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ABSTRACT

The semi-terrestrial Atlantic ghost crab Ocypode quadrata (Fabricius, 1787) is a medium-sized 
species that inhabits the supralittoral zone in sandy temperate and tropical beaches of  the 
western Atlantic Ocean. Despite the relevant ecological role of  O. quadrata and its use as a bio-
indicator, there are currently few genetic and genomic resources for this species. This study 
assembled and characterized in detail the complete mitochondrial genome of  O. quadrata from 
Illumina short paired-end reads. The software NOVOplasty assembled and circularized the 
complete mitochondrial genome of  the Atlantic ghost crab with an average coverage of  162×, 
per nucleotide. The AT-rich mitochondrial genome of  O. quadrata is 15,547 bp in length, con-
sisting of  13 protein coding genes (PCGs), 22 transfer RNA (tRNA) genes, and two ribosomal 
RNA genes (rrnL and rrnS). A single 685 bp long non-coding nucleotide region is assumed 
to be the D-loop/control region. The observed gene order in O. quadrata is identical to that 
reported for all congeneric species with known mitochondrial genomes. A selective pressure 
analysis indicates that all the PCGs are under purifying selection. Differences in KA/KS ratios 
among genes indicate strong purifying selection in the cox1, cox2, cox3, and atp6 genes, and 
weaker purifying selection in the atp8 gene. The 22 tRNA genes range from 64 to 70 bp in 
length, and all the tRNAs show a conventional “cloverleaf ” secondary structure except for 
trnS1 that is missing the D-arm, in agreement to that reported for other brachyuran crabs 
with tRNA secondary depictions published. A  maximum likelihood phylogenetic analysis 
based on all PCGs that included a total of  18 species of  crabs fully supported the monophyly 
of  the family Ocypodidae. The monophyly of  the subfamilies Ocypodinae and Ucinidae 
was also highly supported by the analysis. These results suggest that mitochondrial PCGs 
have “phylogenetic signal” to reveal natural relationships at high taxonomic levels in crabs 
belonging to the family Ocypodidae. This study represents a new genomic resource for this 
ecologically relevant bioindicator ghost crab.

Key Words:  Arthropoda, bioindicators, Crustacea, genomic resources, selective pressure, 
terrestrialization, phylogenetics

SPECIAL SECTION: CRUSTACEAN MITOCHONDRIAL GENOMICS

INTRODUCTION

The family Ocypodidae (infraorder Brachyura) is composed of  
semi-terrestrial crabs inhabiting both tropical and temperate re-
gions (Shih et  al., 2016). Ocypodids exhibits notable disparities in 

sociobiology including refuge use, mating strategies, social behav-
iors, and nocturnality, among others (Salmon & Horch, 1972). 
This family includes the subfamilies Ucidinae, mangrove crabs, 
Ucinae, fiddler crabs, and Ocypodinae, ghost crabs. The subfamily 
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Ocypodinae contains 21 species across two genera, Ocypode (Weber, 
1795) and Hoplocypode (Sakai & Türkay, 2013) (Shih et al., 2016).

Notable features of  ghost crabs include elongated eyestalks, 
asymmetrical chelipeds, and characteristic stridulating ridges. 
The latter anatomical trait is often used to identify species (Sakai 
& Türkay, 2013; Shih et  al., 2016). Despite a relatively low max-
imal rate of  oxygen consumption, they are the fastest extant 
crustaceans on land, with some capable of  running at top speeds 
ranging from 2–4 m s–1 (Hafemann & Hubbard, 1969; Burrows 
& Hoyle, 1973; Full & Weinstein, 1992). High-speed intermittent 
running bursts appear to optimize foraging and the escaping from 
potential predators (Full & Weinstein, 1992). Experimental studies 
have shown that speed in some species is positively correlated with 
body mass and carapace width up to 10 mm CW (carapace width) 
to then decrease with further increases in body size (Burrows & 
Hoyle, 1973; Perry et  al., 2009). Ghost crabs most often feature 
dull, bland coloring that permits them to blend well with the 
sandy substrate they inhabit. It is noteworthy that the horn-eyed 
ghost crab Ocypode ceratophthalmus (Pallas, 1772)  exhibits adaptive 
camouflage, changing its color depending on the time of  day and 
type of  sand substrate it inhabits (Stevens et al., 2013).

