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Abstract

Here, we sequenced the complete mitogenome of Parasesarma eumolpe (Brachyura: Grapsoidea: Sesarmidae) for
the first time. The characteristics of this newly sequenced mitogenome were described and compared with other
Sesarmidae species. The 15 646-bp mitogenome contains 13 protein-coding genes (PCGs), two ribosomal RNA
genes (rRNAs), 22 transfer RNA genes (tRNAs), and an A-T rich region. All of the PCGs are initiated by the start
codon ATN and terminated by the standard TAN codon or an incomplete T. The pairwise Ka/Ks ratio analysis
shows  that  all  13  PCGs  are  under  purifying  selection,  whereas  the  ATP8  gene  is  an  outlier,  with  pairwise
comparison values ranging from neutral selection (0.000) to positive selection (1.039). The gene arrangement of P.
eumolpe compared with ancestral Decapoda shows the translocation of two tRNAs (tRNA-His and tRNA-Gln),
which is identical to other Sesarmidae species. Phylogenetic analyses show that all Sesarmidae species are placed
into  one  group,  and  the  polyphyly  of  Eriphioidea,  Ocypodoidea,  and  Grapsoidea  is  well  supported.  The
relationship between gaps in the QIM region and the phylogeny of Sesarmidae is analyzed. It is obvious that both
the G5 (the gap between Q and I) and G6 (the gap between I and M) decrease progressively with the evolution
process. These results will  help to better understand the genomic evolution within Sesarmidae and provide
insights into the phylogeny of Brachyura.
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1  Introduction
The mitochondrial genome (mitogenome) is typically circu-

lar in metazoans, with a size of 14–20 kb. This genome contains
13 protein-coding genes (PCGs), 22 transfer RNA genes (tRNAs),
two ribosomal RNA genes (12S and 16S) and an AT-rich region
(also called control region, CR) (Boore, 1999). The mitogenome is
featured by high abundance in the cell, maternal inheritance,
small genome size, conserved gene content, low level of recom-
bination, and fast rate of evolution (Gyllensten et al., 1991; Sato
and Sato, 2013), thus being regarded as an ideal tool for popula-
tion genetics, comparative genomics and phylogenetic studies
(Ma et al., 2015; Sanchez et al., 2016; Tan et al., 2018). Besides,
comparative analyses of the complete mitogenomes of closely re-
lated taxa can deepen the understanding of gene rearrange-
ments and evolutionary relationships (Ren et al., 2020; Zhang
et al., 2020c). With the advent of next-generation sequencing
technologies, comparative mitogenomics has become an import-
ant method for molecular evolution and phylogenetic analysis
(Wang et al., 2020b; Zhang et al., 2020b).

Generally, gene order in most vertebrate mitogenomes is con-
sidered highly conserved, e.g., about 4% rearrangement ratio in

fish mitogenomes (Gong et al., 2013). However, extensive gene
rearrangements have been observed in invertebrate mitogen-
omes, such as in bivalves (Wu et al., 2012), cephalopods (Xin et al.,
2018), insects (Liu et al., 2017), and crabs (Wang et al., 2019). So
far, five main mechanisms have been proposed to account for
mitogenomic rearrangements, including tandem duplication/
random loss (TDRL) model (Moritz et al., 1987), tRNA mis-prim-
ing model (Cantatore et al., 1987), intra-mitochondrial recom-
bination model (Poulton et al., 1993), tandem duplication/non-
random loss model (Lavrov et al., 2002), and dimer-mitogenome
and non-random loss model (Luo et al., 2019). One of the most
commonly accepted hypotheses is the TDRL model, which as-
sumes that the rearranged gene order occurs via tandem duplica-
tions followed by random deletion of certain duplications (Mor-
itz et al., 1987; Arndt and Smith, 1998). It has accounted for nu-
merous rearrangements in a variety of animal mitogenomes (Ma
et al., 2015; Sun et al., 2019; Yang et al., 2019).

