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1 |  INTRODUCTION

Superfamily Trochoidea (Rafifinesque, 1815) distributes 
worldwide and conquers almost all latitudes and bathymetric 

ranges from the high intertidal to bathyal depths (Hickman & 
McLean, 1990; Williams et al., 2008). By far it is the largest 
and most megadiverse superfamily within Vetigastropoda, 
with in excess of 2,000 living species that are grouped 
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Abstract
Increased mitochondrial (mt) genomes can provide more sets of genome-level char-
acteristics for resolving deeper phylogeny. Limited information with respect to the 
Trochoidea mitochondrial genome organization is available; besides, monophyly and 
internal relationships of the superfamily still remain a matter of discussion. To re-
solve the monophyly and internal phylogenetic controversies of Trochoidea and ex-
pand our understanding for mt genomic characteristic evolution among Trochoidea, 
the phylogenetic trees were reconstructed using 13 newly sequenced complete mt 
genomes and 35 genomes from GenBank, and both the maximum likelihood and 
Bayesian inference analyses were highly supported. Vetigastropoda phylogenetic 
analyses recovered the monophyly of Trochoidea. Trochoidea phylogenetic analy-
ses and genetic distances supported the non-monophyly of Tegulidae and Tegula, 
indicating that the taxonomic status of several genera (Rochia, Tectus and Cittarium) 
should be revised and Tegula, Omphalius and Chlorostoma should be placed as a 
same genus. The close affinity between Tectus virgatus and Rochia was also re-
vealed. Three-nucleotide insertion in nad1, nine-nucleotide insertion and six-nucle-
otide deletion in nad5 are detected in Tegulidae, Tectus and Rochia, respectively. 
Gene orders within Trochoidea are stable, with gene rearrangements exclusive to 
tRNA genes observed. Homoplasious convergences because of trnT rearrangement 
display translocation in Turbinidae and reversion in Trochidae and Calliostomatida. 
For trnE and trnG, we identify 11 arrangement types, suggesting that the gene rear-
rangement history needs to be further evaluated. Our study emphasizes the impor-
tance of mt genomes in resolving phylogenetic relationships within Trochoidea. In 
addition, the mt genomic characters would contribute new insights into the classifica-
tion of Trochoidea.
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into about 500 recognized genera (Geiger et  al.,  2008; 
Hickman, 1996). Trochoidea is a splendid group for study-
ing the phylogeny underlying biological diversification. The 
classification of Trochoidea has a long contentious history 
and is still in considerable flux. Hickman and McLean (1990) 
first produced the comprehensive morphological monograph 
of the Trochoidea and maintained the three families tradition-
ally recognized within the superfamily, namely Trochidae, 
Turbinidae and Skeneidae, based on detailed morphological 
data including anatomical, radula and shell characteristics. 
According to the recent phylogenetic studies, the Trochoidea 
as traditionally defined was revealed to be polyphyletic which 
prompted important changes for Trochoidea taxonomy (Heß 
et al., 2008; Kano, 2008; Williams, 2012; Williams et al., 2008; 
Williams & Ozawa,  2006). For example, some taxa were 
transferred to the superfamily Seguenzioidea (Kano,  2008; 
Kano et  al.,  2009), whereas others were assigned to their 
own new superfamilies: Angarioidea and Phasianelloidea 
(Williams et al., 2008; Williams & Ozawa, 2006). Williams 
(2012) restricted Trochoidea up to eight families: Trochidae, 
Turbinidae, Solariellidae, Calliostomatidae, Liotiidae, 
Skeneidae, Margaritidae and Tegulidae. The current clas-
sification of Trochoidea (Bouchet et  al.,  2017) was clas-
sified into 13 families, including Angariidae, Areneidae, 
Calliostomatidae, Colloniidae, Conradiidae, Skeneidae, 
Liotiidae, Margaritidae, Phasianellidae, Solariellidae, 
Tegulidae, Trochidae and Turbinidae. The final composition 
of Trochoidea and taxonomic internal classification is still 
under debate and in flux.

Tegulidae, owing to the unusual distribution of character 
states of its members, has a long and debatable taxonomic 
history (Hickman & McLean, 1990). Initially, it was treated 
as the subfamily of Trochidae (Hickman & McLean, 1990), 
subsequent as an enigmatic group located somewhere be-
tween Trochidae and Turbinidae (Hickman,  1996) and fi-
nally placed as a subfamily of Turbinidae by both Bouchet 
et  al.  (2005) and Williams et  al.  (2008). More recently, it 
was elevated to familial rank ultimately by Kano (2008) and 
Williams (2012). However, some studies (Uribe et al., 2017; 
Williams, 2012) revealed Tegulidae was paraphyletic and the 
attribution ‘problematic’ genera including Cittarium, Tectus, 
Rochia and Tegula ought to be further lucubrated. At first, 
Hickman and McLean (1990) included Tectus and Cittarium 
within Trochinae and Gibbulinae, respectively. Afterwards, 
Bouchet et  al.  (2005) placed both genera in Tegulidae; 
Williams et al. (2008) showed a sister relationship between 
Cittarium and Tectus and Williams (2012) recovered Tectus, 
Cittarium and possibly Rochia as a distinct clade with-
out precedent, although with low support. Recently, Uribe 
et  al.  (2017) proposed they might be better to be consid-
ered as a separate new family, but their familial rank pend-
ing further studies with more taxa. Otherwise, the speciose 
genus Tegula is likewise non-monophyletic; alternatively, 

the genera Omphalius and Chlorostoma were supposed to 
be grouped together with Tegula (Uribe et al., 2017). Thus, 
monophyly and internal classification of Tegulidae still re-
main elusive and await further phylogenetic analyses.

