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A B S T R A C T   

The infraorder Anomura is a species-rich clade of decapod crustaceans recognized by its remarkable disparity in 
terms of morphology, anatomy, ecology, physiology, and behavior. This study assembled and characterized the 
complete mitochondrial genomes of two anomuran species, the hermit crab Coenobita clypeatus and the mole crab 
Emerita talpoida. The AT-rich mitochondrial genomes of C. clypeatus and E. talpoida are 16,469 bp and 15,810 bp 
long, respectively, and are composed of 13 protein-coding genes (PCGs), two ribosomal RNA genes, and 22 
transfer RNA genes. A 1,390 bp and 553 bp long intergenic space is assumed to be the D-loop in C. clypeatus and 
E. talpoida, respectively. Mitochondrial synteny in C. clypeatus is identical to that reported in other congeneric 
hermit crabs while synteny in E. talpoida is identical to that described for the confamilial mole crab Stemonopa 
insignis. No major differences occur between the studied species and their respective congeneric / cofamilial 
species in terms of nucleotide composition and codon usage profiles of PCGs. Selective pressure analysis in PCGs, 
rarely conducted in anomuran crabs, indicate that all these mitochondrial PCGs experience purifying selection 
and that this purifying selection is stronger in some (i.e., cox family genes and cob) compared to other PCGs (e.g., 
atp8). Most of the tRNA genes exhibited a typical ‘cloverleaf’ secondary structure with few exceptions in the two 
studied species. In C. clypeatus, tRNA-Ser1 lacks the thymine pseudouracil cytosine (TΨC) loop while tRNA-Phe 
and tRNA-Tyr each exhibit a deletion of the dihydroxyuridine (DHU) loop but not the arm. In turn, in E. talpoida, 
tRNA-Phe and tRNA-Arg exhibit a deletion of the DHU loop but not the arm while tRNA-Ser1 lacks the TΨC arm. A 
phylogenomic analysis based on translated PCGs confirms the monophyly of the infraorder Anomura and re
trieves most/all relationships at the superfamily and family level previously reported for anomurans. The 
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analysis supports the monophyletic status of the families Albuneidae, Lithodidae, Coenobitidae, and Porcella
nidae. In turn, the superfamily Paguroidea, and the families Paguridae and Diogenidae are polyphyletic.   

1. Introduction 

Anomuran crabs (Infraorder Anomura) are a species-rich clade of 
crustaceans within the Order Decapoda (Ahyong et al., 2009; De Grave 
et al., 2009; Lozano-Fernandez et al., 2019) with remarkable disparity in 
terms of morphology, anatomy, ecology, physiology, and behavior (De 
Grave et al., 2009; Bracken-Grissom et al., 2013; Lozano-Fernandez 
et al., 2019). They include representatives such as the coconut, king, 
mole, hairy stone, hermit, and porcelain crabs as well as the squat lob
sters. During the last decade, anomuran crabs have been used as model 
systems in evolutionary biology. For example, the porcelain crab Pet
rolisthes violaceus has been used to test the adaptive value of active 
parental care (i.e. embryo grooming) (Förster and Baeza, 2001), the ‘yeti 
crab’ Kiwa puravida has been used to understand the evolution of dense 
body setation and its role in the “culturing” of chemosynthetic bacteria 
as a food source at hydrothermal vents (Goffredi et al., 2008; Thatje 
et al., 2015), and the coconut crab Birgus latro has been used to explore 
genomic adaptations to terrestrial life (Veldsman et al., 2020, 2021). 
Furthermore, some species are heavily fished for human consumption by 
industrial fleets in both low (the squat lobster Pleuroncodes monodon in 
Costa Rica (Wehrtmann and Acuña, 2011) and high latitudes (e.g., the 
red king crab Paralithodes camtschaticus in Alaska - Dvoretsky and 
Dvoretsky, 2018; the yellow squat lobster Cervimunida johni in Chile - 
Wolff and Aroca, 1995). Lastly, some species are invasive (Wassick et al., 
2017) or targeted by fisheries supplying the ornamental aquarium trade 
industry (Baeza et al., 2013). 

Although anomuran crabs are used as model systems in evolutionary 
and ecological studies and hold tremendous economic value, only a few 
genomic resources exist (Tan et al., 2018; Lozano-Fernandez et al., 2019; 
Wolfe et al., 2019, and references therein). For instance, as it pertains to 
mitochondrial genomes, the National Center for Biotechnology Infor
mation (NCBI) nucleotide database (GenBank) lists only 46 curated 
mitochondrial genomes [2 of them incomplete] belonging to anomuran 
crabs (consulted 05-04-2022). The development of genomic resources 
across anomurans, including mitochondrial genomes, is increasingly 
important as it will promote the continued understanding of their 
remarkable evolutionary history and innovations. 

Among anomuran crabs, the terrestrial hermit crab Coenobita cly
peatus is the only crab in the genus that inhabits the western North 
Atlantic (Walker, 1994). It is distributed from the east coast of Florida, 
along the Gulf of Mexico and Central America, to the coast of Venezuela 
(Provenzano, 1959; Walker, 1994; Lewis and Rotjan, 2009; Copeland, 
2020). It is found on all Caribbean islands, from the Florida Keys to 
Trinidad, with Bermuda being the northernmost extension of its range 
(Provenzano, 1959; de Wilde, 1973; Walker, 1994). Coenobita clypeatus 
inhabits supralittoral areas but can also penetrate long distances inland 
(de Wilde, 1973; Wolcott, 1988; Greenaway, 2003; Harzsch and Hans
son, 2008). This species has been used as a model system to understand 
sensory, physiological, and behavioral adaptations, among others, to 
semi- and/or terrestrial life in crustaceans (de Wilde, 1973; Harzsch and 
Hansson, 2008; Krång et al., 2012). 

The mole crab Emerita talpoida (Say, 1817) also inhabits along the 
east coast of North America, from Massachusetts to Florida, and is also 
present in the Gulf of Mexico (Efford, 1976; Tam et al., 1996). Emerita 
talpoida inhabits the wave wash zone of exposed sandy beaches, 
seasonally occurring in considerable numbers (Wenner, 1977). Repro
duction in E. talpoida typically occurs from late winter through early fall 
with a maximum number of ovigerous females in late summer (Diaz, 
1980). E. talpoida is most relevant to the food web dynamics of coupled 
aquatic-terrestrial ecosystems (Tewfik et al., 2016) and has been used as 
a model system to understand the mechanisms for burial in sand- 

dwelling crustaceans (Trueman, 1970), appendages (i.e., limb) regen
eration (Weis, 1982), and the effect of parasites on the biological 
rhythms of their host individuals (Loh, 2017). 

This study reports, for the first time, the complete mitochondrial 
genome of the terrestrial hermit crab Coenobita clypeatus and the mole 
crab Emerita talpoida. We have assembled, annotated, manually curated, 
and characterized in detail the complete mitochondrial genome of 
Coenobita clypeatus and Emerita talpoida following recommendations in 
Baeza (2022). Lastly, we examined the phylogenetic position of the two 
studied species in the infraorder Anomura based on mitochondrial PCGs. 

2. Methods 

2.1. Sampling, DNA extraction, and sequencing 

The raw sequence data used to assemble the mitochondrial genome 
of the two studied species of anomuran crabs was generated by one of us 
(HBG) together with other colleagues as a part of a project focusing on 
developing new genomic resources for decapods (see Wolfe et al., 2019). 
Information on specimen sampling, DNA extraction, and sequencing 
methods are detailed in Table S3 in Wolfe et al. (2019). 

2.2. Mitochondrial genome assembly 

The totality of the raw Illumina reads we retrieved from GenBank 
(SRA accession number SRX5574073 [C. clypeatus] and SRX5559866 
[E. talpoida]) were used to assemble the mitochondrial genome of the 
two studied species. The mitochondrial genomes were assembled de 
novo using the software NOVOPlasty v. 1.2.3 (Dierckxsens et al., 2017). 
In the case of C. clypeatus, NOVOPlasty was run using a fragment of the 
16S ribosomal RNA gene from the same species available in Genbank 
(accession number KF182531, voucher number ULLZ 9968, length 577 
bp) as a seed and the complete mitochondrial genome of the congeneric 
C. brevimanus (NC_050386.1) as a reference. In the case of E. talpoida, 
NOVOPlasty was run using a fragment of the cox1 protein coding gene 
from the same species available in Genbank (accession number 
KT959463, voucher number USNM:IZ:1286817, length 658 bp) as a 
seed. The two assembly runs used a kmer size of 39. Reads were not 
cleaned before the assembly following the developer’s suggestions 
(Dierckxsens et al., 2017). 

