindAllIMarkers ~ function  (min.pct=0.25, logfc.threshold=0.25,
test.use = “wilcox”).

Cross-species orthologous gene pairs construction

To facilitate the integration of cross-species single-cell datasets and
the comparison of cell similarities across species, we calculated pair-
wise orthologous genes for transformation. Orthofinder (version 2.3.7)

was utilized to pinpoint single-copy orthologous genes between a pair
of species®. Extract single copy genes from the output file of Ortho-
finder (11,722 D.rerio-C.semilaevis pairs, 7865 C.plagiosum-C.semilaevis
pairs, 8,651 C.plagiosum-D.rerio pairs). During subsequent cross-
species integration, if there is a 1:1 match between non-zebrafish and
zebrafish genes, the non-zebrafish gene name will be converted to
zebrafish gene name. And then, in order to compare cell types across
species, we have generated paired datasets of orthologous gene
expression. In cases where one species had multiple orthologous
genes in the other species, we established orthology relationships of
one-to-many or many-to-many by duplicating gene entries from a
single species. This resulted in 22,255 D.rerio-C.semilaevis pairs,
20,370 C.plagiosum-C.semilaevis and 20,673 C.plagiosum-D.rerio pairs.

Cell type similarity comparison analysis

For cross-species comparisons, we used two methods to measure
similarity between cell types. The first is the MetaNeighbor®. Similarity
analysis based on pseudocellular data (https://github.com/JiaqiLiZju/
CelltypeEvolution/tree/master/Pseudocell_analysis). When comparing
the overall immune profiles of three species (Fig. 2a), we selected 20
cells, and when comparing B cells across species, we selected 5 cells
(Supplementary Fig. 5d). The degree of similarity among cell types was
quantified using the average area beneath the receiver operator
characteristic curve (AUROC) score. In the cross-organ comparison,
after taking the negative log of the AUROC value, the hclust function in
the R language was used to construct a hierarchical clustering tree
(Supplementary Fig. 3). For cross-species comparison, we used single
copy orthologous genes to construct a cell lineage tree in the order of
white-spotted bamboo shark, zebrafish, and Chinese tongue sole
(Supplementary Fig. 4a). Paired cell types with an AUROC threshold
above 0.9 or the highest AUROC value were used to construct the
lineage tree (https://github.com/JiaqiLiZju/CelltypeEvolution/tree/
master/evolution_tree).

The second alternative approach to assess the similarity of cell
types involves the computation of the Kullback-Leibler divergence
(https://github.com/sebepedroslab/Stylophora_single_cell_atlas/
blob/master/08_Cross_species_comparison.Rmd). We first calculated
the normalized gene expression matrix for each dataset (https://
github.com/BGI-Qingdao/Lungfish_scRNA_data_analysis/blob/main/
6.FC_mtx.r). To compare those species, we generated pairwise
datasets of orthologous gene expression with cross-species ortho-
logous gene pairs. This approach permitted the establishment of
one-to-many orthologous connections by replicating gene entries
from one species in instances where it exhibited a maximum of three
orthologous genes with expression in another species. The top 5%
(Fig. 2b, c; Supplementary Fig 4b) or 20% (Supplementary Fig. 14)
highest values are visually represented as arches connecting cell
types in the circos plot, generated using the R package circlize®. The
width of these arches is proportional to the KLD similarity between
the cell types. In the analysis of the derived cell type clusters, we
evaluated the expression levels of common orthologous genes (with
fold change >1.3) with their expression in other cell types. The sig-
nificance was calculated using paired Wilcoxon test between in- and
outgroup cell types, Wilcoxon signed rank test adjusted P-value <
0.001 for all comparisons.

