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Abstract: 

In this study, we report the whole mitochondrial genomes of two species, Meghimatium 

bilineatum and Succinea arundinetorum, which belong to Stylommatophora, one of the 

most abundant orders of Gastropoda. The total sizes of M. bilineatum and S. 

arundinetorum mitogenomes are 14,352 bp and 15,282 bp, with surprisingly biased 

proportions of A+T contents that reach to 72.1% and 76.78%, respectively. The protein 

coding genes (PCGs) in two mitogenomes show negative AT skew values and evolved 

primarily under purifying selection. Compared with the ancestor of stylommatophora, 

the mitochondrial genes of M. bilineatum exhibited multiple rearrangement events 

while the mitochondrial genes of S. arundinetorum showed only minor differences. 

Moreover, the order of PCGs were conserved while the tRNA genes showed high 

frequency of rearrangement among the stylommatophoran species, suggesting that the 

latter could be one of the major driving forces of mitogenomic evolution in terrestrial 

molluska species. Our research lays a theoretical foundation for investigating the 

evolution and divergence of mitochondrial genes and provides valuable resources for 

studying evolutionary genetics in stylommatophoran species. 

Keywords: Gastropoda, Mitogenomes, Stylommatophora, Rearrangement 

 

1. Introduction 

Terrestrial gastropods mainly include species of Neritimorpha, Caenogastropoda, and 

Heterobranchia (Bouchet et al. 2017), which are general name of mollusks living on 
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land. Terrestrial molluskas are important soil animals and mainly live in humid and 

humic soil, plant roots, and rock crevices. They are important links along food chains 

and play important roles in stability of ecosystems (Prezio et al. 1999; Ponder and 

Winston 2008). Terrestrial gastropods originated in the early Cambrian, and they are 

not a monophyletic group but evolved from multiple marine lineages (Ejka and 

Hamerlik 2010). Due to slow movement and limited active dispersal ability, terrestrial 

molluskas are susceptible to environmental changes and can be used as an indicator 

species of environmental changes(Lydeard et al. ; Sinos and Moysis 2004). The 

diversity of terrestrial gastropods is extremely rich, and approximately 30,000 species 

of terrestrial molluska have been recorded worldwide (Ponder and Winston 2008). 

Mitochondria are organelles that are present in most cells with a double membrane, 

exhibiting rod-like or grainy shapes(Anand and Tikoo 2013). As the power factory of 

cell, mitochondria are main sites for oxidative phosphorylation and synthesis of 

adenosine triphosphate (ATP) (Zazueta et al. 2013). As a semiautonomous organelle, 

mitochondria have a mitogenome independent of nuclear genome, which can encode 

its own rRNA, tRNA and proteins (Aguileta et al. 2014). The mitogenome is a closed 

circular double-stranded DNA molecule that consists of one control region and 37 

mitochondrial genes, including 22 tRNAs, 13 protein-coding genes (PCGs), and 2 

rRNAs. The PCGs include nad1, nad2, nad3, nad4, nad5, nad4 L and nad6 genes that 

control mitochondrial NADH synthesis, and atp8, atp6 that synthesize ATP synthetase, 

and cox1, cox2, and cox3 genes that comprise the core of the cytochrome c oxidase 

complex("Mam33 promotes cytochrome c oxidase subunit I translation in 

Saccharomyces cerevisiae mitochondria %J Molecular Biology of the Cell"  2015), 

and cob genes that transferring electrons(Zhao et al. 2012). The mitochondrial PCGs 

are essential for normal life activities of cells, and the mitochondrial tRNAs enable 

mitochondria to translate proteins independently (A 2000; Zhao et al. 2012). In addition, 

the two rRNAs are important components of mitochondrial ribosomes. Mitochondrial 

genes are distributed on the heavy strand (H strand) and light strand (L strand) that are 

enriched with guanine (G) and cytosine (C), respectively. Most of the mitochondrial 

genes are encoded by the H strand. Both the H and L strands can be transcribed into 

long transcripts, and transcription is initiated by light-strand promoters (LSPs) and 

heavy-strand promoters (HSPs) (Nicholls and Minczuk 2014). 

