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ABSTRACT

The Runt-related transcription factor (Runx) family governs
a range of developmental processes through sequence-
specific DNA recognition and transcriptional regulation. To
investigate the evolutionary dynamics and functional roles
of Runx genes in turtles, genomic and transcriptomic
datasets spanning 29 Testudines species were analyzed
using homology prediction, sequence alignment,
phylogenetic reconstruction, evolutionary rate estimation,
and spatiotemporal expression profiling. Comparative
genomic analyses revealed strong Runx gene
conservation across Testudines, while lineage-specific
divergence was evident in Trionychidae (soft-shelled
turtles), characterized by expanded intronic regions,
unique single-nucleotide variants, and accelerated
evolutionary rates. Notably, Runx2 exhibited clade-specific
variation in polyglutamine/polyalanine (QA) repeat length
and the Q:A ratio, which significantly correlated with
morphological traits, including plastron length and cervical
scute patterning. Transcriptomic data revealed stage- and
tissue-specific expression of Runx genes in embryonic
gonads and carapacial ridges (CR), with divergent
upstream regulatory inputs and downstream targets
implicated in carapace morphogenesis and sex
determination pathways. These findings identify QA repeat
modulation in Runx2 as a previously unrecognized
molecular mechanism driving morphological innovation
while maintaining core function in turtles. This work
advances understanding of the conserved and lineage-
specific roles of Runx genes and clarifies the molecular
basis of morphological and reproductive trait evolution in
Testudines.
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INTRODUCTION

The Runt-related transcription factor family encodes a set of
evolutionarily conserved regulators that orchestrate gene
expression through sequence-specific DNA binding, playing
essential roles across diverse development contexts (Rennert
et al., 2003). Central to all Runx proteins is a highly conserved
128-amino acid Runt domain that, in vertebrates, forms a
heterodimer with core-binding factor 3 (CBF-B), thereby
enhancing transcriptional activation of downstream effectors
(Golling etal., 1996). This domain functions across phyla,
mediating critical developmental processes such as
neurogenesis and sexual differentiation in Drosophila, and
governing gonadal development, hematopoiesis, and skeletal
patterning in vertebrates (Crute etal., 1996; Westendorf &
Hiebert, 1999; Wheeler et al., 2000).

While invertebrate chordates typically possess a single
Runx ortholog, two rounds of whole-genome duplication in
early vertebrate evolution produced three paralogs (Runx1,
Runx2, and Runx3) in jawed vertebrates (Akiyama etal,
2005; Dehal & Boore, 2006; Hecht et al., 2008; Levanon &
Groner, 2004; Nah etal., 2014). These paralogs have
undergone extensive subfunctionalization, exhibiting tissue-
specific expression and divergent roles in development (Yano-
Sakamoto etal.,, 2024). Runx1 is indispensable for
hematopoietic stem cell specification during endothelial-to-
hematopoietic transition within the aorta-gonad-mesonephros
region (Aikawa etal., 2006; Okuda etal, 2001). Runx2
functions as a master regulator of osteogenic differentiation,
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directing skeletal formation, craniofacial patterning, and
chondrocyte lineage progression (Adhami etal., 2015; Otto
etal., 1997; Stricker et al., 2002). In zebrafish (Danio rerio),
genome duplication led to retention of two Runx2 paralogs,
Runx2a and Runx2b (Flores et al., 2004), with loss of Runx2b
eliminating intermuscular bone formation (Nie etal., 2022).
Runx3 has been implicated in immune regulation, neural
development (Inoue etal.,, 2008; Li etal., 2002), and
chondrocyte maturation during osteogenesis (Stricker et al.,
2002; Yoshida etal., 2004). Beyond skeletal and
hematopoietic systems, Runx genes also participate in
gonadal differentiation. Loss of Runx? or Runx2 in murine
models results in granulosa cell disruption and predisposition
to ovarian tumorigenesis (Bridges et al., 2022). Additionally,
Runx1 interacts complementarily and redundantly with
forkhead box L2 (Fox/2) (Nicol etal.,, 2019), a key female
pathway determinant, to sustain granulosa cell identity (Nicol
etal,, 2019). In temperature-dependent sex determination
systems, such as those of turtles, Fox/2 activation is
modulated by signal transducer and activator of transcription 3
(STAT3) phosphorylation (Wu etal.,, 2024), highlighting a
potential regulatory intersection. Moreover, both Runx1 and
Runx2 are necessary for proper differentiation of the
epididymal epithelium (Toriseva et al., 2024), underscoring
their broader involvement in reproductive tract development.

