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and divergence time estimation
of Patellogastropoda (Mollusca, Gastropoda)
based on complete mitochondrial genomes
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Abstract

Background Patellogastropoda, or true limpets, is a major taxonomic group within the Gastropoda, Mollusca. The
complete mitochondrial genomes have been widely used to study the phylogenetic relationships of Patellogas-
tropoda. To further enhance the understanding of the phylogenetic relationships among families within this subclass,
we obtained the complete mitochondrial genome sequences of five species using third-generation sequencing
technology: Limalepeta lima, Lepeta kuragiensis, Lottia versicolor, Lottia instabilis, and Lottia tenuisculpta. We exam-

ined mitochondrial genome structure, nucleotide composition and skew, as well as amino acid content and codon
usage. Additionally, we assessed selective pressures on protein-coding genes in Lepetidae and Lottiidae species,
constructed a phylogenetic tree for Patellogastropoda, analyzed gene arrangement, and estimated the divergence
times within Patellogastropoda.

Results The mitochondrial genomes of these five species all encoded 38 genes. They exhibited a higher AT base
content, and the protein-coding genes were under purifying selection. The Patellogastropoda was divided into two
clades: Clade 1 included a part of the Lottioidea superfamily and the Patelloidea superfamily, whereas the Lottiidae
family within the Lottioidea superfamily formed a separate clade (Clade 2). The mitochondrial genomes of the Patel-
logastropoda exhibited extensive gene rearrangements, particularly those in Lottiidae, which were the most complex.
The Patellogastropoda lineage was estimated to have originated in the Paleozoic Permian era, with active differentia-
tion occurring in the Mesozoic Cretaceous and the Cenozoic era.

Conclusions Our research results contribute to a better understanding of the phylogenetic relationships
within the Patellogastropoda, and reveal the extensive gene rearrangements, providing further insights into the evo-
lution and genetics of gastropods.
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research on Patellogastropoda has encompassed mul-
tiple subdisciplines within the biological sciences, such
as aquaculture [3], morphology [4], biogeography [5],
reproductive biology [6], biomechanics [7], and devel-
opmental biology [8—10], among others.

Historically, the classification of Patellogastropoda
was based on morphological features such as shell
shape [2]. Although the external shell morphology is a
key feature for the classification of Patellogastropoda
species, this characteristic exhibits a high degree of var-
iability [11, 12]. The extensive intraspecific morpholog-
ical variation, coupled with specific ecotypes exhibited
by some species, easily leads to misclassification [13].
Other morphological characters, such as the radula and
gills, have been similarly problematic due to convergent
evolution among limpets, leading to ongoing debates
regarding the phylogenetic relationships and composi-
tion of Patellogastropoda [14]. Morphological analyses
traditionally have placed Patellogastropoda in a basal
position within Gastropoda, as the sister group to all
other gastropods [15, 16]. Regarding familial classifica-
tion within Patellogastropoda, the taxon was previously
recognized as comprising three families, i.e., Acmaei-
dae, Patellidae, and Lepetidae [17]. Patellogastropoda
has subsequently been reclassified into six families, i.e.,
Acmaeidae, Lepetidae, Lottiidae, Nacellidae, Neolepe-
topsidae, and Patellidae [11].

In recent years, the application of molecular phy-
logenetics has greatly advanced the understanding of
Patellogastropoda’s taxonomy and phylogenetic rela-
tionships. Molecular research on Patellogastropoda
primarily focused on partial sequences of a few indi-
vidual genes, such as coxI, 125, 16S, and 18S [18-20].
Among these, the molecular phylogenetic study with
the most extensive sample coverage was conducted
by Nakano and Ozawa, who established a detailed
molecular phylogenetic tree based on partial sequences
of three mitochondrial genes (12S rRNA, 16S rRNA,
and COI) [14]. Their findings led to several conclu-
sions: first, Lottiidae and Acmaeidae were considered
synonyms (a view later refuted [21]); second, Pectino-
dontinae was elevated to the family level as Pectino-
dontidae; and third, a new family, Eoacmaeidae, was
established. Consequently, Patellogastropoda was clas-
sified into six families, i.e., Eoacmaeidae, Patellidae,
Nacellidae, Pectinodontidae, Lepetidae, and Lottiidae.
According to the latest records in the World Regis-
ter of Marine Species (WoRMS) (https://www.marin
especies.org/), there are currently nine valid families
of Patellogastropoda classified under two superfami-
lies (Lottioidea and Patelloidea). Lottioidea includes
seven families, i.e., Acmaeidae, Eoacmaeidae, Lepeti-
dae, Lottiidae, Neolepetopsidae, Pectinodontidae, and

Page 2 of 16

Rhodopetalidae; and Patelloidea includes two families,
i.e., Nacellidae and Patellidae [14, 21-25].

