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Abstract

The family Hemisinidae consists exclusively of freshwater snails and has long been understudied, only recently recognized as a 
distinct evolutionary lineage among limnic cerithioideans. Most South American species of this family belong to the genus Ayla-
costoma, with limited information available beyond their original descriptions. Aylacostoma chloroticum, a threatened freshwater 
snail endemic to the High Paraná River between Argentina and Paraguay, is currently part of an ex-situ conservation program due to 
habitat alterations caused by the Yacyretá Binational Reservoir. Molecular data on this species are scarce, with only one prior study 
addressing the genetic composition of captive populations. In this study, next-generation sequencing was used to sequence the com-
plete mitochondrial genome of A. chloroticum, marking the first mitogenome contribution for both Aylacostoma and Hemisinidae. 
The mitogenome is 15,740 bp long and contains the typical 37 genes found in animal mitogenomes, including 13 protein-coding 
genes, 22 transfer RNAs, and two ribosomal RNAs. Comparative analyses revealed a conserved gene order, high A+T content, 
and negative AT and GC skews, consistent with other Cerithioidea species. Secondary structure models for ribosomal and transfer 
RNAs were also generated, providing the first complete models for Aylacostoma and Hemisinidae. Phylogenetic analyses, based on 
protein-coding genes and complementary analyses using 16S-rRNA and 28S-rRNA genes, confirmed the monophyly of Hemisinidae 
and its close evolutionary relationship with the families Paludomidae and Thiaridae. This research enhances the understanding of the 
mitochondrial architecture of Cerithioidea and provides new insights into the evolutionary relationships of Neotropical hemisinids.
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Introduction

Recent advances in DNA sequencing technologies have 
enabled the characterization of the mitochondrial ge-
nomes of numerous mollusk species, establishing this as 
one of the fastest-growing research areas in molluscan 
genomics (Gomes-dos-Santos et al. 2020; Ghiselli et al. 
2021). Nonetheless, despite Mollusca being the second 

most species-rich animal phylum, the number of available 
mitogenomes remains remarkably low, representing less 
than 0.5% of the described species (Gomes-dos-Santos et 
al. 2020). In contrast to other animal groups, mitochon-
drial genomics in mollusks has revealed a high degree 
of heterogeneity in terms of genome length and archi-
tecture. This diversity includes significant size variation, 
relatively high rates of genomic rearrangements, gene 
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duplication and loss, and a complex inheritance system 
(double uniparental inheritance), among other character-
istics (Simison and Boore 2008; Kojima 2010; Osca et al. 
2015; Ghiselli et al. 2021). Additionally, analyses based 
on complete mitochondrial genome sequences have been 
useful in exploring the evolutionary relationships within 
various molluscan groups, including octopuses, bivalves, 
and gastropods (e.g., Uribe and Zardoya 2017; Lee et al. 
2019a; Guzmán et al. 2021).

Cerithioidea Fleming, 1822, is a vast superfamily 
of caenogastropods distributed worldwide, current-
ly encompassing 22 families, 175 genera, and more 
than 1,500 described species, excluding fossil forms 
(MolluscaBase 2024). These species inhabit tropical, 
subtropical, and warm temperate regions, having suc-
cessfully colonized marine, brackish, and freshwater en-
vironments (Strong et al. 2011). The last comprehensive 
phylogeny of the Cerithioidea, undertaken by Strong et 
al. (2011), used both morphological and molecular data 
from representatives across 17 families, revealing that 
colonization of continental waters occurred through two 
or three independent lineages. Within the superfamily, 
Hemisinidae Fischer & Crosse, 1891 is unique to the 
Neotropics and comprises exclusively freshwater snails, 
representing a significant component of the freshwater 
malacofauna (Glaubrecht and Neiber 2019). The shells 
of Hemisinidae range from medium to large and are 
generally elongated-oval to oval-conical, often adorned 
with spiral lines and occasionally marked by sinuous 
ribs or nodules at the shoulders of the whorls (Glau-
brecht and Neiber 2019). Previously classified as part 
of the familiy Thiaridae Gill, 1871 (1823), Hemisini-
dae has been historically understudied and only recent-
ly recognized as a distinct evolutionary lineage among 
limnic cerithioideans (Strong et al. 2011; Gimnich 2015; 
Glaubrecht and Neiber 2019).

While several genus-group names exist for Neotropi-
cal hemisinids, such as Aylacostoma Spix, 1827, Hemis-
inus Swainson, 1840, Verena Adams & Adams, 1854, 
Longiverena Pilsbry & Olsson, 1935, and Basistoma 
Lea, 1852 (Morrison 1954; Nuttall 1990; Glaubrecht 
and Neiber 2019), their taxonomic boundaries have yet 
to be clearly defined. Most of the South American repre-
sentatives of Hemisinidae are classified under the genus 
Aylacostoma, which encompasses over 30 species (Mor-
rison 1954; Simone 2006; MolluscaBase 2024). Despite 
their diversity, information on these species is predom-
inantly restricted to their original descriptions (Vogler 
et al. 2014). Species descriptions within this genus for 
Argentina and Paraguay were first conducted by Hylton 
Scott (1953, 1954) in the High Paraná River region, de-
scribing Aylacostoma guaraniticum (Hylton Scott, 1953), 
A. stigmaticum Hylton Scott, 1954, and A. chloroticum 
Hylton Scott, 1954. These species formerly inhabited the 
Yacyretá-Apipé rapids in the Paraná River, an area now 
submerged by the Yacyretá Binational Reservoir (Vogler 
et al. 2016). The first two species have become extinct 

due to habitat alterations caused by the filling of the res-
ervoir (Peso et al. 2013a, 2013b; Vogler 2013). However, 
various populations of A. chloroticum are being bred in 
captivity through the “Proyecto Aylacostoma”, an ex-si-
tu conservation initiative that has been active since the 
1990s and involves multiple institutions (Miyahira et al. 
2022; Peso 2022). Despite this, the available informa-
tion for the species is very limited, with some ecolog-
ical data provided in the early 2000s (Quintana et al. 
2001) and the first anatomical descriptions only in 2014 
(Vogler et al. 2014). At the molecular level, knowledge 
of A. chloroticum is even more scarce. To date, only one 
phylogeographic study has been developed with a con-
servation focus to shed light on the genetic composition 
of captive populations and their past history. This study 
was restricted to a single mitochondrial marker, the cyto-
chrome c oxidase subunit I (cox1) gene, and documented 
very low genetic diversity (Vogler et al. 2015). Further-
more, within the framework of a historical DNA study on 
the extinct A. stigmaticum, the first partial mitochondrial 
12S-rRNA sequences for a few A. chloroticum specimens 
were obtained from a limited dataset, which included rep-
resentatives from two captive-bred populations and were 
characterized by a single haplotype (Vogler et al. 2016). 
Moreover, to our knowledge, the evolutionary affinities 
of Aylacostoma or any other South American member of 
Hemisinidae within an evolutionary systematic context of 
Cerithioidea, based on molecular data, have never been 
explored. Some morphological studies, however, have 
indicated that the group shares anatomical characteristics 
with the families Thiaridae and Paludomidae (Simone 
2001; Gomez et al. 2011; Glaubrecht and Neiber 2019).

Recent advances have improved our understanding of 
the mitochondrial genomes of various members of the 
Cerithioidea superfamily, particularly in terms of their 
phylogenetic relationships based on complete mitoge-
nome data (e.g., Kato et al. 2022; Ling et al. 2022; Yang 
and Deng 2022; Yin et al. 2022; Xu et al. 2024). More-
over, two distinct genetic rearrangements have been iden-
tified within the superfamily, especially concerning the 
positioning of tRNAs for Arginine and Glutamine (Kato 
et al. 2022). Despite these advancements, the availabili-
ty of sequences remains limited. The GenBank database 
currently lists 439 reference mitogenomes for Gastropo-
da, of which only 11 belong to Cerithioidea, spanning six 
families. Notably, there are still no representatives from 
the South American Hemisinidae (NCBI 2024).

Given the above, and considering the limited molec-
ular information available from any South American he-
misinid, several key questions arise: Does Aylacostoma 
truly belong to a distinct evolutionary lineage currently 
recognized as Hemisinidae, or does it represent a mem-
ber of Thiaridae as historically proposed? Furthermore, 
since alternative gene arrangements have been charac-
terized within the mitogenomes of Cerithioidea, could 
Aylacostoma exhibit a different gene order compared to 
other members of the superfamily? Do its structural and 
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compositional characteristics align with those known for 
other members of the group, or are they significantly dif-
ferent? Lastly, are the phylogenetic relationships based 
on complete mitogenomes of Cerithioidea consistent with 
those derived from single genes?

To address these questions, we sequenced and charac-
terized the mitochondrial genome of the threatened Ayla-
costoma chloroticum, providing fundamental information 
about its mitochondrial features. Specifically, the study 
aimed to investigate (i) the composition, organization, 
and structural characteristics of the assembled mitoge-
nome, comparing it with published data for Cerithioidea 
to evaluate similarities and differences, and (ii) to explore 
the phylogenetic relationships of the genus Aylacostoma 
and the Hemisinidae family within the Cerithioidea con-
text, establishing its evolutionary affinities based on com-
plete mitogenome data in contrast to those from single 
genes. Considering that limited anatomical information 
on Hemisinidae suggests an affinity with the Thiaridae 
and Paludomidae families, we expect to find similar 
structural and compositional characteristics among the 
mitogenomes of these families. Based on existing knowl-
edge, we anticipate finding similarities in AT content, AT 
and GC skew values, sizes of the protein-coding genes, 
and codon usage, among other aspects. We also hypoth-
esize that they share the same type of gene arrangement. 
Furthermore, we hypothesize that phylogenetic recon-
structions based on both complete mitogenomes and 
single genes will reveal close evolutionary relationships 
among these families, potentially reinforcing the pro-
posed Gondwanan origin of this group.