The infraorder Brachyura is the largest clade Decapod Crus-
tacea, with over 7 250 known species inhabiting marine, freshwa-
ter, and terrestrial habitats (Zhang, 2011; Basso et al., 2017; Chen
et al., 2018). Owing to the extreme morphological and ecological  
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diversity, morphological identification and phylogenetic rela-
tionships within Brachyura are complicated (Tan et al., 2018;
Wang et al., 2020a, b). Up to now, a comprehensive analysis of
the overall phylogeny of Brachyura is still lacking. Wherein the
sesarmid crabs (Sesarmidae) play an important ecological role
colonizing the mangroves of the Indo-Pacific, Pacific, and At-
lantic regions (Lee, 1998; Gillikin and Schubart, 2004). According
to WoRMS (http://www.marinespecies.org/), the family Sesar-
midae has 49 genera and 329 species in total. Among them, the
genus Parasesarma De Man, 1895 is a species-rich taxon, includ-
ing 53 recognized species (http://www.marinespecies.org/aphia.
php?p=taxdetails&id=204451). Parasesarma eumolpe (originally
named Sesarma eumolpe or Perisesarma eumolpe), a well-known
sesarmid model species (Shahdadi et al., 2018), is often reported
and described in detail. However, most studies of this model spe-
cies have focused on the morphology so far (Tweedie, 1954;
Shahdadi and Schubart, 2015, 2018), and researches on the mo-
lecular level are almost blank (Shahdadi et al., 2018).

To better understand this model species from the molecular
perspective, we firstly sequenced and described the complete mi-
togenome of P. eumolpe. Combined with this newly sequenced
mitogenome, a comparative analysis of 11 Sesarmidae mitogen-
omes were conducted to reveal the genomic evolution. Gene re-
arrangements in 11 sesarmid crab mitogenomes were compared
and possible mechanisms of rearrangement were discussed. Ad-
ditionally, the most comprehensive molecular phylogenetic ana-
lysis of 107 brachyuran species was conducted based on the nuc-
leotide and amino acid sequences of 13 PCGs. These results will
help to understand the features of Sesarmidae mitogenomes and
lay a foundation for further evolutionary relationships within
Brachyura.

2  Materials and methods

2.1  Ethics statement
The crab specimen used in the present study was marine cap-

tured and purchased from Hainan Province, China (18°20′18″N,
109°30′50″E). The species was not involved in the endangered list
of the International Union for Conservation of Nature (https://www.
iucnredlist.org/). Specimen collection and maintenance were
performed in strict accordance with the recommendations of An-
imal Care Quality Assurance in China. All experimental proto-
cols were approved by the Institutional Ethics Committee of
Zhejiang Ocean University.

2.2  DNA extraction, mitogenome sequencing, and assembly
The SQ Tissue DNA Kit (OMEGA, USA) was used to extract

the total genomic DNA from muscle tissue of a single sample fol-
lowing the manufacturer’s instructions. The mitogenome of P.
eumolpe was sequenced using the Illumina HisSeq 4000 plat-
form with 150 bp paired-end reads (Shanghai Origingene Bio-
pharmTechnology Co. Ltd., China). Adapters and low-quality
bases were removed using Cutadapt v1.16 (Martin, 2011) with the
following parameters: q, 20; m, 20. Trimmed reads shorter than
50 bp were discarded. Quality control of the raw and trimmed
reads was performed using FastQC v0.11.5 (http://www.bioin-
formatics.babraham.ac.uk/projects/fastqc/). The filtered clean
data were assembled and mapped to the complete mitogenome
sequence using NOVOPlasty v2.7.2 (Dierckxsens et al., 2017).

