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New mitogenomes in deep-water endemic Cocculinida and Neomphalida shed light on lineage-specific gene orders in major gastropod clades
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Gastropoda is the most speciose class in Mollusca, the second largest animal phylum. The internal relationships of major gastropod groups remain largely unsettled, partly due to the insufficient data from key deep-water endemic lineages such as the subclass Neomphaliones. Neomphaliones currently includes two orders: Cocculinida, best known from sunken wood habitats, and Neomphalida, best known from hydrothermal vents and often referred to as the “hot vent clade.” Phylogenetic controversy has also been observed in this subclass across different studies, requesting additional investigations. Here, we assembled nine new mitogenomes from two Cocculinida and seven Neomphalida species and analyzed them with published gastropod mitogenomes, with a particular focus on Neomphaliones. The phylogenetic reconstruction of Gastropoda based on 13 mitochondrial protein-coding genes resulted in a topology largely congruent with previous reconstructions based on morphological characters. Furthermore, we recovered characteristic mitochondrial gene order arrangements of Cocculinida and Neomphalida compared to the hypothetical ancestral gastropod gene order, at a level similar to other subclass-level clades. Divergence time estimation showed that Cocculinida and Neomphalida diverged approximately 322.68 million years ago. In addition to characteristic gene order arrangements for the clade, Cocculinida mitogenomes also exhibit some minor rearrangements even among congeners. Within Neomphalida, our tree adds support to monophyletic Peltospiridae and Neomphalidae, with unique gene arrangement recovered for each family. Our results offer new insights into the rearrangement of mitogenomes in Gastropoda, providing another clue to the evolutionary history of gastropods.
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Introduction

Mollusca is the second largest animal phylum consisting of eight living classes, among which Gastropoda (snails, limpets, slugs, etc.) is the most speciose, containing approximately 80% of the known species. Gastropoda is currently divided into six major subclass-level clades: Caenogastropoda, Heterobranchia, Neritimorpha, Patellogastropoda, Vetigastropoda, and Neomphaliones (Bouchet et al., 2017). The high species diversity of Gastropoda is linked to its colonization of a wide range of habitats from terrestrial ecosystems to the deepest parts of the ocean, including “extreme” environments such as hydrothermal vents and underground caves. Studying the speciation process is very helpful for our understanding of the biological adaptation of gastropods to “extreme” deep-water environments, for which phylogenetic analyses provides important insights.

Neomphaliones is a key deep-water clade of gastropods, whose taxonomy and systematics is being debated. Some have treated it as a part of Vetigastropoda (Ponder et al., 2020; Uribe et al., 2022a) while others consider the two orders within Neomphaliones—Cocculinida, and Neomphalida—should each be treated at the subclass-level to make a total of seven subclasses (Cunha and Giribet, 2019; Uribe et al., 2019). Even more controversy is present in the phylogenetic relationships among these subclasses, though intensive efforts based on morphology data, nuclear genes, and mitochondrial genes have been carried out, the topologies of phylogenetic reconstructions based on different data have been largely inconsistent (Kocot et al., 2011; Zapata et al., 2014; Cunha and Giribet, 2019; Uribe et al., 2022a). For example, in many morphological analyses, Patellogastropoda has been suggested to be the earliest-diverging group sister to the rest of Gastropoda (Orthogastropoda) (Ponder and Lindberg, 2008). However, Patellogastropoda has been recovered as the sister group to Vetigastropoda based on nuclear genes (Zapata et al., 2014) and sister to Heterobranchia based on some mitochondrial gene phylogenies (Arquez et al., 2014; Osca et al., 2014; Uribe et al., 2016b), although a recent mitogenome phylogeny has recovered Heterobranchia sister to Caenogastropoda, which agrees with morphology (Uribe et al., 2019).

