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De novo transcriptome assembly of 
a pigmentation-variable population 
of cave snail Physella sp
Magdalena Grgić1, Robert G. Weck2, Gaj Keresteš1,3, Lara Kalogjera1,4 & Helena Bilandžija   1 ✉

Subterranean ecosystems are among the most widespread yet least explored environments on Earth. 
Species that are not obligate cave dwellers are especially understudied, due to the predominant 
research focus on obligate subterranean organisms. Although aquatic snails represent one of the most 
species-rich groups in groundwater, no genomic resources have been available for these taxa until now. 
To fill this gap, we generated a reference transcriptome for a cave-dwelling snail of the genus Physella. 
The Physella population from Fogelpole Cave, IL, USA, exhibits heteromorphic phenotypes, with 
individuals ranging from fully pigmented to completely lacking pigment. The reference transcriptome 
generated in this study shows high BUSCO scores, high mapping rates and robust overall quality 
metrics. These datasets provide a valuable resource for investigating molecular changes associated with 
the early stages of cave adaptation and the evolution of specialized cave traits, especially the loss of 
pigmentation.

Background & Summary
Mollusks, the second most biodiverse group of animals on Earth, are an ecologically diverse phylum. Mollusks 
have successfully colonized nearly every habitat, from the deep sea to terrestrial environments, and even caves. 
Caves are among the most extreme and least explored habitats on Earth. They are characterized by strong selec-
tive pressures, including permanent darkness, limited food resources, and disrupted daily and annual rhythms, 
which lead to the evolution of specialized traits in cave-dwelling species1,2. The most famous is the loss of eyes 
and pigmentation, but notable changes in metabolism, circadian rhythms, reproduction, nervous system and 
behaviors also accompany life in caves1,2. The presence of similar selection pressures in different caves makes 
cave animals a prime example of convergent evolution in nature and excellent models for evolutionary studies.

Gastropods are the most abundant subterranean mollusks, as only a few bivalve species are found in caves3,4. 
Obligate cave snails, with 450 described species, represent the second most abundant group in groundwater 
ecosystems, after crustaceans5. However, snails remain one of the most understudied groups in caves5–7. They 
are also highly threatened, as freshwater snails have the highest documented extinction rate of any taxonomic 
group7. Given the general lack of knowledge on subterranean fauna8, the importance of snails in groundwater 
communities, and their elevated risks of extinction, they are one of the highest-priority groups for research.

While obligate cave fauna, species that complete their life cycle in caves, are understudied and largely 
neglected in conservation and management policies8, facultative cave species (troglophiles) attract even less 
attention. Although troglophiles are frequently encountered in caves, they lack prominent cave adaptations that 
attract researchers and the general public, so the knowledge gap regarding their biology and ecology is even 
greater. One such example are the cave-dwelling populations of snails in the genus Physella, which inhabit sev-
eral caves in southwestern Illinois, USA (Fig. 1a)9.

The taxonomy of Physella (family Physidae) is well known to be problematic, largely due to the reliance 
on shell morphology, which is highly plastic and environmentally influenced10. Molecular studies have shown 
limited genetic divergence among morphologically distinct taxa, alongside cases of cryptic diversity, compli-
cating species-level identification11. These challenges are particularly pronounced in cave populations, and 
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genomic data are essential for resolving taxonomic placement and understanding the evolutionary status of 
these populations.

Fogelpole Cave in Monroe County, Illinois is home to a highly polymorphic population of Physella snails, 
with a spectrum of phenotypes ranging from individuals lacking any obvious pigment to fully dark and pig-
mented snails12. The polymorphic nature of the Fogelpole Cave Physella, coupled with the relative ease with 
which laboratory colonies of these snails can be established13, creates a unique opportunity to study the genetic 
and evolutionary mechanisms underlying the early stages of cave adaptation, making it an ideal system for inves-
tigating colonization of subterranean habitats.