Materials and methods
Sample, DNA extraction and sequencing

This study was based on a specimen of A. chloroticum 
housed in the Malacological Collection of the Instituto 
de Biología Subtropical (IBS-Ma 1082-11; CONICET–
Universidad Nacional de Misiones, Misiones, Argen-
tina). The specimen, collected from the High Paraná 
River at Candelaria, Misiones, Argentina (27.447488°S, 
55.750233°W), was integrated into the ex-situ conserva-
tion program managed by the Universidad Nacional de 
Misiones (Posadas, Argentina). It was identified based on 
conchological features and by analyzing partial sequenc-
es of the cox1 gene following Vogler et al. (2014). Total 
genomic DNA was extracted from a section of muscu-
lar foot tissue, preserved at -20 °C in 0.9% saline solu-
tion (NaCl), using a cetyltrimethylammonium bromide 
(CTAB) protocol (Beltramino et al. 2018). The mitochon-
drial genome was sequenced by Novogene Corporation 
(Sacramento, CA, USA) employing next-generation se-
quencing (NGS) technology, specifically through paired-
end sequencing (2 × 150 base pairs, bp) with an insert 
size of 350 bp on an Illumina HiSeq platform.

Mitogenome assembly and annotation

The assembly of the mitochondrial genome of A. chlo-
roticum was performed automatically using NOVOPlasty 
4.3.1 (Dierckxsens et al. 2017), with the partial sequence 
of the cox1 gene serving as the seed. For the mitogenome 
annotation, we utilized the MITOS, MITOS 2 and GeSeq 
web servers (Bernt et al. 2013a; Tillich et al. 2017), along 
with MitoZ 3.5 and MitoFinder 1.4.2 programs (Meng et al. 
2019; Allio et al. 2020), employing the mitochondrial genet-
ic code for invertebrates. The NCBI ORF Finder resource 
(https://www.ncbi.nlm.nih.gov/orffinder/) was also used to 
identify and characterize the protein-coding genes (PCGs). 
Manual adjustments were made to ensure the accuracy 
of the start and stop codons and the boundaries of genes, 
supported by BLASTp comparisons (Altschul et al. 1997) 
against known protein sequences. The transfer RNA genes 
(tRNAs) were also identified using the ARWEN 1.2 web 
server (Laslett and Canbäck 2008), whereas ribosomal RNA 
genes (rRNAs) were annotated through comparative analy-
ses with other molluscan mitogenomes, with the boundaries 
of the rRNAs manually adjusted according to the locations 
of adjacent genes (Boore et al. 2005; Cameron 2014). Addi-
tionally, for subsequent comparison, the annotation of some 
Cerithioidea mitogenomes was refined using the tools im-
plemented for A. chloroticum (Suppl. material 1).

Following annotation, the nucleotide composition and 
relative synonymous codon usage (RSCU) for PCGs 
were analyzed using MEGA 11 software (Tamura et al. 
2021). Global AT and GC skews were calculated using 
the equations of Perna and Kocher (1995): AT skew = (A-
T) / (A+T) and GC skew = (G-C) / (G+C). Subsequent-
ly, skew values were further assessed through a sliding 
windows analysis with partial overlap using the routines 
StrandCG and StrandAT (Ghiringhelli, unpublished), 
with a window size of 100 bp and a step size of 30 bp. 
To provide a visual representation, the mitochondrial ge-
nome was depicted in a circular format using the online 
server Proksee (Grant et al. 2023).

Secondary structure models of tRNAs and 
rRNAs

Structural models for tRNAs were initially generated using 
ARWEN 1.2 and subsequently refined through manual ad-
justments based on Boore et al. (2005). For the ribosomal 
genes (12S-rRNA and 16S-rRNA), secondary structure mod-
els were first derived using the R2DT web server (Sweeney 
et al. 2021), supported by the RNAfold web server (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). 
These initial models were further refined through manual 
corrections. The refinement process involved utilizing sev-
eral reference models specific to mollusks (Lydeard et al. 
2000; Guzmán et al. 2021; Mendivil et al. 2023), as well 
as other eukaryotic models available from the Comparative 
RNA Web-2 site (https://crw2-comparative-rna-web.org/).

https://www.ncbi.nlm.nih.gov/orffinder/
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://crw2-comparative-rna-web.org/
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Phylogenetic analyses

Phylogenetic trees were constructed using Bayesian In-
ference (BI) and Maximum Likelihood (ML) methods 
based on sequences of the 13 PCGs from A. chloroticum 
and 18 other Cerithioidea species, with two additional 
caenogastropods serving as outgroups (Suppl. materi-
al 2). The mitogenomes of the cerithioideans Batillaria 
cumingii (Crosse, 1862) (MT323103), Batillaria zonalis 
(Bruguière, 1792) (MT363252), and Paludomus ajanen-
sis Morelet, 1860 (PP946412) were excluded from our 
analyses due to the lack of annotations in GenBank and 
the absence of annotations from the original sources (Yan 
et al. 2020a, 2020b; Stelbrink et al. 2024). Additionally, 
the mitogenome of Koreoleptoxis globus (Martens, 1886) 
(LC006055, unpublished), annotated on the complemen-
tary strand in GenBank, was also omitted. Analyses com-
prised three datasets: one based on amino acid sequences 
(aa dataset) and two based on nucleotide sequences, the 
PCG123 dataset, which included all three codon posi-
tions, and the PCG12 dataset, which incorporated only 
the first two codon positions.

The analysis workflow was conducted using Phylo-
Suite 1.2.3 (Zhang et al. 2020; Xiang et al. 2023), which 
included the following steps: i- alignment of sequenc-
es using MAFFT 7.505 (Katoh and Standley 2013); 
ii- refinement of nucleotide sequence alignments with 
MACSE 2.06 (Ranwez et al. 2018); iii- removal of am-
biguous sites using Gblocks 0.91b (Talavera and Cas-
tresana 2007) in codon mode for the PCGs and trimAI 
1.2 (Capella-Gutiérrez et al. 2009) for the aa dataset; 
iv- concatenation of all 13 PCGs; and v- model selec-
tion using ModelFinder 2.2.0 (Kalyaanamoorthy et al. 
2017), with selection based on the Bayesian Information 
Criterion (BIC; Suppl. material 3). The final datasets 
comprised 3,720 amino acids for the amino acid matrix 
and 11,205 and 7,470 nucleotides for the PCG123 and 
PCG12 matrices, respectively. ML analyses were con-
ducted using IQ-TREE 2.2.0 (Minh et al. 2020) with 
10,000 ultrafast bootstrap replicates (Hoang et al. 2018). 
BI analyses were performed using MrBayes 3.2.7a 
(Ronquist et al. 2012), based on two independent runs 
with four Markov chains running simultaneously for 
106 generations, sampling every 100 generations, with 
a final burn-in of 25%. The convergence of independent 
runs was assessed by examining the mean standard de-
viation of split frequencies (< 0.01). BI analyses were 
implemented in MrBayes 3.2.7a on the CIPRES Science 
Gateway platform (Miller et al. 2010). The resultant 
phylogenetic trees were visualized using the iTOL 6 
web server (Letunic and Bork 2024).

In addition to mitogenomic-based approaches, phy-
logenetic reconstructions using the 16S-rRNA and 
28S-rRNA markers were also performed to assess the 
evolutionary relationships of A. chloroticum within the 
Cerithioidea superfamily. This aligns with the compre-
hensive phylogenetic framework proposed by Strong 

et al. (2011) which utilized single-gene data. The phy-
logenetic analyses included sequences of the 16S-rRNA 
and 28S-rRNA genes from A. chloroticum and 60 other 
Cerithioidea species, with nine additional species as 
outgroups (Suppl. material 4). The 28S-rRNA sequence 
for A. chloroticum was obtained from the genomic data 
using Novoplasty 4.3.1, with a sequence from Tarebia 
granifera (Lamarck, 1816) (HM003668) serving as the 
seed. The phylogenetic workflow, executed in Phylo-
Suite 1.2.3, mirrored previous descriptions, involving 
removal of ambiguous sites through trimAI, but with-
out the alignment refinement step with MACSE 2.06. 
The concatenated dataset comprised 1,751 nucleotides. 
Phylogenetic trees were constructed using both BI and 
ML methods, as previously described for the datasets 
based on mitogenomes. ModelFinder 2.2.0 was used to 
select the most appropriate substitution models based 
on the BIC, identifying GTR+F+I+G4 as suitable for 
both markers in BI analysis, and GTR+F+I+I+R4 and 
TN+F+R3 for the 16S-rRNA and 28S-rRNA, respec-
tively, in ML analysis.

Results
Structure and nucleotide composition of the 
mitogenome

The mitochondrial genome of Aylacostoma chloroticum 
(Accession Number: PQ279514) spanned 15,740 bp and 
included the typical set of 37 genes—13 PCGs, 2 rRNAs 
and 22 tRNAs (Fig. 1, Table 1). Additionally, 21 inter-
genic regions ranging from 1 to 511 bp were identified, 
totaling 4.67% of the genome (735 bp). A significant 
non-coding region, 511 bp in length, was located be-
tween the genes for tRNAPhe and tRNACys (Table 1). The 
mitogenome also included 4 overlapping regions, with 
the longest being 47 bp between the cob and nad6 genes 
(Table 1). The nucleotide composition of the mitogenome 
was determined as 32.44% A, 35.03% T, 17.31% C and 
15.22% G, demonstrating a high AT content of 67.47%. 
The AT and GC skew values were negative, calculated 
at -0.0384 and -0.0641, respectively (Suppl. material 1). 
The AT and GC skews computed using a sliding window 
strategy with partial overlap are shown in Fig. 2.

Protein-coding genes and codon usage

The PCGs accounted for approximately 71.80% of the 
mitogenome, totaling 11,301 bp. Of these, nine were en-
coded on the plus strand, and four on the minus strand. 
All PCGs started with the ATG start codon, while the stop 
codons varied between TAA and TAG (Table 1). Exclud-
ing start and stop codons, a total of 3,741 codons were 
identified. The relative synonymous codon usage pattern 
is presented in Fig. 3 and Suppl. material 5.

http://www.ncbi.nlm.nih.gov/nuccore/MT323103
http://www.ncbi.nlm.nih.gov/nuccore/MT363252
http://www.ncbi.nlm.nih.gov/nuccore/PP946412
http://www.ncbi.nlm.nih.gov/nuccore/LC006055
http://www.ncbi.nlm.nih.gov/nuccore/HM003668
http://www.ncbi.nlm.nih.gov/nuccore/PQ279514
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Figure 1. Mitochondrial genome of Aylacostoma chloroticum. From the center outward, the diagram shows the genome size, GC 
skew, GC content, and gene organization. Genes encoded on the plus strand are illustrated outside the circle, while those on the 
minus strand are inside. The three types of genes are differentiated by color as referenced in the figure. PCG: protein-coding gene. 
The tRNAs are presented with one-letter abbreviation codes.