2.3. Mitochondrial genome annotation and manual characterization 

The newly assembled mitochondrial genomes of C. clypeatus and 
E. talpoida were first annotated using the web servers MITOS 
(https://mitos.bioinf.uni-leipzig.de) and MITOS2 (https://mitos2. 
bioinf.uni-leipzig.de) (Bernt et al., 2013; Donath et al., 2019) using 
the invertebrate genetic code. Manual curation of the in silico annotated 
mitochondrial genomes, including start and stop codons corrections, 
were conducted using the tool ExPASy translate in the web server 
ExPASy (https://web.expasy.org - Artimo et al., 2012; Donath et al., 
2019) and MEGA X (Kumar et al., 2018). We also compared the 
manually curated annotations of the new mitochondrial genomes with 
other anomuran mitochondrial genomes available in the NCBI web 
server. The two mitochondrial genomes were visualized with the web 
server GenomeVx (https://wolfe.ucd.ie/GenomeVx/ - Conant and 
Wolfe, 2008). 

2.4. Mitochondrial genome characterization 

Nucleotide composition and codon usage profiles of the PCGs in the 
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two mitochondrial genomes were analyzed. Nucleotide composition of 
each mitochondrial chromosome was estimated in the software MEGA X 
(Kumar et al., 2018). Codon usage was estimated using the invertebrate 
mitochondrial code in the web server Sequence Manipulation Suite 
(SMS) (https://www.bioinformatics.org/sms2/codon_usage.html - Sto
thard, 2018). Relative synonymous codon usage (RSCU) of all (concat
enated) protein coding genes was estimated and visualized using the 
EZcodon tool in the web server EZmito (https://ezmito.unisi.it/ezcodon 
- Cucini et al., 2021). 

In order to test for selective pressures in the different PCGs, values of 
KA (the number of non-synonymous substitutions per non-synonymous 
site: KA = dN = SA/LA), KS (number of synonymous substitutions per 
synonymous site: KS = dS = SS/LS) and ω (the ratio KA/KS) were esti
mated with the software KAKS_Calculator2.0 (Wang et al., 2010). The 
KA/KS ratio is considered a measure of selective pressures acting on a 
gene; it indicates neutrality when KA/KS = 1, negative or purifying se
lection when KA/KS < 1, and positive or diversifying selection when KA/ 
KS > 1 (Wang et al., 2009b). These values were calculated based on a 
pairwise comparison between C. clypeatus and the congeneric 
C. brevimanus (GenBank: MK310257) and between E. talpoida and the 
cofamilial mole crab Stemonopa insignis (GenBank: KY352240). The 
γ-MYN model (Wang et al., 2009a) was used during calculations to ac
count for variable mutation rates across sequence sites. Significant dif
ferences (P < 0.05) in the ω were calculated by the software 

KAKS_Calculator2.0 to indicate either negative (purifying) selection or 
positive (diversifying) selection. 

The transfer RNAs genes (tRNA) were identified using the software 
MiTFi (Jühling et al., 2012) as implemented in the MITOS web server. 
The secondary structure of each tRNA gene was visualized with the tool 
Forna in the web server ViennaRNA (https://rna.tbi.univie.ac.at/forna/ 
- Kerpedjiev et al., 2015). 

The putative control region (CR) in the two studied mitochondrial 
genomes was also studied in more detail. MEGA X was used to analyze 
its nucleotide composition and the web server RNA Secondary Structure 
Prediction (https://tandem.bu.edu/trf/trf.html - Reuter and Mathews, 
2010) was used to predict the secondary structure of this region and to 
identify hairpin structures along the sequence. The web servers Micro
satellite Repeats Finder (https://insilico.ehu.es/mini_tools/micro 
satellites/ - Bikandi et al., 2004) and Tandem Repeats Finder 
(https://tandem.bu.edu/trf/trf.html - Benson, 1999) were also used to 
detect microsatellite and satellite sequences, respectively, in this region. 

2.5. Phylogenetic position of the Anomura 

We examined the phylogenetic position of the hermit crab 
C. clypeatus and the mole crab E. talpoida based on translated PCGs. We 
used amino acids instead of nucleotides in our phylogenetic analyses 
considering that the former characters have a higher phylogenetic 

Fig. 1. Circular mitochondrial genome maps of the terrestrial hermit crab, Coenobita clypeatus, and the mole crab, Emerita talpoida. The annotated maps depict 13 
protein-coding genes (PCGs), two ribosomal RNA genes (rrnS: 12S ribosomal RNA and rrnL: 16S ribosomal RNA), 22 transfer RNA (tRNA) genes, and the putative 
control region. Photo credit: Coenobita clypeatus photo by Antonio Baeza. “Emerita talpoida (YPM IZ 085053); photo by Eric A. Lazo-Wasem 2016-10-06′′ - Emerita 
talpoida (Say, 1817) 2020 Collected in United States of America (licensed under https://creativecommons.org/publicdomain/zero/1.0/). 
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information to noise ratio compared to nucleotides to reveal mono
phyletic clades deep in evolutionary time (Ahyong et al., 2009). 
Phylogenetic analyses were conducted using the two newly assembled 
and annotated mitochondrial genomes plus those of 42 species available 
in GenBank, including 37 anomurans belonging to 13 families (Pylo
chelidae, Lomisidae, Albuneidae, Chirostylidae, Aeglidae, Lithodidae, 
Coenobitidae, Paguridae, Diogenidae, Porcellanidae, Munidopsidae, 
Munididae, and Kiwaidae) and five species of brachyuran crabs (infra
order Brachyura) used as outgroups. We conducted a maximum likeli
hood (ML) analysis using the software MitoPhAST (Tan et al., 2015). 
MitoPhAST first extracted all PCG nucleotide sequences from species 
available on GenBank and others provided by the user (e.g., C. clypeatus 
and E. talpoida), translated each PCG nucleotide sequence to amino 
acids, conducted alignments for each PCG amino acid sequence using 
Clustal Omega (Sievers and Higgins, 2014), removed poorly aligned 
regions with trimAl (Capella-Gutiérrez et al., 2009), partitioned the 
dataset and selected best fitting models of sequence evolution for each 
PCG with ProtTest (Darriba et al., 2011), and used the concatenated and 
partitioned PCG amino acid alignments to perform a ML analysis in the 
software IQ-TREE version 1.6.10 (Nguyen et al., 2015). The robustness 
of the ML tree topology was assessed by 1,000 bootstrap iterations of the 
observed data. 

3. Results and discussion 

The software NOVOPlasty assembled and circularized the mito
chondrial genome of the hermit crab C. clypeatus (ON203128) and the 
mole crab E. talpoida (ON164669) with a coverage of 226x and 242x, 

respectively. In C. clypeatus and E. talpoida, the length of the mito
chondrial genome is 16,469 bp and 15,810 bp, respectively. The studied 
mitochondrial genomes were compact with few intergenic spaces and 
overlaps among gene junctions in C. clypeatus (Fig. 1a, Table 1); and 
with a few relatively long intergenic spaces (and gene overlaps) in 
E. talpoida (Fig. 1b, Table 2). In the two species, the mitochondrial 
genome comprised 13 protein-coding genes (PCGs), two ribosomal RNA 
genes (rrnS [12S ribosomal RNA] and rrnL [16S ribosomal RNA]), and 
22 transfer RNA (tRNA) genes. A relatively long intergenic space with a 
length equal to 1,390 and 553 bp in C. clypeatus and E. talpoida, 
respectively, was assumed to be the D-loop/Control Region (Tables 1, 2). 

In C. clypeatus, most (n = 8) of the PCGs and 11 tRNA genes were 
encoded on the heavy strand, while only five PCGs (in order from 5′ to 
3′: nad3, nad1, nad4l, nad4, and nad5), the two rRNA genes, and the 
remaining 11 tRNA genes (tRNA-Cys, tRNA-Gln, tRNA-Trp, tRNA-Leu2, 
tRNA-Gly, tRNA-Ala, tRNA-Ser1, tRNA-Val, tRNA-Pro, tRNA-His and 
tRNA-Phe) were encoded in the light strand (Fig. 1a and Table 1). In 
E. talpoida, most of the PCGs and tRNA genes were encoded on the heavy 
strand while only four PCGs (in order from 5′ to 3′: nad1, nad4l, nad4, 
and nad5), the two rRNA genes, and seven tRNA genes (tRNA-Tyr, tRNA- 
Cys, tRNA-Gln, tRNA- Val, tRNA-Pro, tRNA-His and tRNA-Phe) were 
encoded in the light strand (Fig. 1b and Table 2). 