To gain a mechanistic understanding of the evolutionary processes driving cave adaptations, the availability 
of genomic data is essential. While genomic resources exist for cave-adapted fish, salamanders, and crusta-
ceans14–23, mollusks remain a major gap in subterranean genomics. To address this gap, we have generated the 
first genomic data for any cave snail. The transcriptomic datasets of Physella sp. from Fogelpole Cave will provide 
a crucial foundation for understanding the evolution of cave-dwelling species and the genetic basis of specialized 
cave traits in a new phylum. These datasets are particularly valuable for understanding the colonization of caves 
and the early stages of adaptation to life underground. In particular, they can be used to study the genetic basis 
of pigmentation loss, one of the most common cave adaptations, whose molecular mechanisms remain largely 
elusive23–25, with the exception of cavefish Astyanax mexicanus26. In addition to this vertebrate model, the crus-
tacean Asellus aquaticus has emerged as a powerful invertebrate system for studying cave evolution, with recent 
work providing important insights into the genetic architecture and evolutionary pathways underlying eye and 
pigmentation loss27–30. Despite these advances, comparable genomic resources are lacking for mollusks.

Moreover, melanogenesis is implicated in a range of biological functions beyond body pigmentation 
across diverse taxa31,32 and numerous pleiotropic effects associated with melanin loss have been discovered in 
Astyanax33–35. Physella therefore represents an alternative model system for investigating the evolution of pig-
mentation loss and the potential role of natural selection favoring albinism through pleiotropy. Finally, the 
availability of genomic datasets for different morphs of this species also enables investigation of the genetic basis 
of other cave-related changes in Physella, including reduced growth, delayed sexual maturity and decreased 
fecundity12.

Methods
Snail collection and hybrid crosses.  Adult snails of different morphotypes were collected from Fogelpole 
Cave, Illinois, USA, and brought to the laboratory to establish breeding cultures. In the laboratory, snails were 
maintained at room temperature (20–22 °C) in containers with regular water changes and were fed ad libitum to 
ensure stable growth and reproduction. Detailed protocols for cultivating snails in the laboratory are described 
elsewhere13.

Parental crosses between pigmented and depigmented individuals were initiated by pairing immature snails 
(ca. 2 mm shell length) in small containers. After reaching reproductive maturity, parent snails laid eggs, and 
F1 embryos were isolated. Physids are hermaphrodites and capable of self-fertilization, though they typically 
outcross when mates are available36. To ensure that F1 offspring were the result of outcrossing, the depigmented 
parents from each cross were periodically isolated and allowed to deposit eggs. Developing embryos were exam-
ined prior to hatching, and eye pigmentation was used as an indicator of successful outcrossing. Given that 
parental individuals exhibited stable pigmentation phenotypes and that previous studies have demonstrated a 
simple Mendelian basis of this trait12, the appearance of pigmentation in offspring derived from depigmented 
individuals was interpreted as evidence of hybrid origin. However, low levels of residual heterozygosity or rare 
deviations from expected genotype–phenotype relationships cannot be entirely excluded. To produce the F2 
generation, juvenile F1 snails were paired in separate containers. Following maturation, egg masses produced by 
these crosses were collected, and resulting F2 offspring were reared until they reached a size suitable for pheno-
typic assessment and downstream tissue sampling.

Sampling and sample groups.  Two sample groups were used for transcriptome sequencing. The first 
group consisted of 10 adult F2 individuals (5 lightly pigmented snails and 5 snails with dark pigmentation) 
derived from a cross between an albino and a pigmented snail, as described above. Snails were starved for a week 
before sampling to empty their guts and reduce contamination with non-target taxa. After a week they were 
flash-frozen in liquid nitrogen and kept at −80 °C until RNA isolation.

The second sampling group consisted of the foot tissue of albino and pigmented individuals from laboratory 
culture. Animals were anesthetized with MS222 (3 g/L) which caused foot extension. The posterior part of the 
foot was quickly severed and immediately stored in DNA/RNA Shield (cat. # R1100-250, Zymo Research, USA) 
until RNA isolation. Since the mass of tissue from each individual was minute, the foot from 3 individuals were 
pooled in one sample. In total, 4 such samples were prepared from albino individuals and 4 from pigmented ones.