This inconsistency is largely caused by the paucity of sampling in certain key lineages (Sigwart et al., 2021), particularly the deep-water subclass Neomphaliones, including Cocculinida best known from biogenic subtracts and the “hot vent” clade Neomphalida restricted to chemosynthetic habitats. Further molecular data from these deep-water groups is key to convincingly resolve the relationships among the major gastropod lineages. Even within Neomphaliones, the phylogenetic relationships among genera are far from resolved. For example, in Neomphalida, phylogenetic constructions have often used the partial COI gene, which often failed to recover a monophyly of Peltospiridae. The Scaly-foot Snail Chrysomallon squamiferum is often recovered closer to Neomphalidae than Peltospiridae in COI trees, but was placed within Peltospiridae in a five-gene phylogeny (Chen et al., 2015, 2017). A recent study using the published mitogenome of the neomphalid Lamellomphalus manusensis also indicated Peltospiridae to be non-monophyletic (Zhang and Zhang, 2022). However, these issues could be generated by poor taxon sampling or inadequate methodology (only using a single tree and without gene order analysis) in their analyses.

The animal mitochondrial genome is a circular double-stranded DNA molecule, which typically encodes for 13 protein-coding genes, 22 tRNAs and 2 rRNAs. The mitochondrial genomes of gastropods exhibit a high diversity in gene order rearrangements (Kurabayashi and Ueshima, 2000), which providing a suitable approach for exploring the pattern of mitochondrial genome rearrangement mechanisms and the phylogenetic value of the gene arrangement patterns. The need for more complete mitogenomes is thus of great importance in expanding our knowledge on the phylogeny of this group.

To widen the coverage of Neomphaliones in order to better resolve relationships of major clades in Gastropoda as well as groups within Neomphaliones, we assembled nine new mitochondrial genomes from this subclass. This includes two members of Cocculinida (currently including approximately 60 species), Cocculina enigmadonta and Cocculina tenuitesta, as well as seven members of Neomphalida (currently including approximately 50 species) (Sigwart et al., 2021). We also re-annotated some existing gastropod mitogenomes, including Bathysciadiidae indet. (sensu Lee et al., 2019), Cocculina subcompressa and Coccocrater sp. sensu in Cocculinida (Lee et al., 2019), as well as Peltospira smaragdina in Neomphalida (Collins et al., 2020). The evolution of mitochondrial gene order arrangements within Gastropoda was analyzed in order to gain insights into rates and mechanisms of mitogenome rearrangement in this group. To determine rearrangement events and evaluate the phylogenetic utility of mitochondrial gene sequence comparisons, the gene order of gastropod mitogenomes was further mapped to the reconstructed phylogeny.



Materials and methods


Sampling, sequencing, and data curation

Cocculina enigmadonta was collected from the Kemp Caldera vent site in the Weddell Sea during the expedition JC42 of RRS James Cook and preserved in 96% ethanol (Chen and Linse, 2020), and Cocculina tenuitesta was collected from a piece of plant debris off Hatsushima Sagami Bay, Japan. Mediapex diodoroides Sasaki and Kano MS (sensu Heß et al., 2008; note that the genus Mediapex as well as this species remain undescribed to date and are nomen nodum) was collected from Niuatahi vent site, Tonga-Tofua Arc and a congener, “Mediapex” (sensu Heß et al., 2008) sp. was also collected from the same site. Lirapex politus was collected from Longqi hydrothermal vent field, Southwest Indian Ridge. Nodopelta heminoda was collected from Tzab-ek vent on the Alarcon Rise. Neomphalidae gen. et sp. Hatoma was collected from Hatoma Knoll, Okinawa Trough. Lamellomphalus manusensis was collected from Niuatahi vent site, Tonga-Tofua Arc. The sample information and the corresponding NCBI accession numbers are listed in Table 1.


TABLE 1    New mitochondrial genomes assembled in the present study.

[image: Table 1]

Genomic DNA of these eight species was extracted using DNeasy Blood and Tissue Kit (Qiagen, Germany) following the manufacturer’s instructions. Genomic DNA was shotgun fragmented, and the library was prepared with NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB) and paired-end sequenced on an Illumina Novaseq platform with the read length of 150 bp.

For Dracogyra subfusca, the published genome assembly (Lan et al., 2021) using a specimen collected in Longqi vent field (“Tiamat” chimney), Southwest Indian Ridge did not contain the complete mitogenome. Therefore, the raw sequencing reads of D. subfusca was downloaded from the NCBI SRA database in order to assemble its mitogenome anew.



