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Abstract

Cell types are fundamental functional units of multicellular organisms. The evolutionary emergence of new cell types is underpinned
by genetic changes, such as gene co-option and cis-regulatory evolution, that propel the assembly or rewiring of molecular networks
and give rise to new cell types with specialized functions. Here, we integrate genomic phylostratigraphy with single-cell transcrip-
tomics to explore the evolutionary trends in the assembly of the skeletal cell type-specific gene expression programs. In particular,
we investigate how the emergence of lineage-specific genes contributed to this process. We show that osteoblasts and hypertrophic
chondrocytes (HC) express evolutionary younger transcriptomes compared to immature chondrocytes that resemble the ancestral
skeletogenic program. We demonstrate that the recruitment of lineage-specific genes resulted in subsequent elaboration and indi-
viduation of the ancestral chondrogenic gene expression program, propelling the emergence of osteoblasts and HC. Notably, osteo-
blasts show significant enrichment of vertebrate-specific genes, while HC is enriched in gnathostome-specific genes. By identifying
the functional properties of the recruited genes, coupled with the recently discovered fossil evidence, our study challenges the
long-standing view on the evolution of vertebrate skeletal structures by suggesting that endochondral ossification and chondrocyte

hypertrophy may have already evolved in the last common ancestors of gnathostomes.
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Introduction

During the evolutionary history of animals, a series of major
evolutionary transitions were facilitated by the emergence of
novel traits, which led to the enormous diversity and complex-
ity of extant animals. The emergence of new cell types and
their further individuation contributed to the origin of such
functional and morphological novelties (Carter & Mess, 2007;
Gans & Northcutt, 1983; Taylor & Padykula, 1978). Cell types are
considered functional and evolutionary units that fuel innova-
tions along the phylogeny of animals (Arendt et al.,, 2016a; Zeng,
2022). From an evolutionary standpoint, a cell type is a group of
cells that share functional features and possess specific gene
expression profiles that have arisen through the evolution of a
particular regulatory program (Arendt et al., 2016b). Such regula-
tory programs are assembled through the integration of existing
molecular modules, incorporation of novel genes, and evolution
of the cis-regulatory landscape (Arendt et al., 2016b; Carroll, 2008;
Wagner & Lynch, 2010). These mechanisms jointly contribute to
the emergence of novel cell types and their further radiation.
The cell types that evolved from the same ancestor usually share
the expression of many genes (Arendt, 2005, 2008); therefore, the

knowledge of the evolutionary origin of each gene is instrumental
in understanding the origin, homology, and functional properties
of a cell type.

The evolution of cell types has been conventionally studied by
comparing the expression of a relatively small number of mostly
conserved marker genes representing a cell type identity (Dufour
et al., 2006; Meulemans & Bronner-Fraser, 2007; Tanabe et al.,
1998; Tarazona et al., 2016). These investigations generated fun-
damental knowledge of cell type evolution and proposed homol-
ogies between numerous cell types. However, assessing such a
limited set of genes does not provide a comprehensive overview
of cell type evolution (Arendt, 2008), since the same gene can
be a marker of several unrelated cell types. To complement the
marker gene approach, alternative strategies identify core sets of
co-regulated genes as molecular signatures of specific cell types
(Tarashansky et al., 2021). Ultimately, because a cell's functional
identity arises from the coordinated expression of thousands of
genes, a whole-transcriptome approach can offer a more compre-
hensive framework for understanding cell type origins and func-
tional differentiation. Here, we apply a genome-wide approach to
explore the link between the evolution of protein-coding genes
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Figure 1. Paradigm and methodology to explore the contribution of lineage-restricted genes to the evolution of skeletal cell types. (A) The evolution
of skeletal cell types in bilaterians. Colored dots indicate the current view on the evolutionary origin of cartilage (blue), dermal, perichondral, and
endochondral bone (red). Chondrocyte hypertrophy (orange) is observed in Euteleostomi. Colored bars indicate the presence of skeletal tissues in

a given lineage. (B) Schematic representation of cell types and their differentiation trajectories involved in the endochondral ossification during
embryonic development. (C) Phylostratigraphy map of the mouse protein-coding genes. Each phylostratum (ps) number corresponds to a node in

the phylogeny. Numbers in the parentheses indicate the number of genes originating in the phylostratum. (D) Embryonic stages covered by the
single-cell transcriptome dataset from developing mouse hindlimb. Stage E11.5 contains mostly mesenchymal condensations; E13.5, E15.5, and E18.5
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and the evolution of cell types through phylotranscriptomic
analysis.

The evolution of skeletal cell types had a major impact on the
evolutionary novelties, adaptations, and transitions across animal
lineages. In this study, we employed the skeletogenic lineage of
the developing murine hindlimb as a model because it comprises
diverse cell types that generate stiff elements in the process of
endochondral ossification. In contrast to the formation of elas-
tic and fibrous cartilage or dermal bones, where only a few cell
types are involved, endochondral ossification is a bone-forming
mechanism that employs the majority of skeletal cell types
known in vertebrates, both from the chondrogenic and osteogenic
lineages (Figure 1A). In vertebrates, chondrocytes produce car-
tilage that forms an embryonic blueprint of the future skeleton
(Kronenberg, 2003). In most vertebrates, with the exception of car-
tilaginous fishes (Chondrichthyes), this template is subsequently
substituted by mineralized bone. Chondrocytes that form cartilag-
inous supportive elements are also present in diverse invertebrate
lineages (Figure 1A) (Cole & Hall, 2004; Gans & Northcutt, 1983;
Person & Philpott, 1969), as was deducted from the shared expres-
sion of several marker genes and biochemical properties (Cole
& Hall, 2004; Tarazona et al., 2016). This discontinuous presence
of immature cartilage across the animal phylogeny, along with
shared core genetic programs, suggests a common evolutionary
origin of cartilage in the common ancestor of Bilateria (Figure 1A)
(Brunet & Arendt, 2016; Tarazona et al., 2016).