Turbinidae, whose representatives can be found in al-
most all latitudes and bathymetric ranges of every ocean, 
is a diverse and ecologically important group of molluscs 
(Hickman & McLean,  1990). Radular features or the cal-
cified operculum used to be considered as the dominating 
characters defining Turbinidae (Williams & Ozawa, 2006); 
however, some studies revealed some radular characters may 
be highly plastic (Reid & Osorio,  2000; Robertson,  1985); 
beyond that, the ability to calcify opercula has arisen sev-
eral times independently in non-sister gastropod clades 
(e.g. marine Naticidae; marine, freshwater, and terrestrial 
Neritimorpha; marine and freshwater Littorinidae; ter-
restrial Pomatiasidae and Ampullariidae) (Williams & 
Ozawa, 2006). Interestingly, the result of shell microstructure 
studies revealed Turbinidae has no unique characters com-
pared with Trochidae (Hedegaard,  1990) and both families 
may be polyphyletic in the later phylogenetic studies based 
on partial gene fragments (Williams & Ozawa,  2006). The 
group has been the most formidable to resolve using either 
morphological or molecular data, and as such, systematics of 
the family has not been confirmed yet (Williams, 2012); es-
pecially, the genus Turbo may not be monophyletic. However, 
within Turbinidae, only five complete mt genomes were se-
quenced and no one of Turbo was available.

Trochidae is the largest and most diverse in Trochoidea. 
The family is comprising up to eleven subfamilies and re-
mains a large family including well in excess of 600 spe-
cies and more than 60 genera (Hickman & McLean, 1990; 
Williams et al., 2008; Williams et al., 2010; Williams, 2012). 
High levels of homoplasy in anatomical, radular and shell 

Highlights

• Thirteen new mt genomes representing twelve 
Trochoidea and one Seguenzioidea were 
sequenced;

• The arrangements of trnT result in homoplasious 
convergences and that of trnE and trnG are diver-
sity with eleven types;

• Three-nucleotide insertion in nad1, nine-nucleo-
tide insertion and six-nucleotide deletion in nad5 
were observed in Tegulidae, Tectus and Rochia, 
respectively within Trochoidea, polyphyly of 
Tegulidae and Tegula is supported;

• The phylogenetic relationship between Tectus, 
Rochia and Cittarium should be further confirmed.
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characters (Hickman & McLean, 1990) generate disputable 
taxonomy of this grouping; furthermore, possibly due to un-
representative taxon sampling and less information are con-
tained in gene fragments, the phylogenetic relationships are 
highly debatable all the time that it is obvious in recent mo-
lecular studies (Kano, 2008; Williams et al., 2008; Williams 
et al., 2010; Williams, 2012). Hickman and McLean (1990) 
assigned the different genera within Trochidae to 13 subfam-
ilies, lately, thorough taxonomic revision of the family was 
carried out, and at present, Trochidae remains ten subfamilies 
according to the new classification for Trochoidea proposed 
by Williams (2012) and Bouchet et al. (2017). Compared to 
gene fragments, complete mt genomes contain more informa-
tion and have been proven useful in recovering internal nodes 
with high statistical support.

Complete mt genomes are helpful for understanding 
phylogenetic relationships and have been widely used to re-
construct phylogenetic relationships in different gastropod 
groups, including the Neritimorpha (Uribe et  al.,  2016), 
Heterobranchia (Sevigny et  al.,  2015; White et  al.,  2011) 
and Caenogastropoda (Cunha et al., 2009; Osca et al., 2015); 
what's more, phylogenetic analyses of complete mt genomes 
have resulted in good resolutions among vetigastropoda su-
perfamilies (Lee et al., 2016; Uribe et al., 2016, 2017) and 
were regarded as good candidates to resolve phylogenetic 
relationships within Trochoidea (Uribe et al., 2017). Within 
Trochoidea, the past century classifications were based 
solely on shell, radula and anatomical characters (Hickman 
& McLean, 1990). More recently, molecular data have helped 
to clarify the phylogenetic relationships of major lineages 
within Trochoidea (Williams, 2012; Uribe, et al., 2016; Uribe 
et al., 2017; Williams & Ozawa, 2006), although most of the 
works were either based on mitochondrial and nuclear gene 
fragments or later based on mitogenomic data with limited 
taxon sampling (Lee et al., 2016; Uribe, et al., 2016; Uribe 
et al., 2017; Wort et al., 2016). These studies highlighted effec-
tivity and significance of complete mt genomes and called for 
the inclusion of more taxa into phylogenetic reconstruction. 
Addition to sequences, mt genome can provide numerous ge-
nome-level features that bear much signal for gaining insights 
into evolutionary relationships of Trochoidea. Some studies 
showed that genome-level characters, such as gene order and 
composition, were promoted as having potential to resolve 
molluscan relationships (Simison & Boore,  2008); further-
more, mitochondrial gene orders were used with increas-
ing frequency as robust characters in deep-level metazoan 
phylogenetic studies over the time (Rawlings et  al.,  2003). 
However, thus far, there are only 22 Trochoidea complete or 
almost complete mt genomes available in GenBank, covering 
six of 14 families referring to Phasianellidae, Margaritidae, 
Angariidae, Trochidae, Turbinidae, Tegulidae and several 
genera (e.g. Rochia, Cittarium and Tectus) which has not 
been assigned.

Here, we newly sequenced Herpetopoma lischkei 
(Seguenzioidea: Chilodontidae) and 12 Trochoidea complete 
mt genomes which represent four main lineages including 
Calliostomatidae, Trochidae, Turbinidae and two unassigned 
genera (Rochia and Tectus). Our aims were as follows: (a) to 
reconstruct a phylogeny of the Vetigastropoda allowing as-
sessment of the monophyly of the Trochoidea; (b) to recon-
struct a phylogeny of the Trochoidea to address phylogenetic 
relationships within the superfamily (in particular, the rela-
tive positions of Tegulidae and the genera Tectus, Rochia and 
Cittarium); and (c) to gain insights into characters evolution 
in terms on Trochoidea mt genomes in which some has shown 
gene rearrangements (Lee et  al.,  2016; Uribe, et  al.,  2016; 
Uribe et  al.,  2017). Comparative analysis of the mitochon-
drial genomes will offer evidences for future classification 
among Trochoidea. The genetic distance and phylogenetic 
analyses inferred in this study will provide help to further 
understand the evolutionary relationships within Trochoidea.