Assembly and mitogenome annotation

Potential prokaryotic contamination was removed by aligning the Illumina reads with a curated prokaryotic dataset (MiniKraken2 v1) by Kraken2 version 2.0.8. After that, adapters and low-quality reads were removed by Trimmomatic version 0.39 with settings of “LEADING: 10 TRAILING: 10 SLIDINGWINDOW: 4:15, and MINLEN: 40.” The clean reads were used for mitogenome assembly by SPAdes version 3.14.1 (Bankevich et al., 2012) with default settings. To check the assembly accuracy, particularly in the regions with duplicated tRNA or missing coding gene, additional assembly were also generated by one of the three following assemblers: NOVOPlasty version 4.3.31 with the cox1 gene sequence generated from the former SPAdes assembly severing as the “seed” and “genome range” set as 12,000-22,000 (Dierckxsens et al., 2017), MaSuRCA version 4.0.3 (settings: “USE_LINKING_MATES = 1 FLYE_ASSEMBLY = 1”) (Zimin et al., 2013), and ABySS version 2.3.0 (settings: “abyss-pe k=31”) (Simpson et al., 2009).

Mitochondrial genomes were annotated by MITOS version 2.0.6 (Bernt et al., 2013). By comparing the published mitochondrial gene sequence of Gastropoda, the positions of 13 protein-coding genes (PCGs) and two rRNA genes were corrected manually. Then, tRNA gene sequences were confirmed by tRNAscan-SE 2.0 (Lowe and Eddy, 1997). Moreover, we re-annotated other relevant gastropod mitogenomes from NCBI that lacked certain gene order information, including Bathysciadiidae indet. (sensu Lee et al., 2019), Cocculina subcompressa, and Coccocrater sp. (sensu Lee et al., 2019) in Cocculinida, P. smaragdina in Neomphalida (Collins et al., 2020), as well as Cellana radiata (Uribe et al., 2019) in Patellogastropoda using the same strategy (for details see Supplementary Tables 1–6).



Phylogenetic analysis

We used 29 gastropods and two outgroup non-gastropod mollusks (the polyplacophoran Cryptochiton stelleri and the cephalopod Octopus bimaculatus) in our phylogenetic analyses. Nucleotide sequences of the 13 PCGs were translated into amino acid sequences using the code “invertebrate mitochondria.” The amino acid sequences of the 13 PCGs were aligned separately by MUSCLE v3.8.31. Poor alignments were clipped using trimAl v1.4.1 with the setting of “automated1,” optimized for maximum likelihood (ML) tree analysis. Afterward, the resulting alignments were concatenated for downstream ML and Bayesian inference (BI) phylogenetic analyses.

We applied both site-homogenous and site-heterogenous methods for phylogenetic interference. Specifically, ML analysis was conducted by IQ-TREE version 2.0.6 (Nguyen et al., 2014) with the setting of “-m MFP” which would select the optimal models for each partition. The model of mtZOA + Γ4 was selected for cox2, atp6, atp8, nad1, nad4l, and nad6 genes, mtZOA + Γ3 for cox1 gene, mtZOA + I + Γ4 for cox3, cob and nad3 genes, mtInv + Γ4 for nad2 gene, and mtART + I + Γ4 for nad4 and nad5 genes.

Site-heterogenous analysis was suggested to be effective in terms of overcoming the Long Branching Attraction (LBA) issue, defined as the clustering of rapidly evolving taxa in a tree regardless of their true phylogenetic positions, suggested to be common in the gastropod mitogenome phylogeny (Uribe et al., 2019). In the site-heterogenous analysis, ML tree was constructed by IQ-TREE version 2.0.6 with the setting of “–mset mtZOA + Γ4 + C10, mtZOA + Γ4 + C20, mtZOA + Γ4 + C30, mtZOA + Γ4 + C40, mtZOA + Γ4 + C50, and mtZOA + Γ4 + C60” to select the optimal models on each partition, since the mtZOA + Γ4 model was suggested to be the best-fitting model for the most of the partitions in the former analysis.