Mitochondrial gene order observed in all hermit crabs Coenobita spp., 
including the studied species C. clypeatus, is the same, and mitochondrial 
synteny in these hermit crabs is also identical to that reported before in 
the closely related ‘robber’ or ‘coconut’ crab Birgus latro (Fig. S1) (Tan 
et al., 2018; Wang et al., 2019; Gong et al., 2020; Veldsman et al., 2020). 
In turn, gene order in E. talpoida is identical to that reported before in the 

Table 1 
Mitochondrial genome of Coenobita clypeatus. Arrangement and annotation.  

Name Type Start Stop Strand Length (bp) Start Stop Anticodon Continuity 

cox1 PCG 1 1534 + 1534 ATG T(AA)  0 
tRNA Leu tRNA 1535 1600 + 66   tag 7 
cox2 PCG 1608 2297 + 690 ATG TAA  7 
tRNA Lys tRNA 2305 2369 + 65   ttt 7 
tRNA Met tRNA 2377 2443 + 67   cat 10 
tRNA Ile tRNA 2454 2519 + 66   gat 55 
nad2 PCG 2575 3573 + 1000 ATT T(AA)  0 
tRNA Asp tRNA 3575 3643 + 69   gtc 0 
atp8 PCG 3644 3802 + 159 ATT TAG  −7 
atp6 PCG 3796 4470 + 675 ATG TAA  −1 
cox3 PCG 4470 5261 + 792 ATG TAG  16 
tRNA Arg tRNA 5278 5340 + 63   tcg −1 
tRNA Asn tRNA 5340 5405 + 66   gtt 7 
tRNA Glu tRNA 5413 5478 + 66   ttc 2 
tRNA Phe tRNA 5481 5546 – 66   gaa 1 
nad5 PCG 5548 7272 – 1725 ATG T(AA)  0 
tRNA His tRNA 7273 7338 – 66   gtg 99 
nad4 PCG 7438 8778 – 1341 ATG TAA  −7 
nad4l PCG 8772 9074 – 303 ATG TAA  2 
tRNA Thr tRNA 9077 9141 + 65   tgt 13 
nad6 PCG 9155 9688 + 534 ATG TAA  43 
cob PCG 9669 10,803 + 1071 ATG T(AA)  1 
tRNA Ser2 tRNA 10,804 10,869 + 66   tga −1 
tRNA Pro tRNA 10,869 10,935 – 67   tgg 1 
nad1 PCG 10,937 11,875 – 939 GTG TAA  30 
16S rRNA 11,906 13,271 – 1366    2 
tRNA Val tRNA 13,274 13,341 – 68   tac −2 
12S rRNA 13,340 14,133 – 794    0 
CR  14,134 15,523 + 1390    0 
[OH]  14,169 14,249 + 81     
tRNA Ser tRNA 15,524 15,589 – 68   tct 3 
tRNA Ala tRNA 15,595 15,659 – 65   tgc 26 
nad3 PCG 15,686 16,036 – 351 ATG TAA  0 
tRNA Gly tRNA 16,037 16,102 – 66   tcc 5 
tRNA Leu2 tRNA 16,108 16,174 – 67   taa −1 
tRNA Tyr tRNA 16,174 16,240 + 67   gta 4 
tRNA Trp tRNA 16,245 16,313 – 69   tca 14 
tRNA Gln tRNA 16,328 16,395 – 68   ttg 4 
tRNA Cys tRNA 16,400 16,466 – 67   gca 3  
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cofamilial mole crab Stemonopa insignis (Fig. S1) (Tan et al., 2018). 
Mitochondrial synteny varies mostly above the genus level in anomuran 
crustaceans (Yang and Yang, 2008; Kim et al., 2013; Sun et al., 2019; 
Tan et al., 2018; Gong et al., 2019, 2020). 

The overall nucleotide composition of the mitochondrial genome in 
C. clypeatus was as follows: A = 28.1 %, T = 37.4 %, C = 14.4 %, and G =
20.2 %, with a 65.5 % AT-content and a 34.6 % GC-content. In 
E. talpoida, overall nucleotide composition of the mitochondrial genome 
was as follows: A = 36.2 %, T = 35.9 %, C = 16.0 %, and G = 11.8 %, 
with a 72.1 % AT-content and a 27.8 % GC-content. Overall AT-content 
observed in the mitochondrial genomes of the two studied species is 
within the range described for other anomuran crustaceans (Table S1). 

In the mitochondrial genome of C. clypeatus and E. talpoida, PCGs 
comprise a total of 11,277 and 11,148 codons, respectively. In 
C. clypeatus, the start codon most frequently used was ATG (10 PCGs 
used it: cox1, cox2, atp6, cox3, nad5, nad4, nad4l, nad6, cob, nad3). Two 
PCGs used ATT (nad2, atp8) and a single PCG (nad1) used GTG as a start 
codon. In turn, the stop codon most frequently used was TAA (10 PCG: 
cox1, cox2, nad2, atp6, nad5, nad4, nad4l, nad6, nad1, nad3), two PCGs 
used TAG (atp8, cox3) and one PCG presented a truncated stop codon T 
(cob) (Table 1). The observed use of start and stop codons agree with that 
reported before in other congeneric species (e.g., C. variabilis 
[KY352236.2], C. rugosus [MN030161], C. perlatus [KY352234], and 
C. brevimanus [NC_050386, MK310257, KY352233]). The alternative 
start codon GTG in nad1 is also commonly observed in the aforemen
tioned congeneric species as well as in the cofamilial coconut crab Birgus 

latro (Veldsman et al., 2020). In turn, in the mole crab E. talpoida, ATG 
was also the most frequently used start codon (present in eight PCGs: 
cox2, atp8, atp6, cox3, nad4, nad4l, cob, nad1). Three PCGs used ATT 
(nad3, nad2, nad6), one PCG used ATA (nad5), and another PCG used 
AGC (cox1) as start codons. Two different stop codons were used by 
PCGs in E. talpoida. TAA was found in 10 PCGs (cox2, nad3, nad2, atp6, 
cox3, nad5, nad4l, nad6, cob, nad1) while TAG was used in a single PCG 
(atp8). Also, two truncated stop codons (T) were detected; in cox1 and 
nad4 (Table 2). Incomplete stop codons are likely the result of post 
transcriptional polyadenylation (Yang and Yang, 2008; Sun et al., 2019; 
Gong et al., 2019; Hickerson and Cunningham, 2000). 

Relative synonymous codon usage (RSCU) and amino acid compo
sition in the PCGs of C. clypeatus and E. talpoida are summarized in Fig. 2. 
The most frequently used codons (amino acids) in C. clypeatus were: TTT 
(Phe) used 236 times (69 %), ATT (Ile) used 225 times (73 %) and TTA 
(Leu) used 186 times (32 %). Codons (amino acids) that were the least 
commonly used (excluding stop codons) included TGC (Cys) used 11 
times (28 %) and CCG (Pro) used 11 times (8 %). In E. talpoida, the most 
frequently used codons were TTA (Leu), used 335 times (59 %), ATT 
(Ile), used 301 times (87 %) ans TTT (Phe), used 272 times (84 %) 
whereas the least common were CGC (Arg) used one time (2 %), CGG 
(Arg) used one time (3 %) and TCG (Ser) used two times (1 %). RSCU 
and amino acid composition of PCGs have been reported before in a few 
other anomurans (e.g., P. nigrofascia - Gong et al., 2019; P. longicarpus - 
Hickerson and Cunningham, 2000; M. laurensis and M. verrilli - Sun et al., 
2019; B. latro - Veldesman et al., 2020; C. brevimanus - Gong et al., 2020). 

Table 2 
Mitochondrial genome of Emerita talpoida. Arrangement and annotation.  