With the rapid development of complete mitochon-
drial genome sequencing and amplification techniques,
mitochondrial genomes have been widely utilized in
studying the phylogenetic relationships of numerous
gastropod species [26—29]. When inferring evolutionary
relationships, the complete mitochondrial genome offers
a significantly larger amount of information compared
to short sequences of individual genes. In this study, we
sequenced the complete mitochondrial genomes of five
Patellogastropoda species and analyzed their basic struc-
tural features, base content and bias, amino acid content,
and codon usage. We also calculated the selective pres-
sure values of protein-coding genes (PCGs) in species
from the families Lepetidae and Lottiidae. Additionally,
by incorporating other mitochondrial genome data of
Patellogastropoda from the NCBI database, we con-
structed a phylogenetic tree for the subclass Patellogas-
tropoda, compared the arrangement of mitochondrial
genes within this group, and estimated the divergence
times. The five new species we sequenced all belong
to the superfamily Lottioidea. Among them, the com-
plete mitochondrial genome sequences of the genera
Limalepeta and Lepeta are not clear in the phylogenetic
position within Patellogastropoda. The three complete
mitochondrial genome sequences of the genus Lottia
enrich our understanding of the mitochondrial genome
diversity of the family Lottiidae. This study provides fur-
ther supplementation and refinement for the phyloge-
netic research of Patellogastropoda.

Materials and methods

Sample collection and DNA extraction

The samples of the five research species were collected
from the Vostok Bay and the Ussuri Bay in the Sea of
Japan (Table 1). After morphological identification,
muscle tissues from the samples were stored in absolute
ethanol. Total genomic DNA was extracted using the
salting-out method [30] and its quality was assessed by
1% agarose gel electrophoresis. The extracted DNA was
stored at —20 °C.

Mitogenomes sequencing, assembly, and annotation

For PacBio library construction and sequencing,
more than 5 pg of sheared and concentrated DNA
was applied to size selection by the Blue Pippin (Sage
Science, Beverly MA, USA). Approximately 10 kb
SMRTbell libraries were prepared according to the
manufacturer’s instructions (PacBio, Menlo Park,
CA, USA). One SMRT cell and 10 Gb of data were
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Table 1 Sampling information for five Patellogastropoda species
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Superfamily Family Species Sampling date Location Accession no.
Lottioidea Lepetidae Limalepeta lima 2022-10-18 Vostok Bay, Sea of Japan OR574472
Lottioidea Lepetidae Lepeta kuragiensis 2022-10-18 Vostok Bay, Sea of Japan OR574473
Lottioidea Lottiidae Lottia versicolor 2022-11-08 Ussuriisky Bay, Sea of Japan OR574474
Lottioidea Lottiidae Lottia instabilis 2022-11-08 Ussuriisky Bay, Sea of Japan OR574475
Lottioidea Lottiidae Lottia tenuisculpta 2022-10-18 Vostok Bay, Sea of Japan OR574476

sequenced on the PacBio Sequel II platform. Prior to
assembly, raw reads were filtered by Trimmomatic
v0.39 [31]. This filtering step was performed to remove
the reads with adaptors, the reads showing a quality
score below 20 (Q <20), the reads containing a per-
centage of uncalled bases (“N” characters) equal to or
greater than 10% and the duplicated sequences. The
mitochondrial genome was reconstructed using a com-
bination of de novo and reference-guided assemblies,
and the following three steps were used to assemble
the mitogenome. First, the filtered reads were assem-
bled into contigs using MitoZ v2.3 [32], potential mito-
chondrial contigs were extracted by aligning against
the NCBI mitogenome database. Second, the potential
mitochondrial contigs were aligned to the reference
mitogenomes using BLAST v2.8.1 +[33], and aligned
contigs (> 80% query coverage) were ordered and con-
nected manually according to the reference mitoge-
nomes. Finally, MUMmer v3.23 [34] was used to check
whether these contigs were circular. The mitochon-
drion genes were annotated using the online MITOS
tool [35], using default parameters to predict protein-
coding genes, transfer RNA (tRNA) genes, and ribo-
some RNA (rRNA) genes. The position of each coding
gene was determined using BLAST searches against
reference mitochondrial genes. Manual corrections of
genes for start/stop codons were performed in Snap-
Gene Viewer (https://www.snapgene.com/) by refer-
encing the reference mitochondrial genome.

Sequence analysis

Circular maps of the mitochondrial genomes for five
species within the Lottioidea superfamily were gener-
ated using the Proksee server [36]. The base composi-
tion of the mitochondrial genomes, as well as the amino
acid content and the relative synonymous codon usage
(RSCU) for each protein-coding gene, were calculated
using MEGA 11 [37]. The formulas for calculating the
AT and GC base skewness are AT-skew =(A - T)/(A
+T) and GC-skew =(G - C)/(G + C) [38]. The ratio of

nonsynonymous substitutions (Ka) to synonymous sub-
stitutions (Ks) was calculated using DnaSP 6 [39].

Phylogenetic analysis

In order to analyze the phylogenetic relationships of
Patellogastropoda, we downloaded the complete mito-
chondrial genomes of 38 species from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/), including 36 existing
species of Patellogastropoda and two species of Vetigas-
tropoda. These two Vetigastropoda species, Tegula livi-
domaculata (KT207826) and Bolma rugosa (KT207824),
were used as outgroups [40]. Additionally, five newly
sequenced species of Lottioidea were included, making a
total of 43 species used to construct a phylogenetic tree
based on Patellogastropoda (Table S1).