Another round of ML reconstruction was performed by RAxML version 8.2.12 with the model of CAT-GTR on each partition. The BI analysis was carried out by PhyloBayes-MPI version 1.8 with the model of CAT-GTR on each partition. The subclass Heterobranchia is known to suffer particularly from LBA in mitogenome phylogenies (Uribe et al., 2019), resulting in systematic errors in phylogenetic reconstruction (Bergsten, 2005). After an initial reconstruction (Supplementary Figure 1), we found a poorly supported position for Heterobranchia, which is probably a result of LBA regardless of our efforts to overcome it (as discussed in Uribe et al., 2019). Therefore, we only used the other five subclasses (Bouchet et al., 2017) for downstream phylogenetic reconstruction and analyses.

Divergence times of the major gastropod clades were predicted using MCMCTREE (Reis and Yang, 2011) implemented in PAML version 4.8. The burn-in, sample frequency, and number of samples were set to 10,000, 1,000, and 10,000,000, respectively (Sun et al., 2021). The fossil records and geological events used for time calibration were as follows: (1) the split between Cellana and Nacella at a hard minimum age of 38 Ma (Nakano and Ozawa, 2004); (2) the divergence between Caenogastropoda and other subclasses at a hard minimum age of 390 Ma (Jörger et al., 2010); (3) the first appearance of mollusks between a hard minimum age of 532 Ma and a hard maximum age of 549 Ma (Benton et al., 2015); and (4) the split between Cocculinida and Neomphalida at a hard minimum age of 145 Ma, since the first Neomphalione fossil is known from the Late Jurassic (Kaim et al., 2014); (5) the split between Peltospiridae and Neomphalidae at a hard minimum age of 132.9 Ma, as the earliest good confidence fossil record of Neomphalidae dates back to at least the Early Cretaceous (Valanginian) (Kiel and Campbell, 2005; Campbell et al., 2008).



Gene order analysis and pairwise genetic distance analyses

Considering reversals, reverse transpositions, transpositions and tandem-duplication-random-loss which would shape the mitogenome gene orders, CREx (Common interval Rearrangement EXplorer) (Bernt et al., 2007) was used to analyze each Neomphalione mitochondrial genome vs. the ancestral gastropod mitogenome gene order. In CREx, higher CREx intervals indicate more similar gene orders. Pairwise genetic distance was calculated between Neomphaliones and other subclasses using MEGA X (Kumar et al., 2018). Pearson correlation coefficient between genetic distance and corresponding mitochondrial gene rearrangement was analyzed in R v. 4.0.3.



Amino acid usage analysis

Nucleotide sequences of the 13 PCGs from the 29 gastropods, where stop codons were excluded, were translated into protein sequences using MEGA X (Kumar et al., 2018). Afterward, the proportion of 20 amino acids in each gastropod was counted in MEGA X, arcsine transformed, and Student’s t-test was used to calculate the bias in amino acid usage between Neomphaliones and the other subclasses.




Results


Assembly and characterization of the newly sequenced mitogenome

Approximately 24 Gb of reads were sequenced for Cocculina enigmadonta, 36 Gb reads for Cocculina tenuitesta, 53 Gb reads for Dracogyra subfusca were downloaded from the NCBI SRA database, 20 Gb reads for Mediapex diodoroides Sasaki and Kano MS, 16 Gb reads for “Mediapex” sp., 40 Gb reads for Lirapex politus, 26 Gb reads for N. heminoda, 20 Gb reads for Neomphalidae gen. et sp. Hatoma, and 38 Gb reads for Lamellomphalus manusensis, with 80, 94, 55, 90, 69, 90, 85, 90, and 89% of reads being retained for C. enigmadonta, C. tenuitesta, D. subfusca, M. diodoroides Sasaki and Kano MS, “Mediapex” sp., Lirapex politus, N. heminoda, Neomphalidae gen. et sp. Hatoma, and Lamellomphalus manusensis after removing potential microbe contamination, low-quality, and adapter-contaminated reads. Taking an assumption that the genome size is similar to Gigantopelta aegis (1.27 Gb; Lan et al., 2021), a relatively large genome within Neomphaliones, the sequencing coverage of the genome is at least 12.5X.