Figure 2. AT and GC skews using a sliding window strategy for the mitogenome of Aylacostoma chloroticum. A. AT skew; B. GC skew.
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Table 1. Organization of the mitochondrial genome of Aylacostoma chloroticum.

Gene Strand From To Size (bp) Start codon Stop codon Anticodon Intergenic Nucleotides
cox1 + 1 1,533 1,533 ATG TAA +30
cox2 + 1,564 2,253 690 ATG TAA +6
tRNASer2 + 2,260 2,326 67 TGA +1
tRNAGln + 2,328 2,393 66 TTG +5
nad4l + 2,399 2,689 291 ATG TAA -7
nad4 + 2,683 4,050 1,368 ATG TAA +3
tRNAHis + 4,054 4,118 65 GTG 0
nad5 + 4,119 5,837 1,719 ATG TAA +18
tRNAPhe + 5,856 5,920 65 GAA +511
tRNACys – 6,432 6,495 64 GCA +53
tRNAArg – 6,549 6,614 66 TCG 0
tRNAAla – 6,615 6,679 65 TGC -2
tRNAAsn – 6,678 6,745 68 GTT +30
tRNATrp – 6,776 6,842 67 TCA +1
tRNAGlu – 6,844 6,909 66 TTC +1
tRNATyr – 6,911 6,976 66 GTA -2
tRNALys – 6,975 7,040 66 TTT +31
cox3 – 7,072 7,851 780 ATG TAA 0
tRNAMet – 7,852 7,918 67 CAT +5
cob – 7,924 9,063 1,140 ATG TAA -47
nad6 – 9,017 9,568 552 ATG TAA +1
tRNAPro – 9,570 9,633 64 TGG +3
nad1 – 9,637 10,575 939 ATG TAG 0
tRNALeu2 – 10,576 10,641 66 TAA 0
tRNALeu1 – 10,642 10,709 68 TAG 0
16S-rRNA – 10,710 12,066 1,357 0
tRNAVal – 12,067 12,133 67 TAC +9
tRNAGly – 12,143 12,208 66 TCC 0
tRNAThr – 12,209 12,276 68 TGT 0
12S-rRNA – 12,277 13,224 948 0
tRNASer1 + 13,225 13,291 67 GCT 0
nad2 + 13,292 14,359 1,068 ATG TAA +1
tRNAAsp + 14,361 14,426 66 GTC 0
atp8 + 14,427 14,594 168 ATG TAG +15
atp6 + 14,610 15,308 699 ATG TAA +6
tRNAIle + 15,315 15,381 67 GAT +1
nad3 + 15,383 15,736 354 ATG TAG +4

Values with a minus sign in intergenic nucleotides indicate overlapping sequences between adjacent genes.

Figure 3. Relative Synonymous Codon Usage (RSCU) of protein-coding genes in the mitogenome of Aylacostoma chloroticum. 
The most frequently used codons are highlighted in bold.
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Ribosomal and transfer RNA genes

The 22 tRNAs comprised 9.26% of the mitogenome, to-
taling 1,457 bp, with seven encoded on the plus strand 
and 15 on the minus strand (Fig. 1, Table 1). The tRNAs 
varied in size from 64 to 68 nucleotides (Table 1). Most 
adopted the typical cloverleaf secondary structure, fea-
turing an acceptor stem, TΨC and DHU arms, a variable 
arm, and an anticodon stem and loop; however, tRNASer1 
deviated by featuring a large loop instead of the typical 
stem-loop structure in the DHU arm. The proposed sec-
ondary structures for the tRNAs of A. chloroticum are 
presented in Suppl. material 6: fig. S1. Additionally, the 
rRNA genes, which account for approximately 14.64% of 
the mitogenome, were both encoded on the minus strand 
(Fig. 1). The 16S-rRNA, located between the tRNALeu1 
and tRNAVal genes, was 1,357 bp long (Table 1), with its 
secondary structure shown in Suppl. material 6: figs S2, 
S3. The 12S-rRNA, spanning 948 bp, was situated be-
tween the tRNAThr and tRNASer1 genes (Fig. 1, Table 1), 
with its secondary structure model illustrated in Suppl. 
material 6: fig. S4.

Phylogenetic analyses and gene organization

The results of phylogenetic reconstructions using BI 
and ML based on mitogenomes were identical in topol-
ogy across the implemented strategies for the PCG123 
and PCG12 datasets, with the exception observed in the 
trees obtained based on the aa dataset. Here, the topolo-
gies were consistent between both methods but differed 

from the nucleotide-based in terms of the affinities of the 
family Potamididae (Fig. 4). In all cases, the superfamily 
Cerithioidea was recovered as a monophyletic group with 
maximum support values. In the nucleotide-based topol-
ogies, Hemisinidae grouped as a sister clade to Thiaridae, 
with Paludomidae positioned externally to both families, 
and Potamididae being the sister group to these. In con-
trast, in the topology based on amino acids, Potamididae 
related to the group formed by Semisulcospiridae + Pleu-
roceridae, albeit with low support values. The compari-
son of gene organization in the mitogenomes of different 
families within the Cerithioidea superfamily is presented 
in Fig. 4C. Phylogenetic reconstructions from the con-
catenated analysis of the 16S-rRNA and 28S-rRNA genes 
under BI and ML are shown in Fig. 5. The obtained topol-
ogies were similar, although there were slight differences 
in the internal organization of groups. For both methods, 
the Hemisinidae family was recovered as monophyletic, 
with maximum support values, grouping A. chloroticum 
together with Hemisinus cubanianus (d’Orbigny, 1842).

Discussion

We successfully sequenced and characterized the mi-
tochondrial genome of the threatened South American 
gastropod Aylacostoma chloroticum, which spans 15,740 
bp. To our knowledge, this represents the first complete 
mitochondrial genome reported for any species with-
in the genus Aylacostoma and the family Hemisinidae. 
The length of the mitogenome falls within the range 
previously reported for Cerithioidea (Suppl. material 1), 

Figure 4. Phylogenetic relationships of Cerithioidea based on complete mitogenomes using 13 protein-coding genes and gene order. 
A. ML tree based on nucleotide sequences; bootstrap support values and posterior probabilities (> 50/0.5) for the PCG123 and PCG12 
datasets are shown in the following order: PCG123 (ML) / PCG123 (BI) / PCG12 (ML) / PCG12 (BI); B. ML tree based on amino 
acid sequences; bootstrap support values and posterior probabilities (> 50/0.5) are shown; C. Gene arrangements within Cerithioidea.
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extending from 15,368 bp in the paludomid Pseudocleo-
patra dartevellei Mandahl-Barth, 1973 from the Congo 
River, Democratic Republic of the Congo (Stelbrink et 
al. 2019), to 16,632 bp in the pachychilid Tylomelania 
sarasinorum (Kruimel, 1913) from Sulawesi, Indonesia 
(Hilgers et al. 2016). This variation in size is primarily 
attributed to differences in the lengths of the non-coding 
regions (Lee et al. 2019b).

The mitogenome of A. chloroticum contains the 37 
genes typical of Metazoa, including 13 PCGs, along with 
two rRNA genes and 22 tRNA genes. Of these, 16 are 
encoded on the plus strand (+) and 21 on the minus strand 
(–), with the designation of the plus strand primarily 

based on the orientation of the cox1 gene—an arbitrary 
convention, given the variability in gene order and rel-
ative orientation (Bernt et al. 2013b). Although the en-
coding of most genes on the minus strand appears to be 
the common pattern within Cerithioidea (Suppl. material 
1; Lee et al. 2019b), the reverse pattern is observed in 
other superfamilies within the subclass Caenogastropoda, 
where a greater number of genes are typically encoded on 
the plus strand (Arquez et al. 2012; Osca et al. 2015). Fur-
thermore, it is essential to distinguish this nomenclature 
from the definitions of major and minor coding strands, 
which are based on the number of genes encoded, as well 
as from the heavy (H) and light (L) strands, which are 

Figure 5. Phylogenetic trees of Cerithioidea based on the combined analysis of 16S-rRNA and 28S-rRNA markers. A. BI tree; B. ML 
tree. Bootstrap support values for ML and posterior probabilities for BI are indicated (> 50/0.5). Numbers in a black circle represent 
the three main assemblages of cerithioidean as defined by Strong et al. (2011).
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based on G+T content, with the G+T-rich strand desig-
nated as the heavy strand (Bernt et al. 2013b; Barroso 
Lima and Prosdocimi 2018; Sun et al. 2018). Consistent 
with this, our examination of the 19 Cerithioidea mitoge-
nomes, including that of A. chloroticum, confirms that the 
majority of genes are encoded on the light strand (which 
is also the major strand). However, the application of this 
nomenclature in the literature concerning Cerithioidea 
mitogenomes has proven inconsistent. For instance, 
genes are accurately assigned to heavy and light strands 
for the semisulcospirid Semisulcospira coreana (Mar-
tens, 1886), while for the turritellid Turritella bacillum 
Kiener, 1843, strand assignments are inaccurately report-
ed (Zeng et al. 2016; Kim and Lee 2018). Such incon-
sistencies are prevalent across animal mitogenomes and 
represent a common source of confusion regarding strand 
nomenclature for mitochondrial DNA (Barroso Lima and 
Prosdocimi 2018; Shokolenko and Alexeyev 2022).