Species identification.  To identify the species in Fogelpole Cave, we sequenced 16S and CO1 phylogenetic 
markers37–42 and reconstructed the phylogeny of Physidae (Fig. 1b). We used the following primers: ColFol-rev 
5′-TAAACTTCNGGRTGNCCAAAAAATCA-3′ and ColFol-for 5′-TTTCAACAAATCATAARGAYATYGG-3′ for 
CO1 and 16Sar-L 5′-CGCCTGTTTATCAAAAACAT-3′ and 16SbR_Isopoda 5′-CCGGTCTGAACTCAGATCACG-3′ 
for 16S. Physid DNA from several localities including Fogelpole Cave and Losing Pond, Monroe County, IL and Jarun 
Lake, Zagreb, Croatia was isolated using DNeasy Blood & Tissue Kit (cat. # 69504, Qiagen, Germany), following the 
manufacturer’s protocol. Thermal cycling conditions were: initial denaturation at 94 °C for 3 min, followed by 35 cycles 
of denaturation at 94 °C for 45 seconds, annealing at 45 °C for COI and 55.3 °C for 16S for 45 seconds, and extension at 
72 °C for 1 minute, concluding with a 5-minute final extension at 72 °C. The PCR mixture consisted of 20 uL 2x PCR mix 
(ReadyMix Taq PCR Reaction Mix, cat. # P4600, Sigma Aldrich, USA), 1.2 uL of forward and reverse primers, 12.4 uL  
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H2O, 1.2 uL Mg2+ and 4 uL of DNA (in total 80 ng). For purification, 10 uL of PCR product was mixed with 0.2 uL  
Exonuclease I and 1 uL FastAP Thermosensitive Alkaline Phosphatase (cat. # EN0582 and EF0651, Thermo Fisher 
Scientific, USA) and incubated at 37 °C for 45 min followed by 80 °C for 15 min. PCR products were sequenced using 
the Sanger method.

16S and CO1 sequences from different physid species and outgroup were retrieved from the NCBI43–76 and 
processed using Geneious Prime software 2024.0.7. Sequences were aligned with MUSCLE 5.177 using the 
Super5 algorithm. Alignment ends were trimmed, and sites with 50% gaps were masked. Resulting alignments 
were used to construct a maximum-likelihood (ML) tree with IQtree 2.2.678–80 using ModelFinder and a par-
tition model for each marker. Branch support values were estimated using 1000 ultrafast bootstrap (UFBoot) 
replicates, and the resulting tree was visualized in iTOL (online version v7; accessed 10/3/2025) and rooted with 
Biomphalaria obstructa as an outgroup.

Since snails within Physidae have inconsistent use of species names in the literature and several taxonomic 
revisions were conducted thus far10,11,81,82, here we used current species names from MolluscaBase (https://www.
molluscabase.org/, accessed on 10/3/2025) for species designations in the phylogenetic tree. A detailed list of 
sequence accession numbers and original identifiers of specific isolates with their NCBI names and their names 
in MolluscaBase can be found in Table 1.

RNA extraction, library preparation and sequencing.  Whole RNA from 18 samples was extracted 
using SPLIT RNA Extraction Kit (cat. # SKU: 008.48, Lexogen, Austria) following the suggested proto-
col. RNA concentration was measured using spectrophotometry, and the quality and integrity of the isolated 
RNA was assessed using gel electrophoresis. During protocol optimization for RNA isolation, gel electro-
phoresis as a qualitative assessment method for RNA integrity was confirmed with Agilent 2100 Bioanalyzer 
traces by evaluating RNA profiles. The success of DNase treatment (TURBO DNase, cat. # AM2239, Thermo 
Fisher Scientific, USA) in removing potential DNA contamination was confirmed by the absence of CO1 
amplification using primers HCO2198coi (5′-TANACYTCNGGRTGNCCRAARAATCA-3′) and LepF1 
(5′-ATTCAACCATCATAAAGATATTGG-3′). The thermal cycling protocol was as follows: initial denaturation 
at 95 °C for 15 min, followed by 40 cycles of denaturation at 94 °C for 30 seconds, annealing at 45 °C for 1 minute, 
and extension at 72 °C for 90 seconds, concluding with a 10-minute final extension at 72 °C. Final RNA concen-
trations were measured using a fluorometric assay (QFX Fluorometer and DeNovix RNA Quantification Kit, cat. 
# KIT-RNA-2-NS, DeNovix, USA).