The above eight mitogenomes (except Lirapex politus) contained 2 rRNA genes (rrnS and rrnL) and 13 protein-coding genes (cox1, cox2, cox3, cob, nad1, nad2, nad3, nad4, nad4l, nad5, nad6, atp6, and atp8). The mitogenome Lirapex politus. possessed only 12 protein-coding genes with a missing cox2, which were further validated by assembly generated by NOVOPlasty version 4.3.31. Furthermore, there were the 22 standard tRNA genes in D. subfusca, M. diodoroides Sasaki and Kano MS, “Mediapex” sp., Lirapex politus, N. heminoda, Neomphalidae gen. et sp. Hatoma, and Lamellomphalus manusensis. The mitogenome of C. enigmadonta also possessed 22 tRNA genes but with a missing of trnQ and a duplication of trnG, which were further validated by the results generated from another assembly pipeline MaSuRCA version 4.0.3. The 23 tRNA genes for C. tenuitesta, which included two tandem duplicates of trnA, were supported by the results yielding from ABySS version 2.3.0. There were 16 genes located on the heavy strand and 21 genes on the light strand in C. enigmadonta, 15 genes were on the heavy strand and 21 genes on the light strand in C. tenuitesta, 17 genes located on the heavy strand and 20 genes on the light strand in D. subfusca, M. diodoroides Sasaki and Kano MS, “Mediapex” sp., N. heminoda, Neomphalidae gen. et sp. Hatoma, and Lamellomphalus manusensis, and 17 genes located on the heavy strand and 19 genes on the light strand in Lirapex politus. For the 13 PCGs, the start codons were ATG, ATT, ATA, ATC, TTG, and GTG for C. enigmadonta; ATG, ATT, TTG, and GTG for C. tenuitesta; ATA, ATG, TTG, and GTG for D. subfusca; ATG, ATT, and ATC for M. diodoroides Sasaki and Kano MS; ATG and ATT for “Mediapex” sp.; ATG, ATA, TTG, and GTG for Lirapex politus; ATG, ATT, ATA, GTG for N. heminoda; ATG, ATT, and ATA for Neomphalidae gen. et sp. Hatoma and Lamellomphalus manusensis. Similarly, the stop codons were TAG and TAA for C. enigmadonta, M. diodoroides Sasaki and Kano MS, Neomphalidae gen. et sp. Hatoma and Lamellomphalus manusensis; while they were TAG, TAA, and T(AA) for C. tenuitesta, D. subfusca, “Mediapex” sp., Lirapex politus, and N. heminoda.



Phylogenetic relationships of Gastropoda based on the 13 protein-coding genes

Phylogenetic relationships of gastropod species in the five subclass-level clades were reconstructed using the 13 PCGs (Figure 1) with a total of 2,409 aligned amino acids (lacking nad4 and nad4l for Coccocrater sp. sensu Lee et al., 2019). Phylogenetic trees constructed using the four different methods are shown in Supplementary Figure 2. The gastropod species included in the analyses were clustered in agreement with their known systematic and taxonomic affinities at order or subclass-levels. Specifically, monophyly of all five subclasses were fully supported across the four distinct methods (IQ-TREE site-homogenous method, IQ-TREE site-heterogenous method, RAxML, and PhyloBayes). In the phylogenetic tree (Figure 1), Patellogastropoda was recovered sister to the other four subclasses, being the earliest-diverging major clade (not considering Heterobranchia, which was removed from the analysis). Caenogastropoda was supported as the most closely related clade to Neritimorpha (79/95/-/0.81 in four analyses) among the major clades included herein. Within Neomphaliones, a monophyletic Cocculinida was recovered as sister group to the also monophyletic Neomphalida, both with maximum bootstrap support across the four methods. Neomphaliones was in turn recovered sister to Vetigastropoda, although only with moderate support (-/80/99/1).


[image: image]

FIGURE 1
Time-calibrated phylogeny of major gastropod clades using maximum-likelihood (ML) methods based on 13 mitochondrial protein-coding genes. Age estimates of major divergence events among gastropods (on the top, error bars indicate 95% confidence levels) and node values indicate bootstrap supported by IQ-TREE with the model of MFP and the setting of “–mset mtZOA + Γ4 + C10, mtZOA + Γ4 + C20, mtZOA + Γ4 + C30, mtZOA + Γ4 + C40, mtZOA + Γ4 + C50, mtZOA + Γ4 + C60,” RAxML with the model of CAT-GTR, and posterior probability in PhyloBayes with the model of CAT-GTR, respectively (on the bottom, in bold). Brown dots indicate nodes where all four analyses had full support; Stars indicate fossil calibration points; “−,” unsupported by the corresponding method; Ma, million years ago.