The control region of mitogenome lies between the L chain of the tRNAPro gene 

and the H chain of the tRNAPhe gene. This region consists of promoter, original 

replication site, and various regulatory elements (D and A 1984; E and A 1985). The 

control region is also called displacement-loop (D-loop) area because the newly 

duplicated H chain can replace the original H chain and lead to displacement and 

formation of a ring structure (Iyengar et al. 2006). According to the previous reports, 

the D-loop is under weak selective pressure and has a faster rate of evolution 
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(Davidović et al. 2022). Moreover, the control region can form a triple-stranded 

structure due to presence of 7S DNA (Walberg and Clayton 1981). Previous studies 

have suggested that the control region is involved in mitochondrial transcription and 

replication. Previous studies concerning the control regions in human and mouse 

mitochondrial DNA have shown that short mitochondrial transcripts originating from 

TISL are served as primers to initiate the synthesis of nascent H strands (Eva and Nenad 

2021). According to the previous reports, variable numbers of tandem repeats (VNTRs) 

in control region could be the main factor leading to different length of mitogenomes 

among individuals or species (DAVID et al. 1998; Vives-Bauza et al. 2009; Stoccoro et 

al. 2021). 

Recent improvement of sequencing technology has enabled mitogenome-wide 

sequencing for stylommatophoran species. To date, the mitochondrial genomes of 60 

stylommatophoran species has been published. Previous studies have revealed several 

rearrangement events in the mitochondrial genomes of stylommatophora species 

(Groenenberg et al. 2017), such as Helixpomatia (Korábek et al. 2019), Meghimatium 

bilineatum (Xie et al. 2019), and Arion vulgaris (Özgül et al. 2020). Rearrangement of 

mitogenome can be served as a useful marker for phylogenetic analysis. However, 

limitation of the available mitogenomes resources make it difficult to characterize 

mitogenomic rearrangement events among stylommatophoran species. Therefore, it’s 

urgent need to expand the resource of mitogenomes for Stylommatophora. To this end, 

we provided the completely high-quality mitogenomes for two stylommatophoran 

species, Succinea arundinetorum and Meghimatium bilineatum. Comparative 

mitogenomic analysis among 23 stylommatophoran species uncovered several 

mitogenome rearrangement events. Our analysis provides valuable resources and lays 

theoretical foundation for further studying evolution and divergence of 

stylommatophoran species. 

 

2. Materials and methods 

2.1. Sample Collection, DNA Extraction, and Sequencing 

The sample of M. bilineatum and S. arundinetorum were collected in Yancheng city, 

Jiangsu, China (120°16′ N, 33°38′ E). Total genomic DNA was extracted from muscle 

tissue using the Qiagen QIAamp tissue kit according to the manufacturer’s protocol and 

stored at -20 °C before sequencing. The DNA of two species was submitted to Frasergen 

Bioinformatics Co., Ltd. (Wuhan, China) for Illumina PE library construction and high-

throughput sequencing. Two stylommatophorans species sequences were performed on 

an MGI-SEQ 2000 platform, and each library generated approximately 60 Gb of raw 

data. 

 

2.2. Gene assembly, annotation, and sequence analysis 
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The raw reads were subject to quality control by removing low-quality and 

contaminated reads, and reads with high ‘N’ ratio, and adapter sequences. After that, 

the clean reads were de novo assembled using SPAdes software (Bankevich et al.). The 

Circular Consensus Sequencing (HiFi) data were used for error correction. The 

mitogenomes were annotated with the vertebrate mitochondrial code using MITOS 

(Donath et al.). The structures of 22 tRNAs were determined using tRNA-scan 2.0 

(Chan et al. 2021), and the tRNA structures were mapped by the online web software 

Forna (Kerpedjiev et al. 2015). Start and stop codons were confirmed using previously 

published Neritidae mitogenomes as references (Liu et al. 2015; Xie et al. 2019). The 

circular map of the mitochondrial genome was produced by using OGDRAW v1.3.1 

(Stephan et al. 2019). The nucleotide compositions, average nucleotide, amino acid 

sequence divergences, and the relative synonymous codon usages (RSCU) of PCGs 

were computed using MEGA v7.0. The strand asymmetries were calculated according 

to the following formulas: AT-skew = [A-T]/[A+T] and GC-skew = [G-C]/[G+C] 

(Alexandre et al.). To investigate evolutionary adaptation, rates of nonsynonymous (Ka) 

and synonymous (Ks) substitutions in the mitogenomes of all Neritidae species were 

estimated with TBtools (Chen et al. 2018). Repeat sequences were identified using 

VMatch v2.3.0 (http://www.vmatch.de/) software combined with Python scripts (Wynn 

and Christensen 2019). 