In relation to nucleotide composition, the mitogenome 
of A. chloroticum exhibits a high A+T content of 67.47%. 
This value falls within the reported range for Cerithioidea 
and represents the second highest among the character-
ized mitogenomes for the superfamily to date (Suppl. 
material 1), varying from 62.91% in the Southeast Asian 
potamidid Cerithidea obtusa (Lamarck, 1822) to 68.82% 
in the North American pleurocerid Leptoxis ampla (An-
thony, 1855) (Whelan and Strong 2016; Nguyen et al. 
2018). This observation aligns with the broader trend that 
mitochondrial genomes in mollusks are typically charac-
terized by a strong compositional bias, particularly rich in 
A and T nucleotides (Sun et al. 2018). In the mitogenome 
of A. chloroticum, we also recorded four overlapping re-
gions, two of which occurred between tRNAs and two 
between PCGs (Table 1). The longest overlapping region, 
extending 47 bp, was found between the cob and nad6 
genes, a feature previously reported in other Cerithioidea 
species (e.g., Hilgers et al. 2016; Lee et al. 2019b; Stel-
brink et al. 2019). Additionally, an intergenic region of 
511 bp, rich in A+T (A+T content = 70.7%), was found 
between the tRNAPhe and tRNACys genes. An examination 
of Cerithioidea mitogenomes deposited in GenBank in-
dicates that the intergenic region between those genes is 
variable in size and has been annotated as the “control 
region” in several species, such as the thiarid Melanoides 
tuberculata (Müller, 1774) (MZ321058), the turritellid 
T. bacillum (NC029717), and the potamidid Cerithidea 
tonkiniana Mabille, 1887 (MZ168697), without provid-
ing additional characterization or detailed information 
(Zeng et al. 2016; Ling et al. 2022; Yang and Deng 2022). 
Therefore, it is speculated that this region could corre-
spond to the putative control region in A. chloroticum. 
Nonetheless, since the control region of Cerithioidea 
remains poorly characterized, complementary studies 
aimed at identifying the structural elements involved in 
the regulation of transcription and replication found in 
other mollusk species (Ghiselli et al. 2021, and referenc-
es therein) are needed to definitively designate this large 
intergenic region as the control region in A. chloroticum.

Regarding strand asymmetry analysis, the mitoge-
nome of A. chloroticum exhibited global negative values 
for both AT and GC skews (-0.0384 and -0.0641, respec-
tively), with the plus strand showing a bias toward T and 
C at the expense of A and G. In metazoans, two distinct 
clusters have been characterized based on global strand 
asymmetry: the first, exhibiting positive AT and negative 
GC skews, while the second is characterized by reversed 
strand asymmetry, displaying inverse values (Bernt et al. 
2013b; Sun et al. 2018). Among mollusks, cephalopods 
and a few gastropod species belong to the first group, 
whereas bivalves and most gastropod species exhibit re-
versed strand asymmetry (Sun et al. 2018). In this study, 
out of the 19 Cerithioidea species, six conformed to the 
reversed pattern of negative AT and positive GC skews 
[the potamidids Pirenella pupiformis Ozawa & Reid, 
2016, Cerithidea sinensis (Philippi, 1848), the paludo-
mid P. dartevellei, the pachychilid T. sarasinorum, and 
the turritellids T. bacillum and Maoricolpus roseus (Quoy 
& Gaimard, 1834)], whereas the remaining species dis-
played negative values for both skews (Suppl. material 
1). To our knowledge, studies focused on understanding 
the mutation processes that shape strand asymmetry are 
nonexistent for Cerithioidea. However, in other animal 
groups, it has been found that the relative contributions 
of different substitution types to strand asymmetry are as-
sociated with either replication alone or both replication 
and transcription (Wei et al. 2010; Fonseca et al. 2014). 
During these processes, one strand is transiently in a sin-
gle-stranded state, making it more susceptible to DNA 
damage, which has been widely considered to influence 
the mutation bias between the two complementary DNA 
strands (Hassanin et al. 2005; Sun et al. 2018). Addition-
ally, the sliding window analysis revealed a reversal in AT 
skew for A. chloroticum, which appears to be associated 
with the orientation of PCGs in the DNA strands. As far as 
we are aware, this is the first instance of a sliding window 
analysis of asymmetry conducted for any Cerithioidea 
species, leaving it uncertain whether this is a species-spe-
cific characteristic or a more widespread phenomenon 
within the group. Therefore, further research involving 
other Cerithioidea species is essential to explore the rela-
tionship between strand asymmetry, gene orientation, and 
its potential link to replication direction.

The sizes of the PCGs in A. chloroticum are consistent 
with those previously documented for the Cerithioidea, 
exhibiting conserved values for the genes cox1, cox3, 
nad3, nad4, and nad4l. In contrast, the genes cox2, cob, 
nad1, nad2, nad5, nad6, atp6, and atp8 display variations 
in length among the species within the superfamily. For 
this second group, the sizes recorded in A. chloroticum 
corresponded with some of those previously reported, 
except for the atp6, which exhibited a length of 699 bp, 
representing the first record of this size. Additionally, all 
PCGs of A. chloroticum featured ATG start codons and 
TAA or TAG stop codons, which are widely used with-
in the superfamily (Hilgers et al. 2016; Kim and Lee 
2018; Ling et al. 2022; Xu et al. 2024). Furthermore, and 
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consistent with observations in other Cerithioidea species 
(Lee et al. 2019b; Xu et al. 2024), the RSCU analysis 
based on 3,741 amino acids, which estimates the devia-
tion of synonymous codon usage from an even distribu-
tion, revealed that all codons were utilized. Notably, the 
most frequently used codons among the 13 PCGs were 
those with a high A+T content, e.g., TTA (Leu2) = 7.56%, 
TTT (Phe) = 7.22%, ATT (Ile) = 6.55%. In contrast, co-
dons with a high G+C content were rare, e.g., GCG (Ala) 
= 0.16%, TCG (Ser2) = 0.16%, ACG (Thr) = 0.11%, CGC 
(Arg) = 0.08%. Among the preferred codons (Suppl. ma-
terial 5, RSCU values > 1 indicating codon-usage pref-
erence), 30 codons ended with A (15/30) or T (15/30), 
illustrating that high-frequency codons in the PCGs of A. 
chloroticum tend to end in A or T. This pattern aligns with 
previous RSCU analyses in other Cerithioidea species, 
which also indicate a bias toward A/T at the codon-end-
ing positions (Lee et al. 2019b; Xu et al. 2024).

Among the 22 identified tRNAs, all fell within the 
previously characterized size range for Cerithioidea, with 
lengths varying between 61 and 86 bp (Suppl. material 
1). To the best of our knowledge, the secondary structure 
models of tRNAs proposed in this study represent the first 
available for the family Hemisinidae and the third for the 
superfamily Cerithioidea, following the semisulcospirids 
Semisulcospira gottschei (Martens, 1886) and Hua aris-
tarchorum (Heude, 1889) (Lee et al. 2019b; Xu et al. 
2024). The tRNA models of A. chloroticum conformed 
to the typical cloverleaf structure characteristic of these 
genes (Boore et al. 2005), with the exception of tRNASer1, 
which lacked the dihydrouridine (DHU) arm. The loss of 
DHU arms in tRNASer has been observed in other animal 
groups, including mollusks, and the absence of this arm 
in tRNASer1 had already been reported for the two Cerithi-
oidea species with available secondary structure models 
(Lee et al. 2019b; Xu et al. 2024).

The ribosomal RNA genes of A. chloroticum, 16S-rR-
NA and 12S-rRNA, have lengths of 1,357 bp and 948 
bp, respectively, similar to those previously reported for 
Cerithioidea (Suppl. material 1). Additionally, secondary 
structure models for both genes were obtained, which, to 
our knowledge, are the first complete models available 
for Hemisinidae. These structures displayed the typical 
domains, I–VI for 16S-rRNA and I–IV for 12S-rRNA. In 
general, when compared to previously available second-
ary structure models for mollusks (e.g., Lydeard et al. 
2000; Guzmán et al. 2021; Mendivil et al. 2023), most 
of the stems were found to be conserved, particularly the 
long-range stems, with loops being the most variable re-
gions. In the large subunit, we found the formation of a 
short-range stem (4 bp) within domain II, which had not 
been previously documented in other mollusk models, 
such as those available on the Comparative RNA Web-
2 site (https://crw2-comparative-rna-web.org/). Regard-
ing the small subunit, domains III and IV were found to 
be conserved, sharing stem and loop structures with the 
reference models (e.g., Hickson et al. 1996; Guzmán et 
al. 2021; Mendivil et al. 2023). Specifically, domain III 

exhibited minimal variation compared to the structure 
proposed by Vogler et al. (2016), based on a partial se-
quence of the 12S-rRNA of A. chloroticum. The sequenc-
es of A. chloroticum published by these authors, from the 
localities of Candelaria (Misiones, Argentina) and Encar-
nación (Itapúa, Paraguay), showed 100% identity, repre-
senting a single haplotype. In comparison, the sequence 
obtained in this study revealed eight polymorphic sites 
relative to that previous one, although these variations did 
not impact the secondary structure.

In relation to mitochondrial genome architecture, it is 
worth noting that, in contrast to other animals where mi-
tochondrial gene arrangements tend to remain relatively 
stable, extensive gene order rearrangements have been 
documented across every major lineage within Mollusca 
(Osca et al. 2015; Ghiselli et al. 2021). Within the context 
of the superfamily Cerithioidea, two rearrangements have 
been documented, altering the positions of tRNAGln and 
tRNAArg. This has led to the recognition of two groups 
within Cerithioidea based on gene order: one that includes 
Turritellidae, Pachychilidae, and Batillariidae (order a in 
Fig. 4), and another that contains Pleuroceridae, Semi-
sulcospiridae, Potamididae, Paludomidae, and Thiaridae 
(Kato et al. 2022), where A. chloroticum and the family 
Hemisinidae are now incorporated (order b in Fig. 4).

To elucidate the evolutionary affinities of members of 
the superfamily Cerithioidea, phylogenetic reconstruc-
tions have been performed based on both morphologi-
cal and molecular data (e.g., Simone 2001; Lydeard et 
al. 2002; Strong et al. 2011). In this study, mitogenomic 
data were used to reconstruct phylogenetic trees through 
ML and BI approaches, based on two nucleotide data-
sets (PCG123, PCG12), which yielded identical topolo-
gies. However, they differed from those generated from 
the amino acid dataset in the affinities of Potamididae: 
(i) appearing as the sister group to Paludomidae + (He-
misinidae + Thiaridae) in the nucleotide datasets or (ii) 
as the sister group to Pleuroceridae + Semisulcospiridae 
in the amino acid dataset. Despite these differences, all 
obtained trees confirmed the monophyly of Cerithioidea 
with maximum support values. In all cases, the family 
Hemisinidae, represented by A. chloroticum, was shown 
to have a sister group relationship with Thiaridae, while 
Paludomidae grouped externally to both families: Palu-
domidae + (Hemisinidae + Thiaridae).

