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1   |   INTRODUCTION

The Patellogastropoda (Lindberg, 1986) or true limpets 
are characterized by cap-shaped shells with the apex typ-
ically situated at the centre of the shell or slightly ante-
rior (Lindberg, 2008). They distribute worldwide and can 
be found in diverse habitats from deep-sea hydrothermal 
vents to the highest reaches of the intertidal and brackish 

water (Branch, 1985a, 1985b; Lindberg, 1990; Nakano & 
Sasaki, 2011; Sasaki et al., 2005). The 	 	 	 	 	 	
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2.1Ca 

Specimen collection and 

mitochondrial genome sequencinglp  LAnP y vgnPL v G o  eMLL ey d FoMn yp  eMgvy MF 8pAig FoMn 1sfsvy 

1II) yM H Py nt o 1I1I ( 2e Py ogNNDeDUeRTtGINRegDLD GpAep eMLL ey d FoMn ± cs kvLgid, HMsyp 5Mo gQU lp  eMLL eyAMi dgyg MF  gep vP eAn i go  LAvy d Ai lgtL  NU 1Fy o eMLL eyAMi, vP eAn iv G o  Ann dAgy LE Po v ob d Ai )S²  ypgiMLU lp  yMygL f iMnAe B|1 Ggv  2yogey d FoMn S yM NI¬nf MF FMMy yAvvs  (Mi  vP eAn i P o vP eA v Ggv sv d FMo B|1  2yogeyAMiQ svAif lk1|gnP 6goAi  1iAngLv B|1 5Ay (lk1|:z| WAMy ep W AcAif 8MU uydUQ FMLLMGAif ngisFgeyso ªv PoMyMeMLvU : iMnAe B|1 Ggv vstnAyy d yM W AcAif |MbMf i  l epiMLMfE 8MU, uyd, FMo LAtogoE eMiKvyoseyAMi gid pAfpKypoMsfpPsy v ¥s ieAifU H ¥s ieAif LAtogoA v GAyp gb ogf  Aiv oy vAr v MF gPPoM2Angy LE 3II¬tP G o  Po Pgo d gid yp i v ¥s ie d gv NSI¬tP PgAo dK id osiv Mi yp  kLLsnAig |MbgH ¥ XIII PLgyFMonU2.2 | Mitochondrial genome assemblies and annotationRaw sequence data for all 16  samples (including six tran-scriptomic data and 10 new sequenced genomic data) were trimmed using Trimmomatic 0.36 (Bolger et al., 2014) with the parameters “ILLUMINACLIP:TruSeq3-PE.fa:2:30:10 LEADING:3TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36.” Resulting clean reads were assembled de novo using NOVOPlasty 4.1 (Dierckxsens et al., 2017) and MitoZ v. 2.3 (Meng et al., 2019).

Annotation of the protein-coding genes (PCGs) was 

defined by using Open Reading Frame Finder (https://

www.ncbi.nlm.nih.gov/orffi​nder/) and corroborated 

using the MITOS web server (Bernt, Donath, et al., 2013) 

with default settings and the invertebrate genetic code for 

mitochondria and followed by manual genome annota-

tion in Artemis (Rutherford et al., 2000). Gene boundaries 

were examined and subsequently adjusted manually by 

comparison with the previously published patellogastro-

pod mitochondrial genome. The tRNA genes were iden-

tified using ARWEN (Laslett & Canbäck, 2008) and tRNA scan-SE 1.21 (Lowe & Eddy, 1997). The ribosomal RNA 

(rRNA) genes were identified by comparing with the mi-tochondrial genomes of other limpets, and their boundar-

ies were assumed to be between the adjacent genes (Boore et al., 2005).

