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Transcriptome data from the 
interdigital webs of the Chinese 
Soft-shell Turtle (Pelodiscus 
sinensis)
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The interdigital webs of aquatic tetrapods are a key structure evolved for adaptation, which are formed 
by inhibiting interdigital cell death (ICD). Diverse interdigital morphologies have independently 
evolved among species, and the regulatory mechanisms responsible for their development are still 
not fully understood. The Chinese soft-shell turtle (Pelodiscus sinensis) serves as a good research 
model that exhibits transitional traits from webless to fully webbed. In this study, we collected eight 
samples of interdigital webs from the fore- and hindlimbs of turtles at embryonic stage 19 (TK19) for 
RNA sequencing (RNA-seq) analysis. We identified 608 differentially expressed genes (DEGs). Whole-
mount in situ hybridization (WISH) and real-time quantitative PCR (RT-qPCR) of representative genes 
confirmed the accuracy of the transcriptomic results. These findings not only provide new perspectives 
and data to support comparative studies of adaptive convergent evolution in aquatic animals but also 
enhance our understanding of the mechanisms underlying tetrapod limb morphogenesis. Furthermore, 
these results provide potential molecular targets for research on the plasticity of programmed cell 
death or senescence.

Background & Summary
Webbed feet are a functional structure for the adaptation of aquatic tetrapods to aquatic life and show parallels 
to the evolution of forelimb wing membranes for flight in bats. Compared to mice, chickens and lizards, mam-
malian bats and dolphins, aquatic birds and the reptilian Chinese soft-shell turtle display weaker to no levels of 
cell death in their interdigital regions during embryonic development1–5, with the lack of cell death considered 
to be the basis for the formation of the interdigit webbing. The molecular mechanisms for interdigital cell death 
(ICD) have been extensively studied, with the retinoic acid (RA)6 and BMP7 signaling pathways, loss of cell and/
or cell matrix adhesion8,9, and cellular aging pathways9 being shown to be involved. In contrast, much less infor-
mation is known about the pathways antagonizing ICD, which would allow interdigit webs to form, and whether 
the same or different mechanisms are used among the different species. For example, in bats and dolphins, Fgfs 
and Gremlin work together to inhibit the BMP-mediated apoptosis in the interdigital region, while in ducks and 
Chinese soft-shell turtles, Fgfs are not involved2,5. Moreover, no obvious asymmetry has been observed in the 
expression patterns for gremlin among the webbed fore- and hindlimbs of Chinese soft-shelled turtles during 
embryonic development5, thus, it is difficult to determine whether the same anti-apoptotic mechanism is used 
by the Chinese soft-shell turtle.

In the absence of high-throughput technologies, previous studies mostly used the “candidate-gene” approach 
to identify genes involved in cell fate and interdigit webbing in waterfowl. However, the vast phylogenetic diver-
sity of birds increases the difficulty of studying the development of interdigit webbing. Phylogenetic studies 
have shown that the Chinese soft-shell turtle diverged prior to the radiation of birds10, and its early evolution 
of webbed structures could make it a better suited model for Evo-Devo adaptation studies. As an important 
reptile in both aquatic and terrestrial ecosystems, its limb morphology shows a transitional pattern between 
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terrestrial and aquatic life. During development from birth to adult, the interdigital webbing between the first 
and second phalanges (W1) largely regresses, the interdigital webbing between the second and third phalanges 
(W2) regresses approximately 50%. However, the weak distal ICD of the interdigital webbing between the third 
and fourth phalanges (W3) and between the fourth and fifth phalanges (W4) does not cause obvious regres-
sion and are thus nearly fully retained (Fig. 1). Similar patterns are observed for both the fore- and hindlimbs. 
Significant differences in webbing morphology and ICD can be observed during stage 19 (TK19) of embryonic 
development11. Given these differences, we therefore chose this developmental stage to identify differences in 
gene expression, which might identify molecular characteristics that regulate the differential fates of interdigital 
cells and explain the differences in webbing between the different digits of Chinese soft-shell turtles.