Among the three vertebrate Runx paralogs, Runx2 exhibits
functional specialization conferred by its polyglutamine
(polyQ)/polyalanine (polyA) (QA) repeat domain, located
between the conserved N-terminal MSDVS and C-terminal
VPRLR motifs. This domain is known to enhance
transactivation activity (Newton & Pask, 2020;
Thirunavukkarasu etal., 1998) and plays a pivotal role in
skeletal and cartilage development, including the modulation
of craniofacial length in mammals (Newton & Pask, 2020;
Sears etal., 2007). Due to their tandem-repeat nature, QA
domains are highly susceptible to replication slippage, leading
to substantial interspecies polymorphism. In mammals, QA
repeats typically range from 13-31 glutamines (Q) to 19-22
alanines (A), while amphibians possess shorter sequences
(6—10Q:2A) (Yano-Sakamoto etal., 2024). Variation in the
Q:A ratio directly influences a-helical stability, thereby
modulating transactivation potency (Rose & Meier, 2004).

At the molecular level, Runx genes function as nodal
regulators that integrate upstream signaling and drive
downstream transcriptional networks in a tissue-specific
manner (Otto et al., 2003). These transcription factors operate
as key effectors of the transforming growth factor-f (TGF-RG)
superfamily (Ito & Miyazono, 2003) and are differentially
activated through tissue-specific cues (Lee etal.,, 2000).
During osteogenesis, bone morphogenetic proteins (Bmp4
and Bmp7) activate Runx2 via SMAD (mothers against
decapentaplegic homolog)-mediated pathways (Phimphilai
et al., 2006), with Bmp7 demonstrating conserved osteogenic
functions across vertebrates (Dong etal., 2022). In turn,
Runx2 controls transcription of major skeletal genes, including
bone gamma-carboxyglutamate protein (BGLAP, osteocalcin)
in osteoblasts, and secreted phosphoprotein 1 (SPP1,
osteopontin) and collagen type | alpha 1 chain (COL1AT1,
collagen I) in chondrocytes (Komori, 2009). In gonads, Runx1
is activated by Wnt family member 4 (Wnt4) (Naillat et al.,
2015) and regulates steroidogenic genes such as cytochrome
P450 family 11 subfamily A member 1 (Cyp11a17), cytochrome
P450 family 19 subfamily A member 1 (Cyp79a7), and follicle
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stimulating hormone receptor (FSHR) (Ojima etal., 2019;
Zhong et al., 2020), establishing Runx1 as a central regulator
of granulosa cell differentiation, folliculogenesis, and
steroidogenesis.

Despite extensive characterization in mammals and
classical model systems, the evolutionary dynamics, structural
diversification, and functional specialization of Runx genes
remain largely unresolved in reptiles, particularly within
Testudines. Extant turtles are divided into two major
suborders: Cryptodira and Pleurodira, with Cryptodira
encompassing several derived clades including Trionychia
and Durocryptodira (Shaffer et al., 2017). Turtles possess a
unique body plan defined by the presence of a bony shell
comprising the plastron and carapace (Zangerl, 1969) and,
like other reptiles and select teleosts, exhibit temperature-
dependent sex determination (Hui et al., 2021; Trukhina et al.,
2013). These features raise fundamental questions regarding
the evolutionary innovations and regulatory adaptations of
Runx genes that support the emergence of such derived
morphological and reproductive traits.

To address this, the present study conducted a
comprehensive comparative analysis of Runx gene evolution
and function across 29 turtle species. Through integrated
genomic and transcriptomic approaches, the analysis revealed
both conserved and lineage-specific innovations in Runx gene
architecture,  expression  dynamics, and regulatory
connectivity. Overall, the findings obtained in this study
establish Runx genes as critical components of turtle
developmental programs and provide mechanistic insights into
the molecular architecture underlying carapace formation and
sex determination in Testudines.

MATERIALS AND METHODS

Sequence retrieval and Runx gene homology prediction
The longest isoforms of Runx protein sequences from chicken
(Gallus gallus), mouse (Mus musculus), African clawed frog
(Xenopus laevis), zebrafish (D. rerio), and American alligator
(Alligator mississippiensis) were retrieved from the NCBI
Protein Database (https://www.ncbi.nlm.nih.gov/) and served
as reference sequences (Supplementary Table S1). These
references were used to predict homologous Runx genes in
the genomes of 29 Testudines species (Supplementary Table
S1).

Homology searches were performed using BLAST (v2.2.26)
(Altschul et al., 1990) with an E-value threshold of <1x1073.
BLAST hits with alignment coverage or sequence similarity
below 30% were discarded. Fragmented BLAST hits were
merged using Solar (v0.9.6) (https://sourceforge.net/p/treesoft/
code/HEAD/tree/branches/Ih3/solar/) (Li et al., 2006; Yu et al.,
2006), incorporating flanking extensions of 400 kb. Gene
structures were annotated using GENEWISE (v2.4.1) (Birney
etal., 2004), and the predicted sequences were validated
through BLASTP searches against the NCBI non-redundant
(nr) database.