Cross-species clustering and comparison analysis for B cell

For cross-species comparisons, the one-to-one homolog genes
shared by three species were retained for data integration of B cells.
900 B cells were randomly selected from the white-spotted bamboo
shark, zebrafish, and Chinese tongue sole to ensure the average
integration. We integrated the 900 B cells from each species using
CCA (Default parameters), and then using FindClusters function to
divided them into 6 clusters. 6 clusters were identified by specific
DEG sets. Positive DEGs in each species were identified using
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FindAllMarkers function (min.pct=0.25, logfc.threshold=0.25, tes-
t.use = “wilcox”). The conserved DEGs in 6 clusters were obtained by
intersecting DEGs of subclusters of each species. Subsequently, we
employed the UpSetR package in R to graphically represent the
overlapping sets of differentially expressed genes (DEGs) among the
three species. Heatmap of conserved and species-specific DEGs for
all subclusters were obtained by calculating the average value of each
subcluster.

Reclustering of T cells

We parsed out cells in corresponding T cell clusters from the white-
spotted bamboo shark and zebrafish data, separated them according
to different organs, and re-SCTransform normalized. Use the Fin-
dintegrationAnchors function (Set default parameters for zebrafish,
set k.filter=43 for bamboo shark) to identify different anchors of
Seurat objects and use the found anchors to integrate the T cell data
of three organs through the IntegrateData function (Set default
parameters for zebrafish, Set k.weight=43 for bamboo shark). Finally,
2554 zebrafish T cells and 3356 shark T cells were obtained. These
cells were re-clustered and analyzed by UMAP using the first 3000
highly variable genes and PC 1-30. Use the FindAllMarkers function to
identify positive DEGs in each cluster, with the same parameters
as above.

Pathway enrichment analysis

To understand the main functions of white-spotted bamboo shark B
and T cells, we screened the differential genes according to the
avg_log2FC >0.25 and P-value < 0.05 for pathway enrichment analysis.
We used two enrichment methods. In B cell section, gene function
enrichment analysis was performed using Metascape (https://
metascape.org/gp/index.html). The white-spotted bamboo shark
genes used for the enrichment analysis were orthologous to zebrafish
genes. In T cell part, functional annotation and enrichment of these
genes were performed through Kyoto Encyclopedia of Genes and
Genomes (KEGG)“. Enrichment analysis of the annotations of DEGs
obtained from the KEGG database was performed using the enricher
function in the R package “clusterProfiler”, and the results were
visualized through the R package “enrichplot” (pAdjustMethod = “BH”,
pvalueCutoff = 0.05).

Co-expression analysis

The co-expression UMAP plot and the single gene expression UMAP
plot are all displayed using the FeaturePlot function in the R package
Seurat. The former needs to set the parameter “blend=TRUE”.

Multiple sequence alignment of shark CD4 protein

The CD4 gene identified in the Chiloscyllium plagiosum was com-
pared with the CD4 protein sequences from five other species (Chi-
loscyllium griseum, Ginglymostoma cirratum, Scyliorhinus canicula,
Scyliorhinus torazame, and Heterodontus zebra)® using the CLUS-
TALW2 alignment tool®’. Subsequently, the conservation of regions
was visualized using the ESPript3 software®® to highlight areas of
sequence conservation.

Phagocytosis assay

The cell of spleen from white-spotted bamboo sharks was cultured
with medium [RPMI-1640 medium with 15mM Hepes, 10% FBS,
333 mM urea, 250 mM NacCl, 1.78 mM MgCI2, 45 mM trimethylamine
oxide, 14.6mM glucose, 7.01mM CaClI2]. For the phagocytosis
experiment, the cell density of primary cells was adjusted to 5x10%/mL.
After culturing for 4 hours, add fluorescent microsphere beads (final
concentration of 5 x 10%/mL), and incubate with the cells for 4 hours in
the dark. After incubation, the cells were washed 3 times with washing
buffer (PBS containing 4.5% D-glucose, 3% BSA, 333 mM urea, 15 mM
Hepes), and centrifuged at 500 g for 10 min.