While vertebrate immature cartilage is considered homologous
to that found in nonvertebrate lineages (Gomez-Picos & Eames,
2015; Tarazona et al., 2016), hypertrophic chondrocytes (HC) and
endochondral ossification are widely observed only in extant
bony vertebrates—Euteleostomi/Osteichthyes (Figure 1A) (Cole &
Hall, 2004; Donoghue & Sansom, 2002; Gillis, 2019; Gomez-Picos &
Eames, 2015; Ryll et al., 2014). The first bones emerged in stem ver-
tebrates, giving rise to dermal and perichondral bones (Figure 1A)
(Donoghue & Sansom, 2002; Hall, 1975; Ryll et al., 2014; Zhu et al,,
2013). This renders endochondral ossification a more evolutionary
recent process compared to dermal and perichondral ossification.
Chondrocytes and osteoblasts are known to share the expression
of many genes (Abzhanov et al., 2007; Bonucci et al., 1992; Eames et
al.,, 2012), suggesting a common evolutionary origin. Given the dis-
tribution and origin of cartilage and bone across phylogeny, as well
as the evidence that the Sox9 gene regulatory network (GRN) tends
to be dominant over the Runx2 GRN in skeletal cell fate decisions, it
has been hypothesized that the osteoblast transcriptome evolved
from the chondrogenic gene expression program (Fisher & Franz-
Odendaal, 2012a; Gomez-Picos & Eames, 2015; Nguyen & Eames,
2020). However, compelling evidence for this hypothesis remains
lacking, and the evolutionary dynamics driving the assembly and
individuation of these transcriptomes are not yet fully understood.

In embryonic development, both chondrocytes and osteoblasts
originate primarily from mesenchymal cells (Figure 1B). The
chondrocyte differentiation trajectory spans from mesenchymal
progenitors through proliferating immature chondrocytes (IC), to
terminally differentiated mature chondrocytes (MC) (Eames et al.,
2003, 2004). IC can be further subdivided into early chondrocytes

(EC, also known as round or resting chondrocytes) and columnar
chondrocytes (CC, also referred to as proliferating or flattened
chondrocytes), while MC comprise prehypertrophic chondrocytes
(PHC) and HC (Figure 1B) (Kronenberg, 2003; Nguyen & Eames,
2020). Each of these cell types is characterized by a specific
combination of marker genes. The unique property of matur-
ing chondrocytes in endochondral ossification is their ability to
undergo a programmed cell death defined by distinct morpholog-
ical and transcriptomic changes (Karsenty et al., 2009; Roach et
al., 2004), referred here to as the hypertrophy. An alternative cell
fate trajectory of MC is their differentiation into osteoblasts (OB)
(Aghajanian & Mohan, 2018; Giovannone et al., 2019; Yang et al.,
2014).

Here, we employ a comparative transcriptomic approach that
combines genomic phylostratigraphy with single-cell transcrip-
tomics to gain deeper insights into the evolution of skeletal cell
types. We specifically ask how the evolution of lineage-specific
genes contributed to the emergence of novel cell types and their
biological function. We investigate the evolutionary origin of HC
and show that the assembly of its genetic program coincides with
the presence of the endochondral ossification in the ancestor of
jawed vertebrates (Brazeau et al., 2020), suggesting the need to
reconsider the current view on the skeletal cell type evolution.

Results

To estimate the evolutionary age of genes, we employed genomic
phylostratigraphy (Domazet-Loso et al., 2007, 2024). This method
assigns a relative age to each gene according to the most dis-
tant phylogenetic node where sequence homology remains
detectable (Domazet-Loso & Tautz, 2010b; Domazet-Loso et al.,
2007). We carried out a phylostratigraphic analysis of all mouse
protein-coding genes across 22 phylogenetic nodes (phylostrata,
ps), starting from the common ancestor of cellular organisms
to the terminal branch, M. musculus (Figure 1C; Supplementary
Figure S1; Supplementary Tables S1-S3). The generated phy-
lostratigraphic map indicates the evolutionary origin of 22,590
murine genes along the consensus phylogeny, and the obtained
distribution is similar to the earlier observations (Neme & Tautz,
2013; Wilson et al., 2017). Previous studies utilized genomic phy-
lostratigraphy to explore the evolution of developmental stages,
organs, tissues, and cells acquired from heterogeneous samples
that contained a mixture of different cell types (Domazet-Loso &
Tautz, 2010a; Futo et al., 2021; Hemmrich et al., 2012; Quint et al.,
2012; Sestak & Domazet-Loso, 2015; Sestak et al., 2013), demon-
strating its capability to provide evolutionary insights into devel-
opmental processes. Therefore, combining information on gene
origin with modern single-cell transcriptomics opens an opportu-
nity to better understand the evolution of cell type-specific tran-
scriptomes. Here, we applied genomic phylostratigraphy in the
context of single-cell transcriptomics of the skeletal cell types.
To capture the gene expression program of skeletogenic cell
types, we took advantage of a single-cell transcriptome dataset
from murine hindlimb development (Figure 1D) (Kelly et al., 2020).
We applied higher-resolution cell clustering compared to the