Phylogenetic and evolutionary analyses

Coding sequences of Runx genes from 29 turtle species were
aligned using MAFFT (v.7.525) (Katoh etal., 2002).
Phylogenetic relationships were reconstructed under a
maximum-likelihood framework using IQ-TREE (v.2.2.2.7)
(Minh et al., 2020), with branch support evaluated via 1 000
bootstrap replicates and SH-aLRT tests. The best-fit
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nucleotide substitution model (TPM3u+F+I+R3) was selected
using ModelFinder (Kalyaanamoorthy et al., 2017).

Lineage-specific Runx motifs were identified using MEME
(Bailey & Elkan, 1994) with a third-order Markov background
model. Ancestral sequence reconstruction was inferred using
the codeml module in PAML (v.4.9) (Yang, 2007), based on a
published Testudines phylogeny (Huang et al., 2023). Taxon-
specific insertions, deletions, and substitutions were identified
by aligning Runx sequences using MAFFT (v.7.525) (Katoh
etal., 2002) and visualizing aligned regions in Jalview
(v.2.11.3.2) (Waterhouse et al., 2009).

QA repeat lengths in Runx2 were quantified across taxa.
Ancestral states of Q:A ratios were inferred under a Brownian
motion model using Phytools (Revell, 2024) and visualized
with contMap (Revell et al., 2018). Phylogenetic generalized
least squares (PGLS) models were implemented using the
phylolm package (Tung Ho & Ané, 2014) to test associations
between Q:A ratios and phenotypes obtained from the
CheloniansTraits Database (Wang etal.,, 2025). Pearson
correlation analyses were applied to phylogenetically
corrected residuals to validate trait associations.

Three-dimensional (3D) structures of Runx proteins were
predicted using AlphaFold3 (Abramson etal., 2024), with
domain annotation performed via InterPro (Paysan-Lafosse
etal., 2023). Mutation mapping and structural visualization
were performed in PyMOL (v2.6) (Delano, 2002). Protein
complexes between Runx2 and CBF-8 or SMAD1 from the
Chinese soft-shelled turtle (Pelodiscus sinensis) and yellow
pond turtle (Mauremys mutica) were modeled using
AlphaFold3. Binding interfaces were identified in PyMOL, and
complex stability was evaluated by generating Runx2 variants
with different Q:A ratios (1, 3, 5, 8, 12). Interaction energies
between each variant and its partner (CBF-8 or SMAD1) were
calculated using the AnalyzeComplex command in FoldX
(v.5.1) (Delgado etal., 2019; Guerois etal.,, 2002;
Schymkowitz et al., 2005).

Evolutionary rate estimation for Runx genes was performed
using the codeml branch model in PAML (v.4.9) (Yang, 2007),
with a published Testudines phylogeny as the phylogenetic
framework (Thomson etal.,, 2021). Both one-ratio and two-
ratio models were applied to detect branches with significantly
accelerated evolution. Likelihood ratio tests (LRTs) were
conducted to compare the models. The free-ratio model was
employed to estimate evolutionary rates for each branch
independently.

Expression analysis
Transcriptomic datasets were retrieved from the NCBI
Sequence Read Archive, including carapacial ridge tissues
from the pond turtle (Mauremys reevesii, Geoemydidae,
PRJUNA713512) (Yang etal, 2022) and P. sinensis
(Trionychidae, PRUNA742492) (Zhang et al., 2021), as well as
gonadal tissues of the red-eared slider (Trachemys scripta,
Emydidae, PRIJNA1187197) spanning developmental stages
14 to 25 (Fan etal., 2025). These species collectively
represent major Testudines clades. Carapacial ridge samples
were selected due to their key role in shell morphogenesis
(Kuraku et al., 2005), while gonadal samples were used for
their relevance to sex determination, particularly in T. scripta,
which exhibits temperature-dependent sex determination and
co-expression of Runx1 and Fox/2 (Nicol et al., 2019).

Raw RNA sequencing (RNA-seq) reads were quality-
checked and filtered using fastp (v.0.23.2) (Chen et al., 2018).