For Cerithioidea, both topologies have been previous-
ly obtained based on complete mitogenomes, with the 
one linking Potamididae as the sister group of Paludo-
midae + (Hemisinidae + Thiaridae) aligning with recon-
structions by Ling et al. (2022), Yang and Deng (2022), 
and Yin et al. (2022), but differing from those obtained 
by Kato et al. (2022) and Xu et al. (2024), where Potam-
ididae was shown to be more closely related to Semisul-
cospiridae + Pleuroceridae. Additionally, both topologies 
show that within Semisulcospiridae, Semisulcospira lib-
ertina (Gould, 1859) (NC_023364; Zeng et al. 2015) ap-
pears among Koreoleptoxis species. Based on geographic 
distribution and comparisons with GenBank, Xu et al. 
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(2024) proposed that this represents a misidentification, 
suggesting that the sequence may correspond to the semi-
sulcospirids Koreoleptoxis praenotata (Gredler, 1884) or 
K. davidi (Brot, 1875). Although the differences between 
both topologies might be influenced by the still limited 
taxon sampling in mitogenome-based phylogenetic re-
constructions, differences between the relationships re-
covered from analyses using different datasets (nucleo-
tide-based vs. amino acid-based) have usually been found 
to be influenced by nucleotide composition affecting the 
amino acid composition, as well as differences in the 
patterns of strand asymmetry, which significantly influ-
ence the amino acid composition of the encoded proteins 
(Foster et al. 1997; Masta et al. 2009; Bernt et al. 2013b; 
Sun et al. 2018). While evaluating the relationship and 
impact of compositional biases at the DNA and protein 
levels on phylogenetic reconstructions of Cerithioidea is 
beyond the scope of this study, further research is essen-
tial to determine whether DNA bias can confound phy-
logenetic reconstruction based on amino acid sequences.

Moreover, the positioning of Potamididae as more 
closely related to the group comprising Paludomidae, 
Hemisinidae, and Thiaridae aligns with earlier phylo-
genetic reconstructions by Strong et al. (2011). This is 
consistent with our topologies derived the combined 
analysis of 16S-rRNA and 28S-rRNA markers, where the 
overall structure of our trees was congruent with some 
of the arrangements presented in the topologies obtained 
by Strong et al. (2011). In our trees, most of the currently 
recognized families within Cerithioidea exhibited high 
support values, with the exception of Batillariidae, where 
the Neotropical batillarids clustered more closely with 
Planaxidae, as previously noted by Ozawa et al. (2009). 
For this dataset, A. chloroticum formed a well-support-
ed group together with H. cubanianus from Cuba in both 
phylogenetic analyses, supporting the monophyly of the 
family Hemisinidae, which was positioned as the sister 
group to Thiaridae + Paludomidae. This aligns with the 
findings of Neiber and Glaubrecht (2019), who suggest 
that the distribution and phylogenetic position of a clade 
comprising Thiaridae, Hemisinidae, and Paludomidae are 
consistent with a Gondwanan origin for this group.

These findings are particularly significant, as this is 
the first time the relationships of a member of the genus 
Aylacostoma have been explored within the phylogenet-
ic context of Cerithioidea based on molecular data. In 
line with the results of this study, Simone (2001), using 
morphological data and including three species of Ayla-
costoma from Brazil, had previously identified a sister 
group relationship between Aylacostoma spp. and M. 
tuberculata (Thiaridae). However, given that there are 
two alternative hypotheses for the evolutionary affinities 
of Hemisinidae—the first being Paludomidae + (Hemis-
inidae + Thiaridae) based on mitogenomes, and the sec-
ond, Hemisinidae + (Thiaridae + Paludomidae) based on 
single-gene markers—further studies including a larger 
number of taxa from the three families are needed to con-
firm the evolutionary affinities of Hemisinidae.

Conclusion
We successfully characterized the mitochondrial genome 
of the threatened South American gastropod Aylacostoma 
chloroticum, the first available for the family Hemisinidae. 
This genome contained the typical 37 genes of Metazoa, 
including 13 PCGs, along with two rRNA genes and 22 
tRNA genes, and presented structural, compositional char-
acteristics, and a gene arrangement consistent with those 
of other members of the superfamily Cerithioidea. Our 
phylogenetic reconstructions confirmed that Aylacostoma 
does not belong to the family Thiaridae as historically pro-
posed, but instead belongs to Hemisinidae, which was sup-
ported as a monophyletic group in our analyses. We also 
identified alternative hypotheses regarding the relation-
ships among Hemisinidae, Paludomidae, and Thiaridae 
that need further confirmation. Thus, this study represents 
a foundational step towards understanding the organiza-
tion and structure of mitochondrial genomes in Neotropi-
cal hemisinids, as well as their evolutionary affinities.

Acknowledgments

The material analyzed was originally obtained under the 
specific agreement between the Facultad de Ciencias 
Exactas, Químicas y Naturales, Universidad Nacional 
de Misiones and Entidad Binacional Yacyretá, entitled 
"Plan de acciones para la conservación del género Ayla-
costoma, año 2017", under the direction of Dr. Juana 
G. Peso (Convenio Específico, Resolution No. 451-17). 
The first author received authorization from the Mala-
cological Collection of Instituto de Biología Subtropical 
(CONICET–UNaM) to use the collection material for ge-
nomic studies (Authorization No. 12-2024). This study 
was funded by the Agencia Nacional de Promoción de la 
Investigación, el Desarrollo Tecnológico y la Innovación 
(PICT-2019-03529) and Facultad de Ciencias Exactas, 
Químicas y Naturales, Universidad Nacional de Misiones 
(Proyecto de Investigación 16Q1227-PI).

References

Allio R, Schomaker‐Bastos A, Romiguier J, Prosdocimi F, Nabholz 
B, Delsuc F (2020) MitoFinder: efficient automated large‐scale 
extraction of mitogenomic data in target enrichment phyloge-
nomics. Molecular Ecology Resources 20: 892–905. https://doi.
org/10.1111/1755-0998.13160

Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, 
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new gener-
ation of protein database search programs. Nucleic Acids Research 
25: 3389–3402. https://doi.org/10.1093/nar/25.17.3389

Arquez M, Uribe JE, Castro LR (2012) Análisis comparativo del ge-
noma mitocondrial en gastrópodos. Acta Biológica Colombiana 17: 
395–408.

Barroso Lima NC, Prosdocimi F (2018) The heavy strand dilemma 
of vertebrate mitochondria on genome sequencing age: number of 

https://doi.org/10.1111/1755-0998.13160
https://doi.org/10.1111/1755-0998.13160
https://doi.org/10.1093/nar/25.17.3389


zse.pensoft.net

Forestello, E. et al.: Mitogenome of Aylacostoma chloroticum and phylogeny of Cerithioidea364

encoded genes or G + T content? Mitochondrial DNA. Part A, DNA 
mapping, sequencing, and analysis 29: 300–302. https://doi.org/10.
1080/24701394.2016.1275603

Beltramino AA, Vogler RE, Rumi A, Guzmán LB, Martín SM, Peso JG 
(2018) The exotic jumping snail Ovachlamys fulgens (Gude, 1900) 
(Gastropoda: Helicarionidae) in urban areas of the Argentinean Up-
per Paraná Atlantic Forest. Anais da Academia Brasileira de Ciências 
90: 1591–1603. https://doi.org/10.1590/0001-3765201820170766

Bernt M, Donath A, Jühling F, Externbrink F, Florentz C, Fritzsch G, 
Pütz J, Middendorf M, Stadler PF (2013a) MITOS: improved de 
novo metazoan mitochondrial genomes annotation. Molecular Phy-
logenetics and Evolution 69: 313–319. https://doi.org/10.1016/j.
ympev.2012.08.023

Bernt M, Bleidorn C, Braband A, Dambach J, Donath A, Fritzsch G, 
Golombek A, Hadrys H, Jühling F, Meusemann K, Middendorf M, 
Misof B, Perseke M, Podsiadlowski L, von Reumont B, Schierwater 
B, Schlegel M, Schrödl M, Simon S, Stadler PF, Stöger I, Struck TH 
(2013b) A comprehensive analysis of bilaterian mitochondrial ge-
nomes and phylogeny. Molecular Phylogenetics and Evolution 69: 
352–364. https://doi.org/10.1016/j.ympev.2013.05.002

Boore JL, Macey JR, Medina M (2005) Sequencing and comparing 
whole mitochondrial genomes of animals. Methods in Enzymology 
395: 311–348. https://doi.org/10.1016/S0076-6879(05)95019-2

Cameron SL (2014) How to sequence and annotate insect mitochondrial 
genomes for systematic and comparative genomics research. System-
atic Entomology 39: 400–411. https://doi.org/10.1111/syen.12071

Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T (2009) trimAl: a 
tool for automated alignment trimming in large-scale phylogenetic 
analyses. Bioinformatics 25: 1972–1973. https://doi.org/10.1093/
bioinformatics/btp348

Dierckxsens N, Mardulyn P, Smits G (2017) NOVOPlasty: de novo 
assembly of organelle genomes from whole genome data. Nucleic 
Acids Research 45: e18. https://doi.org/10.1093/nar/gkw955

Fonseca MM, Harris DJ, Posada D (2014) The inversion of the con-
trol region in three mitogenomes provides further evidence for an 
asymmetric model of vertebrate mtDNA replication. PLoS ONE 9: 
e106654. https://doi.org/10.1371/journal.pone.0106654

Foster PG, Jermiin LS, Hickey DA (1997) Nucleotide composition 
bias affects amino acid content in proteins coded by animal mito-
chondria. Journal of Molecular Evolution 44: 282–288. https://doi.
org/10.1007/PL00006145

Ghiselli F, Gomes-dos-Santos A, Adema CM, Lopes-Lima M, Shar-
brough J, Boore JL (2021) Molluscan mitochondrial genomes 
break the rules. Philosophical Transactions of the Royal Society of 
London. Series B 376(1825): 20200159. https://doi.org/10.1098/
rstb.2020.0159

Gimnich F (2015) Molecular approaches to the assessment of biodiver-
sity in limnic gastropods (Cerithioidea, Thiaridae) with perspectives 
on a Gondwanian origin. Doctoral Thesis, Humboldt-Universität zu 
Berlin, Berlin, 176 pp. https://doi.org/10.18452/17264

Glaubrecht M, Neiber MT (2019) Hemisinidae Fischer & Crosse, 1891. 
In: Lydeard C, Cummings KS (Eds) Freshwater mollusks of the 
world: a distribution atlas. Johns Hopkins University Press, Balti-
more, 51–55.