Within Cocculinida, Coccocrater sp. (sensu Lee et al., 2019) was found to be nested within three Cocculina species with good support (100/100/100/0.77) in our analyses. Within Neomphalida, two neomphalids, Lamellomphalus manusensis and Neomphalidae gen. et sp. Hatoma, clustered together to form a clade sister to the eight peltospirids, which formed a monophyletic clade with moderate support (68/52/74/-), interpreted to be Peltospiridae. The Scaly-foot Snail C. squamiferum was recovered sister to all other included species within Peltospiridae. The phylogenetic relationship within Peltospiridae of {[(D. subfusca, G. aegis), (N. heminoda, P. smaragdina)], Lirapex politus} was the same as in a former analysis using partial COI sequence (Chen et al., 2017).



Divergence time analysis

Divergent time estimates (Figure 1) showed that Patellogastropoda diverged at approximately 531.60 million years ago (Ma) (95% confidence level: 548.49–504.58) from the rest of Gastropoda. Vetigastropoda-Neomphaliones diverged from Caenogastropoda-Neritimorpha around 492.91 Ma (95% confidence level: 520.96–460.45); Cocculinida and Neomphalida diverged at 322.68 Ma (95% confidence level: 394.24–251.33). Within Neomphalida, Peltospiridae diverged from Neomphalidae around middle Jurassic at 174.43 Ma (95% confidence level: 232.62–136.29).



Rearrangements of mitochondrial genes

The mitochondrial gene order arrangement of the five subclasses (Figure 2) were compared to the hypothetical ancestral gene order of gastropods (Stöger and Schrödl, 2013; Uribe et al., 2019). Most species in Neritimorpha, Cocculinida, Patellogastropoda, and Vetigastropoda shared an identical gene block of nad5-trnH-nad4-nad4l-trnT-trnS-cob-nad1-trnL-trnL-rnaL-trnV-rnaS, while the majority of species in Neritimorpha, Cocculinida, Caenogastropoda, Neomphalida, and Vetigastropoda shared an identical gene block consisting of cox3-trnK-trnA-trnR-trnN-trnl-nad3-trnS-nad2. The gene order of Neritimorpha was found to be identical to the hypothesized ancestral gastropod mitochondrial genome. The Vetigastropoda gene order closely resembles the ancestral order and only differed by the position of trnE and trnG. Within Patellogastropoda, gene order rearrangements resulted from transpositions of trnM, trnY, trnC, trnW, trnQ, and trnF, as well as the reversal of the trnG-trnE block. The gene order between Caenogastropoda and the hypothesized ancestral gastropod differed by a transposition in the block of trnM-trnY-trnC-trnW-trnQ-trnG-trnE and a reversion in the block of rnaS-trnV-rnaL-trnL-trnL-nad1-trnP-nad6-cob-trnS-trnT-nad4l-nad4-trnH-nad5-trnF.


[image: image]

FIGURE 2
Comparison of mitochondrial gene rearrangements among main gastropod lineages. Genes for tRNAs are designated by a single letter for the corresponding amino acid. Transposition and inversion are indicated with blue and red box, respectively.


The gene order of Cocculinida differed from the ancestral gastropod order by a transposition of the trnC-trnW block and the reversal of the trnF-atp6-atp8-trnD-cox2 block. However, within Cocculinida, the mitogenome gene order of each species included was found to be unique, with the transposition and even duplication of trnG as well as the transposition trnA in Cocculina tenuitesta. Neomphalida possessed a unique gene order rearrangement with four reversions of trnF, trnG, the two blocks atp6-atp8-trnD-cox2, and trnQ-trnW-trnC-trnY, as well as two transpositions of trnT and trnE. Within Neomphalida, species of Peltospiridae and Neomphalidae shared the same intra-family level mitogenome gene order, but the two families differed by a single transposition of trnT.