2.3  Mitogenome annotation and sequence analyses
The complete mitogenome was manually annotated using the

software of Sequin (v15.10, http://www.ncbi.nlm.nih.gov/Se-
quin/). The PCGs were determined by their open reading frame
following the invertebrate mtDNA translation table. The bound-
aries of protein-coding and ribosomal RNA genes were determ-
ined using NCBI-BLAST (http://blast.ncbi.nlm.nih.gov). The
transfer RNA genes were manually plotted, according to the sec-
ondary structure predicted by the MITOS Web Server (Bernt et
al., 2013) and tRNAscan-SE 1.21 (Lowe and Chan, 2016). The CR
was determined by the locations of adjacent genes. Tandem re-
peat units of the CRs were identified with Tandem Repeats Find-
er 4.09 (Benson, 1999). The mitogenome map was generated us-
ing CGView Server v1.0 (Stothard and Wishart, 2005). The base
composition and relative synonymous codon usage were ob-
tained using MEGA X (Kumar et al., 2018). The strand asym-
metry was calculated using the following formulas: AT-skew=
(A−T)/(A+T); GC-skew = (G−C)/(G+C) (Perna and Kocher, 1995).
The ratios of non-synonymous substitutions (Ka) and synonym-
ous substitutions (Ks) of the 13 PCGs were calculated using
DnaSP v6.12.03 (Rozas et al., 2017).

2.4  Phylogenetic analysis
A total of 108 complete mitogenome sequences downloaded

from the GenBank database (https://www.ncbi.nlm.nih.gov/gen-
bank), and one newly determined sequence (P. eumolpe) were
used to reconstruct the phylogenetic relationships of Brachyura
(Table S1). Fasta files with the nucleotide and amino acids se-
quences for all 13 PCGs were extracted from the GenBank files
using PhyloSuite (Zhang et al., 2020a). All the genes were aligned
in batches with Clustal X (Larkin et al., 2007), using the default-
alignment mode, and the ambiguous sequences were eliminated
using Gblocks (Talavera and Castresana, 2007). Subsequently,
the sequences were concatenated into a single alignment and
converted into input files (Phylip and Nexus formats) for phylo-
genetic analyses. Phylogenetic trees were built under maximum
likelihood (ML) and Bayesian inference (BI) methods. The ML
analysis was conducted using IQ-TREE (Nguyen et al., 2015), un-
der an ML+rapid bootstrap (BS) algorithm with 1 000 replicates.
The BI analysis was conducted in MrBayes 3.2.6 (Ronquist et al.,
2012) with 3×106 metropolis-coupled Markov Chain Monte Carlo
generations, sampling every 1 000 generations, and the first 25%
of the generations were discarded as burn-in. To guarantee the
stationarity had been reached, the average standard deviation of
split frequencies was set below 0.01.

3  Results and discussion

3.1  Genome structure, organization, and nucleotide composition
The complete mitogenome of P. eumolpe (GenBank acces-

sion number MT193720) is a closed-circular molecule of 15 646 bp
in length (Fig. S1), which contains 13 PCGs, two rRNAs, 22 tRNAs,
as well as a putative CR (Fig. 1, Table 1). Except four PCGs (ND5,
ND4, ND4L, and ND1), eight tRNAs (tRNA-His, Phe, Pro, Leu1,
Val, Gln, Cys, and Tyr) and two rRNAs, which are distributed on
the light (L-) strand, the rest of mitochondrial genes are distrib-
uted on the heavy (H-) strand (Table 1, Fig. S1). The genome
sizes of 11 sesarmid crabs are relatively conserved, ranging from
15 611 bp (P. pictum) to 15 920 bp (Chiromantes neglectum)
(Table S1). The maximum length diversification is detected in the
rapidly evolving CR, which ranges from 528 bp (P. tripectinis) to
833 bp (Metopaulias depressus) and is largely responsible for the
mitogenome length differences. Also, the overlapping regions
and intergenic spacers are partially associated with the genome
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sizes (Fig. 1, Table S1).
The genes in P. eumolpe mitogenome are arranged both with

interval and overlapping phenomena. There are 16 intergenic
spacers with a total length of 174 bp, with the longest one (50 bp)
located between tRNA-Gln and tRNA-Ile (Table 1). Simultan-
eously, a total of 18 bp overlapping sites are identified at six junc-
tions. Two overlaps therein (1 bp between ATP6 and COIII, 7 bp
between ND4 and ND4L) (Table 1) are also generally found in
other crabs (Gong et al., 2019, 2020b; Lu et al., 2020).