Among ghost crabs, Ocypode quadrata (Fabricius, 1787), otherwise 
known as the Atlantic ghost crab, is a medium-sized crab (⁓5 cm 
maximum carapace width at maturity; Haley, 1969) that inhabits the 
supralittoral zone in sandy temperate and tropical beaches of  the 
western Atlantic Ocean from Rhode Island, USA to Rio Grande 
do Sul, Brazil (Fisher & Tevesz, 1979; Branco et  al., 2010; Ocaña 
et al., 2018). Ocypode quadrata is a nocturnal facultative scavenger and 
its diet consists of  both dead organic material and live prey, such 
as the mole crab Emerita talpoida (Say, 1817)  and the coquina clam 
Donax variabilis (Reeve, 1854)  (Wolcott, 1978). At night, crabs may 
travel up to 300 m from their original burrow location while foraging 
primarily near the foreshore, moving inland during the day to their 
burrows typically located in the upper intertidal zone or supratidal 
sand dunes (Wolcott, 1978; Robertson & Pfeiffer, 1981). Crabs 
have also been observed to engage in diurnal deposit-feeding, con-
suming microalgae from the substratum (Robertson & Pfeiffer, 1981). 
Activity in this species is seasonal; crabs remain more often within 
burrows during the cold months of  the year (Leber, 1982).

Ocypode quadrata has an important ecological role; crabs transfer 
energy from lower trophic levels (detritus) through smaller in-
vertebrates to larger predators, including birds and small mam-
mals, in the trophic network they belong to (Fisher & Tevesz, 
1979). While in certain areas O.  quadrata has been seen to have 
little to no predators (Wolcott, 1978), known predators have been 
observed to be the Red-Shouldered hawk Buteo lineatus (Gmelin, 
1788) and the nocturnal ground-burrowing owl Speotyto cunicularia 
(Molina, 1782)  (Branco et  al., 2010; McCullough et  al., 2019). 
Ocypode quadrata, along with a few other ghost crab species, are cur-
rently used as bio-indicators of  human impact on sandy beaches 
(Gül & Griffen, 2018). Anthropogenic impacts on sandy beaches, 
including urbanization and habitat modification, have been shown 
to negatively impact biodiversity and ecosystem functioning 
(Barboza et  al., 2021). In O.  quadrata, this is observed through an 
impact on individual size, population density, spatial distribution, 
and burrowing behavior (Gül & Griffen, 2018; Barboza et  al., 
2021). Despite the relevant ecological role of  O.  quadrata and its 
use as a bio-indicator, there are currently limited genetic and gen-
omic resources for this species (Wolfe et al., 2019).

The aim of  this study was to assemble and characterize in de-
tail the mitochondrial genome of  O. quadrata. Previous studies have 
characterized the mitochondrial genome of  Ocypode ceratophthalmus 
(Tan et  al., 2016), Ocypode cordimanus (Latreille, 1818)  (Sung et  al., 
2016), and Ocypode stimpsoni (Ortmann, 1897) (Kim & Jung, 2020). 
Specifically, we examined mitochondrial gene organization and 
nucleotide use. Codon composition and selective constraints 
in protein coding genes (PCGs) were also examined. The puta-
tive non-coding control (D-loop) region was analyzed in detail to 

determine the presence or absence of  organization as well as po-
tential secondary structures. Lastly, the phylogenetic position of  
O. quadrata among congeneric species and other representatives of  
the family Ocypodidae was examined based on PCGs.

MATERIAL AND METHODS

Sampling, DNA extraction, and sequencing 
The raw sequence data used to assemble the mitochondrial 
genome of  O.  quadrata was generated by one of  us (HB-G) to-
gether with other team members focusing on developing novel 
genomic resources for decapod crustaceans (see Wolfe et al., 2019). 
We retrieved sequences from GenBank (SRA accession number 
SRX5570028) and detailed information on specimen sam-
pling, DNA extraction, and sequencing methods are detailed in 
Supplementary material Table S3 in Wolfe et al. (2019).