Correlation between gene order and pairwise genetic distance and amino acid usage

Pairwise genetic distance and mitochondrial gene rearrangement distance, as revealed by the CREx score, were calculated with the 29 mitogenomes used in the former analysis, and a significant negative correlation was discovered (R = −0.839, P < 0.01). Species in Cocculinida exhibited a general elevated evolutionary rate as well as more extensive gene rearrangements than species in Neomphalida (Figures 3A,B). We also calculated the amino acid usage in the subclass Neomphaliones vs. the other subclasses, and found species in Neomphaliones tend to use more phenylalanine (F), methionine (M), and cystine (C) but less threonine (T), alanine (A), tyrosine (Y), and glutamic acid (E) (Table 2; FDR < 0.05, Student’s t-test).


[image: image]

FIGURE 3
Scatterplot showing the CREx (Common interval Rearrangement EXplorer) score of each Neomphalione mitochondrial genome vs. the ancestral gastropod mitogenome gene order (A) and pairwise genetic distance between Neomphaliones and other subclasses. (B) Statistical differences between these two orders were calculated with Student’s t-test. Bin, Bathysciadiidae indet. (sensu Lee et al., 2019); Cen, Cocculina enigmadonta; Csu, Cocculina subcompressa; Csp, Coccocrater sp. (sensu Lee et al., 2019); Cte, Cocculina tenuitesta; Csq, Chrysomallon squamiferum; Dsu, Dracogyra subfusca; Gae, Gigantopelta aegis; Nhe, Nodopelta heminoda; Psm, Peltospira smaragdina; Mdi, Mediapex diodoroides Sasaki and Kano MS; Msp, “Mediapex” sp.; Lpo, Lirapex politus; Lma, Lamellomphalus manusensis; Nge, Neomphalidae gen. et sp. Hatoma.



TABLE 2    Comparisons of average mitochondrial amino acid usage in proportion between Neomphaliones and the other four subclasses included herein.
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Discussion

The phylogenetic relationship among the major gastropod lineages has always been conflicting (Cunha and Giribet, 2019; Uribe et al., 2019), with a possible cause being the paucity of sampling efforts in certain deep-water lineages, particularly those within Neomphaliones, for which only three mitogenome studies have been published. We sequenced two complete mitochondrial genomes in Cocculinida, six mitogenomes in Neomphalida, and reassembled the mitogenome of Dracogyra subfusca (also in Neomphalida). Using these data, plus four Neomphaliones mitogenomes from published studies (Lee et al., 2019; Collins et al., 2020), we were able to determine the key mitogenome architecture of the two orders in this subclass (Lee et al., 2019).

It is noted that all five subclasses in Gastropoda included in the analyses herein were found to be monophyletic with maximum support in all four methods, indicating that the assignment of species to each subclass can be done confidently by mitogenome level data. However, the support values of the divergences among these subclasses indicated only moderate support, and additional genes from genome-level studies generated from a broad taxon sampling are required to address phylogenetic issues at the inter-subclass-level (Sun et al., 2020; Uribe et al., 2022a). Even so, the resulting topology from our phylogenetic reconstructions was generally consistent with a previous mitogenome phylogeny (Uribe et al., 2019), a recent genome phylogeny (Uribe et al., 2022a), and data from morphology (Ponder and Lindberg, 2008), lending further support for Patellogastropoda as the earliest-diverging lineage in Gastropoda (Ponder and Lindberg, 2008; Kocot et al., 2011).