The software DAMBE 7 [41] was used to identify the
nucleotide sequences of PCGs for each sequence and
concatenate them in the same order to form a dataset.
The sequences were then aligned and trimmed using
MEGA 11 [37]. The nucleotide substitution saturation
was calculated using DAMBE 7 [41] to assess the suit-
ability of these sequences for constructing a phylogenetic
tree. In this study, two methods were used for phyloge-
netic analysis: Bayesian inference (BI) using MrBayes
3.2.7a [42] and maximum likelihood (ML) using IQ-tree
2.1.3 [43]. For the BI method, the file format was first con-
verted using the software PAUP 4 [44]. Then, MrMTgui,
along with PAUP 4 [44], Modeltest 3.7 [45], and MrMod-
eltest 2.3 [46], were used to select the best-fit substitution
model (GTR +1 +G) according to the Akaike informa-
tion criterion. The Markov chain Monte Carlo (MCMC)
was run simultaneously with three heated chains and one
cold chain for 2 million generations, with a sampling fre-
quency of every 1000 generations and a burn-in rate of
25%. The convergence of independent runs was evaluated
by the average standard deviation of split frequencies (<
0.01). We also constructed phylogenetic trees using Phy-
loBayes 3 [47]: using the CAT-GTR model, running two
chains independently, each for 20,000 generations, sam-
pling every 10 generations, and discarding the first 25%
of iterations from each chain as burn-in. After the runs
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were completed, we used the program tracecomp in Phy-
loBayes to check for convergence of parameters between
the chains. The maximum potential scale reduction fac-
tor (PSRF) for all parameters was <1.01, and the effective
sample size (ESS) was >200, indicating sufficient sam-
pling. We used bpcomp to combine the posterior tree
samples from the two chains, calculated a 50% majority
rule consensus tree, and node support was expressed as
posterior probability (PP); the topological differences
between the chains were evaluated using the maxdiff
value of bpcomp (with a threshold set at <0.3), confirm-
ing the consistency of the results. For the ML method,
ModelFinder [48] was used to select the best nucleotide
substitution model (TVM +F +R9) and the best amino
acid substitution model (Q.bird +F +R6). Bootstrap val-
ues were set to 1000 to reconstruct the consensus tree.
Node support was expressed as bootstrap proportions in
percentage (BP). Finally, the software Figtree 1.4.4 [49]
was used to view and edit the phylogenetic tree.

Gene arrangement

In order to study the gene rearrangement characteristics
of Patellogastropoda, we utilized the newly sequenced
genomes of five Lottioidea species and retrieved the com-
plete mitochondrial genomes of 36 Patellogastropoda
species from GenBank. Using the COI gene as a starting
point, the mitochondrial genes of these 41 species were
linearly arranged and compared with the hypothetical
ancestral gene order of Gastropoda [40]. To ensure the
accuracy of gene arrangement, the Galaxy platform’s
MITOS2 tool [50] was utilized to re-annotate the mito-
chondrial genomes of some species.

Divergence time estimation

The divergence times for 41 species in Patellogastropoda
were estimated using a nucleotide dataset of 13 protein-
coding genes. The analysis used BEAST v1.10.4 [51], with
a Bayesian tree topology as the framework. The molecu-
lar clock model used an uncorrelated relaxed clock with
a lognormal distribution. The tree prior model used the
Yule process and selected a random starting tree. Fossil
calibration points were assigned normal prior distribu-
tions with a standard deviation of 2.0. Four calibration
points were used (Table S2). The first calibration point
was set at the divergence of Bathyacmaea and Pectino-
donta, based on the oldest known fossil, Pectinodonta
palaeoxylodia, which dates from the Rupelian to Chat-
tian stage (23.0-33.9 MYA, million years ago; mean:
28.5) and was discovered in the USA (Washington) [52].
The second calibration point, set between Cellana and
Nacella at the divergence of Nacellidae, was based on
a fossil of Cellana from the Ypresian stage (47.8-56.0
MYA; mean: 51.9) in Mexico (Baja California Sur) [53].
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The third calibration point was set at the divergence
between Patellidae and the remaining families of Clade
1 (Lepetidae + Neolepetopsidae + Acmaeidae + Pectino-
dontidae + Nacellidae), based on the Patella fossil from
the Ladinian to Carnian stages (227.3-241.5 MYA; mean:
234.4), which was discovered in New Zealand [54]. The
fourth calibration point was the fossil record of Lottii-
dae (237.0-246.7 MYA; mean: 241.9) [55]. All data came
from the fossil records in The Paleobiology Database
(https://paleobiodb.org/#/). The Markov Chain Monte
Carlo (MCMC) ran for four times, each for 20 million
generations, with a sample every 1,000 generations. Log-
Combiner v1.10.4 [51] from the BEAST suite was used to
combine the results of the four runs. Tracer v1.7.2 [56]
was used to check the convergence of the chains, ensur-
ing that the ESS for all parameters were greater than 200.
Then, TreeAnnotator v1.10.4 [51] from the BEAST suite
was used to discard the first 10% of the samples as burn
in. Finally, FigTree v1.4.4 [49] was used to view the gen-
erated tree, displaying the 95% highest posterior density
(95% HPD), node ages, and scale axes representing time
points.