In this study, we dissected and separated the four interdigital membranes between the five digits of the fore-
limbs (FW1-4) and the hindlimbs (HW1-4) under a microscope. Total RNA was extracted from these samples 
for pool-sequencing. Each pool contained the paired limbs from 20 independent individuals (40 limbs). Sample 
collection areas and the RNA-seq workflow are shown in Fig. 1b. Given that the levels of cell death in the corre-
sponding regions of the fore- and hindlimbs are very similar5, they could be considered to be biological replicates 
for studying web formation in the screening process. A total of 199.10 M reads were obtained by RNA-seq and the 
proportion of Q30 (phred quality score ≥ 30) reads in the clean data was over 93% in all samples. Hierarchical clus-
tering analysis (HCA), based on the Spearman correlation coefficient, and three-dimensional principal component 
analysis (PCA), based on TPM (transcripts per million) data, both separated the samples into independent clusters 
according to whether they underwent apoptosis. The data distribution was consistent with the morphological 
characteristics, suggesting that this data can be effectively used for the screening of differential molecular features. 
Subsequently, we identified 608 differentially expressed genes (DEGs) with significant differences in expression. 
The accuracy and reliability of these results were verified by WISH and RT-qPCR of representative DEGs. In sum-
mary, our data reveal distinct molecular expression profiles of apoptotic and retained interdigital cells that not only 
provide a high-throughput data foundation for interspecies comparative studies on the development and evolution 
of webbed limbs, but also potentially identify molecular targets for cellular anti-apoptosis and anti-aging.

Methods
Sample collection.  All animal procedures were approved by the Institutional Animal Care and Use 
Committee of Shenyang Agricultural University (approval ID: 202106038). Fertilized Chinese soft-shell turtle 
eggs (Pelodiscus sinensis) used in this study were obtained from Huayu aquaculture farm in Jizhou (Tianjin, 
China) and incubated in wet sand at 30–32 °C. Embryonic development was staged using the Tokita-Kuratani 
(TK) staging method to standardize the developmental process11. At developmental stage TK19, 20 morphologi-
cally consistent individuals were selected, and the four interdigital regions of the paired fore- and hindlimbs were 
dissected under a microscope (Leica, M165FC). Since the regression patterns of the interdigital webbing are con-
served within the species and do not exhibit sexual dimorphism, we randomly selected the 20 embryonic individ-
uals and did not record the sex of the samples. A total of eight sample groups were collected for pool-sequencing, 
with each group consisting of 40 tissues from left and right sides of the 20 individuals. The RNeasy Plus Mini Kit 
(Qiagen) was employed to extract total RNA. Subsequently, the purity and concentration of the total RNA was 
examined using Qubit (Life Technologies, Carlsbad, USA) and Nanodrop (Thermo, Waltham, USA). Moreover, 
the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA) was adopted to assess the integrity 
of the RNA. The 260/280 nm ratio of all samples was between 2.06 and 2.11, and the RNA integrity number (RIN) 
values were all higher than 8.6, with the 28S/18S ribosomal RNA ratio ranging from 2.13 to 2.39 (Table 1).

RNA sequencing and quality control.  A total of 3 μg of RNA per sample was used as the input material 
for library construction. Libraries were commercially sequenced (Biomarker Technologies Co., Beijing, China) 

Fig. 1  Morphology of the Chinese soft-shell turtle and the workflow for RNA-seq. (a) Morphology of a  
Chinese soft-shell turtle one month after hatching. The position of digit I is marked by an asterisk, bar = 1 cm. 
(b) Schematic diagram of the sampling for transcriptome sequencing (left) and the complete analytical 
workflow (right). The red lines in the schematics of the limbs on the left indicate the boundaries of the sampling 
range, with the green areas representing the regions where ICD occurs at TK195.
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using the Illumina NovaSeq 6000 platform (Illumina, San Diego, CA). Each library yielded ~ 25 million 150 bp 
paired-end reads, resulting in a total of 199.10 million reads. Raw data in fastq format were initially processed 
using the fastp software (v0.21.0). In this step, clean data (clean reads) were obtained by removing reads contain-
ing adapters, reads containing poly-N, and low-quality reads from the raw data. Concurrently, the Q20, Q30, 
GC-content, and sequence duplication level of the clean data were calculated. The proportion of Q30 in the clean 
data was over 93% for each sample (Table 1).