Fig. 1  Model species and its phylogenetic position. (a) Two differently pigmented morphotypes of Physella 
sp. from Fogelpole Cave. Photo credit: Tin Rožman. (b) Maximum-likelihood (ML) tree of Physidae based on 
16S and CO1 phylogenetic markers. Branch support values are based on 1000 ultrafast bootstrap (UFBoot) 
replicates. Physella sp. from Fogelpole Cave is placed within the Physella gyrina clade.
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Libraries were prepared in-house using CORALL mRNA-Seq V2 (cat. # 177.96, Lexogen, Austria) using the 
Long Insert Size (RTL) protocol to produce strand-specific paired-end libraries. All libraries were inspected on 
an Agilent 2100 Bioanalyzer and quantified using a fluorometric approach (QFX Fluorometer and DeNovix 
dsDNA Ultra High Sensitivity Assay, cat. # DSDNA-ULTRA-2, DeNovix). Prepared libraries were multiplexed 
and sequenced in PE-150 mode on Illumina NovaSeq X plus by Novogene Europe, Cambridge, UK.

Bioinformatics pipeline.  If not stated otherwise all analyses were conducted on the computing clusters 
Supek and Padobran of University Computing Center, University of Zagreb, Croatia. A summary of the workflow 
is shown in Fig. 2.

Read processing and de novo assembly.  Raw reads were quality assessed using FastQC 0.12.183 and 
MultiQC 1.1984, and trimmed for adapters, UMIs, polyX, and low-quality bases using fastp 0.23.485,86. Clean reads 
were rechecked for quality before continuing the analyses. A reference transcriptome was generated from all sam-
ples with Trinity software 2.15.187. Quality of the assembled transcriptome was assessed by Transrate 1.0.388 and 
completeness of the assembly was determined with BUSCO 5.8.089 using the metazoan gene set (metazoa_odb10) 
on the European Galaxy server90.

Removing redundancy and mapping.  Two approaches were used to reduce the redundancy of the tran-
scriptome. The first was transcript clustering based on homology, which was done using the cd-hit-est option of 
the CD-HIT 4.8.191,92, with the homology threshold set to 90%. The second was a clustering step performed with 
Corset 1.0793 with default parameters, which included filtering out transcripts with low read support (less than 10 
reads per transcript). To assess whether the filtered transcriptome was over-filtered, reads were mapped back to 
the transcriptome using Salmon 1.10.294. Read-count data produced with Corset93 were used for principal com-
ponent analysis (PCA) with the plotPCA function of DESeq 2 1.44.095 in R 4.4.196. The quality and completeness 
of the final reference transcriptome was re-assessed with Transrate88 and BUSCO89 scores in the same way as 
earlier.

Protein prediction and functional annotation.  Open reading frames (ORF) and candidate coding 
regions were predicted with TransDecoder 5.7.1 (Haas, BJ. https://github.com/TransDecoder/TransDecoder) and 
only the longest ORF per each transcript was retained. Predicted peptide sequences for the candidate ORFs were 
used for functional annotation using multiple databases. Ultra-sensitive mode of DIAMOND v2.1.8.16297 was 
used to obtain annotations from UniProt’s SwissProt and NCBI’s NR (both databases downloaded in February 
2024) using the BLASTP method. hmmscan from HMMER 3.4 (http://hmmer.org/) was used to detect protein 
domains from the PFAM database (downloaded in September 2023). EggNOG Mapper 5.0.298,99 was used for 
functional annotation of proteins in the Gene Ontology database and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway database. TMHMM 2.0100–102 was used to detect proteins with transmembrane helices. Both 
eggNOG Mapper98,99 and TMHMM100–102 were run on the European Galaxy server90.

Ethics declarations.  Snails from Fogelpole Cave were collected under Illinois Nature Preserves Commission 
Permit #2020 INPC ROBERT WECK FOGELPOLE CAVE.

Name related to NCBI 
accession number MolluscaBase name (accessed on 10/3/2025)

NCBI Accession 
number - 16S

NCBI Accession 
number - CO1 Sample identity

Physella johnsoni Physella johnsoni Clench, 1926 AF346750.1 AF346738.1 PjoUPCOI

Physella gyrina Physella gyrina Say, 1821 AF346755.1 AF346743.1 PgyCLCOI

Physella wrighti Physella gyrina Say, 1821 AF346757.1 AF346745.1 PwrCOI

Physella virgata Physella acuta Draparnaud, 1805 AY651209.1 AY651170.1 argrv1

Physella anatina Physella acuta Draparnaud, 1805 AY651214.1 AY651175.1 co43888

Physa acuta Physella acuta Draparnaud, 1805 AY651224.1 AY651186.1 F7

Physa fontinalis Physa fontinalis Linnaeus, 1758 AY651227.1 AY651189.1 Nnf1

Physella hendersoni Physella hendersoni Clench, 1925 AY651234.1 AY651196.1 scysr3