Results

Structural characteristics of five mitogenomes

The complete mitochondrial genome sequences of the
five species within the superfamily Lottioidea had the fol-
lowing lengths: Limalepeta lima was 20,655 bp, Lepeta
kuragiensis was 20,348 bp, Lottia versicolor was 20,213
bp, Lottia instabilis was 18,926 bp, and Lottia tenuis-
culpta was 25,738 bp (Fig. 1). The mitochondrial genomes
of these five species encoded 38 genes (Table S3), includ-
ing 13 protein-coding genes (PCGs), 23 transfer RNA
genes (tRNAs), and 2 ribosomal RNA genes (rRNAs).
Among them, L. lima and L. kuragiensis in the family
Lepetidae exhibited a duplication of ¢trnLl, whereas L.
versicolor, L. instabilis, and L. tenuisculpta in the family
Lottiidae showed a duplication of truM.

Both L. lima and L. kuragiensis had the same distribu-
tion of gene coding on the heavy (H) strand and light (L)
strand; each encoded 6 PCGs, 12 tRNAs, and 2 rRNAs on
the H strand, and 7 PCGs and 11 tRNAs on the L strand.
Similarly, L. versicolor and L. tenuisculpta also exhibited
identical gene coding distributions, encoding 9 PCGs, 18
tRNAs, and 2 rRNAs on the H strand, and 4 PCGs and 5
tRNAs on the L strand. However, although the mitochon-
drial genome of L. instabilis had the same number and
types of genes on the H and L strands as those of L. lima
and L. kuragiensis, there were differences in the specific
PCGs and tRNAs they encoded.

Among the mitochondrial genomes of the five species,
the longest PCG was nad5, with a length of approxi-
mately 1740 bp, coding for about 580 amino acids. The


https://paleobiodb.org/#/

Liu et al. BMC Genomics (2025) 26:612

;meimalepeta lima
20,655 bp

- Lottia versicolor
e 20,213 bp e

Fig. 1 Circular maps of mitochondrial genomes from five species

coxl, nad2, cob, and nad4 genes all exceeded 1000 bp
in length. In contrast, atp8 was the shortest PCG, rang-
ing from 160 to 252 bp. Additionally, most tRNAs had
lengths between 66 and 69 bp, 125 rRNA ranged from
868 to 930 bp, while 16S rRNA exceeded 1300 bp in
length.

Base content and skewness

The base composition of the mitochondrial genomes
of the five species was as follows: A: 27.59% to 41.17%,
T: 25.19% to 30.24%, G: 10.09% to 22.39%, C: 17.88% to
25.25% (Table S4). The AT content of the mitochondrial
genomes (including PCGs, tRNAs, and rRNAs) in these
species was higher than the GC content, showing an AT
bias. According to the calculation formula for AT and
GC skewness, if the content of A bases is higher than
that of T bases and the content of G bases is higher than
that of C bases, the calculation result is positive, and vice
versa. The skewness values calculated for the five species
showed that the range of AT skewness values in these
genomes was from —0.01 to 0.23, while the range of GC
skewness values was from —0.38 to 0.11. Specifically,
except for the positive GC skewness value of the PCGs
in L. instabilis, the AT and GC skewness values of the
PCGs in these five species were negative. The GC skew-
ness values of the tRNAs and the AT skewness values of
the rRNAs in these five species were positive.

", Lottia instabilis |
18,926 bp |
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Amino acid content and codon usage

The amino acid content and the relative synonymous
codon usage in the mitochondrial genomes of the five
species were compared and analyzed (Fig. S1). The results
showed that in Lepetidae, L. lima and L. kuragiensis, the
two amino acids with the highest usage frequency were
Lys and Thr, with contents exceeding 9.20%; whereas the
two amino acids with the lowest usage frequency were
Asp and Cys. In Lottiidae, L. versicolor, L. instabilis, and
L. tenuisculpta, one of the two amino acids with the high-
est usage frequency was Leul, and the other was Pro or
Serl, with contents exceeding 7.20%; while one of the two
amino acids with the lowest usage frequency was Asp,
and the other was Cys, His, or Arg.