comprise cell types typically involved in chondrogenesis and osteogenesis in the limb. Mesenchymal cells condense within the developing limb bud
and differentiate into chondrogenic and osteogenic cells. In the maturation process, chondrocytes undergo programmed cell death or contribute to
the osteogenic lineage through transdifferentiation. (E, F) Single-cell transcriptome analysis. (E) The dataset was reanalyzed using the Seurat pipeline,
and the cell clusters were projected using two-dimensional uniform manifold approximation and projection. Individual colors indicate the cell cluster
identities. (F) Gene expression profile of skeletogenic cell clusters using cell type-specific genes.
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original study and used specific skeletal markers to identify all
relevant cell types, including IC, PHC, HC, and OB (Figure 1E and
F; Supplementary Figure S2). The remaining clusters represent
endothelial, myogenic, and hematopoietic lineages (Figure 1E;
Supplementary Figure S2). We emphasize that the great advantage
of the single-cell transcriptomes, compared to the bulk sequenc-
ing data, is that each cell type is represented by dozens or hun-
dreds of individual cells, which serve as independent biological
replicates. This enables a robust statistical comparison among cell
types by leveraging the fact that each cell type is represented by
multiple individual cell transcriptomes—a feature inherently lost
in pooled bulk samples (Ma & Zheng, 2023). This aspect is essen-
tial for detecting evolutionary differences in skeletal cell types,
allowing a deeper understanding of their molecular distinction.
To estimate the relative evolutionary age of the cell type-
specific transcriptomes, we calculated the transcriptome age
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index (TAI) (Domazet-Loso & Tautz, 2010a) for each skeletogenic
cell. The TAlintegrates the average age of all protein-coding genes
expressed in a cell with their expression level. A lower TAI value
indicates an evolutionarily older transcriptome, while a higher
TAI value corresponds to an evolutionarily younger transcrip-
tome. We compared the TAI values of all cells among skeletogenic
cell types (Figure 2A; Supplementary Figure S3).

First, we observe that chondrocytes (comprising both IC
and MC) express, on average, older transcriptomes than OB
(Supplementary Figure S3A). This is particularly evident when
only the TAI of upregulated differentially expressed genes (DEGs)
are compared between these cell types (Supplementary Figure
S3A). This result agrees with the molecular, phylogenetic, and fos-
sil evidence that cartilage has a more ancient evolutionary origin
than bone (Brunet & Arendt, 2016; Cole & Hall, 2004; Mallatt &
Chen, 2003; Rychel et al., 2006; Tarazona et al., 2016).
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Figure 2. Phylotranscriptomic analysis of skeletal cell types. (A) Phylogenetic age of the skeletal cell types based on the transcriptome age index (TAI).
A lower TAI value indicates a phylogenetically older transcriptome. All expressed genes in a given cell type are considered. Of note, the TAI calculation
for OB was done irrespective of their cellular origin (whether OB differentiated from perichondrium, mesenchymal cells or HC is not distinguished)

(B) Phylogenetic age of the cell types within the chondrogenic lineage, clustered in higher resolution to distinguish individual differentiation stages,
based on the TAL (C) Partial TAI (pTAI) of skeletal cell types split according to the origin of the genes from the different phylostrata. The violin plot in
individual phylostrata shows the TAI values for every cell, while the line plot connects the median value in each phylostrata. (D) Relative expression
of genes from different phylostrata across skeletal cell types. The mean expression of genes for a given ps in each cell type was linearly transformed
to a relative expression interval (minimum expression = 0, maximum expression = 1). (A, B) The statistical significance of differences between TAI
values was evaluated using a pairwise Wilcoxon test corrected for multiple comparisons by Benjamini and Hochberg (BH). Asterisks denote adjusted
p-value levels (*p < 0.05, *p < 0.01, **p < 0.001). IC = immature chondrocytes; PHC = prehypertrophic chondrocytes; HC = hypertrophic chondrocytes;

OB = osteoblasts; EC = early chondrocytes; CC = columnar chondrocytes.
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Because the chondrocyte population is heterogeneous and com-
prises both mature and immature states, we analyzed this pop-
ulation at a higher resolution and clustered the cells according
to their maturity (ontogeny). The TAI of IC is lower than the TAI
of MC (comprising PHC and HC) and osteoblasts (OB) (Figure 2A).
Interestingly, HC demonstrate substantially higher TAI values than
OB and all other chondrocyte cell types. These patterns remain
consistent when using only specifically upregulated genes or when
randomly downsampling the number of cells for each cell type
(Supplementary Figure S3B-D), indicating the robustness of TAI
patterns. As the TAI calculation incorporates gene expression level
as a weight factor (Domazet-Loso & Tautz, 2010a; Ma & Zheng,
2023), these results indicate that the higher TAI of OB and HC are
influenced by the stronger influence of recently evolved genes as
compared to IC. Most notably, our findings suggest that HC pos-
sess the youngest transcriptome among the skeletal cell types,
even younger than OB. By partitioning the immature chondrocyte
population even further, we observe that CC, representing the
last immature chondrogenic state, express a transcriptome that
is older than any other tested cell type (Figure 2B). This suggests
that CC transcriptome might represent the oldest chondrogenic (or
skeletogenic) genetic program among the skeletal cell types.

To reveal the contribution of the individual phylostrata to the
TAI value, we calculated the partial TAI (pTAI) scores according
to the origin of genes from the different phylostrata (Domazet-
Loso & Tautz, 2010a) (Figure 2C; Supplementary Figure S4). To
simplify the presentation of these results, we connected the
median of partial TAI values in each phylostrata for each skele-
tal cell type (Figure 2C). We observe that genes originating from
cellular organisms (psl) to Bilateria (ps7) contribute greatly to
the global TAI values. Notably, these ancient genes include Sox,
Runx, and collagen gene families that are conventionally used as
marker genes for the skeletal cell types (Supplementary Table S1).
This observation is consistent with the previous findings that the
marker genes of skeletal cell types consist of ancient genes that
have been co-opted into their GRNs during evolution (Fisher &
Franz-Odendaal, 2012b; Zhang et al., 2006). Consequently, this
observation supports that the ancient core genes involved in
the first skeletal (chondrogenic) gene expression program were
assembled during the emergence of Bilateria and have been con-
served, as evidenced by the existence of cartilage in several pro-
tostome and deuterostome lineages (Cole & Hall, 2004; Tarazona
et al,, 2016). Comparison of pTAI values among skeletal cell types
(Supplementary Figure S4) reveals that most ancient genes (cel-
lular organisms- Opisthokonta) are more expressed by IC, further
suggesting that IC is most reminiscent of the ancient chondro-
genic genetic program.