Petrophysa zionis Physella zionis Pilsbry, 1926 AY651236.1 AY651198.1 utznp2

Physa acuta Physella acuta Draparnaud, 1805 AY651241.1 AY651203.1 wybhr2

Physa vernalis Physa vernalis D. W. Taylor & Jokinen, 1984 EU038329.1 EU038376.1 maamb2

Physella spelunca Physella spelunca R. D. Turner & Clench, 1974 AY651243.1 AY651205.1 wySPE2

Physella ancillaria Physella gyrina Say, 1821 EU038344.1 EU038391.1 paDWR3

Physella pomilia Physella pomilia Conrad, 1834 EU038307.1 EU038354.1 alpom2

Stenophysa marmorata Stenophysa marmorata Guilding, 1828 EU038323.1 EU038370.1 Gmar2

Aplexa elongata Aplexa prisca elongata Noulet, 1854 EU038330.1 EU038377.1 miall1

Biomphalaria obstructa Biomphalaria obstructa Morelet, 1849 AY651245.1 AY651207.1 scBCTL1

Table 1.  List of accession numbers of sequences and their codes used for construction of Physidae phylogenetic 
tree in this study.
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Data Records
Raw sequencing reads have been deposited in the NCBI Sequence Read Archive under study accession number 
SRP582749103. The respective BioSample accession numbers are listed in Table 2. Transcriptome with predicted 
proteins is deposited in the NCBI Transcriptome Shotgun Assembly (TSA) database under TSA accession num-
ber GLNG00000000104. Raw Trinity assembly, non-redundant transcriptome and annotations are deposited in 
the FigShare collection105. 16S and CO1 nucleotide sequences are deposited in NCBI GenBank under the acces-
sion numbers PV59364237, PV59364038, PV59401539, PV59364140, PV59401641, and PV59401742.

Technical Validation
Species identification.  In total, previously published 16S and CO1 sequences from 16 physid species and 
one outgroup species43–76, and snails from three localities in the US and Croatia37–42, including Fogelpole Cave 
were used for phylogeny reconstruction. The resulting ML phylogenetic tree successfully placed snails from 
Fogelpole Cave into Physidae (Fig. 1b). More specifically, Fogelpole Cave snails nested within Physella gyrina 
complex, which was separated from Physella acuta complex. Basic tree topography is consistent with the pre-
vious phylogenetic analyses on Physidae11,106. Because more data is needed to resolve Physella gyrina complex 
and this is not within the scope of our study, we decided to use the name Physella sp. for the Fogelpole Cave 
population. Species Physella gyrina and Physella acuta appear several times in the tree because many species were 
synonymized with either of the two. Original identifiers are added to the names in the tree to distinguish between 
different samples.

RNA extraction, library preparation and sequencing.  RNA samples with high integrity and no detected 
DNA with PCR were further used for library preparation and sequencing. For in-house prepared libraries, instruc-
tions from the library preparation kit were followed. Quality controls of the prepared libraries included meeting 
library concentration criteria and the expected library profile on the Agilent 2100 Bioanalyzer trace results.

Fig. 2  Schematic representation of experimental and computational workflow.

Sample 
name

NCBI Accession 
Number Pigmentation Tissue

N of 
individuals

Raw reads 
(M)

Total raw 
reads (M)

Clean 
reads (M)

Total clean 
reads (M)

GC 
(%)

Retained 
reads (%)

Q30 (clean 
reads) (%)