2 |  MATERIALS AND METHODS

2.1 | Sample collection

All the species of Trochoidea were collected along Hainan 
Island, China (Table 1). After collection, specimens were im-
mediately preserved in 95% ethanol. The total genomic DNA 
was isolated from 5 to 10 mg of foot tissue following a modi-
fied CTAB method (Winnepenninckx et al., 1994), and the 
quality of the genomic DNA was visualized on 1.0% agarose 
gel. The extracted DNA was preserved in TE solution and 
frozen at −30℃ until used.

2.2 | Mitochondrial genome sequencing, 
assembly and annotation

Genomic DNA was submitted to Novogene Company 
for library construction and high-throughput sequencing. 
Sequencing libraries with average insert sizes of approxi-
mately 300 bp were prepared and then sequenced as 150 bp 
paired-end runs on the Illumina HiSeq X platform. Finally, 
about 8 Gb of raw data were generated for each library. The 
raw reads were filtered using Trimmomatics v0.39 (Bolger 
et  al.,  2014). Short-read DNA sequences were assembled 
using de novo assembly in SPAdes (used in Tectus trise-
rialis, Astralium petrosum and Rochia conus) (Bankevich 
et al., 2012) and Ray (used in remaining species) (Boisvert 
et al., 2010) with a k-mer of 31. The new mitochondrial 
protein-coding genes (PCGs) were annotated by identifying 
their open reading frames with ORF Finder (https://www.
ncbi.nlm.nih.gov/orffi nder/). Gene boundaries were exam-
ined and subsequently adjusted manually by comparison 

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
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with sequenced Trochoidea mt genomes. The transfer RNA 
(tRNA) genes were further identified with both ARWEN 
(Laslett & Canbäck, 2008) and MITOS web servers (http://
mitos.bioinf.uni-leipz ig.de/index.py) (Bernt et  al.,  2013), 
using the invertebrate mitochondrial genetic code and the 
default search mode. The rRNA genes were identified by se-
quences comparison with previously reported Trochidae mt 
genomes by BLAST search.

2.3 | Sequence alignment

The newly determined complete mt genomes were aligned 
with all orthologous Vetigastropoda mt genomes available 
in GenBank (www.ncbi.nlm.nih.gov/; Table  2). Three data 
sets were constructed and analysed. The first (hereafter re-
ferred to as the VA data set) and second (VN) data sets were 
aimed to test the monophyly of Trochoidea and included 
another five superfamilies (Seguenzioidea, Lepetodriloidea, 
Haliotoidea, Fissurelloidea and Pleurotomarioidea) within 
Vetigastropoda. One species Chrysomallon squamiferum 
from superfamily Neomphaloidea was selected as outgroup 
(Uribe, et  al.,  2016; Uribe et  al.,  2017). The VA data set 
included the deduced amino acid sequences of the 13 mt 
protein-coding genes, and the VN data set included the nu-
cleotide sequences of the 13 mt protein-coding genes and two 
rRNA genes. The third data set (hereafter referred to as the 
TN data set) was aimed to test the internal phylogenetic rela-
tionships of Trochoidea. The TN data set included 13 mt pro-
tein-coding genes and two rRNA genes, both were analysed 
at the nucleotide level. The 13 PCGs were aligned separately 
using Translator X (Abascal et  al.,  2010), according to the 

Invertebrate Mitochondrial genetic code, whereas rRNA 
genes were aligned separately using MAFFT v7 (Katoh 
& Standley,  2013) with default parameters. Ambiguously 
aligned positions were removed using Gblocks v.0.91b 
(Castresana,  2000) under default setting. Finally, the dif-
ferent single alignments were concatenated using Sequence 
Matrix 1.7.8 (Vaidya et al., 2011). Sequence format was con-
verted using DAMBE (Xia and Xie, 2001) for further analy-
ses. Pairwise genetic distances were calculated using NT data 
set in MEGA 7 (Kumar et al., 2016).

2.4 | Phylogenetic analyses

The best partition schemes and best-fit models of substitu-
tion for the data sets for phylogenetic analyses were identified 
using PartitionFinder 2 (Lanfear et al., 2017) according to the 
Bayesian information criterion (BIC; Schwarz, 1978). For the 
PCGs analysed at both nucleotide and amino acid levels, the 
partitions tested were all genes combined; all genes separated 
(except atp6-atp8 and nad4-nad4L); and genes grouped by sub-
units (atp, cob, cox and nad) (followed by Uribe, et al., 2016). 
In addition, these three partition schemes at nucleotide level 
were tested considering first, second and third codon positions 
separately. For the mt rRNA genes, the two genes were tested 
both combined and separated. The selected best-fit partitions 
and models are provided in Tables S1, S2 and S3.

Phylogenetic analyses were conducted with maximum 
likelihood (ML, Felsenstein,  1981) and Bayesian inference 
(BI, Huelsenbeck & Ronquist, 2001) using the VA, VN and 
TN data sets. ML analyses were carried out using RAxML 
v. 8.2.1 (Stamatakis,  2006) with the rapid hill-climbing 

T A B L E  1  Mitogenomes newly sequenced and used in this study

Species Family Superfamily
Length 
(bp)

GenBank 
acc. no. Locality

Trochus histrio Trochidae Trochoidea 16,965 MT752948 Yonglequndao, Hainan Province

Trochus maculatus Trochidae Trochoidea 16,899 MT752949 Luhuitou, Hainan Province

Clanculus denticulatus Trochidae Trochoidea 16,861 MT752944 Qiziwan, Hainan Province

Monodonta labio Trochidae Trochoidea 16,388 MT752946 Danzhou, Hainan Province

Calliostoma unicum Calliostomatidae Trochoidea 16,421 MT752943 Nanjidao, Hainan Province

Astralium rhodostomum Turbinidae Trochoidea 18,098 MT752942 Jinqingdao, Hainan Province

Astralium petrosum Turbinidae Trochoidea 17,449 MT663150 Ganquandao, Hainan Province