Transcriptomic data (Cunha & Giribet, 2019) for Patella ulyssiponensis, Patelloida saccharina, Testudinalia testudinalis, Lottia cf. fenestrata, Eoacmaea pustulata and Paralepetopsis sp. were download from NCBI SRA database, and raw reads were assembled using Trinity v. 3.2.1 (Grabherr et al., 2011) with the “trimmomatic” flag. Mitochondrial protein-coding genes were identified by TBLASTX (Camacho et al., 2009) using the published nucleotide sequences of 13 protein-coding genes of the closest relatives as queries. The full-length sequences of all 16 newly sequenced mitochondrial genomes can be accessed through GenBank (Table 1). Mitochondrial protein-coding genes derived from transcriptomic data acquired from NCBI SRA Database were deposited to figshare (https://figsh​are.com/artic​les/datas​et/Patel​logas​tropo​da_mt_genom​e/16436880).To verify the reliability of this method and the data obtained, the transcriptomic data of Nacella magellanica (SRR8318359), which had a publicly available mitochon-drial genome (KT990125), were downloaded, assembled, annotated and deposited as described above. The number of different positions and percentages of similarity be-tween the mitochondrial genome sequences assembled from the transcriptomes and obtained in GenBank were examined (Abalde et al., 2019).2.3 | Concatenated alignmentsA total of 31 taxa were used for the phylogenetic analy-sis, of which three species from Cephalopoda and three species from Vetigastropoda were selected as outgroup based on current understanding of gastropod evolution-ary history (Cunha & Giribet, 2019; Kocot et al., 2011; Uribe et al., 2019; Zapata et al., 2014) (Table 1). Amino acid sequences of the 13  mitochondrial protein-coding genes (PCGs) used in this study were aligned separately using MAFFT (Katoh & Standley, 2013). Ambiguously aligned positions were removed using Gblocks (Talavera & Castresana, 2007) with default parameters. Finally, resulting alignments were concatenated into final super-matrix using FASconCAT (Kueck & Meusemann, 2010) for downstream phylogenetic analysis.2.4 | Phylogenetic analysisPhylogenetic analyses were inferred using maximum-likelihood (ML) method and Bayesian inference (BI). 

https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
https://figshare.com/articles/dataset/Patellogastropoda_mt_genome/16436880
https://figshare.com/articles/dataset/Patellogastropoda_mt_genome/16436880
info:refseq/SRR8318359
info:refseq/KT990125
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Scutellastra flexuous shown medium 

and low levels of 

gene rearrangement when 

compared 

to 

the 

gene orga-nization of gastropod 

ancestor and Patella, respectively. Hence, intermediate levels of gene rearrangement, 

at 

the family 

level, characterize the 

mitochondrial 

genomes of 

Patellidae. However, the 

gene rearrangement of genera within Patellidae 

is 

relatively 

conservative. Our 

new 

se-quenced mitogenomes of three species belongs to Cellana share the 

same gene organization with other 

nacellids, which 

agreed with the 

idea 

that 

mitochondrial 

genome organization of Nacellidae 

was conserved 

(Gaitan-Espitia et al., 2019; 

Uribe 

et al., 2019). 

Besides, 

B. nipponica and 

nacellids 

not only 

share the 

similar 

gene organization, but 

also sisters to each other in our phylogenetic tree.4.3 | Divergence time estimationThe 

reconstructed time 

tree 

dated the origin of Patellogastropoda in 

the 

early 

Carboniferous (about 

341.8 Mya) and shown that 

the 

principal clades and an-

titropical distribution 

pattern of the 

Patellogastropoda established during the 

Mesozoic and 

Cenozoic, which 

is consistent with previous 

studies (Nakano & 

Ozawa, 

2004, 2007). The 

emergency of Patellogastropoda might 

have 

triggered by the 

greenhouse interval, which occurs 

between the 

earlier Visean and the 

later Serpukhovian–Pennsylvanian icehouse times (Pfefferkorn et al., 2014).According to our 

time 

trees, the 

early divergence within Patellogastropoda occurred in 

the 

early Permian. The 

earth warmed rapidly and 

glaciers retreated to high latitudes from the 

late Sakmarian period, and 

reached the 

warmest period of the 

entire Early Permian in 

the 

late Artinskian–Kungurian time. A 

suitable climate might have triggered the 

splitting of E. pustulata (Chumakov & Zharkov, 2002). The 

origin of Lottiidae was 

dated at 

the 

Middle Jurassic. During the 

period, the 

sea 

temperature in 

the 

mid-

latitude area suddenly dropped 10°C, which might lead to 

the

 emergency of Lottiidae (Korte et al., 2015).Our molecular clock analyses inferred that the 

or-igin of Patellidae in 

the 

Upper Triassic. This period was 

characterized by hot and 

arid, but was 

interrupted during the 

Mid- to 

Late Carnian by increased rain-fall 

(Simms & 

Ruffell, 1990). These climate change might have triggered these diversification events. The 

F I G U R E  2   Mitochondrial gene order within Patellogastropoda and hypothetical ancestral gastropoda. (a) Phylogenetic relationships were recovered by Bayesian inference utilizing alignment. The tRNA genes are not shown in Lottiidae, which shown tRNA duplication and extensive gene rearrangements. The species with known gene arrangement were coloured in green. The species included in the light blue box indicate the same gene arrangement. Genes in the light strand (reverse) are represented in red and dashed boxes. The gene in orange dashed boxes indicates they preserves the cluster when compared to the ancestral mitochondrial gene order of Gastropoda. (b) Hypothetical ground pattern of gastropod mitochondrial genome 
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