Mitochondrial genome assembly of  Ocypode quadrata 
We used the totality of  the reads available in GenBank to as-
semble the mitochondrial genome of  O.  quadrata. The mitochon-
drial genome was de novo assembled using the software NOVOPlasty 
v. 1.2.3 (Dierckxsens et al., 2017). NOVOPlasty was run using a single 
fragment of  the protein coding gene (PCG) cox1 from O.  quadrata 
retrieved from Genbank (accession number MN184090.1, voucher 
ULLZ13411, length 658 bp) as a seed. The run used a kmer size 
of  39. Reads were not cleaned before the assembly following the 
developer’s suggestions (Dierckxsens et al., 2017).

Mitochondrial genome annotation and characterization 
The assembled mitogenome of  O.  quadrata was uploaded to the 
MITOS and MITOS2 web servers (http://mitos.bioinf.uni-leipzig.
de/index.py) (Bernt et al., 2013) for initial annotation, using the in-
vertebrate genetic code. Curation, along with start and stop codon 
corrections were made using the web server Expasy (https://web.
expasy.org/translate/) and the software MEGAX (Kumar et  al., 
2016). The mitogenome was visualized using GenomeVx (http://
wolfe.ucd.ie/GenomeVx/) (Lohse et  al., 2013). The nucleotide 
composition of  the whole mitochondrial genome was calculated 
using MEGAx software (Kumar et al., 2016).

The codon usage of  the 13 PCGs was analyzed through 
the codon-usage web server (http://www.bioinformatics.org/
sms2/codon_usage.html) using the invertebrate genetic code 
(Stothard, 2018). Selective constraints in the 13 PCGs were 
also analyzed. The KaKs calculator 2.0 was used to estimate 
KA (number of  nonsynonymous mutations per nonsynonymous 
site: KA  =  dN  =  SA/LA), KS (number of  synonymous mutations 
per synonymous site: KS  =  dS  =  SS/LS), and ω (KA/KS) (Wang 
et  al., 2010). Calculations were based on a pairwise comparison 
between O.  quadrata and the congeneric O.  cordimanus (Latreille, 
1818)  (NC029725). The γ-MYN model was used to account for 
variable mutation rates in different sequence sites (Wang et  al., 
2009). Each PCG was analyzed to determine if  the ω ratio was 
less than 1, equal to 1, or greater than 1, representing whether 
the gene was experiencing purifying selection, neutral selection, or 
diversifying selection, respectively.

The tRNA genes’ secondary structures were predicted using the 
software MiTFi as implemented in MITOS (Jühling et  al., 2012). 
The secondary structure of  each of  the 22 tRNAs was depicted 
using the Forna web server (http://rna.tbi.univie.ac.at/forna/gal-
lery.html) (Kerpedjiev et al., 2015).

We further analyzed the relatively long non-coding control re-
gion in O.  quadrata. Tandem repeats were searched for using the 
Tandem Repeat Finder Version 4.09 web server (http://tandem.
bu.edu/trf/trf.html) (Benson, 1999) and microsatellites were 
found using the BioPHP Microsatellite Repeats Finder web server 
(http://insilico.ehu.es/mini_tools/microsatellites/) (Bikandi et  al., 
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2004). The secondary structure of  this region was predicted using 
the RNA structure web server (https://rna.urmc.rochester.edu/
RNAstructureWeb/Servers/Predict1/Predict1.html), noting the 
presence of  stem loops (Bellaousov et al., 2013).