Turbo chrysostomus Turbinidae Trochoidea 17,031 MT752953 Luhuitou, Hainan Province

Turbo argyrostomus Turbinidae Trochoidea 16,928 MT752951 Yagongdao, Hainan Province

Turbo bruneus Turbinidae Trochoidea 16,904 MT752952 Luhuitou, Hainan Province

Rochia conus Unassigned Trochoidea 17,863 MT752950 Luhuitou, Hainan Province

Tectus triserialis Unassigned Trochoidea 18,897 MT752947 Shanhudao, Hainan Province

Herpetopoma lischkei Chilodontidae Seguenzioidea 18,659 MT752945 Dongfang, Hainan Province

Note: The length of each mt genome is indicated in base pairs (bp), and GenBank accession number and sampling locality are provided.

http://mitos.bioinf.uni-leipzig.de/index.py
http://mitos.bioinf.uni-leipzig.de/index.py
http://www.ncbi.nlm.nih.gov/
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algorithm and 10,000 bootstrap pseudoreplicates (BP). The 
BP values <50, between 50 and 70, and >70 are considered 
to indicate non-significant, moderate and high statistical sup-
port, respectively. BI analyses were performed with MrBayes 
v.3.2 (Ronquist et  al.,  2012) by default (the Temp parame-
ter is 0.2), running four simultaneous Monte Carlo Markov 
chains (MCMC) for 10 million generations (sampling every 
1,000 generations), and discarding the first 25% generations 
as burn-in. Parameter convergence was achieved within ten 

million generations, and the standard deviation of split fre-
quencies was less than 0.01. Two independent Bayesian infer-
ence runs were performed. All parameters were checked with 
Tracer v. 1.7 (Rambaut et al., 2018), and the effective sample 
size (ESS) was more than 200. Node support was assessed 
based on Bayesian posterior probabilities (BPP). We consider 
BPP values higher than 0.95 as high statistical support. The 
resulting phylogenetic trees were visualized in FigTree v1.4.2 
(Rambaut, 2014).

T A B L E  2  Mitogenomes downloaded from NCBI and analysed in this study. The length of each mt genome is indicated in base pairs (bp), 
and the GenBank accession number is provided

Species Family Superfamily Length (bp)
GenBank 
acc. no.

Angaria delphinus Angariidae Trochoidea 19,554 NC_031860

Angaria neglecta Angariidae Trochoidea 19,470 NC_028707

Astralium haematragum Turbinidae Trochoidea 16,310 NC_031858

Bolma rugosa Turbinidae Trochoidea 17,432 NC_029366

Lunella aff cinerea Turbinidae Trochoidea 17,670 KF700096

Lunella correensis Turbinidae Trochoidea 17,308 MN604179

Lunella granulata Turbinidae Trochoidea 17,632 NC_031857

Chlorostoma argyrostomum Tegulidae Trochoidea 17,780 NC_031859

Omphalius nigerrimus Tegulidae Trochoidea 17,755 NC_031862

Omphalius rusticus Tegulidae Trochoidea 17,799 MG836833

Tegula brunnea Tegulidae Trochoidea 17,690 NC_016954

Tegula lividomaculata Tegulidae Trochoidea 17,375 NC_029367

Cittarium pica Unassigned Trochoidea 17,949 KY212109

Rochia nilotica Unassigned Trochoidea 16,966 MK284240

Tectus pyramis Unassigned Trochoidea 18,439 NC_036068

Tectus virgatus Unassigned Trochoidea Partial KY205709

Clanculus margaritarius Trochidae Trochoidea - -

Gibbula umbilicalis Trochidae Trochoidea 16,277 KY661530

Stomatella planulata Trochidae Trochoidea 17,151 NC_031861

Umbonium thomasi Trochidae Trochoidea 15,998 NC_041307

Calliostoma zizyphinum Calliostomatidae Trochoidea - -

Margarites vorticiferus Margaritidae Trochoidea Partial KY205708

Phasianella australis Phasianellidae Trochoidea Partial KX298888

Phasianella solida Phasianellidae Trochoidea 16,698 NC_028709

Granata lyrata Chilodontidae Seguenzioidea 17,632 NC_028708

Lepetodrilus nux Lepetodrilidae Lepetodriloidea Partial LC107880

Lepetodrilus schrolli Lepetodrilidae Lepetodriloidea Partial KR297250

Haliotis rubra Haliotidae Haliotoidea 16,907 NC_005940

Haliotis tuberculata Haliotidae Haliotoidea 16,521 NC_013708

Diodora graeca Fissurellidae Fissurelloidea 17,209 KT207825

Fissurella volcano Fissurellidae Fissurelloidea 17,575 NC_016953

Variegemarginula punctata Fissurellidae Fissurelloidea 14,440 KX298889

Bayerotrochus teramachii Pleurotomariidae Pleurotomarioidea 13,473 MH837533

Perotrochus caledonicus Pleurotomariidae Pleurotomarioidea 14,082 MH837539

Chrysomallon squamiferum Peltospiridae Neomphaloidea 15,388 AP013032
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3 |  RESULTS AND DISCUSSION

3.1 | Genome structure and organization

The 12 newly sequenced Trochoidea mt genomes are found to 
be from 16,904 bp (Turbo bruneus) to 18,897 bp (T. triserialis) 
possessing the typical Trochoidea mt gene content of 13 PCGs, 
20  ~  24 tRNA genes and 2 rRNA genes. The sequence of 
H. lischkei (Seguenzioidea) is 18,659 bp in size possessing 13 
PCGs, 23 tRNA genes and 2 rRNA genes. These mt genomes 
share the same gene order with regard to the relative position of 
protein-coding genes but with rearrangements of some tRNAs 
(Figure 1). The major strand encodes 7 PCGs (cox1, cox2, atp6, 
atp8, cox3, nad3 and nad2) and 7 tRNAs (trnD, trnK, trnA, 
trnR, trnN, trnI and trnS2). The remaining protein-coding genes 

(nad5, nad4, nad4L, cytb, nad6 and nad1) and 12 tRNAs (trnF, 
trnH, trnS1, trnP, trnL1, trnL2, trnV, trnM, trnY, trnC, trnW 
and trnQ) are disposed in the minus strand. The trnE, trnG 
and trnT are disposed either in the minus strand or in the major 
strand. Both rRNA genes are transcribed from the minus strand 
that 16S rRNA is flanked by trnL and trnV, while 12S rRNA 
is located between trnV and trnM. For Seguenzioidea species, 
the genome structure and gene composition are same with 
Trochoidea except for certain tRNA arrangement (Figure 1).