Gomes-dos-Santos A, Lopes-Lima M, Castro LFC, Froufe E (2020) Mol-
luscan genomics: the road so far and the way forward. Hydrobiologia 
847: 1705–1726. https://doi.org/10.1007/s10750-019-04111-1

Gomez MI, Strong EE, Glaubrecht M (2011) Redescription and anato-
my of the viviparous freshwater gastropod Hemisinus lineolatus (W. 
Wood, 1828) from Jamaica (Cerithioidea, Thiaridae). Malacologia 
53: 229–250. https://doi.org/10.4002/040.053.0203

Grant JR, Enns E, Marinier E, Mandal A, Herman EK, Chen C, Graham 
M, Van Domselaar G, Stothard P, Notes A (2023) Proksee: in-depth 
characterization and visualization of bacterial genomes. Nucleic Ac-
ids Research 51: W484–W492. https://doi.org/10.1093/nar/gkad326

Guzmán LB, Vogler RE, Beltramino AA (2021) The mitochondrial ge-
nome of the semi-slug Omalonyx unguis (Gastropoda: Succineidae) 
and the phylogenetic relationships within Stylommatophora. PLoS 
ONE 16: e0253724. https://doi.org/10.1371/journal.pone.0253724

Hassanin A, Léger N, Deutsch J (2005) Evidence for multiple rever-
sals of asymmetric mutational constraints during the evolution of 
the mitochondrial genome of Metazoa, and consequences for phy-
logenetic inferences. Systematic Biology 54: 277–298. https://doi.
org/10.1080/10635150590947843

Hickson RE, Simon C, Cooper A, Spicer GS, Sullivan J, Penny D 
(1996) Conserved sequence motifs, alignment, and secondary struc-
ture for the third domain of animal 12S rRNA. Molecular Biology 
and Evolution 13: 150–169. https://doi.org/10.1093/oxfordjournals.
molbev.a025552

Hilgers L, Grau JH, Pfaender J, von Rintelen T (2016) The complete 
mitochondrial genome of the viviparous freshwater snail Tylome-
lania sarasinorum (Caenogastropoda: Cerithioidea). Mitochondrial 
DNA. Part B, Resources 1: 330–331. https://doi.org/10.1080/23802
359.2016.1172046

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS (2018) 
UFBoot2: improving the ultrafast bootstrap approximation. Molec-
ular Biology and Evolution 35: 518–522. https://doi.org/10.1093/
molbev/msx281

Hylton Scott MI (1953) El género Hemisinus (Melaniidae) en la costa 
fluvial argentina (Mol. Prosobr.). Physis 20: 438–443.

Hylton Scott MI (1954) Dos nuevos melanidos del Alto Paraná (Mol. 
Prosobr.). Neotropica 1: 45–48.

Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS 
(2017) ModelFinder: fast model selection for accurate phylogenet-
ic estimates. Nature Methods 14: 587–589. https://doi.org/10.1038/
nmeth.4285

Kato S, Itoh H, Fukumori H, Nakajima N, Kanaya G, Kojima S (2022) 
The mitochondrial genome of the threatened tideland snail Pirenella 
pupiformis (Mollusca: Caenogastropoda: Potamididae) determined 
by shotgun sequencing. Mitochondrial DNA. Part B, Resources 7: 
632–634. https://doi.org/10.1080/23802359.2022.2060143

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment 
software version 7: improvements in performance and usability. Mo-
lecular Biology and Evolution 30: 772–780. https://doi.org/10.1093/
molbev/mst010

Kim YK, Lee SM (2018) The complete mitochondrial genome of fresh-
water snail, Semisulcospira coreana (Pleuroceridae: Semisulcospi-
ridae). Mitochondrial DNA. Part B, Resources 3: 259–260. https://
doi.org/10.1080/23802359.2018.1443030

Kojima S (2010) Extensive mitochondrial genome rearrangements be-
tween Cerithioidea and Hypsogastropoda (Mollusca; Caenogastrop-
oda) as determined from the partial nucleotide sequences of the mi-
tochondrial DNA of Cerithidea djadjariensis and Batillaria cumingi. 
Zoological Science 27: 494–498. https://doi.org/10.2108/zsj.27.494

https://doi.org/10.1080/24701394.2016.1275603
https://doi.org/10.1080/24701394.2016.1275603
https://doi.org/10.1590/0001-3765201820170766
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2013.05.002
https://doi.org/10.1016/S0076-6879(05)95019-2
https://doi.org/10.1111/syen.12071
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/nar/gkw955
https://doi.org/10.1371/journal.pone.0106654
https://doi.org/10.1007/PL00006145
https://doi.org/10.1007/PL00006145
https://doi.org/10.1098/rstb.2020.0159
https://doi.org/10.1098/rstb.2020.0159
https://doi.org/10.18452/17264
https://doi.org/10.1007/s10750-019-04111-1
https://doi.org/10.4002/040.053.0203
https://doi.org/10.1093/nar/gkad326
https://doi.org/10.1371/journal.pone.0253724
https://doi.org/10.1080/10635150590947843
https://doi.org/10.1080/10635150590947843
https://doi.org/10.1093/oxfordjournals.molbev.a025552
https://doi.org/10.1093/oxfordjournals.molbev.a025552
https://doi.org/10.1080/23802359.2016.1172046
https://doi.org/10.1080/23802359.2016.1172046
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1080/23802359.2022.2060143
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1080/23802359.2018.1443030
https://doi.org/10.1080/23802359.2018.1443030
https://doi.org/10.2108/zsj.27.494


Zoosyst. Evol. 101 (1) 2025, 353–368

zse.pensoft.net

365

Laslett D, Canbäck B (2008) ARWEN, a program to detect tRNA genes 
in metazoan mitochondrial nucleotide sequences. Bioinformatics 
24: 172–175. https://doi.org/10.1093/bioinformatics/btm573

Lee Y, Kwak H, Shin J, Kim SC, Kim T, Park JK (2019a) A mitochondri-
al genome phylogeny of Mytilidae (Bivalvia: Mytilida). Molecular 
Phylogenetics and Evolution 139: 106533. https://doi.org/10.1016/j.
ympev.2019.106533

Lee SY, Lee HJ, Kim YK (2019b) Comparative analysis of complete 
mitochondrial genomes with Cerithioidea and molecular phylogeny 
of the freshwater snail, Semisulcospira gottschei (Caenogastropoda, 
Cerithioidea). International Journal of Biological Macromolecules 
135: 1193–1201. https://doi.org/10.1016/j.ijbiomac.2019.06.036

Letunic I, Bork P (2024) Interactive Tree of Life (iTOL) v6: recent up-
dates to the phylogenetic tree display and annotation tool. Nucleic 
Acids Research 52: W78–W82. https://doi.org/10.1093/nar/gkae268

Ling Y, Zhang Y, Ngatia JN, Zhou H (2022) The complete mitochon-
drial genome of Melanoides tuberculata (Müller, 1774) in Guang-
dong, China. Mitochondrial DNA. Part B, Resources 7: 1319–1320. 
https://doi.org/10.1080/23802359.2022.2054735

Lydeard C, Holznagel WE, Schnare MN, Gutell RR (2000) Phylogenet-
ic analysis of molluscan mitochondrial LSU rDNA sequences and 
secondary structures. Molecular Phylogenetics and Evolution 15: 
83–102. https://doi.org/10.1006/mpev.1999.0719

Lydeard C, Holznagel WE, Glaubrecht M, Ponder WF (2002) Molec-
ular phylogeny of a circum-global, diverse gastropod superfamily 
(Cerithioidea: Mollusca: Caenogastropoda): pushing the deepest 
phylogenetic limits of mitochondrial LSU rDNA sequences. Mo-
lecular Phylogenetics and Evolution 22: 399–406. https://doi.
org/10.1006/mpev.2001.1072

Masta SE, Longhorn SJ, Boore JL (2009) Arachnid relationships 
based on mitochondrial genomes: asymmetric nucleotide and 
amino acid bias affects phylogenetic analyses. Molecular Phy-
logenetics and Evolution 50: 117–128. https://doi.org/10.1016/j.
ympev.2008.10.010

Mendivil A, Ramírez R, Morin J, Ramirez JL, Siccha-Ramirez R, 
Britzke R, Rivera F, Ampuero A, Oliveros N, Congrains C (2023) 
Comparative mitogenome analysis of two native apple snail species 
(Ampullariidae, Pomacea) from Peruvian Amazon. Genes 14: 1769. 
https://doi.org/10.3390/genes14091769

Meng G, Li Y, Yang C, Liu S (2019) MitoZ: a toolkit for animal mito-
chondrial genome assembly, annotation and visualization. Nucleic 
Acids Research 47: e63. https://doi.org/10.1093/nar/gkz173

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES science 
gateway for inference of large phylogenetic trees. In: Proceedings 
of the Gateway Computing Environments Workshop (GCE). https://
doi.org/10.1109/GCE.2010.5676129

Minh BQ, Schmidt HA, Chernomor O, Schrempf D, Woodhams MD, 
von Haeseler A, Lanfear R (2020) IQ-TREE 2: new models and effi-
cient methods for phylogenetic inference in the genomic era. Molec-
ular Biology and Evolution 37: 1530–1534. https://doi.org/10.1093/
molbev/msaa015

Miyahira IC, Clavijo C, Callil CT, Cuezzo MG, Darrigran G, Gomes 
SR, Lasso CA, Mansur MCD, Pena MS, Ramírez R, dos Santos 
RCL, dos Santos SB, Scarabino F, Torres SH, Vogler RE, Cowie RH 
(2022) The conservation of non-marine molluscs in South America: 
where we are and how to move forward. Biodiversity and Conser-
vation 31: 2543–2574. https://doi.org/10.1007/s10531-022-02446-1