 

2.3. Phylogenetic analyses and divergence time estimation. 

Phylogenetic analyses were performed by using the concatenated alignment of 13 PCGs 

covering 23 gastropod species from seventeen families of three orders 

(Stylommatophora, Systellommatophora, and Basommatophora), and Rhopalocaulis 

grandidieri (Systellommatophora) and Auriculastra duplicate (Basommatophora) were 

selected as the outgroup (Suppl. material 1). The CDS and amino acids of PCGs were 

aligned using MAFFT software (Kazutaka et al. 2013), the conserved blocks were 

extracted by GBlocks (Dereeper et al. 2010), and the best model of protein evolution 

was determined by ProtTest (Posada 2011) software. Phylogenetic trees were 

reconstructed using BI and ML methods. 

Estimation of divergence times were based on amino acids (13 PCGs). For 

divergence time calibration, two calibration points were used as the prior for the 

corresponding split divergence time. The most recent common ancestor (MRCA) of 

Albinaria caerulea and Cornu aspersum commune diverged 269 MYA; the MRCA of 

Camaena cicatricosa and C. aspersum diverged 197 MYA. The divergence time of 

other nodes was calculated by r8s (Sanderson and davis 2004) software with the TN 

algorithm, PL method, and the smoothing parameter value was set to 1000 through 

cross-validation. 
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2.4. Gene rearrangement 

Mitogenome organizations and gene rearrangements of stylommatophoran species 

were analyzed via the CREx web server (Bernt et al. 2007). This method compares two 

genomes and determines the most parsimonious scenario that has led to the observed 

rearrangement accounting for duplication reversals, transpositions, or other events. We 

considered the gene order of Achatina fulica to be the ancestral gene order of 

stylommatophorans. Based on this method, we conducted pairwise comparisons of 

mitogenomes to reconstruct genome rearrangement events. 

 

3. Results and discussion 

3.1. Genome structural features and organization 

Total sizes of S. arundinetorum and M. bilineatum mitogenomes are 15,282 bp and 

14,352 bp, respectively (GenBank accessions OP289102 and OP311642) (Table 1), 

which are similar with the sizes of other stylommatophoran species that range from 

13,798 bp for Camaena poyuensis to 16,323 bp for Achatinella mustelina [22]. The two 

mitochondrial genomes show similar structure, including the circular molecules 

encoding 13 protein-coding genes, 2 rRNAs, and 22 tRNAs, as well as one typical 

control region characterized by most of the land snails. Furthermore, 9 PCGs (cob, cox1, 

cox2, nad1, nad2, nad4, nad4 L, nad5, nad6), 12 tRNA genes (trnA, trnC, trnD, trnF-

trnL1, trnP, trnS L, trnV), one rRNA gene (rrnL), and the control region are located on 

the light strand (L-strand). The other mitochondrial genes are located on the H-strand 

in same orientation, excepting for trnW and trnY in S. arundinetorum that are located 

on the heavy strand (H-strand) in reversed orientation (Fig. 1). 

Similar with other stylommatophoran species, the mitogenomes of M. bilineatum and 

S. arundinetorum showed the high A+T contents, which reach to 72.1% and 76.78%, 

respectively (Suppl. material 3) (Feng et al.). Moreover, the AT skew values are -0.12 

(S. arundinetorum) and -0.094 (M. bilineatum), and GC skew values are 0.047 (S. 

arundinetorum) and 0.019 (M. bilineatum). This result indicated the higher ratios of T 

or G than A and C nucleotides (Table 2 and Suppl. material 3), which is consistent with 

the previous studies (Özgül et al. 2020). Additionally, 13 genes in S. arundinetorum and 

18 genes in M. bilineatum showed a certain extent of overlaps with nearby genes, with 

overlapped length ranging from 7 bp to 29 bp and 1 bp to 40 bp, respectively. Totally, 

we identified 105 bp and 172 bp intergenic sequences in two mitogenomes, with length 

ranging from 1 bp to 46 bp and 1 bp to 70 bp, respectively (Table 1). 