Expression quantification was conducted using the new
Tuxedo pipeline (Pertea et al., 2016): reads were aligned to
the corresponding reference genomes using HISAT2 (v.2.2.1)
(Kim et al., 2015), and transcript quantification was performed
using StringTie (v.2.2.1) (Pertea etal.,, 2015). Gene-level
expression values were calculated using tximport (v.1.28.0)
(Soneson etal.,, 2016). To account for variations across
samples, Fragments Per Kilobase of transcript per Million
mapped reads (FPKM) were normalized using a scaling
method based on the trimmed mean of M values (TMM),
under the assumption that most genes maintain consistent
expression across samples.

Gonadal tissues from T. scripta embryos at defined
developmental stages were dissected, and total RNA was
isolated using TRIzol® reagent (Invitrogen, USA). First-strand
cDNA synthesis was performed using the RevertAid First
Strand cDNA Synthesis Kit (K1622, Thermo Scientific, USA).
Gene-specific primers targeting the predicted T. scripta Runx1
sequence were designed for quantitative real-time polymerase
chain reaction. Reactions were conducted with SYBR®
Premix Ex Taq™ Il (TaKaRa, Japan) using synthesized cDNA
as the template. Glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) served as the internal reference gene, and relative
expression levels of Runx1 were calculated using the 2744¢t
method. Primer sequences are provided in Supplementary
Table S2.

RESULTS

Runx gene conservation and intronic expansion in
Testudines

To investigate the evolutionary conservation and structural
diversification of Runx genes in turtles, genome assemblies
from 29 Testudines species representing 10 of 14 recognized
families were analyzed alongside representative Runx protein
sequences from five major vertebrate clades (see Materials
and Methods). Homology-based predictions identified all three
canonical Runx paralogs (Runx1, Runx2, and Runx3) in every
turtle species examined (Figure 1A), indicating a high degree
of retention and conservation of this gene family across the
lineage. Gene duplication events were infrequent, observed
only in the eastern box turtle (Terrapene carolina) and
common snapping turtle (Chelydra serpentina) (each
harboring two Runx?1 copies) and in the pig-nosed turtle
(Carettochelys insculpta) (harboring two Runx3 copies),
suggesting these are likely species-specific duplications.

Phylogenetic reconstruction based on coding sequences
revealed three well-supported, paralog-specific clades (Runx1,
Runx2, and Runx3) (Supplementary Figure S1), each of which
further subdivided into subclades corresponding to the major
Testudines radiations—Durocryptodira, Trionychia, and
Pleurodira. This topological congruence between Runx gene
trees and species phylogeny reinforces the evolutionary
stability of the Runx repertoire in turtles. Moreover, the
species-specific duplications observed in T. carolina, C.
serpentina, and C. insculpta were each phylogenetically
nested within their respective clades, forming discrete sister
branches indicative of recent, post-speciation duplication
events.

Although exon structure and conserved Runx motifs were
largely uniform across Testudines (Figure 1B; Supplementary
Figures S2, S3), substantial variation was detected in intronic
regions. In particular, intron 1 (false discovery rate (FDR)=3.66x
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Figure 1 Runx gene prediction and intronic divergence in Testudines

A: Left panel: Phylogenetic relationships and Latin names of 29 Testudines species. Right panel: Heatmap showing copy numbers of three Runx
genes (Runx1, Runx2, and Runx3) across species. B: Exon (blue) and intron (gray) lengths of Runx1 in Testudines. Intron lengths are scaled to
one-tenth of actual size. Wilcoxon tests revealed significantly longer first and third introns in Trionychidae compared to other turtles (™: P<0.01). C:
Proportional composition of repetitive and non-repetitive sequences in the first intron of Runx1 across species. D: Type and length distribution of
repetitive elements within the first intron of Runx1. Three species (Apalone spinifera, Apalone ferox, and Malaclemys terrapin) lacked complete

intron predictions and are excluded in panels B-D.

1073, Wilcoxon test) and intron 3 (FDR=7.33x1073, Wilcoxon
test) of Runx were significantly elongated in Trionychidae
relative to other families (Figure 1B). Comparable patterns of
intronic expansion were detected for Runx2 and Runx3
(Supplementary Figure S2), indicating lineage-specific
expansion of non-coding regions within the Runx gene family.

These intronic expansions were closely associated with the
accumulation of repetitive elements, particularly within Runx1
intron 1. Relative to non-Testudines outgroups, turtles
exhibited higher densities of repetitive sequences in this
region, with Trionychidae showing the most pronounced
enrichment (Figure 1C). Repeat classification revealed that
this enrichment was driven primarily by two categories—
Unclassified Retroposons and Unknown Repeats, both of
which were significantly overrepresented in Trionychidae
compared to other families (Figure 1D). This atypical
accumulation of repeats suggests that evolutionary constraints
on intronic architecture were relaxed in this lineage, allowing
repetitive elements to proliferate. Such expansions may alter
chromatin dynamics, RNA splicing, or epigenetic regulation,
thereby influencing Runx1 expression and function in lineage-
specific developmental contexts.