MolluscaBase eds. (2024) MolluscaBase. (https://www.molluscabase.
org on 2024-06-12). https://doi.org/10.14284/448

Morrison JPE (1954) The relationships of Old and New World mela-
nians. Proceedings of the United States National Museum 103: 
357–394. https://doi.org/10.5479/si.00963801.103-3325.357

NCBI (2024) National Center for Biotechnology Information. Nacional 
Library of Medicine. https://www.ncbi.nlm.nih.gov/datasets/organ-
elle/ [Accessed on 2024-09-28]

Neiber MT, Glaubrecht M (2019) Unparalleled disjunction or unexpect-
ed relationships? Molecular phylogeny and biogeography of Mela-
nopsidae (Caenogastropoda: Cerithioidea), with the description of a 
new family and a new genus from the ancient continent Zealandia. 
Cladistics 35: 401–425. https://doi.org/10.1111/cla.12361

Nguyen DH, Lemieux C, Turmel M, Nguyen VD, Mouget JL, Witkow-
ski A, Tremblay R, Gastineau R (2018) Complete mitogenome of 
Cerithidea obtusa, the red chut-chut snail from the Cần Giờ Man-
grove in Vietnam. Mitochondrial DNA. Part B, Resources 3: 1267–
1269. https://doi.org/10.1080/23802359.2018.1532832

Nuttall CP (1990) A review of the Tertiary non-marine molluscan fau-
nas of the Pebasian and other inland basins of north-western South 
America. Bulletin of the British Museum (Natural History) Geology 
45: 165–371. https://www.biodiversitylibrary.org/page/45474563

Osca D, Templado J, Zardoya R (2015) Caenogastropod mitogenomics. 
Molecular Phylogenetics and Evolution 93: 118–128. https://doi.
org/10.1016/j.ympev.2015.07.011

Ozawa T, Köhler F, Reid DG, Glaubrecht M (2009) Tethyan relicts 
on continental coastlines of the northwestern Pacific Ocean and 
Australasia: molecular phylogeny and fossil record of batillariid 
gastropods (Caenogastropoda, Cerithioidea). Zoologica Scripta 38: 
503–525. https://doi.org/10.1111/j.1463-6409.2009.00390.x

Perna NT, Kocher TF (1995) Patterns of nucleotide composition at 
fourfold degenerate sites of animal mitochondrial genomes. Jour-
nal of Molecular Evolution 41: 353–358. https://doi.org/10.1007/
BF01215182

Peso JG (2022) Conservación del género Aylacostoma 1997–2022. In: 
Libro de Resúmenes del 4° Congreso Argentino de Malacología. 
Universidad Nacional de Misiones, Posadas & Asociación Argenti-
na de Malacología, Puerto Madryn, 53 pp.

Peso JG, Molina MJ, Costigliolo Rojas C (2013a) Aylacostoma gua-
raniticum (Hylton Scott, 1953): antecedentes de la especie. Amici 
Molluscarum 21: 39–42.

Peso JG, Costigliolo Rojas C, Molina MJ (2013b) Aylacostoma stigmat-
icum Hylton Scott, 1954: antecedentes de la especie. Amici Mollus-
carum 21: 43–46.

Quintana MG, Peso JG, Pérez DC (2001) Alteración del régimen fluvi-
al y reemplazo de especies de Thiaridae en el embalse de Yacyretá 
(Argentina–Paraguay). Journal of Medical and Applied Malacology 
11: 107–112.

Ranwez V, Douzery EJP, Cambon C, Chantret N, Delsuc F (2018) 
MACSE v2: toolkit for the alignment of coding sequences account-
ing for frameshifts and stop codons. Molecular Biology and Evolu-
tion 35: 2582–2584. https://doi.org/10.1093/molbev/msy159

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Höhna S, 
Larget B, Liu L, Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: 
efficient Bayesian phylogenetic inference and model choice across 
a large model space. Systematic Biology 61: 539–542. https://doi.
org/10.1093/sysbio/sys029

https://doi.org/10.1093/bioinformatics/btm573
https://doi.org/10.1016/j.ympev.2019.106533
https://doi.org/10.1016/j.ympev.2019.106533
https://doi.org/10.1016/j.ijbiomac.2019.06.036
https://doi.org/10.1093/nar/gkae268
https://doi.org/10.1080/23802359.2022.2054735
https://doi.org/10.1006/mpev.1999.0719
https://doi.org/10.1006/mpev.2001.1072
https://doi.org/10.1006/mpev.2001.1072
https://doi.org/10.1016/j.ympev.2008.10.010
https://doi.org/10.1016/j.ympev.2008.10.010
https://doi.org/10.3390/genes14091769
https://doi.org/10.1093/nar/gkz173
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1007/s10531-022-02446-1
https://www.molluscabase.org
https://www.molluscabase.org
https://doi.org/10.14284/448
https://doi.org/10.5479/si.00963801.103-3325.357
https://www.ncbi.nlm.nih.gov/datasets/organelle/
https://www.ncbi.nlm.nih.gov/datasets/organelle/
https://doi.org/10.1111/cla.12361
https://doi.org/10.1080/23802359.2018.1532832
https://www.biodiversitylibrary.org/page/45474563
https://doi.org/10.1016/j.ympev.2015.07.011
https://doi.org/10.1016/j.ympev.2015.07.011
https://doi.org/10.1111/j.1463-6409.2009.00390.x
https://doi.org/10.1007/BF01215182
https://doi.org/10.1007/BF01215182
https://doi.org/10.1093/molbev/msy159
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029


zse.pensoft.net

Forestello, E. et al.: Mitogenome of Aylacostoma chloroticum and phylogeny of Cerithioidea366

Shokolenko I, Alexeyev M (2022) Mitochondrial DNA: consensus-
es and controversies. DNA 2: 131–148. https://doi.org/10.3390/
dna2020010

Simison WB, Boore JL (2008) Molluscan evolutionary genomics. In: 
Ponder WF, Lindberg DR (Eds) Phylogeny and evolution of the 
Mollusca. University of California Press, Los Angeles, 447–461. 
https://doi.org/10.1525/california/9780520250925.003.0017

Simone LRL (2001) Phylogenetic analysis of Cerithioidea (Mollusca: 
Caenogastropoda) based on comparative morphology. Arquivos de 
Zoologia 36: 147–263. https://doi.org/10.11606/issn.2176-7793.
v36i2p147-263

Simone LRL (2006) Land and freshwater molluscs of Brazil. EGB 
Fapesp, São Paulo, 390 pp.

Stelbrink B, Kehlmaier C, Wilke T, Albrecht C (2019) The near-com-
plete mitogenome of the critically endangered Pseudocleopatra 
dartevellei (Caenogastropoda: Paludomidae) from the Congo River 
assembled from historical museum material. Mitochondrial DNA. 
Part B, Resources 4: 3229–3231. https://doi.org/10.1080/23802359
.2019.1669081

Stelbrink B, Kehlmaier C, Clewing C, Wilke T, Albrecht C (2024) A ge-
netic snapshot before extinction: museomics reveals the phylogenet-
ic position of a critically endangered freshwater gastropod. Aquatic 
Conservation: Marine and Freshwater Ecosystem 34: e4226. https://
doi.org/10.1002/aqc.4226

Strong EE, Colgan DJ, Healy JM, Lydeard C, Ponder WF, Glaubrecht M 
(2011) Phylogeny of the gastropod superfamily Cerithioidea using 
morphology and molecules. Zoological Journal of the Linnean So-
ciety 162: 43–89. https://doi.org/10.1111/j.1096-3642.2010.00670.x

Sun S, Li Q, Kong L, Yu H (2018) Multiple reversals of strand asymme-
try in molluscs mitochondrial genomes, and consequences for phy-
logenetic inferences. Molecular Phylogenetics and Evolution 118: 
222–231. https://doi.org/10.1016/j.ympev.2017.10.009

Sweeney BA, Hoksza D, Nawrocki EP, Ribas CE, Madeira F, Cannone 
JJ, Gutell R, Maddala A, Meade CD, Williams LD, Petrov AS, Chan 
PP, Lowe TM, Finn RD, Petrov AI (2021) R2DT is a framework for 
predicting and visualising RNA secondary structure using templates. 
Nature Communications 12: 3494. https://doi.org/10.1038/s41467-
021-23555-5

Talavera C, Castresana J (2007) Improvement of phylogenies after 
removing divergent and ambiguously aligned blocks from protein 
sequence alignments. Systematic Biology 56: 564–577. https://doi.
org/10.1080/10635150701472164

Tamura K, Stecher G, Kumar S (2021) MEGA11: molecular evolution-
ary genetics analysis version 11. Molecular Biology and Evolution 
38: 3022–3027. https://doi.org/10.1093/molbev/msab120

Tillich M, Lehwark P, Pellizzer T, Ulbricht-Jones ES, Fischer A, 
Bock R, Greiner S (2017) GeSeq – versatile and accurate annota-
tion of organelle genomes. Nucleic Acids Research 45: W6–W11. 
https://doi.org/10.1093/nar/gkx391

Uribe JE, Zardoya R (2017) Revisiting the phylogeny of Cephalopoda 
using complete mitochondrial genomes. Journal of Molluscan Stud-
ies 83: 133–144. https://doi.org/10.1093/mollus/eyw052

Vogler RE (2013) The radula of the extinct freshwater snail Ayla-
costoma stigmaticum (Caenogastropoda: Thiaridae) from Ar-
gentina and Paraguay. Malacologia 56: 329–332. https://doi.
org/10.4002/040.056.0221

Vogler RE, Beltramino AA, Peso JG, Rumi A (2014) Threatened gastro-
pods under the evolutionary genetic species concept: redescription 

and new species of the genus Aylacostoma (Gastropoda: Thiaridae) 
from High Paraná River (Argentina-Paraguay). Zoological Jour-
nal of the Linnean Society 172: 501–520. https://doi.org/10.1111/
zoj12179

Vogler RE, Beltramino AA, Strong EE, Peso JG, Rumi A (2015) A phy-
logeographical perspective on the ex situ conservation of Aylacosto-
ma (Thiaridae, Gastropoda) from the High Paraná River (Argentina–
Paraguay). Zoological Journal of the Linnean Society 174: 487–499. 
https://doi.org/10.1111/zoj.12250