 

3.2. Protein-Coding Genes, rRNA Genes, and Codon Usage 

Among the 13 PCGs, the largest gene is nad5 (1674 bp in S. arundinetorum and 1626 

bp in M. bilineatum) and the smallest gene is atp8 (147 bp and 159 bp), which is 

consistent with the previous studies (Feng et al.). The AT skew values of 13 PCGs were 
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almost negative, while their GC skew values were almost positive. ‘ATG’, ‘ATA’, 

‘ATT’, and ‘TTG’ were used as the start codons except the nad4l in S. arundinetorum 

that displayed incomplete start codon and the atp8 in M. bilineatum that started with 

‘GTG’. Most of the PCGs stop with TAG or TAA, excepting for the cox2, cox3, nad2 

in M. bilineatum and the nad2, nad4 in S. arundinetorum that used a single T-- or TA- 

as stop codons (Table 1). 

Then, we performed Ka/Ks analysis for 12 PCGs to estimate the evolutionary-

selection constraints on two species (no value was calculated for the atp8). The Ka/Ks 

ratios of all PCGs are less than 1, indicating that these genes were evolving primarily 

under purifying selection. The Ka/Ks ratios of the nad2, nad3, nad4, and nad6 in M. 

bilineatum and the nad4l in S. arundinetorum are greater than 0.5 (Suppl. material 7, 

Suppl. material 2), suggesting that these genes received less pressure from purification 

and evolved relatively more quickly. The cox1 has the lowest Ka/Ks ratio in both two 

species and only minor alteration in protein sequence was observed. This gene is also 

widely used as a molecular marker for species identification and phylogenetic analysis 

(Astrin et al. 2016). Most of the PCGs (except the atp8) in both mitogenomes have 

negative AT-skew values. As for their GC skew values, seven PCGs (cox1, cox2, nad1-

nad3, nad4 L, nad6) have positive GC skew values and two genes (atp6 and atp8) show 

negative values. 

The lengths of mitochondrial tRNA genes are similar in the two mitogenomes. The 

nucleotide composition of tRNA genes are biased toward A and T (Suppl. material 8, 

Table2). Consistent with other gastropodous species, majority of the tRNAs have 

negative AT skew values and positive GC skew values (Suppl. material 8) (Feng et al. ; 

Korábek et al. 2019). The highest frequency of amino acids usage by PCGs were Leu2, 

Phe, Gly, Ala Val, and Ile (Fig. 3) and the lowest frequency of amino acids usage was 

Arg, which is similar with other gastropodous species (Feng et al. ; Özgül et al. 2020). 

Moreover, the most frequently used codons were TTA (Leu), ATT (Lie), TTT (Phe), 

and ATA (Met) that are composed of A/T nucleotides (Fig. 3 and Suppl. material 4). 

 

3.3. The Interspersed Repeat and Control Region 

Four types of interspersed repeat, including forward, palindromic, reverse, and 

complement, were identified in the two mitogenomes. We noticed that the contents of 

interspersed repeat in S. arundinetorum is significantly higher than M. bilineatum 

(Suppl. material 9). The mitochondrial control region (CR) of S. arundinetorum and M. 

bilineatum were located between trnK (Lys) and trnV (Val), and trnQ (Gln) and trnC 

(Cys), respectively (Fig. 1). The length of CR in S. arundinetorum is obviously longer 

than M. bilineatum (1,243 bp versus 411 bp), suggesting that the former has a more 

complicated mitochondrial CR. Similarly, the nucleotide composition of CR was biased 

toward A and T in both mitogenomes, with proportions of 78.92% in S. arundinetorum 
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and 76.16% in M. bilineatum. 