Lineage-specific = Runx2 QA
phenotypic evolution in turtles
To investigate the evolutionary dynamics of the Runx2 QA
repeat domain in turtles, polyQ and polyA tract lengths were
quantified across 29 Testudines species. The QA region,
located between the conserved MSDVS and VPRLR motifs
upstream of the RUNT domain (Supplementary Figure S4), is
known to modulate transcriptional activity and has been
implicated in vertebrate craniofacial evolution (Newton & Pask,
2020; Sears etal.,, 2007). Comparative analyses revealed
pronounced lineage-specific differences in both QA repeat
length and the Q:A ratio, consistent with clade-specific
constraints and  potentially  reflecting  morphological
divergence.

Among Trionychia (softshell) turtles, the QA domain
consistently exhibited longer polyQ tracts, predominantly

divergence shapes
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spanning 8-9 residues (Figure 2A; Supplementary Figure S4),
with corresponding Q:A ratios exceeding 1.8 in all species
examined (Figure 2B)—significantly higher than those
observed in other lineages. In contrast, non-trionychian
cryptodires showed intermediate repeat lengths (6—8 residues)
and moderate Q:A ratios (Supplementary Figure S4). Within
Emysternia, QA repeats were remarkably conserved: all seven
species possessed identical polyQ lengths of 7 and a stable
Q:A ratio of 1.75 (Supplementary Figure S4), consistent with
strong purifying selection. In contrast, basal pleurodires (side-
necked turtles) exhibited the shortest polyQ tracts, ranging
from 5-6 residues, and the lowest Q:A ratios among all taxa
examined (Figure 2A, B; Supplementary Figure S4).

Notably, the Q:A ratio exhibited greater evolutionary
variability than either polyQ or polyA length alone. Ancestral
state reconstruction using G. gallus as an outgroup estimated
a QA ratio of 2.38 for the Testudines ancestor
(Supplementary Figure S5), exceeding that of all extant
lineages, thus suggesting gradual contraction of the QA
domain during turtle evolution accompanied by lineage-
specific diversification.

To assess functional relevance, phylogenetic linear
modeling (phylolm) was used to test associations between the
Q:A ratio and turtle phenotypes. Significant phylogenetic
correlations (P<0.05, Wald test) were detected for three traits:
maximum cervical scute count, plastron length, and juvenile
survival rate (Figure 2C). These associations were also
supported by Pearson correlation analysis of trait residuals
derived from univariate phylogenetic models (P<0.05, t-test)
(Figure 2D, E), confirming independence from phylogenetic
signal.

Among these ftraits, cervical scute count exhibited the
strongest association with the Q:A ratio. Trionychids, which
lack this anterior carapacial element, are known to exhibit
premature ossification of the carapacial ridge, disrupting
marginal bone plate formation. These findings suggest that
Runx genes, particularly Runx2, modulate carapacial ridge
differentiation through this developmental mechanism.
Associations with plastron length (a key skeletal component)
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and juvenile survival rate (a physiological trait) further indicate
pleiotropic effects of QA repeat divergence. Together, these
results suggest that lineage-specific divergence in Runx2 QA
repeats may have broad functional consequences,
contributing to both morphological innovations (e.g., scute
patterning, shell morphology) and physiological adaptation
(offspring viability) in turtles.

Adaptive evolution and lineage-specific mutations in
Runx genes across Testudines

To evaluate patterns of molecular evolution in turtle Runx
genes, lineage-specific substitution rates were estimated
using G. gallus as an outgroup (Figure 3). This analysis
revealed significantly accelerated substitution rates within the
Trionychidae lineage relative to other turtle families (P<1x107%,
t-test; Supplementary Figure S6). In contrast, Runx2 exhibited
markedly reduced rates within Emysternia (Figure 3B),
consistent with strong evolutionary constraint on this paralog.
Despite these lineage-specific rate differences, branch model
comparisons detected no significant heterogeneity in selection
pressure among lineages (P>0.05, LRT; Supplementary Table
S3), indicating broad evolutionary conservation of Runx genes
in Testudines.

To investigate the consequences of accelerated evolution in
Trionychidae, coding sequence divergence within this lineage
was examined in detail. A total of 27 Trionychidae-specific
single-nucleotide substitutions were identified: 12 in Runx1, 10
in Runx2, and five in Runx3 (Figure 4A, D; Supplementary
Figure S7). Most substitutions were synonymous and confined
to the third codon position, consistent with neutral drift. Only
two nonsynonymous mutations were detected: a Ser-to-Pro
substitution in Runx1 (TCT—CCT at position 934) and a Thr-
to-Ala change in Runx3 (ACT—GCT at position 712)
(Figure 4B, E). Domain prediction and 3D structural modeling
confirmed that both amino acid substitutions occurred outside
critical functional regions, including the conserved RUNT
domain, and did not alter predicted tertiary structure
(Figure 4C, F).