Vogler RE., Beltramino AA, Strong EE, Rumi A, Peso JG (2016) In-
sights into the evolutionary history of an extinct South American 
freshwater snail based on historical DNA. PLoS ONE 11: e0169191. 
https://doi.org/10.1371/journal.pone.0169191

Wei SJ, Shi M, Chen XX, Sharkey MJ, van Achterberg C, Ye GY, He 
JH (2010) New views on strand asymmetry in insect mitochondri-
al genomes. PLoS ONE 5: e12708. https://doi.org/10.1371/journal.
pone.0012708

Whelan NV, Strong EE (2016) Morphology, molecules and taxono-
my: extreme incongruence in pleurocerids (Gastropoda, Cerithi-
oidea, Pleuroceridae). Zoologica Scripta 45: 62–87. https://doi.
org/10.1111/zsc.12139

Xiang CY, Gao F, Jakovlić I, Lei HP, Hu Y, Zhang H, Zou H, Wang G-T, 
Zhang D (2023) Using PhyloSuite for molecular phylogeny and 
tree-based analyses. Imeta 2: e87. https://doi.org/10.1002/imt2.87

Xu Y, Zeng S, Meng Y, Yang D, Yang S (2024) The mitochondrial ge-
nome of Hua aristarchorum (Heude, 1889) (Gastropoda, Cerithi-
oidea, Semisulcospiridae) and its phylogenetic implications. Zoo-
Keys 1192: 237–255. https://doi.org/10.3897/zookeys.1192.116269

Yan C, Feng J, Ye Y, Li J, Guo B (2020a) The complete mitochondrial 
genome and phylogenetic analysis of Batillaria cumingi (Gastropo-
da: Batillariidae). Mitochondrial DNA. Part B, Resources 5: 2255–
2256. https://doi.org/10.1080/23802359.2020.1772685

Yan C, Feng J, Ye Y, Li J, Guo B (2020b) The complete mitochondrial 
genome and phylogenetic analysis of Batillaria zonalis (Gastropo-
da: Batillariidae). Mitochondrial DNA. Part B, Resources 5: 2256–
2257. https://doi.org/10.1080/23802359.2020.1772139

Yang S, Deng Z (2022) The complete mitochondrial genome of 
Cerithidea tonkiniana (Mabille, 1887) in Guangxi, China. Mito-
chondrial DNA. Part B, Resources 7: 669–670. https://doi.org/10.10
80/23802359.2021.2006813

Yin N, Zhao S, Huang XC, Ouyang S, Wu XP (2022) Complete mi-
tochondrial genome of the freshwater snail Tarebia granifera (La-
marck, 1816) (Gastropoda: Cerithioidea: Thiaridae). Mitochondrial 
DNA. Part B, Resources 7: 259–261. https://doi.org/10.1080/23802
359.2022.2026832

Zeng T, Yin W, Xia R, Fu C, Jin B (2015) Complete mitochondrial ge-
nome of a freshwater snail, Semisulcospira libertina (Cerithioidea: 
Semisulcospiridae). Mitochondrial DNA 26: 897–898. https://doi.or
g/10.3109/19401736.2013.861449

Zeng L, Wang Y, Zhang J, Wu C (2016) Complete mitochondrial ge-
nome of Turritella terebra bacillum. Mitochondrial DNA. Part B, 
Resources 1: 350–351. https://doi.org/10.1080/23802359.2016.114
4088

Zhang D, Gao F, Jakovlić I, Zou H, Zhang J, Li WX, Wang GT (2020) 
PhyloSuite: an integrated and scalable desktop platform for stream-
lined molecular sequence data management and evolutionary phy-
logenetics studies. Molecular Ecology Resources 20: 348–355. 
https://doi.org/10.1111/1755-0998.13096

https://doi.org/10.3390/dna2020010
https://doi.org/10.3390/dna2020010
https://doi.org/10.1525/california/9780520250925.003.0017
https://doi.org/10.11606/issn.2176-7793.v36i2p147-263
https://doi.org/10.11606/issn.2176-7793.v36i2p147-263
https://doi.org/10.1080/23802359.2019.1669081
https://doi.org/10.1080/23802359.2019.1669081
https://doi.org/10.1002/aqc.4226
https://doi.org/10.1002/aqc.4226
https://doi.org/10.1111/j.1096-3642.2010.00670.x
https://doi.org/10.1016/j.ympev.2017.10.009
https://doi.org/10.1038/s41467-021-23555-5
https://doi.org/10.1038/s41467-021-23555-5
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1080/10635150701472164
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/nar/gkx391
https://doi.org/10.1093/mollus/eyw052
https://doi.org/10.4002/040.056.0221
https://doi.org/10.4002/040.056.0221
https://doi.org/10.1111/zoj12179
https://doi.org/10.1111/zoj12179
https://doi.org/10.1111/zoj.12250
https://doi.org/10.1371/journal.pone.0169191
https://doi.org/10.1371/journal.pone.0012708
https://doi.org/10.1371/journal.pone.0012708
https://doi.org/10.1111/zsc.12139
https://doi.org/10.1111/zsc.12139
https://doi.org/10.1002/imt2.87
https://doi.org/10.3897/zookeys.1192.116269
https://doi.org/10.1080/23802359.2020.1772685
https://doi.org/10.1080/23802359.2020.1772139
https://doi.org/10.1080/23802359.2021.2006813
https://doi.org/10.1080/23802359.2021.2006813
https://doi.org/10.1080/23802359.2022.2026832
https://doi.org/10.1080/23802359.2022.2026832
https://doi.org/10.3109/19401736.2013.861449
https://doi.org/10.3109/19401736.2013.861449
https://doi.org/10.1080/23802359.2016.1144088
https://doi.org/10.1080/23802359.2016.1144088
https://doi.org/10.1111/1755-0998.13096


Zoosyst. Evol. 101 (1) 2025, 353–368

zse.pensoft.net

367

Supplementary material 1
Structural features of mitochondrial 
genomes in 19 representatives of the 
Cerithioidea superfamily

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Copyright notice: This dataset is made available under 

the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl1

Supplementary material 2
List of species of Cerithioidea used in 
phylogenetic analyses based on mitogenomes

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Explanation note: The species names and families are 

presented according to MolluscaBase (2024).
Copyright notice: This dataset is made available under 

the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl2

Supplementary material 3
Evolutionary models used in the 
phylogenetic reconstructions based on 
mitogenomes

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Explanation note: The positions within codons are indi-

cated by numbers 1, 2, and 3.
Copyright notice: This dataset is made available under 

the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl3

Supplementary material 4
List of Cerithioidea species and their 
corresponding accession numbers used in 
phylogenetic analyses based on 16S-rRNA 
and 28S-rRNA gene sequences

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Explanation note: The species names and families are 

presented according to MolluscaBase (2024).
Copyright notice: This dataset is made available under 

the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl4

http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl2
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl3
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl4


zse.pensoft.net

Forestello, E. et al.: Mitogenome of Aylacostoma chloroticum and phylogeny of Cerithioidea368

Supplementary material 5
Relative Synonymous Codon Usage (RSCU) 
of protein-coding genes in the mitogenome 
of Aylacostoma chloroticum

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Copyright notice: This dataset is made available under 

the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl5

Supplementary material 6
Additional images

Authors: Emanuel Forestello, Ariel A. Beltramino, Juana 
G. Peso, Roberto E. Vogler

Data type: docx
Explanation note: fig. S1. Putative secondary structure 

of the 22 tRNA genes of Aylacostoma chloroticum. 
Conventional Watson-Crick pairings are represented 
by lines, and non-canonical G-U pairings are depict-
ed with a dot (•). fig. S2. Inferred secondary structure 
of the 5' end of the 16S-rRNA gene of Aylacostoma 
chloroticum. The domains I, II, and III are depicted. 
Conventional Watson-Crick pairings are represented 
by lines, and non-canonical G-U pairings are indicat-
ed with a dot (•). A stem unique to A. chloroticum is 
highlighted in color. fig. S3. Inferred secondary struc-
ture of the 3' end of the 16S-rRNA gene of Aylacostoma 
chloroticum. The domains IV, V, and VI are depicted. 
Conventional Watson-Crick pairings are represented 
by lines, and non-canonical G-U pairings are indicat-
ed with a dot (•). fig. S4. Predicted secondary struc-
ture of the 12S-rRNA gene of A. chloroticum. The four 
typical domains (I to IV) are depicted. Conventional 
Watson-Crick pairings are represented by lines, and 
non-canonical G-U pairings are indicated with a dot (•). 

Copyright notice: This dataset is made available under 
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow us-
ers to freely share, modify, and use this Dataset while 
maintaining this same freedom for others, provided 
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/zse.101.142841.suppl6

http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl5
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/zse.101.142841.suppl6

	The mitochondrial genome of the threatened freshwater snail Aylacostoma chloroticum (Gastropoda, Hemisinidae) from the High Paraná River and the phylogenetic relationships of Cerithioidea
	Abstract
	Introduction
	Materials and methods
	Sample, DNA extraction and sequencing
	Mitogenome assembly and annotation
	Secondary structure models of tRNAs and rRNAs
	Phylogenetic analyses

	Results
	Structure and nucleotide composition of the mitogenome
	Protein-coding genes and codon usage
	Ribosomal and transfer RNA genes
	Phylogenetic analyses and gene organization

	Discussion
	Conclusion
	Acknowledgments
	References
	Supplementary material 1
	Structural features of mitochondrial genomes in 19 representatives of the Cerithioidea superfamily

	Supplementary material 2
	List of species of Cerithioidea used in phylogenetic analyses based on mitogenomes

	Supplementary material 3
	Evolutionary models used in the phylogenetic reconstructions based on mitogenomes

	Supplementary material 4
	List of Cerithioidea species and their corresponding accession numbers used in phylogenetic analyses based on 16S-rRNA and 28S-rRNA gene sequences

	Supplementary material 5
	Relative Synonymous Codon Usage (RSCU) of protein-coding genes in the mitogenome of Aylacostoma chloroticum

	Supplementary material 6
	Additional images