Name Type Start Stop Strand Length (bp) Start Stop Anticodon Continuity 

cox1 PCG 1 1534 + 1534 ACG T(AA)  0 
tRNA Leu tRNA 1535 1600 + 66   tag 0 
tRNA Leu2 tRNA 1601 1665 + 65   taa 5 
cox2 PCG 1671 2357 + 687 ATG TAA  7 
tRNA Lys tRNA 2365 2430 + 66   ttt 0 
tRNA Gly tRNA 2431 2495 + 65   tcc 0 
nad3 PCG 2496 2849 + 354 ATT TAA  1 
tRNA Ala tRNA 2851 2914 + 64   tgc 2 
tRNA Ile tRNA 2917 2980 + 64   gat 1 
tRNA Met tRNA 2982 3047 + 66   cat 0 
nad2 PCG 3048 4043 + 996 ATT TAA  −2 
tRNA Asp tRNA 4042 4106 + 65   gtc 0 
atp8 PCG 4107 4265 + 159 ATG TAG  −7 
atp6 PCG 4259 4933 + 675 ATG TAA  −1 
cox3 PCG 4933 5724 + 792 ATG TAA  9 
tRNA Arg tRNA 5734 5796 + 63   tcg −2 
tRNA Asn tRNA 5795 5861 + 67   gtt 1 
tRNA Ser1 tRNA 5863 5928 + 66   tct 5 
tRNA Glu tRNA 5934 6002 + 69   ttc 210 
OH  6213 6306 + 94    100 
tRNA Phe tRNA 6407 6473 – 67   gaa −1 
nd5 PCG 6473 8185 – 1713 ATA TAA  18 
tRNA His trna 8204 8267 – 64   gtg 0 
nad4 PCG 8268 9603 – 1336 ATG T(AA)  −7 
nad4l PCG 9597 9899 – 303 ATG TAA  2 
tRNA Thr tRNA 9902 9967 + 66   tgt 19 
nad6 PCG 9987 10,496 + 510 ATT TAA  −1 
cob PCG 10,496 11,647 + 1152 ATG TAA  −17 
tRNA Ser2 tRNA 11,631 11,697 + 67   tga 0 
CR  11,698 12,250 + 553    0 
tRNA Pro tRNA 12,251 12,317 – 67   tgg −4 
OH  12,314 12,363 + 50    −34 
nad1 PCG 12,330 13,268 – 939 ATG TAA  75 
16S rrna 13,344 14,543 – 1200    −41 
OH  14,503 14,584 + 82    −18 
tRNA Val tRNA 14,567 14,638 – 72   tac 1 
12S rrna 14,640 15,406 – 767    21 
OH  15,428 15,496 + 69    47 
tRNA Trp tRNA 15,544 15,609 + 66   tca −3 
tRNA Gln tRNA 15,607 15,674 – 68   ttg 3 
tRNA Cys tRNA 15,678 15,742 – 65   gca 0 
tRNA Tyr tRNA 15,743 15,808 – 66   gta 202  
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In all of these anomuran species, including C. clypeatus and E. talpoida, 
the most commonly used amino acids are Leu, Phe, and Ile. The abun
dance of A- and T-rich codons is congruent with the high AT-content 
observed in this study as well as in other anomuran crabs (Gong et al., 
2020). 

The Ka/Ks ratio calculated for each mitochondrial PCG in 
C. clypeatus and E. talpoida exhibits values < 0.17 (p value < 0.05 in all 
cases). In C. clypeatus, the nad6 gene showed the highest Ka/Ks value 
(0.090), followed by atp8 gene (0.074), while the cox family genes (cox1 
− 0.002, cox2 − 0.005, cox3 − 0.003) and cob (0.004) featured the 
lowest values (Fig. 3). Similarly, in E. talpoida, the atp8 gene showed the 
highest value (0.166) and the cox family genes (cox1 − 0.004, cox2 −
0.016, cox3 − 0.012) and cob (0.015) exhibited the lowest values 
(Fig. 3). In general, the observed Ka/Ks values indicate that, in the two 
studied anomuran crabs, all mitochondrial PCGs experience purifying 
selection and that this purifying selection is stronger in some (i.e., cox 
family genes and cob) compared to other PCGs (e.g., atp8). Selective 
pressure in PCGs have rarely been conducted in other anomuran crabs; 
the exceptions are the coconut crab B. latro and two species of hermit 

crabs belonging to the genus Dardanus (Veldesman et al., 2020; Zhang 
et al., 2021). In the latter three species, the same pattern observed in this 
study was reported: atp8 exhibits the highest and the cox family genes 
exhibit the lowest Ka/Ks values (Veldesman et al., 2020; Zhang et al., 
2021). 

In the mitochondrial genome of C. clypeatus, 19 out of the 22 tRNA 
genes exhibited a ‘cloverleaf’ secondary structure (Fig. 4). Two tRNA 
genes, tRNA-Phe and tRNA-Tyr, exhibit a deletion of the dihydroxyur
idine (DHU) loop, having only its arm while tRNA-Ser1 lacks the 
thymine pseudouracil cytosine (TΨC) loop (Fig. 4). In E. talpoida, 19 out 
of the 22 tRNA genes exhibited a cloverleaf secondary structure (Fig. 5). 
tRNA-Phe and tRNA-Arg featured a deletion of the dihydroxyuridine 
(DHU) loop, having only its arm while tRNA-Ser1 lack the thymine 
pseudouracil cytosine (TΨC) arm, having only its loop. tRNA secondary 
structure conservation varies considerably in the Anomura. For instance, 
at one extreme, in the squat lobster Shinkaia crosnieri, all tRNA genes 
exhibit the classical cloverleaf structure with the exception of tRNA-Ser 
that have a extremely short TΨC arm. This truncation of tRNA-Ser (either 
a short TΨC arm as we have observed in E. talpoida or the completely 
deletion of the TΨC arm, as we have observed in C. clypeatus) (Yang and 
Yang, 2008) is characteristics of eumetazoans (Bernt et al., 2013). On 
the other extreme, 14 out of the mitochondrial 22 tRNAs are missing at 
least one arm in the coconut crab Birgus latro (Veldesman et al., 2020). 
Whether or not truncated tRNA are functional remains to be addressed 
in the Anomura. 

In C. clypeatus and E. talpoida, the two rRNA genes are located in the 
L-strand. In C. clypeatus, the 16S rRNA, located between nad1 and tRNA- 
Val, is 1,366 bp long while the 12S rRNA, located between tRNA-Val and 
the CR, is 794 bp long. The AT-content estimated for the 16S and 12S 
rRNA is 71.1 % and 70.5 %, respectively. In turn, in E. talpoida, the 16S 
rRNA, located between nad1 and tRNA-Val, is 1,200 bp long while the 
12S rRNA, located between tRNA-Val and tRNA-Trp, is 767 bp long. The 
AT-content estimated for the 16S and 12S rRNA is 75.3 % and 75.2 %, 
respectively. Nucleotide usage of the rRNAs has rarely been reported in 
anomurans (Yang and Yang, 2008; Sun et al., 2019; Zhang et al., 2021). 
Still, the scarce available information indicates that the two studied 
species exhibit an AT-content within the range reported before for 
anomura crabs. In the infraorder Anomura, Coenobita rugosus (16S rRNA 
= 69.4 %, 12S rRNA = 68.0 % - Tan et al., 2018) exhibits the lowest AT- 
content while the highest AT content has been reported for the yeti crab 
Kiwa tyleri (16S rRNA = 83.9 % and, 12S rRNA = 83.1 % - Zhang et al., 
2017). 

In C. clypeatus, the 1,390 bp-long putative control region (CR) is 
located between the 12S and tRNA-Ser2 genes (Fig. 1), starting at posi
tion 14,134 and ending at position 15,523. The length of this non-coding 
region is similar to that previously reported for other species belonging 
to the family Coenobitidae (range: 1,368–1,381 bp - Tan et al., 2018). 
Also, the location of the CR in the mitochondrial genome of C. clypeatus 
is identical to that reported before for congeneric (i.e., C. brevimanus, 
C. perlatus, C. rugosus, and C. variabilis - Tan et al., 2018), cofamilial 
species (e.g., Birgus latro,- Veldesman et al., 2020), and other hermit 
crabs belonging to the family Diogenidae (Dardanus arrosor and 
D. aspersus - Zhang et al., 2021) within the same superfamily Paguroidea 
to which C. clypeatus belongs (Fig. S1). 