Relative Synonymous Codon Usage (RSCU) refers
to the relative probability among synonymous codons
encoding a specific amino acid, which eliminates the
influence of amino acid composition on codon usage.
RSCU is used to measure the bias in codon usage: when
RSCU =1, it indicates no preference in codon usage;
RSCU >1 indicates a higher usage of the codon; con-
versely, RSCU <1 indicates a lower usage of the codon.
Comparing the relative synonymous codon usage rates
of the five species, the results revealed that codon pref-
erences exhibited different patterns among these spe-
cies. Specifically, in L. lima, the codon with the highest
usage frequency was CUA (Leul), and the lowest was



Liu et al. BMC Genomics (2025) 26:612

GCG (Ala). In L. kuragiensis, the codon with the high-
est usage frequency was UUA (Leu2), and the lowest was
ACG (Thr). In L. versicolor, the codon with the highest
usage frequency was UCU (Ser2), and the lowest was
UCG (Ser2). In L. instabilis, the codon with the highest
usage frequency was AGA (Serl), and the lowest was
UCG (Ser2). In L. tenuisculpta, the codon with the high-
est usage frequency was UCU (Ser2), and the lowest was
GCG (Ala). Overall, each of the five species had between
31 and 34 preferred codons (RSCU >1).

By comparing the start and stop codons of PCGs in the
five species, six start codons and two stop codons were
identified (Table 2). The majority of PCGs in the five
mitochondrial genomes initiated with ATG and ATT,
accounting for 80%, with a few initiating with ATA, GTG,
ATC, and TTG. All five species used TAA or TAG as stop
codons.

Selective pressure analysis

The ratio of nonsynonymous substitutions (Ka) to syn-
onymous substitutions (Ks), denoted as Ka/Ks, indicates
whether selective pressure is acting on a protein-coding
gene. A Ka/Ks ratio greater than 1 suggests positive selec-
tion; a ratio of 1 indicates neutral evolution; and a ratio
less than 1 indicates purifying selection. In this study,
selective pressure analysis was conducted on 13 PCGs
for species from Lepetidae (L. lima and L. kuragiensis)
and Lottiidae (L. versicolor, L. instabilis, and L. tenuis-
culpta), along with other species from the same families
in the GenBank database. The results showed that the
Ka/Ks ratios of the 13 PCGs in both Lepetidae and Lot-
tiidae were less than 1 (Fig. 2), indicating that these genes
were primarily subjected to purifying selection during

Table 2 Start and stop codons of PCGs in five species

gene Start/Stop Codon

L.lima L. L. L. L.
kuragiensis versicolor instabilis  tenuisculpta
cox]  TTG/TAG ATT/TAG ATT/TAA  GIG/TAG  GIG/TAG
cox2  ATG/TAA  ATG/TAG ATG/TAA ATG/TAA ATG/TAG
atp8  ATT/TAG  ATT/TAG ATG/TAA  ATG/TAA  ATG/TAA
atp6  ATT/TAG  ATG/TAG ATG/TAG ATG/TAA ATT/TAA
nad4  ATT/TAA  ATT/TAA ATG/TAG  ATG/TAG  ATG/TAA
nad4l  ATG/TAA  ATA/TAA ATT/TAA  ATG/TAA  ATG/TAA
cob ATT/TAA  ATG/TAA ATG/TAG ATG/TAG ATG/TAG
nad6  ATC/TAA  ATC/TAA ATA/TAA  ATA/TAA  ATG/TAG
nadl  ATG/TAA  ATG/TAA ATG/TAG ATG/TAA ATT/TAG
nad5  ATG/TAA  ATG/TAA ATG/TAA  GTG/TAA  ATG/TAA
cox3  ATG/TAG GIG/TAA ATG/TAG  ATA/TAG  ATG/TAG
nad3  GIG/TAA  ATG/TAG ATG/TAG  ATG/TAG  ATG/TAG
nad2  ATG/TAG ATG/TAG ATG/TAA ATA/TAA ATG/TAA
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evolution. In Lepetidae, the Ka/Ks value of cox! was the
lowest (0.107), suggesting it experienced the strongest
purifying selection pressure. In contrast, the Ka/Ks value
of atp8 was the highest (0.534), followed by nad?2 (0.367),
nad6 (0.240), and nad4l (0.201). These genes had higher
Ka/Ks values, indicating that they underwent weaker
purifying selection compared to other PCGs. Similarly,
in Lottiidae, the Ka/Ks value of coxI was also the lowest
(0.119), indicating strong purifying selection pressure,
while the Ka/Ks value of atp8 was the highest (0.720), fol-
lowed by nadé6 (0.563), nad2 (0.497), and nad4! (0.447).
These genes with higher Ka/Ks values suggest they expe-
rienced relatively weaker purifying selection compared to
other PCGs.

Phylogenetic analysis

The study conducted a phylogenetic analysis using both
nucleotide and amino acid sequences of 13 PCGs from
41 species across seven families within two superfami-
lies (Lottioidea and Patelloidea) of the Patellogastropoda,
along with two Vetigastropoda species as an outgroup.
The phylogenetic tree of Patellogastropoda was con-
structed using both Maximum Likelihood (ML) and
Bayesian Inference (BI) methods. The ML tree and Bl tree
constructed based on the nucleotide sequence (PCGnt)
presented an identical topology, and most nodes showed
high support (Fig. 3). The ML tree and BI tree based on
the amino acid sequence (PCGaa) displayed a slightly dif-
ferent topology (Fig. 4).