PF1 SAMN48289483 Albino Foot 3 14,038,298

107,606,905

13,307,255

102,404,012

40 94.79 93.70

PF2 SAMN48289484 Albino Foot 3 13,578,197 12,719,656 39 93.68 93.41

PF3 SAMN48289485 Albino Foot 3 15,764,232 15,026,613 40 95.32 93.86

PF4 SAMN48289486 Albino Foot 3 9,742,326 9,170,288 39 94.13 93.12

PF5 SAMN48289487 Pigmented Foot 3 15,823,321 15,221,557 41 96.20 93.99

PF6 SAMN48289488 Pigmented Foot 3 12,760,731 12,240,670 40 95.92 93.81

PF7 SAMN48289489 Pigmented Foot 3 15,887,703 15,181,685 40 95.56 93.85

PF8 SAMN48289490 Pigmented Foot 3 10,012,097 9,536,288 40 95.25 94.07

PW1 SAMN48289491 Pigmented Whole-body 1 19,645,136

237,747,189

18,357,549

222,828,440

41 93.45 93.79

PW2 SAMN48289492 Pigmented Whole-body 1 25,502,398 23,846,524 41 93.51 93.43

PW3 SAMN48289493 Albino Whole-body 1 27,569,978 26,073,006 41 94.57 93.88

PW4 SAMN48289494 Pigmented Whole-body 1 25,215,265 23,611,845 42 93.64 93.72

PW5 SAMN48289495 Albino Whole-body 1 21,869,923 20,543,020 42 93.93 93.75

PW6 SAMN48289496 Pigmented Whole-body 1 23,178,484 21,787,690 40.5 94.00 93.75

PW7 SAMN48289497 Albino Whole-body 1 22,015,528 20,628,596 41 93.70 93.28

PW8 SAMN48289498 Albino Whole-body 1 23,454,935 21,919,446 41 93.45 93.14

PW9 SAMN48289499 Albino Whole-body 1 23,036,248 21,616,017 41 93.83 93.36

PW10 SAMN48289500 Pigmented Whole-body 1 26,259,294 24,444,747 41 93.09 93.21

Table 2.  Summary of RNA-seq data generated in this study.
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Read processing and de novo assembly.  Detailed information on sequencing output and quality 
parameters for the samples used in the de novo transcriptome assembly is given in Table 2. In short, approxi-
mately 345 million paired-end reads were sequenced from 18 samples, ranging from 9 to 15 million raw reads 
per sample for foot tissue, and 18–26 million raw reads for whole-body samples. More than 325 million reads 
(94.2%) passed quality control and were used for de novo assembly with Trinity. The initial Trinity assembly con-
sisted of 1,031,759 transcripts with an average mapping rate of 91.87% across all samples. The N50 value of the 
Trinity transcriptome was 1239, indicating good contiguity of the assembly. BUSCO scores (Fig. 3a) (metazoa; 
n:954) showed a high level of completeness (99.5% of genes being complete, 0.3% being fragmented and 0.2% 
missing).

Removing redundancy and mapping.  CD-HIT reduced the number of initial transcripts to 662,467 and 
Corset further clustered them into 360,796 final clusters containing 411,434 transcripts in the final, non-redundant, 
assembly (Table 3). This is similar to the reference transcriptome of closely related Physella acuta which contains 
325,563 transcripts and has a BUSCO score of 98%107. Both of these are within the range of published transcriptome 
assemblies for other gastropod species108–112 and bivalves113. BUSCO scores for the non-redundant transcriptome 
show a high level of completeness (98.8% complete, 0.6% fragmented and 0.5% missing genes) (Table 3), indicat-
ing that redundancy removal did not significantly affect assembly quality in terms of completeness, while it did 
reduce the number of duplicated BUSCO genes from 85.4% to 54.7% (Fig. 3a). Although mapping rates to the 
non-redundant assembly were on average 86.77% for whole-body samples, and 87% for foot samples, which is 
slightly lower than the initial mapping rates, these percentages are still well above the generally accepted and sug-
gested percentage of mapping rates for de novo transcriptomes of 80%114. PCA based on the top 500 most variable 
genes distinguished two sample groups based on the tissue type, as expected, with the first component account-
ing for 93% of the variance (Fig. 3b). Additionally, whole-body samples show higher variability compared to foot 
samples.

Protein prediction and functional annotation.  TransDecoder predicted proteins from 60,505 tran-
scripts in the final, non-redundant, transcriptome (Table 4). Of these, 48% were complete containing both start 

Fig. 3  Transcriptome quality assessments. (a) Benchmarking Universal Single-Copy Orthologs (BUSCO) 
scores of redundant and non-redundant transcriptomes using metazoan (n:954) gene set. (b) Principal 
component analysis (PCA) plot based on the top 500 most variable genes. The proportion of variance explained 
by each principal component is provided on each axis.
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and stop codons, 17.39% were internal, lacking both 5′ and 3′ ends, 20.19% were 5′ partial and 14.4% were 3′ 
partial. Predicted protein length ranged from 86 to 9,438 aa (amino acids), with a mean length of 317.7 aa. 
Among predicted proteins, 26,858 were annotated in the UniProt/SwissProt database, and 41,846 were annotated 
in NCBI’s NR database. EggNOG Mapper detected 31,792 proteins, of which 20,610 were annotated in Gene 
Ontology and 21,181 were assigned KEGG orthologues. A HMMER search with a cutoff E-value of 1e-5 detected 
47,160 protein domains in the PFAM database. TMHMM identified 11,955 possible transmembrane proteins, 
defined as those containing at least one transmembrane helix of at least 18 amino acids.