We find that genes that have emerged later in the evolution,
including genes from Vertebrata (ps1l), Gnathostomata (ps12),
and M. musculus (ps22), also contribute substantially to the global
TAI score (Figure 2C). Particularly, OB show a significantly high
PTAI at the onset of Vertebrata (ps11), while HC exhibit consid-
erably elevated pTAI in Gnathostomata (ps12) (Supplementary
Figure S4). These observations suggest that the corresponding
phylogenetic nodes were important periods in the evolution of
OB and HC, respectively, and contributing to the transcriptome
divergence from the ancient skeletogenic genetic program. We
also detect a strong surge of pTAIin HC at the origin of Mammalia
(ps17), where solely a high expression of Sppl (Osteopontin), a
marker of HC, causes the substantial pTAl increase. This indicates
that Spp1 is an important component of the HC gene expression
program, and its high expression is required for mineralization
and bone properties (Foster et al., 2018).

To better understand the individuation of skeletal cell type
transcriptomes, we compared the proportions of shared and
uniquely expressed genes among IC, HC, and OB along the ps
nodes (Supplementary Figure S5). Generally, IC, OB, and HC share
a large proportion of genes, in line with their proposed shared
evolutionary origin (Gomez-Picos & Eames, 2015). We note that
from all pairwise comparisons across ps, OB and HC exhibit the
least proportion of shared genes, while each of them shares more
genes with IC, suggesting their independent evolution from the
ancestral skeletal gene expression program. We performed a Gene
Ontology (GO) enrichment analysis of the shared and unique
genes to identify the different biological functions associated
with these gene sets (Supplementary Figure S6; Supplementary
Tables S4-S9). We find that genes unique to IC are associated
with the known properties of cartilage, such as cartilage devel-
opment and synthesis of proteoglycan and aminoglycan. HC and
IC share genes associated with cartilage development, while OB
and IC share genes related to ECM organization. Genes unique to
OB and HC are associated with their distinct biological properties,
including ECM organization, ossification, limb and skeletal devel-
opment for OB, and cell death, ossification, cartilage, and bone
development, and cytoskeleton organization for HC. Given that IC
likely represent the ancestral cell type (Fisher & Franz-Odendaal,
2012a; Tarazona et al,, 2016), these findings suggest that HC and
OB transcriptomes may have evolved from a common ancestral
(chondrogenic, IC-like) gene expression program. In summary, the
smaller gene overlap between OB and HC, their unique functional
properties, and their differing phylogenetic distributions support
the hypothesis that HC and OB may have evolved independently.
Overall, our observations from TAI and Venn diagram analyses
suggest further elaboration of the ancestral skeletogenic gene
expression toolkit, whereby the acquisition of lineage-specific
genes may facilitate transcriptome individuation.

To further demonstrate to what extent genes of particular evo-
lutionary origin contribute to the overall cell type-specific tran-
scriptomic profile, we performed a relative expression analysis
of genes evolved in different phylostrata (Figure 2D). We show
that IC and PHC highly express mainly ancient genes that origi-
nated between the origin of cellular organisms and the radiation
of Eumetazoa (psl-6, orange shapes). In contrast, evolutionarily
younger genes that emerged in Bilateria (ps7) or later (red and
blue shapes) are more expressed by either OB or HC. Comparisons
of the average expression of genes from each ps and among cell
types provide statistical support that older genes tend to be more
expressed by IC, while younger genes are more expressed in OB
and HC (Supplementary Figure S7). Taken together, the analysis of
the shared and unique gene composition (Supplementary Figures
S5 and S6) and the relative expression of the genes originating in
different phylostrata (Figure 2D; Supplementary Figure S7) high-
lights the contribution of evolutionarily younger genes to individ-
uation of the OB and HC gene expression programs and supports
their more recent evolutionary origin compared to IC.

TAI is a measure that considers all gene expression levels
via their partial concentrations (Domazet-Loso & Tautz, 2010a).
However, transcriptome data could also be assessed by look-
ing for statistical enrichment of all upregulated transcripts
regardless of their partial concentrations in a cell. This type
of analysis gives equal weight to highly expressed genes and
those represented by a small number of transcripts (Corak et
al., 2023). We thus performed enrichment analysis on all upreg-
ulated genes of skeletal cell type transcriptomes (Figure 3A).
We observe significant enrichment of genes in several phy-
lostrata such as Holozoa (ps4; for both OB and HC), Metazoa
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Figure 3. Functional enrichment of genes associated with the evolution of skeletal cell types. (A) Enrichment analyses on upregulated DEG
distribution across the phylogeny. The representation of novel genes associated with the evolution of a particular cell type is shown for each ps in log-
odds values. Circle colors indicate the statistical significance of gene enrichment associated with the evolution of a particular cell type. Enrichments
were tested using a two-tailed hypergeometric test corrected for multiple comparisons by FDR (p < 0.05). (B, C) Gene ontology (GO) enrichment
analysis for biological processes of differentially expressed genes originated from the significantly enriched phylostrata in (A). All enrichment
analyses were corrected by BH (p < 0.05). Enriched phylostrata, including Placentalia (IC) and Mammalia (OB), did not provide significant GO terms. A
complete list of statistically significant GO terms is provided in the Supplementary Tables.

(psS5; for HC), Bilateria (ps7; for OB), Mammalia (ps17; for OB),
and Placentalia (ps18; for IC). Interestingly, a significant num-
ber of recently evolved genes that are part of the OB and HC
transcriptomes appeared at the onset of Vertebrata (ps1l) and
Gnathostomata (ps12), respectively, which aligns well with pat-
terns previously deducted from pTAI and relative expression
analysis. These results further show that genes originating
in ps11 and ps12 have been recruited specifically into the OB
and HC gene expression programs. While our analysis cannot
demonstrate whether these genes were incorporated into the
gene expression programs at the time of the genes’ origin, it
indicates the earliest point when such integration was possi-
ble. Our findings suggest that the genes from the enriched phy-
lostrata, particularly genes of more recent origin, are involved
in the adaptive history of skeletal cell types. For OB, the enrich-
ment in psll coincides with the reported first appearence of
bones in vertebrates (Donoghue & Sansom, 2002; Hall, 1975).
In the case of HC, the significant enrichment of genes in ps12,
the indispensability of HC for endochondral ossification and a
recent fossil finding of extensive endochondral bone in Early

Devonian placoderm-like fish Minjinia turgenensis, stem-group
gnathostome (Brazeau et al., 2020), jointly suggest that HC
emerged at the onset of jawed vertebrates (Gnathostomata),
instead of bony vertebrates (Osteichthyes) as previously
thought (Donoghue et al., 2006).