The analysis revealed that the Patellogastropoda was
divided into two clades, with Lottioidea being identi-
fied as non-monophyletic. In the phylogenetic tree
based on the PCGnt sequence, Clade 1 included the
lineage formed by Lepetidae, Neolepetopsidae, and
Acmaeidae, which was found to be sister to Pectino-
dontidae. This group then clustered with Nacellidae,
followed by Patellidae. Clade 2 consisted of Lottiidae.
The branching pattern within Patellogastropoda was
thus reconstructed as ((((Lepetidae + Neolepetopsi-
dae + Acmaeidae) + Pectinodontidae) + Nacellidae)
+ Patellidae) + Lottiidae. The topology of most fami-
lies in the ML tree based on the PCGaa sequence was
consistent with that of the PCGnt sequence, but differ-
ences occurred in the relationships among Lepetidae,
Neolepetopsidae, Pectinodontidae, and Acmaeidae.
The ML tree based on the PCGaa sequence showed
that the clade formed by Lepetidae and Neolepetopsi-
dae was most closely related to Pectinodontidae, and
then formed a sister group with the clade formed by
Neolepetopsidae and Acmaeidae. The BI tree based
on the PCGaa sequence differed from the ML tree in
the branching of Lepetidae and Neolepetopsidae and
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the positional change of Nacellidae. The phylogenetic
results based on nucleotide sequences had higher sup-
port values than those based on amino acid sequences.

Within Lepetidae, the newly sequenced species from
the genera Limalepeta and Lepeta, specifically L. lima
and L. kuragiensis, were found to be closely related
with strong support (PCGnt: PP =1, BP =100%;
PCGaa: PP =1, BP =94%). Next in relation were spe-
cies of the genera Sagamilepeta and Iothia, with Para-
lepetopsis from Neolepetopsidae inserted among them,
suggesting that Neolepetopsidae may be a polyphyletic
group. In Lottiidae, the other three newly sequenced
species (L. versicolor, L. instabilis, and L. tenuisculpta)
appeared within the Lottia genus of the phylogenetic
tree. A species from the Discurria genus and another
from the Scurria genus were inserted into Lottia, and
when taken into account, this rendered Lottia as a
paraphyletic group. Additionally, a clade formed by
species of Lottia, Discurria, and Scurria was sister to
species of Nipponacmea, followed by the monophy-
letic genus Patelloida, with high branch support val-
ues (PCGnt: PP =1, BP =100%; PCGaa: PP =1, BP
=100%).

Gene arrangement

By comparing the arrangement of mitochondrial PCGs
in Patellogastropoda, we found that the PCG arrange-
ment in Lepetidae and Neolepetopsidae was more simi-
lar to that of the hypothetical ancestral Gastropoda, with
only 1-2 protein-coding genes having changed positions
(Fig. 5). The PCG arrangement in Acmaeidae, Pectino-
dontidae, and Nacellidae remained consistent with the
hypothetical ancestral gene order. In Patellidae, com-
pared to the gastropod ancestral gene order, the cox2
gene moved from downstream of coxl to downstream
of cob; the gene segment nad6-nadl-cox3 moved from
downstream of cob to downstream of coxl and was
inverted; and nad3 and nad2 exchanged positions. In
contrast, Lottiidae exhibited a large number of gene
rearrangements.

Furthermore, a more detailed comparison of the
mitochondrial gene arrangement revealed that, com-
pared to the hypothetical ancestral gene order of Gas-
tropoda, Lepetidae and Neolepetopsidae showed more
pronounced differences in the arrangement of tRNAs
(Fig. 6). Lepetidae retained two gene segments that were
consistent with the hypothetical ancestral Gastropoda:
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trnS-cob-nad6-trnP-nadl and  truL-truL-rruLl-trnV-
rruS. In Lottiidae, we identified 12 types of gene
rearrangement patterns, indicating significant gene rear-
rangements. Among the seven Lottia species, five species

shared the same gene segment (trnK-atp8-trnQ-nad4i-
nad4-trnL-trnl-trnR-nad2-trnW-trnS-nad3-atp6);
similarly, in all Nipponacmea species, a common gene
segment was identified (cox1-trnL-cox3-trnM-nad4).
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Fig. 4 Phylogenetic tree based on the amino acid sequences of 13 PCGs from Patellogastropoda. The numbers located before each node represent
the support values of the Bl (posterior probabilities)/ML (bootstrap proportions in percentage) tree. The newly determined mtDNA sequences

in this study are marked with brown circular patterns. a shows the combined topology of the ML tree and Bl tree, with differences between ML

and Bl results highlighted by purple dashed boxes. b displays the different results of the Bl tree
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Divergence time estimation