Transcriptome data analysis.  High-quality clean data was mapped to the Chinese soft-shell turtle refer-
ence genome (PelSin_1.0) using HISAT2 software (v2.2.1)12. Subsequently, the obtained BAM files were sorted 
using SAMtools (v1.2.1)13. Transcript assembly was then carried out using StringTie (v2.1.7)14. Finally, raw counts 
were obtained using the prepDE.py3 script from StringTie.

Differential gene expression analysis.  To investigate potential regulatory differences between ICD and 
anti-ICD mechanisms for the interdigital tissues, we identified DEGs between the regressed (FW1-2 and HW1-
2) and non-regressed (FW3-4 and HW3-4) webs of the turtles. DESeq215 software was employed to identify 
DEGs. Genes with a log2(Fold Change) ≥ 1 and adjusted P-value < 0.05 were defined as significantly differentially 
expressed genes (DEGs).

WISH.  Partial coding sequence for Lhx9, serving as a probe, was amplified using a pair of specifically designed 
primers (forward primer: 5′-TGCTGGTTGTGGAGGGAAG-3′; reverse primer: 5′-GGCTGCTGGTCT 
CTGTCC-3′; product: 567 bp). Probes for Hoxd11 were generated using primers as described previously16. The 
WISH procedure adhered to previously published protocols17. Briefly, embryos were fixed in 4% PFA overnight, 
then dehydrated via a methanol gradient and stored at −80 °C. Before hybridization, they were rehydrated with 
a methanol gradient. For digestion, embryos were pre-treated with 0.2 M HCl and then incubated with 10 μg/ml 
proteinase K. Subsequently, embryos were washed in PBST and refixed in 0.2% glutaraldehyde within 4% PFA. 
They were then placed in a preheated hybridization solution with 1–2 μg/ml DIG-labeled probe and incubated 
at 65 °C overnight. After hybridization, the washed embryos were treated with blocking solution and incubated 
overnight with the anti-DIG antibody coupled with alkaline phosphatase. Antibodies were then removed, and the 
embryos were incubated in NTMT containing NBT-BCIP (Roche) until the desired color was achieved, at which 
point the reaction was stopped. To minimize background, embryos were washed at least six times overnight in 
1% Triton X-100 solution. Finally, embryos were fixed in 4% PFA and photographed with a Leica microscope 
(M165FC).

RT-qPCR.  Reactions were carried out on a LightCycler® 96 real-time PCR detection system (Roche), fol-
lowing the manufacturer’s guidelines. To determine relative mRNA levels, the expressions of target genes were 
normalized against the endogenous reference gene GAPDH. The 2–∆∆Ct method was used for calculations18. Three 
replicates were performed.

Data Records
Raw RNA-seq data files and TPM values are available on the Gene Expression Omnibus (GEO) database with 
accession no. GSE28705519. The data of DEGs are available from the figshare repository (https://doi.org/10.6084/
m9.figshare.28255607)20.

Technical Validation
Hierarchical clustering analysis (HCA).  To verify the accuracy of sample collection and sequencing, we 
evaluated the similarity among samples. Firstly, a raw count expression matrix of all 19,328 genes was normalized 
using the TMM (Trimmed Mean of M-values) normalization method21. Spearman correlation coefficients were 
then calculated for the normalized matrix, and a hierarchical clustering analysis was performed using R (version 
4.3.1). The results were visualized in the form of a heatmap that showed samples from the corresponding parts of 
the fore- and hindlimbs clustered together, with W1-2 separating from W3-4, samples that respectively represent 
the apoptotic webbed foot and the retained webbed foot (Fig. 2a). These results were consistent with the biological 
process, and thus effectively verify the accuracy and reliability of the sequence data.