3.2 | Gene rearrangement

The complete mt genomes of all species possess 20–24 tRNA 
genes. When compared to the hypothetical ancestral gastro-
pod gene order (Osca et al., 2014a; Stöger & Schrödl, 2013), 

F I G U R E  1  Mitochondrial gene orders of the main lineages of Trochoidea. Two Seguenzioidea are also shown for comparison. Genes encoded 
in major and minor strands are shown in the top and the bottom lines, respectively. Rearrangement genes are colored. Varied types arrangements of 
trnT are highlighted with different color boxes: type 1 is indicated in red and type 2 is yellow, the blue color applies to type 3
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Granata lyrata and H. lischkei mt genomes presented slight 
differences that only a trnD inversion and a trnC duplication, 
respectively (Figure 1). The species are the only two repre-
sentatives whose mt genome is available of Seguenzioidea; it 
is hard to determine whether these distinctive gene orders are 
an autapomorphy or a more general feature of Seguenzioidea.

Within Trochoidea, in relation to the most common mt 
gene orders, rearrangements mainly resulted from transloca-
tion, inversion, duplication or loss of three tRNA genes (T, E, 
G) (Figure 1).

A total of three major genome arrangement types are 
detected only based on the trnT gene rearrangements. 
Type 1, identified in Tegulidae, Angariidae, Margaritidae, 
Phasianellidae and three unassigned genera (Tectus, Rochia 
and Cittarium), is identical to the ancestral gastropoda condi-
tion which trnT is located between nad4l and trnS in the major 
strand. The gene order of Trochidae and Calliostomatidae 
(type 2) closely resembles that of the ancestral gastropoda 
mitochondrial genome, only with trnT inverted to the minor 
strand. Turbinidae (type 3) possesses a novel rearrangement 
of trnT which is shifted to a new relative position between 
trnN and trnI in the major strand. Gene order rearrange-
ments in mt genomes have been widely found, and if shared 
by two taxa can be considered molecular synapomorphies 
that may provide useful data for phylogenetic reconstruc-
tion (Grande et al., 2008). In these analyses, Trochidae and 
Calliostomatidae share trnT reversion and all Turbinidae 
genera (Turbo, Astralium and Lunella) possess trnT translo-
cation, suggesting the trnT rearrangement may be molecular 
synapomorphies in family level. Beyond that, the results re-
veal that though trnT gene has three coding positions, and 
their codons are concordant; therefore, there is no correlation 
between tRNA gene location and codon use. These new find-
ings may provide implications for understanding the phyloge-
netic relationships between Trochoidea families.

According to recent studies, many Trochoidea mt ge-
nomes showed rearrangements affecting trnG and trnE 
genes, and in some instances, one or both genes were miss-
ing (Lee et al., 2016; Uribe, et al., 2016; Uribe et al., 2017). 
To determine whether other species of Trochoidea share the 
same rearrangements, we analysed the all Trochoidea com-
plete mitochondrial genomes referred in the study (Figure 1). 
All genomes were observed arrangement diversity regarding 
the trnE and trnG with the exception of Trochidae (without 
Stomatella planulata) and Calliostomatidae whose gene or-
ders are identical with the hypothetical ancestral gastropoda. 
For remaining species, ten types were inferred as follows: 
S. planulata and Astralium haematragum genomes (type 
A) possess congruent condition with genomes of Cittarium 
pica, Tegula brunnea, Chlorostoma argyrostomum and 
Omphalius rusticus (type B) which only lack trnE gene com-
pared with ancestral gastropoda (Osca et al., 2014a; Stöger 
& Schrödl,  2013); however, the trnG gene is encoded on 

different strands in the both types. The trnG arrangement of 
Omphalius nigerrimus (type C) and Bolma rugosa (type D) 
is identical to that of the previously type except for the loca-
tion of trnE (Figure  1). The identical gene order exhibited 
by the genomes of type E (Angaria) and type F (Lunella and 
Phasianella solida) that is trnQ-trnE-trnG-cox3, but with dif-
ferent coding strand of trnE (Figure 1). There is considerable 
variation in Rochia nilotica and Tegula lividomaculata (type 
G) that both genes are not observed; every remaining type 
possesses unique arrangement, but they share duplication of 
trnE and/or trnG. In A. petrosum (type H), only trnG is du-
plicated and both trnG are arranged on the opposite strand. 
Within Tectus species, both taxa (Tectus pyramis and T. trise-
rialis) (type I) share the condition that trnG is located at the 
major strand and trnE is duplicated and located on the two 
strands. In Turbo, Astralium rhodostomum, R. conus (type J), 
both genes are duplicated and appear in inverse order on the 
opposite strand (trnE–trnG in the major strand, trnG–trnE 
in the minor strand). It is impossible to infer the evolution of 
these rearrangements, given that this part of the mt genome 
could not be sequenced in T.  virgatus and Margarites vor-
ticiferus, and is not available for C. margaritarius and C. zi-
zyphinum (Uribe et al., 2017). Adding trnG–trnE to the end 
of the ancestral cluster trnM–trnY–trnC–trnW–trnQ might 
be synapomorphic for gastropod and the location is known 
for having relatively high rates of gene rearrangement, before 
the hypothesized control region of gastropod mt genomes 
(Duarte et al., 2008). The translocation and loss of trnE and 
trnG have been described frequently (Lee et al., 2016; Uribe, 
et al., 2016; Uribe et al., 2017), and only the duplication of 
trnE first found in T. pyramis (Zhao et al., 2018), but in our 
study, one or both genes are duplicated in eight species re-
ferring to type H, I and J (Figure 1). The duplicated genes 
have a completely similarity, some studies have shown the 
same mitochondrial genes in the group were generated by 
replication, and the higher the similarity rate, the later the 
replication event occurred (Xu et al., 2012). Similarly, in 
H.  lischekei, the similarity between trnC genes was found 
up to 94%. The duplication of extremely high similarity re-
veals these multiple copies of the tRNA genes are most likely 
due to recent replication events. Beyond that, the unexpected 
loss of tRNAs appears to be enigmatic, while compensatory 
mechanisms seem to be an acceptable hypothesis to a func-
tional tRNA during the translation and the interaction with 
the ribosome (Amaral et al., 2016; Domes et al., 2008; Masta 
& Boore, 2008; Schneider, 2001). As discussed by Clayton 
(1992), the tRNA losses may happen because protein encoded 
in the nucleus could interact with the mitochondria during the 
translation step. Indeed, tRNAs, which are encoded simulta-
neously in the nucleus, could suffer a selective pressure for 
deletion providing the reduction of mt genome size (Amaral 
et al., 2016; Domes et al., 2008). The comparative analyses 
for diversity arrangements of trnE and trnG reveal that both 
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of replication and loss are coded separately, the combination 
of replication and loss results in trnE and/or trnG encoded by 
major strand that displayed in five types (B, C, D, E and F) 
instead of only inversion event seems to be an acceptable hy-
pothesis. Comparative analyses of trnE and trnG gene evolu-
tion characteristics may provide useful information for future 
revisions on Trochoidea taxonomy and evolutionary process 
research.