To better understand the molecular and functional mod-
ules associated with these phylostratum enrichments in HC
and OB, we performed GO enrichment analysis on the genes
from each enriched phylostratum in Figure 3A. (Figure 3B and
C; Supplementary Tables S10-S15). For OB, the genes originat-
ing in older phylostrata (Holozoa and Bilateria) are associated
with Wnt signaling, extracellular matrix (ECM) organization,
bone development, ossification, and vasculogenesis. In Holozoa,
these include known OB transcription factors from the Runx
and Twist gene families. In Bilateria, we recovered enrichments
from ossification- and vasculogenesis-related genes. OB further-
more utilize genes related to mitochondrion organization that
have emerged in Vertebrata (ps11), which may be required for
the specific energetic and metabolic demand during the miner-
alization process (Boonrungsiman et al., 2012). Notably, OB also

G202 1840100 2z UO oSN [aly] "AlUM 8)N}ISU| USDIEYOSUSSSIMSHBYISHIAL JOp Uiolaig AG 8GEVE L8/t Y/1/6/1014E/A19]AS/WO00"dNO IS PEDE//:SAY WO PAPEOjUMO(


http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf012#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qraf012#supplementary-data

452 | Damataclletal

employ novel vasculogenesis-related genes Ramp2 and Tmem100
from the node Vertebrata (ps11) that enabled the recruitment of
the preexisting vasculogenesis module into the new context of
bone formation (Ichikawa-Shindo et al., 2008; Somekawa et al,,
2012). Vascularization, a hallmark feature of bone formation, is
considered a major evolutionary innovation that distinguishes
bone from the ancestral skeletal tissue, the nonvascularized car-
tilage (Filipowska et al., 2017; Sivaraj & Adams, 2016). Overall,
these newly evolved components of the transcriptome and their
associated functions align well with the described biology of bone
formation.

In Holozoa (ps4), HC-associated genes were assigned to GO
terms linked with cytoskeleton organization, cell growth, and
size, which may be related to the ability of chondrogenic cells to
change their shape and increase in size—a hallmark feature of
HC during the chondrocyte maturation process (Farnum et al.,
2002; Woods et al., 2007). Holozoan genes are additionally asso-
ciated with GO terms related to cartilage and bone development.
Noteworthy among them are key regulator genes like Runx and
Smad family members, recognized for their essential roles in the
development of mature cartilage and bone (Alvarez & Serra, 2004;
Komori, 2005; Qin et al., 2020). HC-associated genes of metazoan
origin (ps5) are linked to key signaling pathways such as Wnt,
MAPK, Bmp, and SMAD that are known to facilitate chondrocyte
differentiation and maturation (Chen et al., 2021). HC also uti-
lize holozoan and metazoan genes related to bone development
and ossification, which align well with the HC’s involvement in
endochondral ossification. Ancient metazoan genes that are part
of the HC transcriptome, including Bax, Cflar, Mcl1, Lgals3, Wfs1,
Pabpnl, Nr4a2, and Wnt4, are linked to the apoptotic pathway
(Beard et al., 2015; Fulda, 2009; Gong et al., 2021; Harazono et al.,
2014; Oltvai et al., 1993; Sasseville et al., 2006; Wei et al., 2015).
Notably, the HC transcriptome is further complemented by genes
of Gnathostomata (ps12) origin that are known to modulate pro-
grammed cell death, such as Bid, Bcl211, Bmf, ler3, and Mucl (Arlt &
Schéfer, 2011; Glam et al., 2008; Korsmeyer et al., 2000; Opferman
& Kothari, 2018; Supruniuk & Radziejewska, 2021; Wei et al., 2001).
These observations provide the first molecular evidence that the
evolution of HC was fueled by the acquisition of cell death con-
trol, a hallmark process of HC during hypertrophy (Aghajanian
& Mohan, 2018; Karsenty et al., 2009). In summary, our findings
indicate that the evolution of skeletal cell types (OB and HC) fol-
lows a general principle of co-opting key regulatory genes and
acquiring functional modules (i.e., vasculogenesis and cell death),
with significant contributions from evolutionarily younger novel
genes. In particular, the analyses additionally pinpointed specific
vertebrate- and gnathostome-specific genes that provided evolu-
tionary younger skeletal cell types, OB and HC, with the ability to
modulate ancient functions.

To test whether the evolutionary trends of skeletal cell type
emergence observed in the mouse dataset can be recapitu-
lated in another vertebrate species, we complemented our
study using zebrafish (Danio rerio). This is another widely used
vertebrate model, representing a basal group in Osteichthyes,
with available single-cell transcriptome data comprising skele-
tal cell types. To capture all skeletal cell types, we repeated the
phylotranscriptomic analysis using two zebrafish developmen-
tal datasets (Supplementary Figures S8 and S9; Supplementary
Tables S16-518). However, since the zebrafish skeleton is pre-
dominantly formed by intramembranous ossification (Le Pabic
et al., 2022), capturing HC proved challenging. Using the skele-
tal marker genes from the mouse dataset, we identified IC and
OB in the first dataset (Fabian et al., 2022) at the stages 5 days