Flow cytometry

Cells were fixed with 4% PFA for 20 min and permeabilized with washing
buffer containing 0.1% Triton X-100 for 10 min at room temperature
(RT). Then the cells were incubated for 60 min with rabbit anti-IgNAR
(1:500, GTX128445, GeneTex, USA) antibody and followed by Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 488) (1:2000, ab150077, Abcam, US) to
stain B cells. The cells were resuspended in washing buffer and subjected
to cytometry analysis with a CytoFLEX flow cytometer (Beckman Coul-
ter, USA). For FACS, the cells were sorted with CytoFLEX SRT cytometer
(Beckman Coulter, USA). For detecting the phagocytosis of B cells,
compensation for spectral overlap was performed with cells incubated
with fluorescent microspheres only, cells stained with anti-lgNAR anti-
body only, and negative control cells. For detecting the co-expression,
compensation for spectral overlap was performed with cells stained with
anti-IgNAR antibody only, cells stained with Cy3-tagged probes only, and
negative control cells. Further data acquisition and analysis were per-
formed using CytExpert 2.4 software.

RNA Fluorescence in situ hybridization (FISH)

For fluorescence in situ hybridization, the 4% PFA fixed cell
samples were cytocentrifuged on Polysine Microscope Adhesion
Slides (Solarbio, China) to provides superior cell adhesion. The
oligonucleotide probe sequence was designed using Primer 5.0
(Primer-E Ltd., Plymouth, UK) (Supplementary Data 10). The
fluorescent probe was synthesized by BGI (China). Fluorescence
in situ hybridization was performed using the RNA-FISH Kit
(GenePharma, China). Afterwards adhesion slides were stained
with DAPI for the nucleus and 1,1-Dioctadecyl-3,3,3’,3’-Tetra-
methylindocarbocyanine Perchlorate (Dil) (D282, Thermo, USA)
for membrane, followed by PBS washed 10 minutes. To determine
co-localization of red fluorescent microspheres and B cells. Pha-
gocytized microspheres and fluorescent probes were photo-
graphed using a confocal microscope. Images were captured on a
widefield Olympus microscope with 63x oil objective. Standard
filters for Alexa Fluor 405, 488, and 568 were used in detecting
the phagocytosis of B cells.

Fluorescence in situ hybridization coupled to flow cytometry
(FISH-flow)

The detection of B and T marker co-expression cells in the bamboo
shark was performed by immunostaining of IgNAR and fluorescence
in situ hybridization targeting tcf7, and cd247 genes, using FISH-flow, a
technique described previously®. In brief, cells were fixed with 4% PFA
for 20 min and permeabilized with washing buffer (PBS containing
4.5% D-glucose, 3% BSA, 333 mM urea, 15 mM Hepes) containing 0.1%
Triton X-100 for 10 min at room temperature. Then the cells were
incubated for 60 min with rabbit anti-IgNAR (1:500, GTX128445, Gen-
eTex, USA) antibody and followed by Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 488) (1:2000, ab150077, Abcam, US) to stain B cells. The cells
were then hybridized with Cy3 labeled probes targeting tcf7, and cd247
genes in hybridization buffer (containing 10% dextran sulfate, 2x
saline-sodium citrate, 10% formamide, 1 mg/ml tRNA, and 0.2 mg/ml
BSA) at 37 °C overnight. The probe sets are detailed in Supplementary
Data 10. The cells were analyzed with CytoFLEX flow cytometer
(Beckman Coulter, USA). The gating strategy is shown in Supplemen-
tary Fig. 13a.

Quantitative real-time PCR analysis

We performed RNA isolation and reverse transcription using TRIzol
reagent (Invitrogen, 15596026), and single cell sequence-specific
amplification kit (Vazyme, P621-01) according to the manufacturer’s
instructions. QuantiFast SYBR Green RT-PCR Kit (Qiangen, 204156)
was used for quantitative real-time PCR with the Roche LightCycler® 96
Instrument. The primers have been included in Supplementary
Data 10.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The single cell RNA sequencing data and matrix data generated in this
study have been deposited in the Genome Sequence Archive (Gero-
mics, Proteomics & Bioinformatics 2021)’° in National Genomics Data
Center (Nucleic Acids Res 2022)”, China National Center for Bioin-
formation / Beijing Institute of Genomics, Chinese Academy of Sci-
ences (GSA: CRAO017585) [https://ngdc.cncb.ac.cn/gsa/search?
searchTerm=CRAO017585]. Public scRNA-seq data of nurse shark used
in this study are downloaded from the NCBI GEO database
(GSE232302)[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE232302]*
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