Sample OD260/280 RIN 28S/18S Obtained Reads Obtained Base (bp) Q30 (%)

FW1 2.10 9.0 2.31 26,629,741 7,958,949,904 94.56

FW2 2.09 8.8 2.32 28,803,049 8,618,645,574 93.93

FW3 2.11 8.9 2.39 23,577,412 7,039,516,176 95.57

FW4 2.10 8.9 2.35 24,065,912 7,185,668,146 94.53

HW1 2.07 8.7 2.24 23,640,359 7,074,243,540 94.51

HW2 2.10 8.8 2.23 24,047,163 7,189,782,976 94.69

HW3 2.09 8.8 2.30 24,216,690 7,224,462,208 95.54

HW4 2.06 8.6 2.16 24,117,081 7,201,037,396 94.59

Table 1.  RNA quality and sequencing data from the web samples of the Chinese soft-shell turtle. RIN, RNA 
integrity number. Q30, phred quality score ≥ 30.
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Principal component analysis (PCA).  Three-dimensional (3D) PCA based on the TPM data shows that 
PC1 distinguishes the positional order from W1 to W4 and separates the fore- and hindlimb samples of W1 and 
W2 from those of W3 and W4 into two distinct clusters. These clusters are consistent with the HCA results, where 
the ICD samples cluster together and the anti-ICD samples cluster together. PC3 clearly distinguishes the fore- 
and hindlimb samples (Fig. 2b). In summary, the clustering by PCA supports the accuracy of the sequencing data.

Enrichment analysis.  Gene Ontology (GO) analysis was performed on the 608 DEGs using the Database for 
Annotation, Visualization, and Integrated Discovery (DAVID, 2024q2 release, https://david.ncifcrf.gov/), with a 
significance threshold set at P < 0.05. The retinoic acid catabolic process, cell-cell adhesion mediated by cadherin, 
and BMP signaling pathway, regulatory pathways that have been reported to be directly related to ICD22, were all 
overrepresented (Fig. 2c). These results indicate that our data and screening methods are reliable.

Experimental Verification of the RNA-seq data.  To validate the RNA-seq data, six genes were selected, 
3 upregulated and 3 downregulated, from the top differentially expressed gene sets. This validation set includ-
ing four conserved transcription factor genes associated with limb development (Runx3, Lhx9, Hoxd10 and 
Hoxd11) and two genes involved in epithelial cells or skin development (Msln and Phex). For validation using 
whole embryo in situ hybridization (WISH), genes for 2 transcription factors with higher expression levels, Lhx9 
and Hoxd11, were chosen. The remaining four genes were used for verification by RT-qPCR. The heatmap of the 
RNA-seq data shows that there is a significant difference between the ICD and anti-ICD groups, with the patterns 
being consistent between the fore- and hindlimbs (Fig. 3a). The WISH results for Lhx9 and Hoxd11 in the turtle 
web are spatially localized in their expression patterns (Fig. 3b), which are consistent with the RNA-seq heatmap 

Fig. 2  HCA, PCA, and GO enrichment analysis. (a) Heatmap of the Spearman’s rank correlation coefficients 
and cluster analysis using the TMM normalized counts. R, Spearman’s rank correlation coefficients. (b) 3D PCA 
of samples based on the TPM counts. (c) Top 15 terms from the GO enrichment analysis of the DEGs, which 
identify three pathways known to be directly related to ICD that are highlighted in red.
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results, confirming the reliability of the data classification. Statistical analysis of the RT-qPCR results was per-
formed using the SPSS software package (IBM SPSS Statistics for Windows, version 29.0). The RT-qPCR results 
show that the expression patterns for Runx3, Msln, Phex and Hoxd10 were consistent with the RNA-seq data 
(Fig. 3c). In conclusion, our validation experiments confirm the precision of the transcriptome data.

Code availability
No custom code was created or used. All analytical methods and software are provided in the Methods.
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