postfertilization (5 dpf) and 14 days postfertilization (14 dpf)
(Supplementary Figure S8B). In the second dataset (Lange et al.,
2024), IC is also present at 5 dpf; however, we observed that the
coll0ala-positive cell population expresses a mixed signature of
both HC (ihha-positive) and OB (collala-positive). Therefore, we
assign these cells as an HC/OB cluster expressing both ihha and
col10al for the following analyses (Supplementary Figure S8B). In
the TAI analysis, both OB and HC/OB exhibit higher TAI than IC,
consistent with their more recent evolutionary origin compared
to IC (Supplementary Figure S8C). Phylostrata enrichment anal-
ysis revealed that the zebrafish OB transcriptome is significantly
associated with genes originating in Opisthokonta, and, simi-
larly to mouse OB, in Holozoa (Supplementary Figure S8D). GO
enrichment analyses of genes from these enriched phylostrata
revealed that OB-related genes are linked to biological processes
involved in bone biology, including ECM organization, skeletal
development, protein kinase/transferase activity, and phospho-
rus/phosphate metabolism (Supplementary Figure S8E). Notably,
we identified key transcription factors from the Runx family,
in line with biological processes associated with OB in mouse.
For the HC/OB population, we detected enrichment signals in
Holozoa, Metazoa, Bilateria, Vertebrata, and Gnathostomata
(Supplementary Figure S3D), mirroring the enrichment pat-
terns observed in mouse HC and OB. GO enrichment profiling
of genes from these phylostrata revealed their involvement in
skeletogenesis-related biological processes. Particularly, as in
mouse HC, zebrafish HC/OB include transcription factors from
the Runx family and genes related to apoptosis (Supplementary
Figure S8F). Overall, the analyses performed using zebrafish
datasets corroborate our results in mouse and provide further
support to the emergence of skeletal cell types through the step-
wise recruitment of transcription factors and lineage-specific
novel genes, enabling specialized functions.

Discussion

Cell type emergence is a complex evolutionary process driven
simultaneously by co-option, novel gene acquisition, and the evo-
lution of regulatory noncoding elements (Arendt, 2020; Babonis
et al., 2022; Carroll, 2008; Jenike et al., 2023; Kin et al., 2015, 2022;
Londin et al., 2015; Nowakowski et al., 2018). Here, we set out
to understand the contribution of different phylogenetic levels
via protein-coding genes to the evolution of skeletal cell types.
The evolution of skeletal tissues has been studied for decades,
allowing us to compare our phylotranscriptomic findings with
the extensive evidence from paleontology, phylogenetics, and
molecular research. Current knowledge of the skeletal cell types
evolution is mainly derived from the comparative biochemical,
histological, and marker gene expression surveys. Previous inves-
tigations have assessed the expression of a limited number of
selected marker genes from the Sox, Runt, hedgehog, and collagen
gene families to deduce the cell type origin (Han & Lefebvre, 2008;
Hecht et al., 2008; Jandzik et al., 2015; Meulemans & Bronner-
Fraser, 2007; Rychel et al., 2006; Tarazona et al., 2016). However,
these gene families are evolutionarily ancient and might be
expressed by multiple unrelated cell types (Barrionuevo & Scherer,
2010; Lauri et al., 2014; Suzuki et al., 2006). While these studies
uncovered numerous commonalities among skeletal tissues in
both vertebrate and invertebrate lineages (Figure 1A) (Brunet &
Arendt, 2016; Tarazona et al., 2016), they raised questions about
the mechanisms fueling the skeletal cell types evolution, whether
the skeletal cell types evolved from a common ancestral cell type,
or how their genetic programs diverged. Here, we demonstrate
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Figure 4. The molecular evolution and origin of skeletal cell types. (A) Skeletal cell types diversification occurred through the recruitment of
transcription factors and the integration of additional functional modules. We found that the implementation of genes modulating vasculogenesis
and mitochondrion organization in OB and programmed cell death in HC contributed to the individuation of the ancestral IC expression program. (B)
Simplified phylogenetic origin of skeletal cell types in animals. We suggest that endochondral ossification and HC evolved in the common ancestor of
Chondrichthyes and Osteichthyes, moving the origin of HC from the ancestors of bony vertebrates.

the remarkable power of single-cell phylotranscriptomic analysis
in addressing such inquiries, focusing specifically on how the evo-
lution of lineage-restricted genes contributed to the emergence of
novel cell types and their functional properties. We explored the
evolutionary history of the gene expression programs operating
in skeletal cell types and pinpointed the essential role of novel
genes in this evolutionary process.

We demonstrate the use of TAI in inferring the evolutionary
age of skeletal cell types transcriptomes. Using transcriptome age
to explore the evolution of cell types relies on the notion that
cell types expressing older transcriptomes (having lower TAI) are
likely more ancient and tend to be functionally conserved (Ma
& Zheng, 2023). Given this assumption, IC expressing the oldest
transcriptome likely represent the prototypical skeletal (chon-
drogenic) expression program conserved among bilaterians. This

finding is corroborated by the similarities of the immature carti-
lage across protostome and deuterostome lineages in the struc-
tural and biochemical properties and expression of core marker
genes (Tarazona et al.,, 2016). Our analysis is consistent with OB
and HC emerging later in the phylogeny and suggests an inde-
pendent divergence and individuation from the ancestral gene
expression program (Figure 4). Notably, HC express a younger
transcriptome compared to OB, which supports the observed
distribution of bones and mature cartilage on the vertebrate
phylogeny (Figure 1A). However, we also found that the HC gene
expression program may have evolved earlier than previously
thought. Specifically, the pTAI, relative expression, and phylostra-
tum enrichment analyses jointly point to the significant contri-
bution of gnathostome-specific genes to the HC transcriptome,
which raises the possibility that the last common ancestor of
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gnathostomes may have already possessed a complete HC gene
expression toolkit. Since chondrocyte hypertrophy is exclusively
involved in endochondral ossification (Aghajanian & Mohan,
2018; Kronenberg, 2003), it seems plausible that both HC and
endochondral ossification emerged together. A recent paleon-
tological study (Brazeau et al., 2020) identified the presence of
endochondral bone in a placoderm fish, an ancestor of living
gnathostomes. Therefore, the fossil evidence, together with the
observed enrichment of gnathostome genes in HC, suggests that
HC and endochondral ossification may be a gnathostome-specific
novelty (Figure 4B). While the molecular and paleontological
evidence is promising, further investigation is required to prove
this hypothesis. However, these complementary findings offer an
opportunity to reconsider the origin of HC and endochondral ossi-
fication in the ancestor of gnathostomes. Consequently, this evi-
dence supports the emerging assertion that Chondrichthyes have
lost the ability to make all types of bones secondarily (Brazeau
et al., 2020; Vaskaninova, 2020), while also raising the question
of whether an HC-like program existed in stem Chondrichthyes.