 

3.4. Phylogenetic Analysis and Divergence Times 

To phylogenetically analyze the two systellommatophoran species, we selected 21 

additional gastropod species with published mitogenomes for construction of 

phylogenetic tree. Among them, Rhopalocaulis grandidieri (Systellommatophora) and 

Auriculastra duplicate (Basommatophora) were selected as the outgroup. Then, we 

performed Maximum likelihood (ML) and Bayesian inference (BI) analyses based on 

the 13 PCGs of these species, which produced almost identical topologies with strong 

bootstrap and posterior probability values (Fig. 4, Suppl. material 10, and Suppl. 

material 11). According to the phylogenetic tree, the stylommatophoran species were 

clustered on the same branch and can be divided into five major subclades. Consistent 

with previous studies, family Philomycidae, Arionidae, and Oreohelicidae were 

phylogenetically closed, and the M. bilineatum and Philomycus bilineatus were 

clustered together (Tiezhu et al. 2019; Özgül et al. 2020). S. arundinetorum, S. putris, 

and O. wujiaquensis belonging to Succineidae were grouped together, and S. 

arundinetorum and O. wujiaquensis are phylogenetically more closed. 

The time-calibrated phylogeny indicated that Stylommatophora diverged from 

Systellommatophora and Basommatophora approximately 317.17 million years ago 

(Mya) (Fig. 4), which is complying with the previous study(Guo et al. 2019). 

Succineidae diverged from other Stylommatophora species about 258.87 Mya ago, and 

S. arundinetorum and O. wujiaquensis were differentiated about 13.20 Mya ago. 

Philomycidae originated approximately 198.08 Mya ago, and M. bilineatum and P. 

bilineatus were divergent about 15.39 Mya ago. Based on the time-calibrated 

phylogenetic tree, Stylommatophora was divergent properly around 200 to 300 Mya 

ago that match the Triassic Period in the Earth. During this period, the climate was more 

appropriate and the Earth underwent outbreak of speciation, including cephalopods, 

crustaceans, fish, amphibians, reptiles, speculations, terrestrial snail and so on (Zhen et 

al. 2022). 

 

3.5. Mitochondrial gene order and rearrangements 

According to the previous report, mitochondrial gene rearrangements were commonly 

occurred in gastropods species(Kearse et al. 2012) . To study the order of mitochondrial 

genes in M. bilineatum and S. arundinetorum, we designated the gene order in Achatina 

fulica mitogenome as the ancestral pattern of Stylommatophora because it displayed 

same gene order with the outgroups (Rhopalocaulis grandidieri and Auriculastra 

duplicate). Overall, we observed 4 unique PCG orders in the mitogenomes of the 23 

species analyzed in this study (Fig. 5). Noticeably, the order of mitochondrial PCGs in 

M. bilineatum is identical with Philomycus bilineatus while displays great differences 
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with the other species. We speculated that the mitochondrial PCGs in M. bilineatum had 

experienced four successive inversion arrangements (nad6-nad5-nad1-nad4L vs. cob-

cox2-atp8-atp6, cox3 vs. nad4, cox2 vs. atp8-atp6, and cox2 vs. cox3) (Fig. 6).  

When considered all types of genes, we identified 15 types of gene orders in the 

mitogenomes of the 23 species, indicating the higher frequency of gene rearrangements 

for the tRNAs. Compared with the ancestral species, three tRNA inversions occurred 

in S. arundinetorum (trnD-trnC vs. trnF, trnG-trnH-trnQ-trnl2-atp8-trnN-atp6-trnR-

trnE-12S-trnM-nad3-trnS2 vs. trnY-trnW, and trnL1-trnA vs. trnP). Furthermore, we 

also observed three tRNA inversions in Punctum randolphii (trnS1-nad4 vs. trnT-cox3, 

trnG-trnH vs. trnQ-trnL2-atp8-trnN-atp6-trnR-trnE-12S-trnM-nad3-trnS2-trnT-cox3, 

trnP vs. trnA) and Arion ater (trnL2-atp8-trnN-atp6-trnR vs. trnE-12S-trnM, trnA vs. 

trnP, trnE vs. trnQ) (Fig. 6). 

Compared to other stylommatophoran species, M. bilineatum displays higher frequency 

of both PCG and tRNA rearrangements. For example, compared with A. fulica, five 

large-scale gene rearrangement events (trnP-nad6-nad5-nad1-nad4 L vs. cob-trnD-

trnC-trnF-cox2-trnY-trnW-trnG-trnH-trnQ-trnL2-atp8-trnN-atp6-trnR-trnE-12S-trnM, 

trnL2-ATP8-trnN-ATP6-trnR-trnE-12S-trnM vs. cox2-trnY-trnW-trnG-trnH-trnQ, 

trnS2-trnS1-nad4 vs. trnT-cox3, cox2-trnY-trnW-trnG-trnH-trnQ vs. trnP-nad6-nad5-

nad1-nad4 L-nad3, trnL1 vs. 16S) were observed (Fig. 6)(Tiezhu et al. 2019; Xie et al. 