Phylogenomic position of  Ocypode quadrata based on mitochondrial PCGs 
The phylogenomic position of  O. quadrata among other represen-
tatives of  the family Ocypodidae was explored based on PCGs as 
in Conrad et al. (2021). The mitochondrial genome of  O. quadrata, 
three representatives of  the subfamily Ocypodinae, and nine rep-
resentatives of  the subfamily Gelasiminae (all available in the 
GenBank database, consulted 16 September 2021)  were used 
for the mitophylogenomics analysis conducted in the program 
MitoPhAST (Tan et al., 2015). Two species belonging to the family 
Xenograpsidae, two species belonging to Gecarcinidae, and one 
species belonging to Grapsidae were used as outgroups during 
the analysis. MitoPhAST starts by retrieving all PCG amino acid 
sequences from GenBank files of  selected species, conducts align-
ments for each PCG amino acid sequence using Clustal Omega 

(Sievers et  al., 2011), removes poorly aligned regions with trimAl 
(Capella-Gutiérrez, et. al., 2009), partitions the dataset and selects 
best fitting models of  sequence evolution for each PCG with 
ProtTest (Abascal et  al., 2005), and performs a maximum likeli-
hood phylogenetic analysis using the software IQ-TREE (Nguyen 
et  al., 2015) with the concatenated and partitioned PCG amino 
acid alignments. The robustness of  the ML tree topology was as-
sessed by bootstrap iterations of  the observed data 1,000 times.

RESULTS

The pipeline NOVOplasty successfully assembled and circular-
ized the mitochondrial genome of  O.  quadrata with an average 
coverage equal to 163× per nucleotide (total reads used for 
assembly  =  24,467,200; aligned reads  =  16,932; assembled 
reads = 12,374).

The complete mitochondrial genome (GenBank accession 
number: OL467668) of  O.  quadrata was 15,547  bp in length, 

Figure 1. Circular genome depiction of  the mitochondrial genome in the Atlantic ghost crab Ocypode quadrata. The D-loop or control region has not been 
annotated and is and located between the rrnS and trnI genes. Photo licensed under the Creative Commons Attribution-Share Alike 4.0 International license. 
© Hans Hillewaert.
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consisting of  13 PCGs, 22 transfer RNA (tRNA) genes, and 
two ribosomal RNA genes (rrnL and rrnS). The L-strand con-
tains 9 protein-coding genes (PCGs) and 14 tRNA genes. The 
H-strand contains four PCGs (in order from 5’ to 3’: nad5, 
nad4, nad4l, nad1) and eight tRNA genes (trnH, trnF, trnP, 
trnL1, trnV, trnQ , trnC, trnY), along with the rrnL (12S 
ribosomal RNA) and rrnS (16S ribosomal RNA) genes (Fig. 
1; Table 1).

The mitochondrial genome for O.  quadrata was compact with 
little intergenic space or overlap between genes. This includes a 
685  bp intergenic space between rrnS and trnI that is presum-
ably the control region/D-loop involved in the initiation of  rep-
lication. Other notable features include a 44 bp intergenic space 
between the nad5 and nad4 genes, and a 22 bp overlap between 
the trnP and nad6 genes. The mitochondrial genome contains 
an A+T bias with a composition of  A = 33.37%, T = 36.65%, 
C = 18.69%, and G = 11.29%.

The 13 PCGs exhibited start codons that are conventional 
for invertebrate mitochondrial genomes, including ATG (N  =  9 
PCGs), ATT (N = 3 PCGs) and ATA (N = 1 PCG). Eleven PCGs 
terminate with the conventional stop codons, TAA (N = 8 PCGs) 

Table 1. Mitochondrial genome of  Ocypode quadrata. Arrangement and annotation.