In turn, in the mole crab E. talpoida, a 553 bp-long non-coding region 
is located between the tRNA-Ser2 and tRNA-Pro genes (Fig. 1), starting at 
position 11,698 and ending at position 12,250 (Table 2). The location 
and length of this region is similar to the CR reported in Stemonopa 
insignis (605 bp - Tan et al., 2018), the only other species belonging to 
the family Albuneidae with a published mitochondrial genome (Fig. S1). 

The ML phylogenetic tree (45 terminals, 3,641 amino acid charac
ters, and 1,829 informative sites) confirmed the monophyly of the 
infraorder Anomura given that the two studied anomuran crabs together 
with all other anomuran species included in the analysis clustered into a 
single fully supported (bootstrap value [bv] = 100) clade (Fig. 6). 

Within the Anomura, the mole crabs Emerita talpoida and Stemonopa 

Fig. 2. Relative synonymous codon usage (RSCU) in Coenobita clypeatus and 
Emerita talpoida. 

Fig. 3. Selective pressure analysis in the protein coding genes of Coenobita 
clypeatus and Emerita talpoida. 
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insignis clustered into a single fully supported clade (superfamily Hip
poidea, family Albuneidae) that was sister to a second well supported 
clade (bv = 96) containing all other anomuran species included in our 
analysis (representing 14 families and 6 superfamilies). In the latter 
clade, representatives of the families Diogenidae (left-handed hermit 
crabs, represented by Dardanus spp. and Clibanarius infraspinatus in our 
analysis) and Coenobitidae (terrestrial hermit crabs, represented by 
Coenobita spp. and the coconut crab Birgus latro) clustered into a fully 
supported clade. Within this clade, C. clypeatus clustered together with 
all other congeneric species into a fully supported clade sister to Birgus 
latro, in line with previous studies (Bracken-Grissom et al., 2013; Tan 
et al., 2018), and additionally providing support for the monophyletic 
status (bv = 100) of the family Coenobitidae. In contrast to that 
observed for representatives of the Coenobitidae, Dardanus spp. and 
Clibanarius infraspinatus, all belonging to the family Diogenidae, did not 
clustered together into a monophyletic clade. The ML tree topology 
indicated that Dardanus spp. was sister to Coenobitidae (represented by 
Coenobita + Birgus in our analysis). However, the sister relationship 
between Dardanus and Coenobitidae was poorly supported by the 

bootstrap value (bv = 46). In turn, Clibanarius infraspinatus, was found to 
be sister to Coenobitidae + Dardanus spp. (bv = 100). The aforemen
tioned relationships indicate that the family Diogenidae is not mono
phyletic, in line with recent findings by Zhang et al. (2021) and older 
studies (Bracken-Grissom et al., 2013). 

In the ML tree, the monophyletic status of the family Lithodidae, 
represented by the genera Lithodes, Paralithodes, and Cryptolithodes in 
our analysis, was fully supported. This result agrees with Gong et al. 
(2019). In turn, the monophyletic status of the family Paguridae (rep
resented by 10 species in our analysis) was not supported, considering 
that two species of Pagurus, P. longicarpus and a second unidentified 
species in Sultana et al. (2018), did not clustered together with the rest 
of its congeneric species, that in turn, comprised a fully supported clade 
sister to the family Lithodidae supported with bv = 72. The paraphyletic 
status of Pagurus and the family Paguridae has been called into question 
before (Hwang et al., 2019; (Zhang et al., 2021)). 

The deep-water symmetrical hermit crab Pylocheles mortensenii (su
perfamily Paguroidea, family Pylochelidae) did not cluster together with 
any other representative of its own superfamily represented in our 

Fig. 4. Secondary structures of 22 transfer RNA genes in Coenobita clypeatus.  
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analysis, but instead, was found in a position sister to a fully supported 
clade comprised of all species belonging to the superfamily Gal
atheoidea, represented by 5 genera and 3 families, Munididae (squat 
lobsters), Munidopsidae (squat lobsters-like), and Porcellanidae (por
celain crabs), in our analysis. However, the sister relationship between 
Pylocheles mortensenii and Galatheoidea was poorly supported by the 
bootstrap value (bv = 45). Still, the phylogenetic placement of Pylocheles 
out of the Galatheoidea has been previously noticed by other researchers 
(Tsang et al., 2011). In the Galatheoidea, Munididae, represented by two 
species of Munida in our analysis, was sister to Munidopsidae, repre
sented by 2 species of Munidopsis and Shinkaia crosneiri in our analysis. 
In turn, the family Porcellanidae was sister to Munididae +

Munidopsidae. 
Lastly, representatives of the families Kiwaidae (Kiwa tyleri), Chiro

stylidae (Gastroptychus spp.), Lomisidae (Lomis hirta), and Aegla aff. 
longirostris (Aeglidae) clustered into a single fully supported mono
phyletic clade. In this clade, Kiwaidae was sister to Chirostylidae (bv =
100). In turn, the tree topology indicated a sister relationship between 
Lomisidae and Aeglidae. However, the latter sister relationship was only 
moderately supported by the bootstrap value (bv = 67). 

4. Conclusions 

This study sequenced and characterized the mitochondrial genome 
of the hermit crab Coenobita clypeatus and the mole crab Emerita talpoida. 

Characterization of the complete mitochondrial genomes of C. clypeatus 
and E. talpoida enhances the genomic resources available for the infra
order Anomura and the families Paguroidea and Hippoidea, respec
tively. Selective pressure analysis in PCGs, rarely conducted in 
anomuran crabs, indicate that all these mitochondrial PCGs experience 
purifying selection and that this purifying selection is stronger in some 
(i.e., cox family genes and cob) compared to other PCGs (e.g., atp8). A 
phylogenomic analysis based on translated PCGs confirms the mono
phyly of the infraorder Anomura and retrieves most/all relationships at 
the superfamily and family level previously reported for anomurans. The 
analysis supports the monophyletic status of the families Albuneidae, 
Lithodidae, Coenobitidae, and Porcellanidae. In turn, the superfamily 
Paguroidea, and the families Paguridae and Diogenidae are 
polyphyletic. 

CRediT authorship contribution statement 

Angélica Colín: Methodology, Formal analysis, Investigation, Data 
curation, Writing – original draft, Visualization. Carolina Galván- 
Tirado: Methodology, Formal analysis, Investigation, Data curation, 
Writing – original draft, Visualization. Laura Carreón-Palau: Method
ology, Formal analysis, Investigation, Data curation, Writing – original 
draft, Visualization. Heather D. Bracken-Grissom: Methodology, 
Validation, Investigation, Resources, Writing – original draft. J. Anto
nio Baeza: Conceptualization, Methodology, Formal analysis, 

Fig. 5. Secondary structures of 22 transfer RNA genes in Emerita talpoida.  

A. Colín et al.                                                                                                                                                                                                                                    



Gene 849 (2023) 146896

9

Validation, Investigation, Data curation, Writing – original draft, Visu
alization, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data has been deposited in GenBank and that information is clearly 
indicated in the text of the manuscript 

Acknowledgments 

The first author would like to thank Consejo Nacional de Ciencia y 
Tecnología (CONACyT) for a scholarship (No. 1193058) granted to 
conduct postdoctoral research. JAB thanks Dr. Vincent Richards for 
bioinformatics support. This research was partially funded by Creative 
Inquiry and Clemson Thinks 2, Clemson University and a National Sci
ence Foundation Grant awarded to HBG (DEB #1856667) at Florida 
International University. This is contribution number 1488 from the 
Coastlines and Oceans Division within the Institute of Environment at 
Florida International University. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.gene.2022.146896. 

References 

Ahyong, S.T., Schnabel, K.E., Maas, E.W., 2009. Anomuran phylogeny: new insights from 
molecular data. In: Martin, Joel W., Crandall, Keith A., Felder, Darryl L., (Eds.), 
Decapod Crustacean Phylogenetics. Crustacean issues. 18. CRC Press. pp. 399–414. 
https://doi.org/10.13140/2.1.2705.5684. 

Artimo, P., Jonnalagedda, M., Arnold, K., Baratin, D., Csardi, G., de Castro, E., 
Duvaud, S., Flegel, V., Fortier, A., Gasteiger, E., Grosdidier, A., Hernandez, C., 
Ioannidis, V., Kuznetsov, D., Liechti, R., Moretti, S., Mostaguir, K., Redaschi, N., 
Rossier, G., Xenarios, I., Stockinger, H., 2012. ExPASy: SIB bioinformatics resource 
portal. Nucleic Acids Res. 40, W597–W603. https://doi.org/10.1093/nar/gks400. 