2019). In addition, some gene clusters, such as nad6-nad5-nad1-nad4 L, trnY-trnW, 

trnG-trnH, and trnI-nad2-trnK, are conserved in these mitochondrial genomes, which 

can be served as a synapomorphy for the terrestrial molluska species.  

4. Conclusion 

In this study, we provided and characterized the complete mitogenomes of two 

stylommatophoran species, S. arundinetorum and M. bilineatum. The sizes of two 

mitogenomes are 14,352 bp and 15,282 bp, respectively. The Ka/Ks ratio of 

mitochondrial genes indicated that the two species were mainly subjected to purifying 

selection. The longer control region due to the higher interspersed repeat contents in 

the mitogenome of S. arundinetorum than M. bilineatum suggested the more 

complicated gene expression regulation in S. arundinetorum mitogenome. The time-

calibrated phylogeny analysis revealed the five major clades of stylommatophoran 

species that were divergent properly around 200 to 300 Mya ago. Comparing with the 

stylommatophoran ancestor, both the PCGs and tRNAs in the mitogenome of M. 

bilineatum have experienced multiple rounds of gene rearrangements. Moreover, the 

frequencies of tRNA and rRNA rearrangement are higher than PCGs. Our analysis 

provides valuable resources and theoretical foundation for investigating the evolution 

and divergence of stylommatophoran species  
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Fig. 1. Mitogenome organization of M. billineatum and S. arundinetorum. Genes 

transcribed from the J and N strands are shown outside and inside of the circle, 

respectively. PCGs coding complex I, complex III, and complex IV components are 

marked with cyan, yellow and green, respectively. rRNA genes are colored red and the 

ATP synthase is colored yellow, while tRNA genes are colored purple and labeled by 

the single-letter amino acid code. 

 

Fig. 2. Amino acid frequency in the mitogenomes of M. billineatum and S. 

arundinetorum. 

 

Fig. 3. The relative synonymous codon usage (RSCU) values of S. arundinetorum 

and M. billineatum respectively. The outermost cylinder height is the RSCU value, 

the inner layer is the amino acid, and the innermost three layers are the codons. 

 

Fig. 4 The phylogenetic tree of Gastropoda was inferred from 13 protein genes. 

Nodes are labeled with numbers referring to divergence time. 

 

Fig. 5. The gene rearrangements in the Gastropoda mitogenomes. Genes encoded 

by the minor strand are underlined. 

 

Fig. 6. Restriction of mitochondrial gene rearrangement scenarios. The ancestral 

mitochondrial gene arrangement of A. fulica. The tRNA genes are represented by amino 

acid abbreviations. 
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Table 1. Summary of gene/element feature of S. arundinetorum and M. billineatum. 