Collectively, these results suggest that while Runx genes in
Trionychidae have accumulated lineage-specific mutations
under relaxed sequence constraint, core regulatory functions
appear preserved through purifying selection.

Stage- and tissue-specific expression dynamics of Runx
genes in Testudines

To resolve the spatial and temporal regulation of Runx genes
during embryogenesis, transcriptomic data were analyzed
from developing gonads and carapacial ridges in
representative Testudines species. The carapacial ridge, a
transient embryonic structure central to shell formation, offers
a developmental window to compare gene expression
programs between hard-shelled turtles bearing cervical scutes
and soft-shelled turtles lacking carapace margins. Known

upstream regulators and downstream targets were also
integrated to reconstruct preliminary Runx regulatory
networks.

In the carapacial ridge of P. sinensis and M. reevesii, all
three Runx paralogs (Runx1, Runx2, and Runx3) were
expressed during stages 15-16, corresponding to mid-to-late
phases of ridge development. Expression levels increased
progressively, with M. reevesii exhibiting earlier activation, as
low Runx expression levels were already detectable at stage
15 (Figure 5A, B). Expression peaks of upstream components
of the TGF-B (TGFB1/2/3, TGFBR1/2/3) and BMP (BMP4/7)
signaling pathways preceded Runx activation, implicating
these pathways as candidate upstream inducers of Runx
transcription. In contrast, downstream targets, including
BGLAP and Col1a1, were transcriptionally up-regulated
following Runx activation, consistent with Runx-mediated
activation of genes essential for dermal bone formation and
collagen matrix deposition during carapacial ridge
development.

In embryonic gonads, which transition through bipotential,
sex determination, and sexual differentiation phases, Runx
expression peaked predominantly during the sex
determination phase, with paralog-specific and species-
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Figure 4 Sequence divergence and structural modeling of Runx1 and Runx3

A, D: Schematic of protein length, structural domains, and positions of lineage-specific mutations in Runx?1 and Runx3. Colored rectangles
represent structural domains; black lines mark mutation sites. B, E: Phylogenetic relationships and aligned Runx coding sequences. Species within
black boxes belong to Trionychidae. Colored block s denote nucleotide bases at mutation sites; ancestral and derived codons are shown below.
Nonsynonymous mutations are highlighted in orange. C, F: Predicted 3D protein structures of Runx? and Runx3 before and after amino acid

substitutions, with mutation sites indicated.

specific patterns (Figure 5C, D). In T. scripta, Runx1 exhibited
female-biased expression, aligning with its proposed role in
ovarian development. Quantitative PCR confirmed the
transcriptomic  trends, supporting its involvement in
temperature-dependent sex determination. Network
reconstruction revealed species-specific regulatory
architectures. In T. scripta, TGF-$ family genes peaked during
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the bipotential phase, followed by Runx1 up-regulation during
sex determination. Notably, Cyp79a7, a key ovarian
differentiation gene, was up-regulated downstream of Runx1,
supporting its involvement within the female differentiation
pathway. In contrast, other canonical Runx targets, such as
FSHR, lacked consistent regulatory association.

Together, these results demonstrate that Runx paralogs are
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A, B: Expression of Runx genes, their upstream regulators, and downstream targets in the carapacial ridge of M. reevesii (A) and P. sinensis (B).

Gene expression (RPKM) was normalized per gene after filtering low-expression genes (below median expression). C: Expression of Runx genes

and associated regulatory factors in gonads of T. scripta. Normalization and filtering were performed as described above. D: Female-biased
expression of Runx? in T. scripta embryonic gonads. Bar plots show relative expression levels (QPCR) at stages 17—19. Expression was
significantly higher at the female-producing temperature (FPT) compared with male-producing temperature (MPT). Error bars represent

meanzsstandard deviation (SD); : P<0.001.

embedded within temporally and spatially restricted gene
networks in Testudines. They respond to distinct upstream
signals, particularly the TGF-8 and BMP pathways, and
contribute to lineage-specific gene expression programs
governing both carapacial morphogenesis and gonadal
differentiation.