Examining the entire cell type-specific transcriptomes allowed us
to shed light on their evolutionary step-wise assembly and uncover
the contribution of the ancient and novel genes to the emergence
and individualization of skeletal cell types’ gene expression pro-
grams. Here, we identify genes that originated from particular
evolutionary nodes that provided the cell types with new distinct
biological identities and functions. This facilitates the individua-
tion from the ancestral chondrogenic genetic program and drives
the emergence of the evolutionarily younger cell types, OB and HC
(Figure 4A). We show that the recruitment of transcription factors
from Holozoa (i.e., Runx, Twist, Smad) contributed to the cell type
diversification from the ancestral chondrogenic cell type, support-
ing the proposed principle that the evolution of cell types requires
changes in transcription factors to create new cell type identities. In
conjunction, the employment of lineage-specific genes enables the
integration and modulation of ancient processes (preexisting bio-
logical functions) as new cellular modules of HC and OB (Figure 4A).
The recruitment of genes controlling the ancient programmed cell
death machinery facilitated the evolution of HC, while genes modu-
lating vasculogenesis propelled the emergence of OB. As such, these
findings propose these skeletal cell types to be examples of evolu-
tionary terminal additions that result in modifications in cell-cell
signaling and the creation of novel cellular niches (Arendt, 2008;
Torday & Miller, 2018). Our findings complement well the observa-
tions of the role of signaling pathways innovations in the evolu-
tion of cell types (Wagner et al., 2019) and support the emerging
view that the evolutionary origin of many novel cell types lies in the
GRNs behind the response of a cell to its environment.

While the functional role of individual genes is yet to be
experimentally validated, these findings support the notion that
cell type evolution is linked to the acquisition of new functions
(Callier, 2020). Interestingly, the origin of some of the lineage-
restricted genes that comprise the cell type-specific transcrip-
tome coincides with the emergence of the respective cell types
(vertebrate-specific genes in OB; gnathostome-specific genes in
HC), providing a mechanistic link between the evolution of novel
genes, the acquisition of new cellular functions and cell type
emergence. While our applied research strategy cannot reveal
whether the novel genes were incorporated into the cell type-
specific gene expression program at the time of the genes’ origin,
it clearly pinpoints the very first moment when such integration
was possible. In the future, comparative single-cell phylotran-
scriptomic analyses of corresponding skeletal tissues across the
Tree of Life will clarify the time of the genes’ integration.

In summary, we present a study that may inspire the design
principles for future investigations tailored specifically to ques-
tions of a particular cell type evolution and individuation of gene
expression programs from their ancestor. The recent advances
in single-cell omics technologies deliver complex and high-
resolution information on the molecular profile of individual
cells. Examining several thousands of genes in each cell provides a
comprehensive insight into the cell identity along a developmen-
tal trajectory (Tang et al., 2009). The implementation of additional
tools for inferring gene homologies, such as BLAST-independent
HMM approaches (for instance, see (Anari et al., 2018; Barrera-
Redondo et al., 2023; Rossier et al., 2021)), incorporation of an
ever-increasing knowledge of novel gene emergence, and meth-
odologies to distinguish between duplication-divergence and de
novo evolution, the synteny analysis, will promote a broader and
even more confident application of genomic phylostratigraphy on
single-cell data to address questions of cell type evolution.

Methods

Single-cell transcriptome datasets

We employed published 10x Genomics single-cell transcriptome
datasets from mouse and zebrafish. In the mouse dataset, sam-
ples of the developing hindlimb were recovered from four embry-
onic stages (E11.5, E13.5, E15.5, and E18.5) (Kelly et al., 2020).
Additionally, we utilized two zebrafish datasets: one covering
the larval stages 5 dpf and 14 dpf and comprising cell progenies
that emerged from labeled neural crest cells in the head region
(Fabian et al., 2022), and the second dataset analyzing larval stage
5 dpf and a whole embryo (Lange et al., 2024).

Single-cell transcriptome analysis

In the single-cell dataset of mouse limb development, the raw
count matrix was processed using the Seurat v3 (Stuart et al.,
2019) R package. We filtered out cells with less than 200 and more
than 5,000 genes. Cells with more than 20% mitochondrial read
content were also removed. The genes with either zero expres-
sion in all cells or only expressed in less than ten cells were
excluded. The filtered data were normalized and variance sta-
bilized (cell cycle phase and mitochondrial percentage regres-
sion) using the SCTransform algorithm (Hafemeister & Satija,
2019). The stages were then integrated using the highly variable
genes identified using SCTransform. To visualize the integrated
data, the resulting file was subjected to dimensionality reduction
methods such as Principal Component Analysis and Uniform
Manifold Approximation and Projection. We clustered the cells
using Seurat’s default settings (K-nearest neighbor (KNN) graph
and Louvain algorithms). After processing, we retained 9,599 cells
with a total of 17,253 genes expressed. The cell clusters were
identified using the upregulated DEGs obtained using Seurat’s
FindMarkers command and known cell type-specific markers
found in the literature.