Baeza, J.A., 2022. An introduction to the Special Section on Crustacean Mitochondrial 
Genomics: Improving the assembly, annotation, and characterization of 
mitochondrial genomes using user-friendly and open-Access bioinformatics tools, 
with decapod crustaceans as an example. J. Crustac. Biol. 42 https://doi.org/ 
10.1093/JCBIOL/RUAC012. 

Baeza, J.A., Furlan, M., Almeida, A.C., Barros-Alves, S. de P., Alves, D.F.R., Fransozo, V., 
2013. Population dynamics and reproductive traits of the ornamental crab Porcellana 
sayana: implications for fishery management and aquaculture. Sexuality and Early 
Development in Aquatic Organisms 1, 1-12. https://doi.org/10.3354/sedao00002. 

Benson, G., 1999. Tandem repeats finder: a program to analyze DNA sequences. Nucleic 
Acids Res. 27, 573–580. https://doi.org/10.1093/nar/27.2.573. 

Bernt, M., Donath, A., Jühling, F., Externbrink, F., Florentz, C., Fritzsch, G., Pütz, J., 
Middendorf, M., Stadler, P.F., 2013. MITOS: Improved de novo metazoan 
mitochondrial genome annotation. Mol. Phylogenet. Evol. 69, 313–319. https://doi. 
org/10.1016/j.ympev.2012.08.023. 

Fig. 6. Total evidence phylogenetic tree obtained from ML analysis based on a concatenated alignment of amino acids of the 13 protein-coding genes present in the 
mitochondrial genome of the terrestrial hermit crab Coenobita clypeatus, the mole crab Emerita talpoida, and other representatives of the infraorder Anomura. 
Outgroups included five species belonging to the infraorder Brachyura (true crabs). The robustness of the ML tree topology was ascertained by 1,000 bootstrap 
pseudoreplicates (numbers above or below the nodes) of the tree search. 

A. Colín et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.gene.2022.146896
https://doi.org/10.1016/j.gene.2022.146896
https://doi.org/10.1093/nar/gks400
https://doi.org/10.1093/JCBIOL/RUAC012
https://doi.org/10.1093/JCBIOL/RUAC012
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/10.1016/j.ympev.2012.08.023


Gene 849 (2023) 146896

10

Bikandi, J., San Millán, R., Rementeria, A., Garaizar, J., 2004. In silico analysis of 
complete bacterial genomes: PCR, AFLP–PCR and endonuclease restriction. 
Bioinformatics 20, 798–799. https://doi.org/10.1093/bioinformatics/btg491. 

Bracken-Grissom, H.D., Cannon, M.E., Cabezas, P., Feldmann, R.M., Schweitzer, C.E., 
Ahyong, S.T., Felder, D.L., Lemaitre, R., Crandall, K.A., 2013. A comprehensive and 
integrative approach to reconstruct the evolutionary history of the Anomura 
(Crustacea: Decapoda). BMC Evol. Biol. 13, 128. https://doi.org/10.1186/1471- 
2148-13-128. 

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

Conant, G.C., Wolfe, K.H., 2008. GenomeVx: Simple Web-Based Creation of Editable 
Circular Chromosome Maps. Bioinformatics 24, 861–862. https://doi.org/10.1093/ 
bioinformatics/btm598. 

Copeland, A.I., 2020. Management plan for the Land Hermit Crab (Coenobita clypeatus) in 
Bermuda. Department of Environment and Natural Resources, Government of 
Bermuda. 39 pp. https://doi.org/10.13140/RG.2.2.29118.10563. 

Cucini, C., Leo, C., Iannotti, N., Boschi, S., Brunetti, C., Pons, J., Fanciulli, P.P., Frati, F., 
Carapelli, A., Nardi, F., 2021. EZmito: a simple and fast tool for multiple 
mitogenome analyses. Mitochondrial DNA Part B 6, 1101–1109. https://doi.org/ 
10.1080/23802359.2021.1899865. 

Darriba, D., Taboada, G.L., Doallo, R., Posada, D., 2011. ProtTest 3: fast selection of best- 
fit models of protein evolution. Bioinformatics 27, 1164–1165. https://doi.org/ 
10.1093/bioinformatics/btr088. 

De Grave, S., Pentcheff, N.D., Ahyong, S.T., Chan, T.Y., Crandall, K.A., Dworschak, P.C., 
Felder, D.L., Feldmann, R.M., Fransen, C.H.J.M., Goulding, L.Y.D., Lemaitre, R., 
Low, M.E.Y., Martin, J.W., Ng, P.K.L., Schweitzer, C.E., Tan, S.H., Tshudy, D., 
Wetzer, R., 2009. A Classification of Living and Fossil Genera of Decapod 
Crustaceans. Raffles Bull. Zool. 21 (Supplement), 1–109. 

de Wilde, P.A.W.J., 1973. On the ecology of Coenobita clypeatus in Curaçao with 
reference to reproduction, water economy and osmoregulation in terrestrial hermit 
crabs. In: Studies on the Fauna of Curaçao and other Caribbean Islands 44, 1-138. 

Diaz, H., 1980. The mole crab Emerita talpoida (Say): a case of changing life history 
patterns. Ecol. Monogr. 50, 437–456. 

Dierckxsens, N., Mardulyn, P., Smits, G., 2017. NOVOPlasty: de novo assembly of 
organelle genomes from whole genome data. Nucleic Acids Res. 45, e18. 

Donath, A., Jühling, F., Al-Arab, M., Bernhart, S.H., Reinhardt, F., Stadler, P.F., 
Middendorf, M., Bernt, M., 2019. Improved annotation of protein-coding genes 
boundaries in metazoan mitochondrial genomes. Nucleic Acids Res. 47, 
10543–10552. https://doi.org/10.1093/nar/gkz833. 

Dvoretsky, A., Dvoretsky, V., 2018. Red king crab (Paralithodes camtschaticus) fisheries in 
Russian waters: historical review and present status. Rev. Fish Biol. Fish. 28, 
331–353. https://doi.org/10.1007/s11160-017-9510-1. 

Efford, I.E., 1976. Distribution of the sand crabs in the genus Emerita (Decapoda, 
Hippidae). Crustaceana 30, 169–183. 

Förster, C., Baeza, J.A., 2001. Active Brood Care in the Anomuran Crab Petrolisthes 
violaceus (Decapoda: Anomura: Porcellanidae): Grooming of Brooded Embryos by 
the Fifth Pereiopods. J. Crustac. Biol. 21, 606–615. https://doi.org/10.1163/ 
20021975-99990162. 

Goffredi, S.K., Jones, W.J., Erhlich, H., Springer, A., Vrijenhoek, R.C., 2008. Epibiotic 
bacteria associated with the recently discovered Yeti crab, Kiwa hirsuta. Environ. 
Microbiol. 10, 2623–2634. https://doi.org/10.1111/j.1462-2920.2008.01684.x. 

Gong, L., Jiang, H., Zhu, K., Lu, X., Liu, L., Liu, B., Jiang, L., Ye, Y., Lü, Z., 2019. Large- 
scale mitochondrial gene rearrangements in the hermit crab Pagurus nigrofascia and 
phylogenetic analysis of the Anomura. Gene 695, 75–83. https://doi.org/10.1016/j. 
gene.2019.01.035. 

Gong, L., Lu, X., Wang, Z., Zhu, K., Liu, L., Jiang, L., Lü, Z., Liu, B., 2020. Novel gene 
rearrangement in the mitochondrial genome of Coenobita brevimanus (Anomura: 
Coenobitidae) and phylogenetic implications for Anomura. Genomics 112, 
1804–1812. https://doi.org/10.1016/j.ygeno.2019.10.012. 

Greenaway, P., 2003. Terrestrial adaptations in Anomura (Crustacea: Decapoda). 
Memoirs of Museum Victoria 60, 13–26. 

Harzsch, S., Hansson, B.S., 2008. Brain architecture in the terrestrial hermit crab 
Coenobita clypeatus (Anomura, Coenobitidae), a crustacean with a good aerial sense 
of smell. BMC Neurosci. 9, 1–35. https://doi.org/10.1186/1471-2202-9-58. 