Gene Position start Poistion end Size (bp) 
Intervening 

spacer (bp)* 
Start codon 

Stop 

codon 
Strand 

 Succinea arundinetorum / Meghimatium billineatum   

atp6 9831/4205 10487/4855 657/651 -4/-8 ATG/ATG TAA/TAA H/H 

atp8 9619/4003 9765/4161 147/159 -32/3 ATG/GTG TAA/TAA H/H 

cob 7483/2717 8577/3799 1095/1083 -20/7 ATA/ATG TAA/TAA L/L 

cox1 1/1 1530/1527 1530/1527 0/0 TTG/TTG TAA/TAA L/L 

cox2 8768/11062 9412/11726 645/665 0/-8 TTG/ATA TAA/TA- L/L 

cox3 13387/5899 14169/6679 783/781 3/0 ATG/ATG TAA/T-- H/H 

nad1 6310/8997 7221/9920 912/924 -25/-7 ATT/ATG TAA/TAA L/L 

nad2 14247/13416 15231/14295 985/880 -40/3 ATG/ATG T--/T-- L/L 

nad3 11394/10252 11747/10593 354/342 -7/16 ATA/ATG TAA/TAA H/H 

nad4 12008/12044 13312/13348 1305/1305 0/3 T--/ATG T--/TAA L/L 

nad4l 7221/9892 7502/10182 282/291 -1/-29 ATG/ATT TAA/TAG L/L 

nad5 4661/7378 6334/9003 1674/1626 -5/9 ATT/ATT TAA/TAG L/L 

nad6 4228/6901 4665/7368 438/468 28/21 ATT/ATT TAA/TAA L/L 

rrnL 2838/1528 4007/2581 1170/1054 0/0   L/L 

rrnS 10621/4991 11333/5704 713/714 0/0   H/H 

trnA 4133/2647 4199/2709 67/63 -4/2   L/L 

trnC 8703/11005 8767/11069 65/65 -5/0   L/L 

trnD 8645/3875 8707/3940 63/66 2/3   L/L 

trnE 10555/4927 10620/4990 66/64 0/7   L/L 

trnF 8579/3806 8642/3871 64/66 1/6   L/L 

trnG 9413/11863 9486/11926 74/64 0/10   L/L 

trnH 9467/11918 9533/11982 67/65 -20/-9   L/L 

trnI 14216/13350 14286/13412 71/63 46/1   L/L 

trnK 15232/14296 15282/14352 51/57 0/0   L/L 

trnL1 4072/2582 4136/2644 65/63 -3/0   L/L 

trnL2 9567/3939 9650/3999 84/61 -28/-2   H/H 

trnM 11334/5705 11400/5768 67/64 0/0   H/H 

trnN 9770/4163 9834/4212 65/50 4/1   H/H 

trnP 4008/6814 4074/6879 67/66 0/1   L/L 

trnQ 9535/10175 9594/10235 60/61 1/-8   H/H 

trnR 10491/4856 10554/4919 64/64 3/0   H/H 

trnS1 11949/11983 12007/12040 59/58 8/0   L/L 

trnS2 11752/5769 11811/5827 60/59 4/0   H/H 

trnT 13313/5829 13383/5898 71/70 0/1   H/H 

trnV 2774/6750 2837/6812 64/63 0/70   L/L 

trnW 11871/11796 11940/11852 70/57 5/8   H/L 

trnY 11812/11727 11865/11787 54/61 0/0   H/L 

D-loop 1531/10594 2773/11004 1243/411 0/0   L/L 
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Table 2. Composition and skewness of S. arundinetorum and M. bilineatum. 

Gene A C G T A+T (%) G+C (%)  AT-Skew GC-Skew Length (bp) 

Succinea arundinetorum / Meghimatium bilineatum  

atp6 214/191 91/94 75/86 277/280 0.7473/0.7235 0.2527/0.2765 -0.13/-0.19 -0.1/-0.04 657/651 

atp8 59/60 19/23 12/21 57/55 0.7891/0.7233 0.2109/0.2767 0.02/0.04 -0.23/-0.05 147/159 

cob 314/288 136/165 151/150 494/480 0.7379/0.7091 0.2621/0.2909 -0.22/-0.25 0.05/-0.05 1095/1083 

cox1 401/438 210/219 260/245 659/625 0.6928/0.6961 0.3072/0.3039 -0.24/-0.18 0.11/0.06 1530/1527 

cox2 202/207 84/94 100/114 259/250 0.7147/0.6872 0.2853/0.3128 -0.12/-0.09 0.09/0.1 645/665 

cox3 233/207 106/119 118/133 326/322 0.7139/0.6773 0.2861/0.3227 -0.17/-0.22 0.05/0.06 783/781 

D-loop 436/140 161/50 101/48 545/173 0.7892/0.7616 0.2108/0.2384 -0.11/-0.11 -0.23/-0.02 1243/411 

nad1 277/246 90/124 117/158 428/396 0.773/0.6948 0.227/0.3052 -0.21/-0.23 0.13/0.12 912/924 

nad2 306/261 82/109 98/123 499/387 0.8173/0.7364 0.1827/0.2636 -0.24/-0.19 0.09/0.06 985/880 

nad3 118/100 34/32 36/53 166/157 0.8023/0.7515 0.1977/0.2485 -0.17/-0.22 0.03/0.25 354/342 

nad4 412/416 127/180 145/168 621/541 0.7916/0.7333 0.2084/0.2667 -0.2/-0.13 0.07/-0.03 1/1305 