DISCUSSION

Turtles constitute a deeply divergent tetrapod lineage,
distinguished by a unique body plan that integrates an
enclosing shell with highly derived craniofacial architecture.
The protective shell, composed of the carapace and plastron,
exhibits pronounced developmental divergence among
lineages. In hard-shelled turtles, lateral expansion of the axial
ribs contributes to formation of the carapace margin, whereas
in soft-shelled turtles, developmental constraints within the
carapacial ridge are associated with premature ossification
and subsequent loss of marginal bony plates (Rice etal.,
2015). Such structural disparities point to lineage-specific
genetic mechanisms shaping skeletal evolution, a view
supported by recent evidence for clade-specific amino acid
compositions in components of the simple epidermal
differentiation complex (SEDC) and S100-fused type proteins
(SFTPs) across hard-shelled, soft-shelled, and leatherback
turtles (Chen etal.,, 2025). Despite these advances, the
molecular determinants driving this phenotypic diversification
remain largely unresolved.

Comparative genomic analyses revealed that Runx genes
display exceptional conservation across Testudines, with no
lineage-specific variation in copy number, motif composition,
exon organization, or protein length detected over an
evolutionary timescale exceeding 260 million years (Lyson
et al,, 2010). This degree of stability contrasts sharply with
patterns observed in other vertebrates, where lineage-specific
duplication events have expanded the Runx repertoire. For
instance, teleost fish such as zebrafish retain two Runx2
paralogs (Runx2a and Runx2b) as a consequence of whole-

genome duplication (Flores etal., 2004; Sato etal., 2023),
while allotetraploidy in African clawed frog resulted in
duplication of the entire Runx gene set (Session et al., 2016).
The absence of comparable expansions in turtles underscores
an unusually strong evolutionary constraint acting on Runx
gene architecture within this lineage, suggesting that
maintenance of a stable Runx complement may be critical for
turtle developmental or physiological programs. Notably, even
in the limited cases where individual turtle species retain
duplicated Runx loci, these events lack consistent
phylogenetic structure and do not define broader clade-level
trends. This pattern indicates that although episodic relaxation
of selective pressure may permit sporadic duplication or
divergence (Figure 3), such changes are rarely retained.
Instead, pervasive purifying selection appears to have
preserved Runx gene structure and dosage across
Testudines. Collectively, these observations establish Runx
genes as among the most evolutionarily constrained
transcription factor families in turtles and highlight their
exceptional structural and functional stability within amniotes.
Despite pronounced conservation of Runx coding
architecture, intronic regions emerged as critical regulators of
Runx expression dynamics. Marked elongation of the first
intron in Runx1 was detected in Trionychidae, a structural
feature predicted to delay transcriptional initiation (Heyn et al.,
2015). These expanded introns harbor lineage-specific
accumulations of retrotransposons and complex repeat
elements, which are known to influence local regulatory
landscapes (Feschotte & Pritham, 2007). Notably, this
architectural divergence correlates with delayed Runx1
activation during carapacial ridge development in P. sinensis
compared to M. reevesii (Figure 5A, B), suggesting that
intronic repeat expansion contributes to regulatory divergence.
Although this association remains speculative, targeted
functional validation—including chromatin  conformation
mapping (Hi-C or 4C), epigenomic profiling, and
spatiotemporal  expression confirmation via in  situ
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hybridization or immunohistochemistry—will be required to
establish whether retrotransposon insertions causally affect
Runx1 transcriptional timing. The current analyses provide a
comparative genomic framework that highlights candidate
regulatory mechanisms and provides a foundation for future
experimental resolution.

Coding sequence analyses further identified Trionychidae-
specific substitutions in Runx genes, the majority of which
were synonymous and localized to third codon positions
(Figure 4), consistent with pervasive purifying selection on
protein sequence. The few nonsynonymous variants occurred
outside functional domains, including the RUNT domain,
underscoring strong selective constraint on Runx structural
integrity. Although largely constrained, such substitutions may
still contribute to functional divergence. Synonymous chances
can influence mRNA splicing efficiency or translational control
(Pagani et al.,, 2005), while missense substitutions outside
core domains may alter protein stability or proteasomal
degradation (Hovland et al., 2023). Together, these findings
suggest that even subtle sequence variation, acting primarily
through regulatory rather than structural mechanisms, may
fine-tune Runx activity and contribute to lineage-specific
regulatory divergence without compromising core domain
integrity.