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

cox1 PCG 1 1539 + 1539 ATG TAA  0

trnL2 (tta) tRNA 1535 1598 + 64   TAA –5

cox2 PCG 1606 2295 + 690 ATG TAG  7

trnK (aaa) tRNA 2294 2363 + 70   TTT –2

trnD (gac) tRNA 2363 2426 + 64   GTC –1

atp8 PCG 2427 2585 + 159 ATG TAA  0

atp6 PCG 2579 3253 + 675 ATT TAA  –7

cox3 PCG 3253 4042 + 790 ATG T  –1

trnG (gga) tRNA 4043 4106 + 64   TCC 0

nad3 PCG 4107 4457 + 351 ATT TAA  0

trnA (gca) tRNA 4456 4520 + 65   TGC –2

trnR (cga) tRNA 4527 4591 + 65   TCG 6

trnN (aac) tRNA 4590 4654 + 65   GTT –2

trnS1 (aga) tRNA 4655 4721 + 67   TCT 0

trnE (gaa) tRNA 4723 4789 + 67   TTC 1

trnH (cac) tRNA 4789 4852 – 64   GTG –1

trnF (ttc) tRNA 4853 4918 – 66   GAA 0

nad5 PCG 4918 6651 – 1734 ATG TAG  –1

nad4 PCG 6696 8033 – 1338 ATG TAA  44

nad4l PCG 8027 8329 – 303 ATG TAA  –7

trnT (aca) tRNA 8341 8407 + 67   TGT 11

trnP (cca) tRNA 8408 8473 – 66   TGG 0

nad6 PCG 8452 8979 + 528 ATT TAA  –22

cob PCG 8979 10113 + 1135 ATG T  –1

trnS2 (tca) tRNA 10114 10179 + 66   TGA 0

nad1 PCG 10197 11135 – 939 ATA TAA  17

trnL1(cta) tRNA 11167 11233 – 67   TAG 31

rrnL rRNA 11211 12536 – 1326    –23

trnV (gta) tRNA 12543 12614 – 72   TAC 6

rrnS rRNA 12616 13440 – 825    1

CRputative  13441 14125  685    0

trnI (atc) tRNA 14126 14190 + 65   GAT 0

trnQ (caa) tRNA 14188 14256 – 69   TTG –3

trnM (atg) tRNA 14262 14331 + 70   CAT 5

nad2 PCG 14332 15342 + 1011 ATG TAG  0

trnW (tga) tRNA 15341 15409 + 69   TCA –2

trnC (tgc) tRNA 15413 15479 – 67   GCA 3

trnY(tac) tRNA 15482 15547 – 66   GTA 2

Table 2. Selective pressure analysis of  protein coding genes in the mito-
chondrial genome of  the Atlantic ghost crab Ocypode quadrata. KA, KS, and 
KA/KS ratio for each protein coding gene.

Gene KA KS ω (KA/KS) 

cox1 0.0117268 2.91251 0.00402638

cox2 0.0292896 3.64352 0.0080388

atp8 0.199985 1.95302 0.102398

atp6 0.0227399 3.67474 0.00618819

cox3 0.0182168 1.80493 0.0100928

nad3 0.0521173 3.13489 0.0166249

nad5 0.0664169 1.34191 0.0494945

nad4 0.0303892 1.6852 0.0180329

nad4l 0.0407118 1.06491 0.0382302

nad6 0.0699525 1.74175 0.0401621

cob 0.0178376 4.05113 0.00440313

nad1 0.0229788 1.08725 0.0211349

nad2 0.083116 4.05104 0.0205172
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and TAG (N = 3 PCGs). In the PCGs of  O. quadrata, the most fre-
quently used codons are TTA (Leu, 313 times used, 0.08391% of  
total), ATT (Ile, 283 times used, 0.07587% of  total), TTT (Phe, 
252 times used, 0.06756% of  total), ATA (Met, 154 times used, 
0.04129% of  total), and CTT (Leu, 137 times used, 0.03673% 
of  total) (Supplementary material Table S1). The least frequently 
used codons are CGC (Arg, twice used, 0.00054% of  total), CGG 

(Arg, four times used, 0.00107% of  total), CCG (Pro, 5 times used, 
0.00134% of  total), CAG (Gln, 7 times used, 0.00188% of  total), 
and TGC (Cys, 7 times used, 0.00188% of total).

The KA/KS values for all 13 PCGs are less than 1, indicating 
that all of  them experience purifying selection. The KA/KS for 
atp8 (0.102398) was an order of  magnitude greater than the KA/
KS for the cox1, cox2, cox3, and atp6 genes (KA/KS = 0.00402638, 

Figure 2. Secondary structure of  the 22 tRNAs in the mitochondrial genome of  the Atlantic ghost crab Ocypode quadrata.