nad4l 83/94 17/33 34/34 148/130 0.8191/0.7698 0.1809/0.2302 -0.28/-0.16 0.33/0.01 282/291 

nad5 524/457 165/222 192/216 793/731 0.7867/0.7306 0.2133/0.2694 -0.2/-0.23 0.08/-0.01 1674/1626 

nad6 151/141 30/56 41/63 216/208 0.8379/0.7457 0.1621/0.2543 -0.18/-0.19 0.15/0.06 438/468 

rrnL 461/390 111/125 127/162 471/377 0.7966/0.7277 0.2034/0.2723 -0.01/0.02 0.07/0.13 1170/1054 

rrnS 301/272 70/91 86/114 256/237 0.7812/0.7129 0.2188/0.2871 0.08/0.07 0.1/0.11 713/714 

trnA 23/25 2009/6 2014/8 21/27 0.6567/0.7879 0.3433/0.2121 0.05/-0.04 0.22/0.14 67/63 

trnC 27/14 2005/10 2008/11 25/29 0.8/0.6719 0.2/0.3281 0.04/-0.35 0.23/0.05 65/65 

trnD 26/18 2002/5 2004/5 31/22 0.9048/0.8 0.0952/0.2 -0.09/-0.1 0.33/0 63/66 

trnE 31/24 2006/6 2003/9 26/22 0.8636/0.7541 0.1364/0.2459 0.09/0.04 -0.33/0.2 66/64 

trnF 25/20 2008/10 10/13 21/18 0.7188/0.623 0.2813/0.377 0.09/0.05 0.11/0.13 64/66 

trnG 29/20 2010/7 2010/7 25/30 0.7297/0.7813 0.2703/0.2188 0.07/-0.2 0/0 74/64 

trnH 24/21 7/13 2010/9 26/21 0.7463/0.6563 0.2537/0.3438 -0.04/0 0.18/-0.18 67/65 

trnI 22/22 2012/7 2014/12 23/22 0.6338/0.6984 0.3662/0.3016 -0.02/0 0.08/0.26 71/63 

trnK 21/16 2004/7 2004/8 22/26 0.8431/0.7368 0.1569/0.2632 -0.02/-0.24 0/0.07 51/57 

trnL1 25/25 2005/8 2012/10 23/23 0.7385/0.7273 0.2615/0.2727 0.04/0.04 0.41/0.11 65/63 

trnL2 22/21 2014/10 2017/11 31/28 0.631/0.7 0.369/0.3 -0.17/-0.14 0.1/0.05 84/61 

trnM 30/27 2008/7 2006/7 23/24 0.791/0.7846 0.209/0.2154 0.13/0.06 -0.14/0 67/64 

trnN 23/25 2008/4 2007/7 27/27 0.7692/0.8254 0.2308/0.1746 -0.08/-0.04 -0.07/0.27 65/50 

trnP 26/22 2005/7 2012/9 24/25 0.7463/0.746 0.2537/0.254 0.04/-0.06 0.41/0.13 67/66 

trnQ 24/23 2006/6 2010/6 20/24 0.7333/0.7966 0.2667/0.2034 0.09/-0.02 0.25/0 60/61 

trnR 24/28 2007/3 2006/10 27/25 0.7969/0.803 0.2031/0.197 -0.06/0.06 -0.08/0.54 64/64 

trnS1 16/26 2009/7 2012/9 22/23 0.6441/0.7538 0.3559/0.2462 -0.16/0.06 0.14/0.13 59/58 

trnS2 30/23 2005/7 2006/8 19/23 0.8167/0.7541 0.1833/0.2459 0.22/0 0.09/0.07 60/59 

trnT 28/19 2004/7 2005/11 34/21 0.8732/0.6897 0.1268/0.3103 -0.1/-0.05 0.11/0.22 71/70 

trnV 25/21 2008/8 2006/11 25/23 0.7813/0.6984 0.2188/0.3016 0/-0.05 -0.14/0.16 64/63 

trnW 32/22 2009/10 2006/10 23/22 0.7857/0.6875 0.2143/0.3125 0.16/0 -0.2/0 70/57 

trnY 18/19 2008/10 2009/6 19/22 0.6852/0.7193 0.3148/0.2807 -0.03/-0.07 0.06/-0.25 54/61 
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