We found that Cocculinida and Neomphalida, currently treated as orders within subclass Neomphaliones, were well-separated, with the divergent time going back to late Carboniferous, though with rather sizeable upper and lower confidence intervals. The two families included herein, i.e., Peltospiridae and Neomphalidae, in Neomphalida are suggested to be monophyletic. These results can be further supported by the mitogenome gene order analysis, since these two families have their own unique gene orders but with an inter-family level difference. The monophyly of Peltospiridae, which could not be resolved by partial COI sequencing (Chen et al., 2017) or mitogenome analyses with a limited number of taxa (Zhang and Zhang, 2022), is confirmed in our topology. Within Peltospiridae, the Scaly-foot Snail C. squamiferum was sister to all other peltospirid species included, with its divergent time from other peltospirids dating back to Late Jurassic. The distinctive morphological features of hundreds of chitinous sclerites (Isobe et al., 2022) covering the dorsal foot in Scaly-foot Snail may be linked to its unique phylogeny position. Our mitogenome level molecular phylogeny also lends support to the convergent evolution scenario of endosymbiosis (Chen et al., 2015) in two divergent genera within Peltospiridae, i.e., Chrysomallon and Gigantopelta (Lan et al., 2021), since they are not recovered as sister genera and the other peltospirid snails are asymbiotic (Chen et al., 2015). Within Cocculinida, Coccocrater sp. (sensu Lee et al., 2019) was found to be nested within three Cocculina species, which could indicate either this species is not a Coccocrater (and instead of a Cocculina) or that Cocculina is not monophyletic, as indicated in recent phylogenies of cocculinids (Lee et al., 2022). As no information on the morphology of this species was presented in Lee et al. (2019), this cannot be resolved at present until the mitogenome of another, definitively identified, Coccocrater species is sequenced and analyzed.

Gastropods exhibit a great variety of mitochondrial gene rearrangements among the major lineages, though the organization is thought to be relatively conserved within each lineage (Cunha et al., 2009; Arquez et al., 2014). With broader sampling, the analysis of the correlation between genetic distance and mitochondrial gene rearrangement showed that the evolutionary rate was positively correlated with mitochondrial gene rearrangement, and that the faster the evolutionary rate was, the greater the extent of rearrangement (Figure 3). Lineage-specific mitogenome rearrangements in Gastropoda have also been reported in Lepetellidae and Fissurellidae within Vetigastropoda (Uribe et al., 2022b), Lottidae and Patellidae within Patellogastropoda (Xu et al., 2022), Hydrocenoidea within Neritimorpha (Uribe et al., 2016a), and a number of clades within Caenogastropoda (Osca et al., 2014).

By including additional species, we show that the mitogenome gene orders within Cocculinida, although slightly variable among species, is in general consistent within the clade but different from Neomphalida. The clusters trnC-trnW and trnF-atp6-atp8-trnD-cox2 were unique at the order level in Cocculinida when compared to the hypothetical ancestral gene order of Gastropoda, this unique gene order can therefore be proposed as a molecular synapomorphy. However, no Cocculinida species exhibited identical gene orders, with even the three Cocculina species included having heterogeneous gene orders. Likewise, the evolutionary rate within Cocculinida was inflated compared to Neomphalida, with all Neomphalida species included exhibiting almost identical gene orders with only one transposition of trnT between the two families. The differences in mitogenome organization seen between Cocculinida and Neomphalida is significant, and even comparable to the differences among other subclass-level clades in Gastropoda. However, we should keep in mind that dramatic lineage-specific mitogenome rearrangements are sporadically found in major clades of Gastropoda (Uribe et al., 2022b; Xu et al., 2022).

The mitochondrial gene order of Neritimorpha found herein agrees with previous studies (Castro and Colgan, 2010; Arquez et al., 2014), which is also the same as the hypothetical ancestral gene order of Gastropoda. The representative species of Caenogastropoda used in this study shared the same mitochondrial gene rearrangement (Grande et al., 2008), and the two blocks of trnM-trnY-trnC-trnW-trnQ-trnG-trnE and rnaS-trnV-rnaL-trnL-trnL-nad1-trnP-nad6-cob-trnS-trnT-nad4l-nad4-trnH-nad5-trnF were specific to this subclass. The mitogenome organization of Vetigastropoda is very similar to the ancestral gastropod gene order, as previously acknowledged (Grande et al., 2008). Mitochondrial gene rearrangements of Patellogastropoda include the characteristic trnQ and blocks of trnY-trnM-trnF-trnW-trnC-trnG-trnE, as well as trnR-trnN-nad3-trnA-trnK-trnI. These results collectively indicate that each major clade in Gastropoda, including Cocculinida and Neomphalida, possesses lineage-specific characteristics in their mitogenome (Figure 2). Based on these findings, we consider that the systematic affinity of any particular gastropod species, at order or subclass-level, can be determined with good confidence based on mitogenome organization patterns. Our results offer new insights into the rearrangement of mitogenomes of Gastropoda, as well as provide another clue to untangling the evolutionary history of this diverse group.
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