3.3 | Protein-coding genes

All PCGs of 12 newly sequenced Trochoidea mt genomes 
start with the typical codon ATG except nad4 in Clanculus 

denticulatus, A. rhodostomum, Calliostoma unicum and nad6 
in T.  triserialis, which employ alternative initiation codon 
GTG. Within Seguenzioidea, initiation codon GTG is also 
used in nad4 gene of H. lischkei, and has been reported as a 
start codon in G. lyrata (Uribe, et al., 2016).

All of PCGs analysed in the present study used conven-
tional initiation codons, and both ATG and GTG have re-
ported in many mollusc groups (Marquez et al., 2016; Osca 
et al., 2015; White et al., 2011; Xu et al., 2012). The 13 PCGs 
end in complete termination codons TAG and TAA which 
are the most common termination codons, and no incomplete 
stop codons are found in our study.

When the PCGs of 36 Trochoidea species (TN data 
set) are aligned, Tegulidae does not contain continuous 

F I G U R E  2  Nad1 sequence differences in 36 Trochoidea. Nucleotide (a) and amino acid (b) alignments of a portion of nad1 gene indicate that 
the three-nucleotide insertion present in Tegulidae
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three-nucleotide deletion present in the other species 
in nad1 genes (Figure  2), as in this case, in nad5 genes 
(Figure  3), continuous nine-nucleotide insertion is found 
only in Tectus sequences (T.  pyramis and T.  triserialis). 
Interestingly, Rochia species (R. nilotica and R. conus) and 
T.  virgatus contain continuous six-nucleotide deletion in 
another separate loci. A translated amino acid alignment 
confirms the locations. As a result, the insertion or dele-
tion only leads to the insertion or deletion of corresponding 
amino acid and does not bring other changes in the deduced 
amino acid sequences. Nucleotide insertions and dele-
tions (indels) are one of the major sources of evolutionary 
change at the molecular level (Tao et al., 2008). The dra-
matic observation of the variation seen in the nad1 gene of 
Tegulidae, nad5 gene of Rochia species and Tectus species 

is elucidated in this study. The mitochondrial gene deletions 
among related species in cox1 gene of Melibe (Gastropoda) 
taxa and in nad6 gene of Reticunassa have been reported 
and the deletions were explained as a derived trait, which 
may reflect unusual constraints on the protein in those taxa 
(Sevigny et al., 2015; Yang et al., 2018). Hence, the nad5 
deletions may be a conservative trait. Besides, the insertions 
may be a derived trait as well, but few nucleotide insertion 
events were reported which probably because that inser-
tions occur less frequently. In these analyses, limited taxa 
in same genus or family and ambiguous classification status 
make us unable to expand our understanding of these traits. 
Nevertheless, our study potentially contributes to study pat-
terns of indels and further deciphers the evolutionary pro-
cess of Trochoidea genomes.

F I G U R E  3  Nad5 sequence considerable differences in 36 Trochoidea (their order is same with Figure 2). Nucleotide (a) and amino acid (b) 
alignments of a portion of nad5 gene indicate that all species lack the nine-nucleotide insertion present in Tectus pyramis and T. triserialis and on 
the basis, Rochia nilotica, R. conus and T. virgatus which have another six-nucleotide deletion
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3.4 | Interspecific genetic distance and 
phylogenetic relationship

According to the Bayesian information criterion (BIC), the 
best partition scheme for PCGs at nucleotide level was the one 
combining genes by subunits but analysing the three codons 
separately. At the amino acid level, the best partition scheme 
for PCGs was also the one combining genes by subunits. For 
the rRNA genes, the best partition scheme was combining 12S 
and 16S rRNA genes together. The best substitution model for 
each partition is shown in Tables S1, S2 and S3. Phylogenetic 
analyses included Vetigastropoda tree (hereafter designed the 
Tree V) and Trochoidea tree (hereafter designed the Tree T). 
Vetigastropoda phylogenetic analyses were conducted to test 
monophyly of Trochoidea with maximum likelihood (ML, 
Felsenstein, 1981) and Bayesian inference (BI, Huelsenbeck & 
Ronquist, 2001) using the VA data set (contain 2,371 sites) and 
VN data sets (contain 7,927 sites). Phylogenetic analyses with 
ML and BI rendered rather unresolved trees based on VN data 
sets (see Figures S1 and S2) due to the extremely long branches 
of Perotrochus caledonicus that caused significant instability of 
the trees. The ML and BI phylogenetic analyses based on VA 
data set arrived at the almost identical topologies, only differing 
in the relationships within Trochoidea (Figure 4). Most nodes 
were strongly supported but some nodes received moderate and 
low support. We incorporated two representatives of the super-
family Pleurotomarioidea including Bayerotrochus teramachii 