Hickerson, M.J., Cunningham, C.W., 2000. Dramatic Mitochondrial Gene 
Rearrangements in the Hermit Crab Pagurus longicarpus (Crustacea, Anomura). Mol. 
Biol. Evol. 17, 639–644. https://doi.org/10.1093/oxfordjournals.molbev.a026342. 

Hwang, J.Y., Haque, N., Lee, D.H., Kim, B.M., Rhee, J.S., 2019. Complete mitochondrial 
genome of the intertidal hermit crab, Pagurus similis (Crustacea, Anomura). 
Mitochondrial DNA Part B 4, 1861–1862. https://doi.org/10.1080/ 
23802359.2019.1613183. 

Jühling, F., Pütz, J., Bernt, M., Donath, A., Middendorf, M., Florentz, C., Stadler, P.F., 
2012. Improved systematic tRNA gene annotation allows new insights into the 
evolution of mitochondrial tRNA structures and into the mechanisms of 
mitochondrial genome rearrangements. Nucleic Acids Res. 40, 2833–2845. https:// 
doi.org/10.1093/nar/gkr1131. 

Kerpedjiev, P., Hammer, S., Hofacker, I.L., 2015. Forna (force-directed RNA): Simple and 
effective online RNA secondary structure diagrams. Bioinformatics 31, 3377–3379. 
https://doi.org/10.1093/bioinformatics/btv372. 

Kim, S., Choi, H.G., Park, J.K., Min, G.S., 2013. The complete mitochondrial genome of 
the subarctic red king crab, Paralithodes camtschaticus (Decapoda, Anomura). 
Mitochondrial DNA 24, 350–352. https://doi.org/10.3109/19401736.2012.760555. 

Krång, A.S., Knaden, M., Steck, K., Hansson, B.S., 2012. Transition from sea to land: 
olfactory function and constraints in the terrestrial hermit crab Coenobita clypeatus. 
Proc. Royal Soc. B 279, 3510–3519. https://doi.org/10.1098/rspb.2012.0596. 

Kumar, S., Stecher, G., Li, M., Knyaz, C., Tamura, K., 2018. MEGA X: Molecular 
Evolutionary Genetics Analysis across Computing Platforms. Mol. Biol. Evol. 35, 
1547–1549. https://doi.org/10.1093/molbev/msy096. 

Lewis, S.M., Rotjan, R.D., 2009. Vacancy chains provide aggregate benefits to Coenobita 
clypeatus hermit crabs. Ethology 115, 356–365. https://doi.org/10.1111/j.1439- 
0310.2009.01626.x. 

Loh, D., 2017. Parasite-induced Behavior Modification to the Circatidal Rhythm of the 
Atlantic Mole Crab, Emerita talpoida. Honor Thesis Trinity College of Duke 
University. Durham, North Carolina 32 p. 

Lozano-Fernandez, J., Giacomelli, M., Fleming, J.F., Chen, A., Vinther, J., Thomsen, P.F., 
Glenner, H., Palero, F., Legg, D.A., Iliffe, T.M., Pisani, D., Olesen, J., 2019. 
Pancrustacean Evolution Illuminated by Taxon-Rich Genomic-Scale Data Sets with 
an Expanded Remipede Sampling. Genome Biology and Evolution 11, 2055–2070. 
https://doi.org/10.1093/gbe/evz097. 

Nguyen, L.T., Schmidt, H.A., Von Haeseler, A., Minh, B.Q., 2015. IQ-TREE: a fast and 
effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. 
Biol. Evol. 32, 268–274. https://doi.org/10.1093/molbev/msu300. 

Provenzano, J.A.J., 1959. The shallow-water hermit crabs of Florida. Bull. Mar. Sci. Gulf 
Caribb. 9, 349–420. 

Reuter, J.S., Mathews, D.H., 2010. RNAstructure: software for RNA secondary structure 
prediction and analysis. BMC Bioinf. 11, 129. https://doi.org/10.1186/1471-2105- 
11-129. 

Sievers, F., Higgins, D.G., 2014. Clustal Omega, accurate alignment of very large 
numbers of sequences. In: Russell, D. (Ed.), Multiple Sequence Alignment Methods. 
Humana Press, Totowa, NJ, pp. 105–116. https://doi.org/10.1007/978-1-62703- 
646-7_6. 

Stothard, P., 2018. The Sequence Manipulation Suite: JavaScript Programs for Analyzing 
and Formatting Protein and DNA Sequences. Biotechniques 28, 1102–1104. https:// 
doi.org/10.2144/00286ir01. 

Sultana, Z., Asakura, A., Kinjo, S., Mozawa, M., Nakano, T., Ikeo, K., 2018. Molecular 
phylogeny of ten intertidal hermit crabs of the genus Pagurus inferred from multiple 
mitochondrial genes, with special emphasis on the evolutionary relationship of 
Pagurus lanuginosus and Pagurus maculosus. Genetica 146, 369–381. https://doi.org/ 
10.1007/s10709-018-0029-8. 

Sun, S., Sha, Z., Wang, Y., 2019. The complete mitochondrial genomes of two vent squat 
lobsters, Munidopsis lauensis and M. verrilli: Novel gene arrangements and 
phylogenetic implications. Ecol. Evol. 9, 12390–12407. https://doi.org/10.1002/ 
ece3.5542. 

Tam, Y.K., Kornfield, I., Ojeda, F.P., 1996. Divergence and zoogeography of mole crabs, 
Emerita spp. (Decapoda: Hippidae), in the Americas. Mar. Biol. 125, 489–497. 

Tan, M.H., Gan, H.M., Schultz, M.B., Austin, C.M., 2015. MitoPhAST, a new automated 
mitogenomic phylogeny tool in the post-genomic era with a case study of 89 
decapod mitogenomes including eight new freshwater crayfish mitogenomes. Mol. 
Phylogenet. Evol. 85, 180–188. https://doi.org/10.1016/j.ympev.2015.02.009. 

Tan, M.H., Gan, H.M., Lee, Y.P., Linton, S., Grandjean, F., Bartholomei-Santos, M.L., 
Miller, A.D., Austin, C.M., 2018. Order within the chaos: Insights into phylogenetic 
relationships within the Anomura (Crustacea: Decapoda) from mitochondrial 
sequences and gene order rearrangements. Mol. Phylogenet. Evol. 127, 320–331. 
https://doi.org/10.1016/j.ympev.2018.05.015. 

Tewfik, A., Bell, S.S., McCann, K.S., Morrow, K., 2016. Predator diet and trophic position 
modified with altered habitat morphology. PLoS ONE 11, e0147759. 

Thatje, S., Marsh, L., Roterman, C.N., Mavrogordato, M.N., Linse, K., 2015. Adaptations 
to Hydrothermal Vent Life in Kiwa tyleri, a New Species of Yeti Crab from the East 
Scotia Ridge. Antarctica. PLoS ONE 10, e0127621. 

Trueman, E.R., 1970. The mechanism of burrowing of the mole crab, Emerita. J. Exp. 
Biol. 53, 701–710. 

Tsang, L.M., Chan, T.Y., Ahyong, S.T., Chu, K.H., 2011. Hermit to king, or hermit to all: 
multiple transitions to crab-like forms from hermit crab ancestors. Syst. Biol. 60, 
616–629. https://doi.org/10.1093/sysbio/syr063. 

Veldsman, W.P., Wang, Y., Niu, J., Baeza, J.A., Chu, K.H., 2020. Characterization of the 
complete mitochondrial genome of a coconut crab, Birgus latro (Linnaeus, 1767) 
(Decapoda: Anomura: Coenobitidae), from Okinawa, Japan. J. Crustac. Biol. 40, 
390–400. https://doi.org/10.1093/jcbiol/ruaa032. 

Veldsman, W.P., Ma, K.Y., Hui, J.H.L., Chan, T.F., Baeza, J.A., Qin, J., Chu, K.H., 2021. 
Comparative genomics of the coconut crab and other decapod crustaceans: exploring 
the molecular basis of terrestrial adaptation. BMC Genomics 22, 313. https://doi. 
org/10.1186/s12864-021-07636-9. 

Walker, S.E., 1994. Biological Remanie: Gastropod fossils used by the living terrestrial 
hermit crab Coenobita clypeatus, on Bermuda. Palaios 9, 403-412. BBSR#1347. 

Wang, Q., Li, Y., Tang, D., Wang, J., Xu, J., Xu, X., Wang, Z., 2019. Sequencing and 
analysis of the complete mitochondrial genome of Coenobita brevimanus. 
Mitochondrial DNA Part B 4, 2645–2646. https://doi.org/10.1080/ 
23802359.2019.1643801. 