Divergence time estimation of Patellogastropoda was
conducted using 13 PCGs from the mitochondrial
genome (Fig. 7). The Patellogastropoda lineage was
inferred to have originated in the Paleozoic Permian
period, approximately 278.02 MYA (95% HPD: 250.50—
320.06 MYA). Subsequently, two major clades within
Patellogastropoda diverged in the Mesozoic Triassic

period, around 234.71 MYA (95% HPD: 230.819-238.657
MYA) and 241.80 MYA (95% HPD: 237.872-245.697
MYA), respectively. The majority of genus-level diver-
gences occurred during the Mesozoic Cretaceous and
Cenozoic periods. The newly sequenced species L. lima
and L. kuragiensis diverged from Sagamilepeta sagami-
ensis in the Cenozoic Neogene, approximately 9.26 MYA
(95% HPD: 6.37-12.32 MYA). The divergence between
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Lottia and Nipponacmea took place in the Mesozoic Cre-
taceous, around 123.81 MYA (95% HPD: 73.495-172.517
MYA), followed by further diversification of Lottia.
The three Lottia species newly sequenced in this study
diverged at 63.37 MYA, 4540 MYA, and 0.24 MYA,
respectively.

Discussion

The structural characteristics of the mitochondrial
genomes of the five Lottioidea species were analyzed,
revealing that they encode 23 tRNA genes, with dupli-
cations of trnLl1 in the two Lepetidae species and truM
in the three Lottiidae species. The presence of 23 or 24
tRNA genes has also been reported in other Patellogas-
tropoda species [57-61]. In the mitochondrial genomes
of these five species, the longest PCG is nad5, while atp8
is the shortest PCG; the content of AT bases is higher
than that of GC bases, which are characteristics simi-
lar to other Patellogastropoda species [57-62]. The AT
and GC skewness of species within the same genus Lot-
tia exhibit similar characteristics [63]. A comparison of

amino acid content and codon usage among the five spe-
cies shows that species within the same family have simi-
lar amino acid content, but there are differences in codon
usage bias among different species. The majority of PCGs
in the five mitochondrial genomes use AT(N) as the start
codon, and all PCGs employ TA(N) as the stop codon,
which is largely consistent with other Patellogastropoda
species [57-59, 61-66]. Additionally, Miao et al. [59] and
Feng et al. [61] have conducted selection pressure analy-
sis on Lottiidae, and their results are consistent with this
study, with PCGs having Ka/Ks values less than 1, indi-
cating purifying selection.

Putri et al. [60] conducted a phylogenetic analysis of
Patellogastropoda using 13 protein-coding genes, and
their results revealed a robust sister-group relationship
between Acmaeidae and Pectinodontidae, followed by
Nacellidae, with Patellidae at the base of these families.
Our findings are consistent with theirs. However, it is
noteworthy that we included species from the Lepetidae
and Neolepetopsidae families in our study, and found that
Neolepetopsidae may be a polyphyletic group. Chen et al.
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[67] constructed the phylogenetic relationships of Patel-
logastropoda using the mitochondrial COI gene, which
also revealed that Paralepetopsis from Neolepetopsi-
dae is nested within Lepetidae. However, in terms of the
morphological features of the radula, the Paralepetopsis
polita they studied was similar to other Paralepetopsis
species within Neolepetopsidae. Therefore, as Chen et al.
[67] suggested, future research should utilize sequence
data from the type species of Paralepetopsis, Paralepe-
topsis floridensis, to refine the phylogenetic reconstruc-
tion of Neolepetopsidae. Our study showed that within
Lepetidae, Limalepeta and Lepeta are sister groups,

which is in agreement with the findings of Waren et al.
[68]. Harasewych and McArthur [18] used partial 18S
rDNA sequences in an early study and found the closest
relationship to be between Acmaeidae and Neolepetop-
sidae, followed by Lepetidae. In contrast, Chen et al. [67,
69] recently used the COI gene to restore the sister rela-
tionship between Lepetidae and Neolepetopsidae. Our
phylogenetic tree results based on nucleotide sequences
only show that Acmaeidae, Lepetidae, and Neolepetopsi-
dae are grouped together. Our ML tree based on amino
acid sequences shows that the four families Neolepetop-
sidae, Lepetidae, Pectinodontidae, and Acmaeidae form
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a monophyletic group. This topology is consistent with a
recent study based on nucleotide sequences of 13 PCGs
[61]. Therefore, more species with complete mitochon-
drial genomes are needed for further evaluation in the
future.

Lottiidae is the most diverse within Patellogastropoda,
and its monophyly has been confirmed in earlier stud-
ies [14, 19, 20]. Feng et al. [57] previously constructed
a phylogenetic tree for Gastropoda species based on 13
PCGs of the mitochondrial genome. The results indi-
cated that Lottiidae forms an independent branch within
Patellogastropoda. Subsequently, the mitochondrial
genome database of Lottiidae has gradually become more
comprehensive. In this study, we included 18 Lottiidae
species and also concluded that Lottiidae is a monophy-
letic group and is the sister group to the other families
within Patellogastropoda, which aligns with the findings
of Saenz-Agudelo [58], Miao et al. [59], and Feng et al.
[61]. Additionally, at the genus level within Lottiidae,
our phylogenetic relationships revealed that Patelloida is
the sister group to the clade formed by Lottia and Nip-
ponacmea, consistent with recent research results [59,
60, 63]. The phylogenetic tree constructed in this study
showed that a species of Discurria and a species of Scur-
ria are nested within Lottia, thus indicating that Lottia is
a paraphyletic group. Similar phenomena have also been
observed in the phylogenetic trees constructed by other
researchers [14, 60, 63].