(MH837533) and Perotrochus caledonicus (MH837539), whose 
clade was placed as sister group to all other Vetigastropoda 
lineages with high statistical support (BP 99%, PP 1), keep-
ing with other phylogenies (Kano, 2008; Williams et al., 2008; 
Zapata et al., 2014). Our analyses found strong support for the 
placement of Fissurelloidea as the next clade to diverge from 
other vetigastropoda lineages; however, the members exhib-
ited relatively long branches. Fissurelloidea also have usually 
been recovered as sister group of the remaining Vetigastropoda 
lineages in previous mt genome phylogenies (Lee et al., 2016; 
Uribe, et al., 2016; Wort et al., 2016) where no representatives 
of Pleurotomarioidea were included. However, the result clearly 
differed from a phylogeny recently reconstructed by Uribe 
et al. (2017) that the position of Lepetodriloidea as sister group 
of the remaining Vetigastropoda lineages was supported with 
moderate statistical support. The possibility of a long-branch at-
traction effect by the outgroup cannot be dismissed. The line-
age Seguenzoidea was the sister group of the clade formed by 
Trochoidea and Haliotoidea + Lepetodriloidea and the relation-
ship received relatively high support in ML tree (BP: 74.2%) 
whereas moderate support in BI tree (PP: 0.65), similar to a phy-
logeny recently reconstructed by Zapata et al. (2014), based on 
nuclear transcriptomic data, in which phylogenetic relationships 
within Vetigastropoda were fully resolved (i.e. all nodes received 
maximal statistical support). In that study, Seguenzoidea were 
recovered as the sister group of a clade in which Lepetodriloidea 
was sister to Lepetelloidea and Haliotoidea was sister to 

F I G U R E  4  Phylogenetic relationships of Vetigastropoda based on 12 protein-coding genes at the amino acid level. The ML phylograms (a) 
are shown. Topology differences in BI are shown in the inset (b). The superfamily Trochoidea is indicated in blue (Phasianellidae and Angariidae 
are red); the black colour in the tree applies to the other superfamilies. Numbers at nodes are statistical support values for ML (bootstrap 
proportions in percentage)/BI (posterior probabilities). An asterisk represents nodes with posterior probabilities ≥0.95 and bootstrap proportions 
≥90
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Trochoidea (including Phasianelloidea); however, no represent-
atives of Fissurelloidea were included (Zapata et al., 2014). The 
differences may be due to the missing of Lepetelloidea in our 
study, whereas in recent phylogenies (Lee et al., 2016; Uribe, 
et al., 2016; Uribe et al., 2017; Wort et al., 2016), superfamilies 
Seguenzoidea and Haliotoidea formed a well-supported clade. 
In this study, the branches of these superfamilies are relatively 
long, but almost all nodes receive high statistical support; be-
sides, superfamilies Scissurelloidea are also missing (Uribe, 
et al., 2016; Uribe et al., 2017). Several molecular phylogenies 

based on partial gene sequences have recovered a close relation-
ship between Scissurelloidea and Lepetodriloidea (Kano, 2008; 
Williams & Ozawa, 2006; Yoon & Kim, 2005), while the rela-
tive phylogenetic position of Lepetelloidea remains controver-
sial (Aktipis & Giribet, 2012).

The main focus of the present phylogenetic analysis was 
Trochoidea which the monophyly was recovered and received 
maximal support in Uribe et  al.  (2017), and our result (Tree 
V) also supported the monophyly of the group with maximal 
support (Figure  4). The initial recognition of Phasianellidae 

F I G U R E  5  Phylogenetic relationships of Trochoidea based on 12 protein-coding genes and 2 rRNA at the nucleotide level. The BI 
phylograms (a) are shown. Topology differences in ML are shown in the inset (b). Numbers at nodes are statistical support values for ML 
(bootstrap proportions in percentage)/BI (posterior probabilities). An asterisk indicates maximal support in ML (BP: 100%) and BI (PP 1)
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and Angariidae as valid superfamilies (Phasianelloidea 
and Angarioidea) distinct from Trochoidea (Hickman & 
McLean, 1990) was based on phylogenetic analyses of partial mt 
and nuclear genes, which placed these two lineages in early-di-
verging positions in the Vetigastropoda tree (Williams et al., 2008; 
Aktipis & Giribet, 2012; see also position of Phasianelloidea in 
Kano,  2008). The phylogenies, based on mt (Lee et  al.,  2016; 
Uribe, et al., 2016; Uribe et al., 2017; Wort et al., 2016) and nu-
clear (Zapata et al., 2014) genomic datasets, have likewise recov-
ered a clade grouping Trochoidea together with Phasianellidea and 
Angariidea (the latter were missing in Zapata et al., 2014). Until 
recently, Phasianellidae and Angariidae were accepted as mem-
bers of Trochoidea (http://www.marin espec ies.org/) (Bouchet 
et al., 2017) instead of distinct superfamilies. Our results displayed 
that the phylogenetic position of Phasianellidae and Angariidae 
was rather unstable. In Tree V, Phasianellidae and Angariidae 
were recovered as a clade grouping with the several unassigned 
genera, diverse with Uribe et al. (2017). However, Phasianellidae 
and Angariidae failed to form a clade; instead, Phasianellidae was 
as the sister group of Angariidae + remaining families in Tree T. 
Tree T, a molecular phylogeny of Trochoidea, was reconstructed 
using above methods based on nucleotide sequences of 13 PCGs 
and two rRNAs of Trochoidea main lineages to resolve the internal 
phylogenetic relationships, Lepetodrilus schrolli and Lepetodrilus 
nux were used as outgroup. Most nodes were strongly supported 
but some nodes received moderate support. Except for Angariidae 
and Phasianellidae, two major lineages could be distinguished. 
The reconstructed phylogenetic trees recovered the Trochidae 
as sister group of the Calliostomatidae with maximal statistical 
support and the resulting clade was sister group of the M. vor-
ticiferus, which formed a monophyletic group with high support 
(BP: 100%, PP: 0.99). The next lineage was Turbinidae + (para-
phyletic) Tegulidae, in which some certain Turbinidae members 
(Lunella and B. rugosa) exhibited relatively long branches that 
may have produced a long-branch attraction effect and the pulling 
of these two branches to more basal positions. Tegulidae has been 
regarded as the most formidable to resolve using either morpho-
logical or molecular data, and as such, systematics of the family 
has not been confirmed yet (Williams, 2012); especially, the genus 
Turbo may not be monophyletic. Within the group, so far, only 
five complete mt genomes were sequenced and no representatives 
of Turbo were available, a situation that has been addressed in the 
present analyses, we increased two Astralium and three Turbo mt 
genomes that formed tight groups with Maximum support, re-
spectively. In terms of higher-level relationships, the monophyly 
of Turbinidae received maximal support as well. Within the lin-
eage, the internal relationships of Tegulidae are equivocal, and 
no evidence supported monophyly of Tegulidae which indicated 
(a) the Tectus, Cittarium and Rochia should be assigned to a new 
family; and (b) the taxonomic status of Tegula, Omphalius and 
Chlorostoma needs to be further analysed. Williams (2012) first 
recovered Tectus, Cittarium and Rochia as a distinct clade, al-
though with low support. The clade was not formally described, 