Figure 3. Mitophylogenomic analysis of  the Atlantic ghost crab Ocypode quadrata and related species in the family Ocypodidae. Total evidence ML tree based 
on a concatenated alignment of  amino acids from the 13 mitochondrial protein-coding genes. Photo of  Ocypode quadrata by Ondřej Radosta.
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0.0080388, 0.0100928, and 0.00618819, respectively) (Table 2). 
This KA/KS for atp8 is at least 2 times greater than the remaining 
genes. This indicates strong purifying selection for the cox1, cox2, 
cox3, and atp6 genes, and weaker purifying selection for the 
atp8 gene.

The 22 tRNA genes ranged from 64 to 70 bp in length, and all 
the tRNAs showed a conventional “cloverleaf ” secondary struc-
ture except for trnS1 (Fig. 2) in which the DHU arm was missing.

The D-loop control region in O. quadrata was 685 bp in length, 
located between the rrnS and trnI genes. This is a highly A+T 
rich region with A  =  39.84%, T  =  34.72%, C  =  14.08%, and 
G = 11.36%. The microsatellite repeats web server found 12 dif-
ferent AT- rich microsatellites plus another microsatellite con-
sisting of  (TC)4 (Supplementary material Fig. S1). The tandem 
repeat finder web server failed to detect the presence of  any 
tandem repeats in this region. The secondary structure prediction 
analysis found 20 possible secondary structures. The Gibbs free 
energy (∆G) of  these structures ranged from –79.4 to –78.5 Kcal 
mol–1. Every configuration displayed several stem loops. Overall, 
the control region appears to lack organization.

The ML phylogenetic tree (18 terminals, 3692 amino acid char-
acters, and 962 informative sites) fully supports (bootstrap value 
(bv) = 100) the monophyly of  the family Ocypodidae and within 
this family, the monophyletic status of  the subfamilies Ocypodinae 
and Gelaminidae are fully supported. Ocypodinae is composed 
of  two well supported clades; O. quadrata + O. cordimanus (bv = 94) 
and O. stimpsoni + O. ceratophthalmus (bv = 91) (Fig. 3).

DISCUSSION

The observed mitochondrial gene order in O. quadrata is identical to 
the gene order of  all species in Ocypode with known mitochondrial 
genome annotations (Tan et al., 2016; Sung et al., 2016; Kim & Jung, 
2020). Compared to other decapod infraorders, brachyuran crabs 
(infraorder Brachyura) contain a translocation of  the trnH gene 
between the trnE and trnF genes, rather than between the nad5 
and nad4 genes (Wang et al., 2018). This translocation is present in 
O. quadrata and its congeners (Tan et al., 2016; Sung et al., 2016; Kim 
& Jung, 2020). This translocation is also evident in species belonging 
to the genus Uca (and allied genera) with available mitochondrial 
data (Conrad et al., 2021). It is noteworthy that among fiddler crabs, 
in Minuca minax (LeConte, 1855), the positions of  the trnQ gene and 
the trnI gene are switched compared to all other species belonging 
to Ocypodidae (Conrad et al., 2021).

The mitochondrial genome of  O.  quadrata is most similar, in 
many other aspects, to those characterized in other congeneric 
and co-familiar species. For instance, in O.  quadrata, the D-loop 
is located between the same genes and is of  similar length to 
congeners (693  bp in O.  ceratophthalmus, 694  bp in O.  cordimanus, 
678  bp in O.  stimpsoni; Tan et. al., 2016; Sung et. al., 2016; Kim 
& Jung, 2020). In congeners, the nad5 and nad4 gene intergenic 
space ranges from 46-47  bp, and the overlap of  trnP and nad6 
genes ranges 16–17  bp (Tan et  al., 2016; Sung et  al., 2016; Kim 
& Jung, 2020). Furthermore, the A+T bias of  70.02% observed 
in the mitochondrial genome of  O.  quadrata is within the known 
range (65–78%) for other semi-terrestrial brachyurans (Wang 
et al., 2021). This bias is also close to the A+T bias in other spe-
cies of  Ocypodidae: O.  ceratophthalmus 69.5% (Tan et  al., 2016), 
O. cordimanus 66.3% (Sung et al., 2016), O. stimpsoni 67.8% (Kim & 
Jung, 2020). With regards to the tRNA genes, trnS1 was missing 
the D-arm, which has also been observed for the trnS1 gene in all 
other brachyuran crabs with secondary depictions available (Wang 
et al., 2018, 2020; Conrad et al., 2021).