In this study, the PCGs arrangement order in Lepeti-
dae and Neolepetopsidae altered by 1-2 protein-coding
genes compared to the hypothetical ancestral Gastrop-
oda, and both families preserved a segment of the same
gene fragment (truS-cob-nad6-trnP-nadl). Meanwhile,
Acmaeidae, Pectinodontidae, and Nacellidae shared the
same PCGs arrangement order, which was entirely con-
sistent with that of the hypothetical ancestral Gastrop-
oda, exhibiting high conservation, as reported by Putri
et al. [60] and Feng et al. [61]. This study revealed that
Lottiidae exhibits 12 different gene rearrangements, and
the high rate of gene rearrangement in Lottiidae has been
reported multiple times [57, 59-61, 63, 64]. A high rate
of mitochondrial gene rearrangement is associated with a
high rate of sequence evolution [70, 71].

This study inferred that the Patellogastropoda line-
age likely originated during the Paleozoic Permian era,
approximately 278.02 MYA, which falls within the 95%
HPD range reported by Nakano and Ozawa [14], Xu
et al. [63], and Feng et al. [61]. Subsequently, during the
Mesozoic Triassic, the two major clades within Patel-
logastropoda diverged. The Permian—Triassic bound-
ary (PTB) marks the largest mass extinction event in
the Phanerozoic era, a pivotal point in the evolution of
marine animals signifying the end of the Paleozoic fauna’s
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dominance and the rise of the modern marine fauna
[72, 73]. The Permian-Triassic extinction destroyed the
existing ecosystems, making space for the establishment
of new ecosystems. The extinction event also exhib-
ited a clear biological selectivity, which was related to
the organisms’ tolerance to environmental factors [74].
Marine animals with limited physiological buffering
capacity against environmental changes were more likely
to be affected first [75]. The environment around the PTB
and the early Triassic recovery period was characterized
by water temperature fluctuations and marine hypoxia
[76, 77]. Mollusks such as gastropods, which are tolerant
of both high temperatures and hypoxia, were less affected
and became a dominant biological type in the early Trias-
sic marine ecosystem [78]. As mentioned by Vermeij [79],
the limpet shape is not particularly effective against pred-
ators, suggesting that it might have arisen during times
when species were secluded in refugia. The Permian—Tri-
assic extinction event likely created such refugia, where
species with the limpet shape could have thrived due to
reduced predation pressure. The shell structure of lim-
pets is compact, possibly providing a larger respiratory
surface area, making them more suitable for survival in
low-oxygen deep-sea environments.

The diversification of most genera within Patellogas-
tropoda occurred during the Mesozoic Cretaceous and
the Cenozoic era. Neubauer and Harzhauser [80] found
that the increased rate of species formation around the
Cenomanian (~85 Myr ago) was related to rising global
sea levels. They suggest that the peak of gastropod spe-
cies diversification coincided with the late phase of the
Cretaceous terrestrial revolution, when angiosperms
underwent radiative expansion; before diatoms entered
freshwater ecosystems, the radiation and expansion of
angiosperms may have provided an important basis for
the diversification of freshwater gastropods. The global
paleoenvironmental history of the Cenozoic era primar-
ily experienced two stages: the greenhouse warm period
from the Paleocene to the Eocene, which was a continu-
ation of the Cretaceous greenhouse world and exhibited
the warmest global climate of the Cenozoic; followed by
the icehouse period from the Oligocene to the present,
characterized by a general cooling of the global climate,
with brief warm periods interspersed [81]. These climatic
changes may have triggered a differentiation event within
Patellogastropoda.

Conclusions

In this study, we obtained the complete mitochondrial
genome sequences of five Patellogastropoda species,
increasing the mitochondrial genome database for
the Lepetidae and Lottiidae species. The mitochon-
drial genomes of these five species had a total length
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ranging from 18 to 26 kbp, consistently containing 38
genes, including 13 PCGs, 23 tRNAs, and 2 rRNAs.
They exhibited a higher AT base content, and the PCGs
were under purifying selection. The Patellogastropoda
was divided into two clades: Clade 1 included part of
the Lottioidea superfamily and the Patelloidea super-
family, whereas the Lottiidae family within the Lot-
tioidea superfamily formed a separate clade (Clade 2).
Apart from Neolepetopsidae, all families within Patel-
logastropoda were monophyletic; at the genus level, we
found Lottia to be a paraphyletic group. The mitochon-
drial genes of the Patellogastropoda exhibited extensive
gene rearrangements, particularly those in Lottiidae,
which were the most complex. The Patellogastropoda
lineage was estimated to have originated in the Paleo-
zoic Permian era, with active differentiation occurring
in the Mesozoic Cretaceous and the Cenozoic era.
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