Trinity 
transcriptome

Non-redundant 
transcriptome

Assembly statistics

N of transcripts 1,031,759 411,434

N bases 803,523,310 388,113,683

Min. length (bp) 167 179

Max. length (bp) 29,847 29,847

Mean length (bp) 779 943

N of transcripts of 1 K (bp) 204,829 109,818

N of transcripts over 10 K (bp) 1,112 555

N90 310 419

N70 633 776

N50 1,239 1,324

N30 2,318 2,333

N10 4,991 4,994

GC (%) 38 38

Transcriptome completeness

Complete (Single + Duplicated) 99.50% 98.80%

Single 14.00% 44.10%

Duplicated 85.40% 54.70%

Fragmented 0.30% 0.60%

Missing 0.20% 0.50%

Mapping rates

Overall mapping rate: whole-body samples
91.87%

86.77%

Overall mapping rate: foot samples 87%

Table 3.  Basic statistics, BUSCO scores and mapping rates of Trinity transcriptome and non-redundant 
transcriptome.

Non-redundant 
transcriptome

Protein prediction

Number of predicted proteins 60,505

Number of complete predicted proteins 29,051

Number of internal predicted proteins 10,524

Number of 5′ partial predicted proteins 12,218

Number of 3′ partial predicted proteins 8,712

Min. length (aa) 86

Max. length (aa) 9,438

Mean length (aa) 317.7

Median length (aa) 199

Functional annotation

NCBI NR 41,846

UniProt/SwissProt 26,858

PFAM 47,160

Gene Ontology 20,610

KEGG 21,181

TMHMM 11,955

Table 4.  Protein prediction statistics and number of proteins functionally annotated in each database used in 
this study.
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Data availability
All data reported in this study are publicly available in online repositories. Raw sequencing reads have been 
deposited in the NCBI Sequence Read Archive under study accession number SRP582749103. The final curated 
transcriptome assembly and predicted proteins have been deposited in the NCBI Transcriptome Shotgun 
Assembly database under TSA accession number GLNG00000000104. The raw Trinity assembly, non-redundant 
transcriptome assembly, and functional annotations are available in the FigShare collection105. Mitochondrial 16S 
and CO1 nucleotide sequences have been deposited in NCBI GenBank under accession numbers PV59364237, 
PV59364038, PV59401539, PV59364140, PV59401641, and PV59401742.

Code availability
Software used, versions and parameters differing from default settings are listed below.

1. Geneious Prime software 2024.0.7.
2. MUSCLE 5.177.
3. IQtree 2.2.678–80.
4. iTOL (online version v7): https://itol.embl.de/, March 2025.
5. FastQC 0.12.183.
6. MultiQC 1.1984.
7. fastp 0.23.485,86: -x -g -5 -3 -n 5 -y -Y 20–detect_adapter_for_pe -p -U–umi_loc read1–umi_len 12.
8. Trinity 2.15.187:–seqType fq–max_memory 240 G–CPU 64–SS_lib_type FR.
9. BUSCO v5.8.089; Galaxy Version 5.8.0 + galaxy1:–lineage_dataset ‘metazoa_odb10’.
10. Transrate 1.0.388.
11. CD-HIT 4.8.191,92: -c 0.9.
12. Corset 1.0793.
13. Salmon 1.10.294.
14. DESeq. 2::plotPCA 1.44.095 & R 4.4.196.
15. TransDecoder 5.7.1 (Haas, BJ. https://github.com/TransDecoder/TransDecoder):–single_best_only.
16. DIAMOND v2.1.8.16297: blastp–ultra-sensitive.
17. HMMER 3.4 (http://hmmer.org/): hmmscan -E 1e-5–tblout.
18. eggNOG Mapper 2.1.898,99/eggNOG Database 5.0.2; Galaxy Version 2.1.8 + galaxy490:–sensmode 

very-sensitive.
19. TMHMM 2.0; Galaxy Version 0.0.17100,101,115.
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