Wang, D., Wan, H.L., Zhang, S., Yu, J., 2009a. γ-MYN: a new algorithm for estimating Ka 
and Ks with consideration of variable substitution rates. Biology Direct 4, 1–18. 
https://doi.org/10.1186/1745-6150-4-20. 

Wang, D., Zhang, S., He, F., Zhu, J., Hu, S., Yu, J., 2009b. How Do Variable Substitution 
Rates Influence Ka and Ks Calculations? Genomics Proteomics and Bioinformatics 7, 
116–127. https://doi.org/10.1016/S1672-0229(08)60040-6. 

Wang, D., Zhang, Y., Zhang, Z., Zhu, J., Yu, J., 2010. KaKs_Calculator 2.0: a toolkit 
incorporating gamma-series methods and sliding window strategies. Genomics 
Proteomics and Bioinformatics 8, 77–80. https://doi.org/10.1016/S1672-0229(10) 
60008-3. 

Wassick, A., Baeza, J.A., Fowler, A., Wilber, D., 2017. Reproductive performance of the 
marine green porcelain crab Petrolisthes armatus Gibbes, 1850 in its introduced range 

A. Colín et al.                                                                                                                                                                                                                                    

https://doi.org/10.1093/bioinformatics/btg491
https://doi.org/10.1186/1471-2148-13-128
https://doi.org/10.1186/1471-2148-13-128
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btm598
https://doi.org/10.1093/bioinformatics/btm598
https://doi.org/10.1080/23802359.2021.1899865
https://doi.org/10.1080/23802359.2021.1899865
https://doi.org/10.1093/bioinformatics/btr088
https://doi.org/10.1093/bioinformatics/btr088
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0070
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0070
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0070
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0070
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0070
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0080
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0080
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0085
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0085
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1007/s11160-017-9510-1
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0100
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0100
https://doi.org/10.1163/20021975-99990162
https://doi.org/10.1163/20021975-99990162
https://doi.org/10.1111/j.1462-2920.2008.01684.x
https://doi.org/10.1016/j.gene.2019.01.035
https://doi.org/10.1016/j.gene.2019.01.035
https://doi.org/10.1016/j.ygeno.2019.10.012
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0125
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0125
https://doi.org/10.1186/1471-2202-9-58
https://doi.org/10.1093/oxfordjournals.molbev.a026342
https://doi.org/10.1080/23802359.2019.1613183
https://doi.org/10.1080/23802359.2019.1613183
https://doi.org/10.1093/nar/gkr1131
https://doi.org/10.1093/nar/gkr1131
https://doi.org/10.1093/bioinformatics/btv372
https://doi.org/10.3109/19401736.2012.760555
https://doi.org/10.1098/rspb.2012.0596
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1111/j.1439-0310.2009.01626.x
https://doi.org/10.1111/j.1439-0310.2009.01626.x
https://doi.org/10.1093/gbe/evz097
https://doi.org/10.1093/molbev/msu300
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0190
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0190
https://doi.org/10.1186/1471-2105-11-129
https://doi.org/10.1186/1471-2105-11-129
https://doi.org/10.1007/978-1-62703-646-7_6
https://doi.org/10.1007/978-1-62703-646-7_6
https://doi.org/10.2144/00286ir01
https://doi.org/10.2144/00286ir01
https://doi.org/10.1007/s10709-018-0029-8
https://doi.org/10.1007/s10709-018-0029-8
https://doi.org/10.1002/ece3.5542
https://doi.org/10.1002/ece3.5542
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0220
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0220
https://doi.org/10.1016/j.ympev.2015.02.009
https://doi.org/10.1016/j.ympev.2018.05.015
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0235
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0235
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0240
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0240
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0240
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0245
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0245
https://doi.org/10.1093/sysbio/syr063
https://doi.org/10.1093/jcbiol/ruaa032
https://doi.org/10.1186/s12864-021-07636-9
https://doi.org/10.1186/s12864-021-07636-9
https://doi.org/10.1080/23802359.2019.1643801
https://doi.org/10.1080/23802359.2019.1643801
https://doi.org/10.1186/1745-6150-4-20
https://doi.org/10.1016/S1672-0229(08)60040-6
https://doi.org/10.1016/S1672-0229(10)60008-3
https://doi.org/10.1016/S1672-0229(10)60008-3


Gene 849 (2023) 146896

11

favors further range expansion. Aquat. Invasions 12. https://doi.org/10.3391/ 
ai.2017.12.4.05. 

Wehrtmann, I.S., Acuña, E., 2011. Squat lobster fisheries. In: Poore, G.C.B., Ahyong, S.T., 
Taylor, J. (Eds.), The Biology of Squat Lobsters. CSIRO Publishing and Boca Raton, 
CRC Press, Melbourne, pp. 297–322. 

Weis, J.S., 1982. Studies on Limb regeneration in the anomurans Pagurus longicarpus and 
Emerita talpoida. J. Crustac. Biol. 2, 227–231. https://doi.org/10.2307/1548002. 

Wenner, A.M., 1977. Food supply, feeding habits, and egg production in pacific mole 
crabs (Hippa pacifica Dana). Pac. Sci. 31, 39–47. 

Wolcott, T.G., 1988. Ecology. In: Biology of the Land Crabs Edited by: Burggren WW, 
McMahon BR. Cambridge University Press, 55-96. 

Wolfe, J.M., Breinholt, J.W., Crandall, K.A., Lemmon, A.R., Lemmon, E.M., Timm, L.E., 
Siddall, M.E., Bracken-Grissom, H.D., 2019. Phylogenomic framework, evolutionary 
timeline and genomic resources for comparative studies of decapod crustaceans. 
Proc. Royal Soc. B 286. http://doi.org/10.1098/rspb.2019.0079. 

Wolff, M., Aroca, T., 1995. Population dynamics and fishery of the Chilean squat lobster 
Cervimunida johni Porter, (Decapoda, Galatheidae) off the coast of Coquimbo, 
northern Chile. Revista de Biologia Marina 30, 57–70. 

Yang, J.S., Yang, W.J., 2008. The complete mitochondrial genome sequence of the 
hydrothermal vent galatheid crab Shinkaia crosnieri (Crustacea: Decapoda: 
Anomura): A novel arrangement and incomplete tRNA suite. BMC Genomics 9, 257. 
https://doi.org/10.1186/1471-2164-9-257. 

Zhang, Y., Meng, L., Wei, L., Lu, X., Liu, B., Liu, L., Lü, Z., Gao, Y., Gong, L., 2021. 
Different gene rearrangements of the genus Dardanus (Anomura: Diogenidae) and 
insights into the phylogeny of Paguroidea. Sci. Rep. 11, 21833. https://doi.org/ 
10.1038/s41598-021-01338-8. 

Zhang, D., Zhou, Y., Cheng, H., Wang, C., 2017. The complete mitochondrial genome of a 
yeti crab Kiwa tyleri Thatje, 2015 (Crustacea: Decapod: Anomura: Kiwaidae) from 
deep-sea hydrothermal vent. Mitochondrial DNA Part B 2, 141–142. https://doi.org/ 
10.1080/23802359.2017.1289347. 

A. Colín et al.                                                                                                                                                                                                                                    

https://doi.org/10.3391/ai.2017.12.4.05
https://doi.org/10.3391/ai.2017.12.4.05
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0295
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0295
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0295
https://doi.org/10.2307/1548002
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0305
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0305
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0320
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0320
http://refhub.elsevier.com/S0378-1119(22)00716-8/h0320
https://doi.org/10.1186/1471-2164-9-257
https://doi.org/10.1038/s41598-021-01338-8
https://doi.org/10.1038/s41598-021-01338-8
https://doi.org/10.1080/23802359.2017.1289347
https://doi.org/10.1080/23802359.2017.1289347

	Mitochondrial genomes of the land hermit crab Coenobita clypeatus (Anomura: Paguroidea) and the mole crab Emerita talpoida  ...
	1 Introduction
	2 Methods
	2.1 Sampling, DNA extraction, and sequencing
	2.2 Mitochondrial genome assembly
	2.3 Mitochondrial genome annotation and manual characterization
	2.4 Mitochondrial genome characterization
	2.5 Phylogenetic position of the Anomura

	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