The cox3 and cob genes in O. quadrata terminate with an incom-
plete T stop codon. An incomplete stop codon is also observed in 
comfamiliar species for cox3 (O.  ceratophthalmus, O.  stimpsoni) and for 
cob (O.  ceratophthalmus, O.  cordimanus, O.  stimpsoni (Tan et  al., 2016; 
Sung et al., 2016; Kim & Jung, 2020)). These incomplete stop codons 

are speculated to be completed via polyadenylation of  the mRNA 
strand post-transcriptionally (Baeza, 2018, and references therein).

There are no studies reporting codon usage in other species 
of  Ocypode. In the closely related fiddler crab Minuca minax (sub-
family Ucinae), codon usage is similar to that reported here for 
O. quadrata. The most frequently used codons in the PCGs of  
M.  minax are TTA (N  =  359), ATT (N  =  306), ATA (N  =  165 
times), TAT (N = 122), and TCT (N = 119). In turn, the least fre-
quently used codons are CGC (none), TGC (N = 1), TCG (N = 3), 
CCG (N = 3), and CTG (N = 6) (Conrad et al., 2021).

Selection pressure analysis for PCGs in a mitochondrial genome 
has not been performed for other species of  Ocypode (Tan et  al., 
2016; Sung et al., 2016; Kim & Jung, 2020). The only other study 
measuring selective pressures in PCGs within Ocypodidae is that 
focusing on the fiddler crab Minuca minax, which demonstrated 
purifying selection for all PCGs and showed a trend similar to 
that reported here: strong purifying selection in the cox genes and 
weakest purifying selection in the atp8 gene (Conrad et al., 2021). 
The general trend of  purifying selection has remained consistent 
for the PCGs of  several decapod crustaceans (Baeza, 2018; Bai 
et al., 2018; Sun et al., 2019).

Previous studies on the species of  Ocypode have not explored the 
secondary structure of  the CR (Tan et al., 2016; Sung et al., 2016; 
Kim & Jung, 2020). Other species of  Ocypodidae, such as Minuca 
minax and Ucides cordatus (Linnaeus, 1763), have been shown to 
exhibit stem loops in its predicted secondary structure (Pie et  al., 
2008; Conrad et al., 2021). Overall, the control region appears to 
lack organization in O. quadrata, in agreement to that observed in 
several other decapod species (Pie et  al., 2008; Baeza, 2018; Jia 
et  al., 2018; Conrad et  al., 2021). In other decapod crustaceans, 
such as the Chinese spiny lobster Panulirus stimpsoni (Holthuis, 
1963), conserved structural elements in the control region have 
been identified (Liu & Cui, 2011, see also Kuhn et. al, 2008).

The mitophylogenomic analysis herein conducted fully sup-
ports the monophyly of  the family Ocypodidae. The monophy-
letic status of  the subfamilies Ocypodinae and Gelaminidae is also 
fully supported. Within Gelaminidae, the observed phylogenetic 
relationships are in full agreement with those revealed by a recent 
mitophylogenomic study focusing on the same subfamily (Conrad 
et al., 2021)

This study is the first to assemble and characterize, in detail, 
the mitochondrial genome of  Ocypode quadrata, considered an 
important bioindicator in sandy beach habitats in the Gulf  of  
Mexico and north eastern Atlantic coast (Gül & Griffen, 2018). 
This genomic resource represents a first step to improving our 
understanding of  the genetic underpinnings involved in adapta-
tion to semi-terrestrial sandy ecosystems and acclimatization to 
global climate change by crustaceans. With the threat of  human 
impact to have an irreversible effect on beach biodiversity, species 
such as O.  quadrata can provide essential information about the 
negative impact on beach ecosystems and contribute in efforts to-
wards their conservation.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean 
Biology online.

S1 Table. Codon usage analysis of  PCGs in the mitochondrial 
genome of  Ocypode quadrata.

S1 Figure. Free energy control region (CR) configuration in the 
mitochondrial genome of  Ocypode quadrata.
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