but she suggested familial rank pending further studies and the 
suggestion was supported by Uribe et al. (2017). Nevertheless, our 
result revealed that the topologies of BI and ML tree were differ-
ent among the clade of Tectus, Rochia and Cittarium (Figure 5) 
due to the unstable placement of C. pica. Otherwise, the speciose 
genus Tegula are likewise non-monophyletic; alternatively, the 
genera Omphalius and Chlorostoma were supposed to be grouped 
together with Tegula (Uribe et al., 2017). Our results supported 
Tegula is non-monophyletic, whereas the taxonomic status needs 
further analysing combined with genetic distances (will be ana-
lysed below). In addition, according to the phylogenetic results 
that T. virgatus shared a closer affinity with Rochia and compar-
ative mt genome evidence (the deletions of nad5 genes observed 
in T. virgatus and Rochia as mentioned above), we supported the 
validity of the classification of T. virgatus as a species of Rochia.

In order to gain insights into the phylogenetic relationships, 
the genetic distances of 13 PCGs and 12 rRNA genes between 
Trochoidea species were conducted and part of the heatmaps are 
provided in Figure 6. The close affinity of Tegula to Omphalius, 
Tegula to Chlorostoma and Omphalius to Chlorostoma was in-
dicated with genetic distances of 0.13–0.20, 0.13–0.20 and 0.11, 
respectively, lower than the distances between congeneric spe-
cies of Trochus (0.21); thus, we supported the genera Tegula, 
Omphalius and Chlorostoma should be grouped together with 
Tegula. The genetic distance between T.  virgatus and Rochia 
was 0.22–0.23, yet with Tectus was 0.3 that accorded with the 
phylogenetic analysis and supported the validity of the classifi-
cation of T. virgatus as a species of Rochia. Genetic distance val-
ues detected between Tegulidae and several unassigned genera 
(Rochia, Tectus, Cittarium) (0.28–0.31) were similar to values 
between Tegulidae and Trochidae (0.30–0.34). This is another 
evidence that support these genera should be considered as a 
distinct clade instead of being assigned to Tegulidae (Uribe 
et al., 2017; Williams, 2012). However, it is worth noting that 
the intergeneric genetic distances (0.28–0.30) between the sev-
eral unassigned genera were quite similar to distances between 
them and Tegulidae (0.28–0.31), respectively. Hence, whether 
they should be placed into a same family is equivocal because of 
indeterminate topology (Figure 5) and relatively distant genetic 
distance. But, pairwise genetic distances among Tegulidae and 
these unassigned genera analyses may provide implications for 
future revisions on Trochoidea internal taxonomy. Although the 
complete mitochondrial sequences provided support for a robust 
phylogeny in our study, they are to a certain extent ‘single genes’ 
from a vantage of incomplete lineage sorting and evolution, and 
hence, it is essential to add nuclear genes for further study.

4 |  CONCLUSION

Phylogenetic signal born in complete mt genome sequences is 
useful in addressing phylogenetic relationships within major 
lineages of Trochoidea. Here, we newly sequenced 13 complete 

http://www.marinespecies.org/
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mt genomes referring to one Seguenzioidea and 12 Trochoidea 
species. By comparative analyses of all sequences, three 
major characters were detected: homoplasious convergences 
of trnT gene rearrangement in Trochidae + Calliostomatidae 
and Turbinidae; considerable variation in location and num-
ber of trnE and trnG within Trochoidea; and three-nucleotide 
insertions in Tegulidae nad1 genes, for nad5 genes, nine-
nucleotide insertions and six-nucleotide deletions in Tectus 
and Rochia, respectively. These characters could provide new 
ideas for further solving phylogenetic relationships in future. 
Comprehensive analyses for phylogenetic trees and genetic 
distances support non-monophyly of Tegulidae and Tegula 
which is identical with preceding studies (Lee et  al.,  2016; 
Uribe et  al.,  2017), indicating taxonomic status of Rochia, 
Tectus and Cittarium should be further studies and Tegula, 
Omphalius and Chlorostoma should be assigned to a same 
genus. The close affinity between T. virgatus and Rochia is 
also revealed. This phylogeny provides a robust backbone to 
further understand the evolutionary processes and diversifica-
tion of Trochoidea. Future mt genome phylogenetic studies 
await incorporating a denser taxon sampling at the family level 
which will contribute to expand our understanding of the evo-
lutionary processes.
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