Genomic phylostratigraphy mapping of protein-
coding genes in Mus musculus and Danio rerio
genomes

The phylostratigraphic procedure was performed as previously
described (Domazet-Loso et al.,2007; Domazet-Loso & Tautz, 2010a,
2010b). Consensus phylogenies covering divergence from the last
common ancestor of cellular organisms to M. musculus and D. rerio
as focal organisms were constructed following the recent phyloge-
netic literature (D’Elia et al., 2019; Delsuc et al., 2008; Harvey et al.,
2021; Hughes et al., 2018; Steppan & Schenk, 2017; Swanson et al.,
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2019; Upham et al., 2019; Zou et al.,, 2012). The nodes were chosen
based on their phylogenetic support from the literature, the avail-
ability of reference genomes for terminal taxa, and their impor-
tance in major evolutionary transitions, such as the emergence
of major clades that mark innovations in body plan and function
(e.g., Bilateria, Deuterostomia, Vertebrata, and Gnathostomes). The
complete set of protein sequences for 513 (mouse) and 506 (zebraf-
ish) terminal taxa was retrieved from Ensembl and NCBI databases.
The protein sequence database was prepared for sequence similar-
ity searches by checking the consistency of the files, leaving only
the longest splicing variant per eukaryotic gene and adding taxon
tags to sequence headers. The phylostratigraphy map of M. muscu-
lus and D. rerio was constructed by comparing 22,769 M. musculus
and 25,787 D.rerio protein sequences with the protein sequence
database by blastp algorithm V2.9.0 with a 10~ e-value threshold
(Altschul et al., 1990). Protein sequences that did not return their
sequence as a match were discarded, which left 22,590 and 25,721
protein sequences in mouse and zebrafish, respectively. The mouse
and zebrafish protein sequences were mapped on consensus phy-
logenies with 22 and 16 phylostrata (ps), respectively. Each protein
was assigned to the oldest internode on the phylogeny, where it
still had a match (Domazet-Loso et al., 2007; Domazet-Loso et al.,
2024, Loso and Tautz 2010b,a).

Transcriptome age index

We generated a normalized relative count matrix from the Seurat
object using the total count normalization method multiplied by a
scaling factor of 10°. The metadata was extracted from the Seurat
file to provide the identities of each cell in the count matrix. The
gene expression matrix was combined with the phylogenetic age
assignment of genes from the phylostratigraphy map to calculate
each cell’s TAI (Domazet-Loso & Tautz, 2010a). TAI was calculated
using myTAI (Drost et al., 2018) R package based on the formula:

TAI = E?:l DSi€ic
Z}i’lzl €ic

where the ps; represents the phylostratum assignment of gene
1 and e; denotes the normalized read count of gene i in a cell (c),
and n is the total number of expressed genes in a cell (c). We then
projected the TAI values of each cell according to their cell type
identities to infer the relative age of each skeletal cell type. By
default, the original TAI formula considers the read count of each
gene as a weight factor to give more substantial weight to highly
expressed genes as they contribute more to cell type's identity
(Domazet-Loso & Tautz, 2010a). Beyond that, we also computed
TAI values using only specifically expressed genes, which may
refine the obtained patterns. To identify the specifically expressed
genes, we performed differential gene expression analysis using
Seurat’s FindAllMarkers command, selecting upregulated genes
that show a minimum 25% difference in the fraction of detection
(min.diff.pct = 0.25) between the focal cell type and the rest of
the cell populations, thereby ensuring that the selected genes are
more specific to the focal cell type. Additionally, the analysis was
repeated after the number of cells for each cell type was down-
sampled using Seurat’s subset function (n = 50, n = 100).

The TAI values of cell types were statistically compared using
Kruskal-Wallis and pairwise Wilcoxon post hoc tests. P-values
were adjusted for multiple comparisons using Benjamini and
Hochberg (BH) (Benjamini & Hochberg, 1995).

Partial TAI in a cell was calculated following the equation:

ijel ijez ps)-em

TAL gy =
w0 Yiie Y Y
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where TAI , represents partial TAI of phylostratum (ps) j in a
cell, e, denotes the normalized read count of gene iin a cell, n is
the total number of expressed genes in a cell, and m is the total
number of genes that belong to phylostratum (ps) j.

Average and relative expression analysis

We calculated the average expression of genes for each ps and
every individual cell using the normalized total counts multi-
plied by a scaling factor of 10°. The relative expression of genes
for a given phylostratum and cell type was subsequently calcu-
lated by linearly transforming the average expression values of
genes from each phylostratum and cell type using the formula
(Domazet-Loso & Tautz, 2010a):

RE(n), = = Jmin_
fmax _fmin
where f represents the average expression of genes from phy-
lostratum n for cell type s, and fmm and fmm denote the minimum
and maximum mean expression values from phylostratum n
across all cell types, respectively.

Enrichment analysis

The enrichment of individual cell types across phylostrata was
performed using the two-tailed hypergeometric test by compar-
ing the distribution of all DEGs for each cell type (test set) across
phylostrata with the overall distribution of DEGs from cell types
of mesenchymal lineage (background set). Deviations in distribu-
tions are presented with log-odds, where log-odds of zero denote
that the observed frequency of DEGs in a phylostrata equals the
expected frequency from the background set. Enrichments in cer-
tain phylostrata indicate a significant number of genes are asso-
ciated with the evolution of the cell type. The test was adjusted
for multiple comparisons by correcting p-values using the BH
procedure (Benjamini & Hochberg, 1995).

GO enrichment

GO enrichment analysis of gene sets was performed and visu-
alized with clusterProfiler R package and the enrichGO function
correcting for multiple comparisons using the BH procedure
(Benjamini & Hochberg, 1995). We used genome-wide M. musculus
and D. rerio annotations, provided by the org. Mm.e.g.db (Carlson,
2019b) and org.Dr.e.g.db (Carlson, 2019a) R packages, respectively,
as a background set.

Supplementary material

Supplementary material is available online at Evolution Letters.

Data and code availability

Mouse single-cell dataset is available at NCBI (Geo accession
number GSE142425). Zebrafish single-cell datasets are avail-
able at FaceBase (Record ID 5-DAQ4) and Zebrahub (https://
zebrahub.ds.czbiohub.org). Phylostratigraphy data are pre-
sented in the supplementary information. The code used in this
study is available on GitLab at [https://gitlab.gwdg.de/damatac/
Evolutionary-trends-in-the-emergence-of-skeletal-cell-types].
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