Interestingly, the polyQ tract embedded within the Runx2
QA repeat domain exhibited stepwise reduction across turtle
lineages, decreasing from Trionychidae through Testudinoidea
and Chelonioidea to Pleurodira (Figure 2B). This progressive
contraction likely contributes to the diversification of skeletal
traits among Testudines. Prior research has linked
coordinated expression of Msh homeobox 2 (Msx2) and
Runx2 to dermal bone reduction in turtles (Sato et al., 2023).
Our findings expand this framework by identifying elevated
Q:A ratios uniquely in Trionychidae. These ratios are strongly
associated with key morphological adaptations such as the
absence of cervical scutes and abbreviated plastron length
(Figure 2C-E), suggesting that QA domain variation serves as
a regulatory modulator of Runx2-driven developmental
programs. This model posits that QA repeat architecture fine-
tunes ossification dynamics—promoting marginal bone
formation in hard-shelled turtles while constraining carapacial
ossification in Trionychidae.

Structural modeling using AlphaFold3 indicated that
variation in QA repeat length indirectly modulated
transcriptional activity by altering the stability of Runx2
interactions with cofactors such as CBF-8 and SMAD1.
Moderate QA lengths (Q:A ratio of 3) conferred the highest
complex stability, whereas shorter or excessively long repeats
reduced stability, with very long repeats potentially prone to
aggregation (Pelassa et al., 2014) (Supplementary Figure S8).
These findings suggest that variation in QA architecture may
fine-tune Runx2 transcriptional output without affecting the
conserved RUNT domain, providing a mechanistic basis for
functional divergence among turtle lineages.

Comparative analyses further demonstrated that turtles
maintained a short and stable polyQ tract (7-9 Q), in contrast
to the expanded and more variable repeats observed in
squamates (12-21 Q) and other reptiles (Newton & Pask,
2020; Thirunavukkarasu et al., 1998). Crocodilians also exhibit
remarkably conserved repeat length (10 Q, Q:A ratio 2.5),
closely approximating the reconstructed ancestral state for
Testudines (2.36) (Supplementary Figure S5). This cross-
lineage conservation underscores a strong evolutionary
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constraint on QA repeat length in turtles, likely reflecting the
need to balance transcriptional fidelity with lineage-specific
plasticity.

Although  associations between Q:A ratios and
morphological traits remain correlative, functional validation
will require reporter assays, such as luciferase reporter
experiments, to test the effects of Trionychidae-specific QA
variants on downstream targets such as BGLAP and SPP1.
Nonetheless, the present comparative genomic and structural
data provide a robust mechanistic framework for
understanding lineage-specific adaptations and highlight
promising directions for future functional studies.

While no evidence of positive selection was detected,
branch-specific rate analyses identified significantly elevated
synonymous substitution rates (dS) in Trionychidae relative to
other Testudines (Figure 3; Supplementary Figure S6). Given
that synonymous substitutions can modulate mRNA stability,
splicing, and translational kinetics (Kimchi-Sarfaty et al.,
2007), elevated dS may contribute to Runx expression levels,
and thus influence shell patterning in this lineage.

The carapacial ridge, an embryonic structure essential for
rib-derived carapace formation (Nagashima etal., 2007),
displayed marked interspecific differences  between
Trionychidae and other turtles (Session etal.,, 2016).
Transcriptomic profiling confirmed stage 14—16 up-regulation
of all three Runx paralogs in both P. sinensis and M. reevesii
(Figure 5A,B), consistent with developmental roles during
carapacial ridge morphogenesis. However, comparative
regulatory analyses revealed divergence in downstream
targets: SPP1 expression was down-regulated in M. reevesii
but up-regulated in P. sinensis, implicating lineage-specific
Runx-SPP1 dynamics in shaping carapacial ridge architecture.

Runx genes also contributed to gonadal development under
temperature-dependent sex determination. In T. scripta,
Runx1 exhibited female-biased expression during the
thermosensitive period (Figure 5C) (Chen etal, 2024),
consistent with sex-specific regulatory roles. While Fox/2
maintains conserved female-biased expression across
species (Georges etal.,, 2014), Runx genes demonstrated
regulatory plasticity. Furthermore, while TGF-3/BMP pathways
consistently regulate Runx genes (lto & Miyazono, 2003;
Phimphilai et al., 2006), the Wnt4 pathway showed species-
specific expression, absent during the thermosensitive period
in T. scripta, highlighting lineage-restricted roles in sex
determination.

CONCLUSION

Integrative genomic and transcriptomic analyses
demonstrated that, despite structural conservation of Runx
genes across turtles, regulatory sequence divergence—
including QA domain variation, intronic expansion, and
elevated synonymous substitution rates—has contributed to
morphological and reproductive diversification  within
Testudines. These findings delineate a molecular framework
through which conserved developmental regulators such as
Runx genes are co-opted and modified to mediate lineage-
specific evolutionary innovations, exemplified by distinctive
shell morphologies and temperature-dependent sex
determination in turtles.

SUPPLEMENTARY DATA

Supplementary data to this article can be found online.
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