The overall nucleotide composition of P. eumolpe is as fol-
lows: 36.7% A, 38.8% T, 9.8% G, and 14.7% C, respectively, with a
high AT bias (75.5%) (Table S2). The skewness metrics of the mi-
togenome show negative AT-skew (−0.027) and negative GC-
skew (−0.198) (Table S3). Also, the nucleotide composition of our
newly sequenced mitogenome is compared with the other 10
Sesarmidae mitogenomes (Table S3). All the mitogenomes are
rich in As and Ts, with the A+T content ranging from 74.2% (P.
tripectinis) to 77.7% (Nanosesarma minutum). The base skew-

ness is also highly congruent. The AT-skew ranges from −0.032
(P. pictum) to −0.010 (Chiromantes neglectum and Chiromantes
dehaani), and the GC-skew ranges from −0.232 (Metopaulias de-
pressus) to −0.194 (P. pictum) (Table S3). The negative AT-skew
and GC-skew values among analyzed mitogenomes indicate that
Ts and Cs are more abundant than As and Gs.

3.2  PCGs, transfer RNAs and ribosomal RNAs
The mitogenome of P. eumolpe contains 13 PCGs in the typic-

al order found in brachyuran species, consisting of seven NADH
dehydrogenases (ND1−ND6 and ND4L), three cytochrome c oxi-
dases (COI−COIII), two ATPases (ATP6 and ATP8), and one cyto-
chrome b (Cyt b). All PCGs are initiated by the start codon ATN
(ATA, ATG, and ATT), with an exception (GTG) in ND1. The ma-
jority of the 13 PCGs terminate with TAA or TAG, whereas three
other PCGs (COI, COII, and Cyt b) use a single T as a stop codon
(Table 1). Incomplete stop codons are common in both inverteb-
rate and vertebrate mitochondrial genes and may be recovered

Table 1.   Features of the mitochondrial genome of Parasesarma eumolpe

Gene
Position

Length/bp Amino acid Start/Stop codon Anticodon Intergenic region/bp Strand
From To

COI 1 bp 1 534 bp 1 534 511 ATG/T − 1 H
Leu (L2) 1 536 bp 1 604 bp 69 − − TAA 6 H

COII 1 611 bp 2 298 bp 688 229 ATG/T − 0 H

Lys (K) 2 299 bp 2 367 bp 69 − − TTT 0 H

Asp (D) 2 368 bp 2 435 bp 68 − − GTC 0 H

ATP8 2 436 bp 2 594 bp 159 52 ATG/TAA − −4 H

ATP6 2 591 bp 3 262 bp 672 223 ATA/TAA − −1 H

COIII 3 262 bp 4 053 bp 792 263 ATG/TAA − −1 H

Gly (G) 4 053 bp 4 117 bp 65 − − TCC −3 H

ND3 4 115 bp 4 468 bp 354 117 ATA/TAA − 2 H

Ala (A) 4 471 bp 4 538 bp 68 − − TGC 6 H

Arg (R) 4 545 bp 4 610 bp 66 − − TCG 2 H

Asn (N) 4 613 bp 4 680 bp 68 − − GTT 0 H
Ser (S1) 4 681 bp 4 747 bp 67 − − TCT 0 H

Glu (E) 4 748 bp 4 815 bp 68 − − TTC 3 H

His (H) 4 819 bp 4 883 bp 65 − − GTG 0 L

Phe (F) 4 884 bp 4 949 bp 66 − − GAA 1 L

ND5 4 951 bp 6 681 bp 1 731 576 ATG/TAA − 43 L

ND4 6 725 bp 8 074 bp 1 350 449 ATG/TAA − −7 L

ND4L 8 068 bp 8 370 bp 303 100 ATG/TAA − 8 L

Thr (T) 8 379 bp 8 445 bp 67 − − TGT 0 H

Pro (P) 8 446 bp 8 511 bp 66 − − TGG 2 L

ND6 8 514 bp 9 017 bp 504 167 ATT/TAA − 2 H

Cyt b 9 020 bp 10 151 bp 1 132 377 ATA/T − 0 H
Ser (S2) 10 152 bp 10 218 bp 67 − − TGA 15 H

ND1 10 234 bp 11 181 bp 948 315 GTG/TAA − 24 L
Leu (L1) 11 206 bp 11 271 bp 66 − − TAG 0 L

16S 11 272 bp 12 603 bp 1 332 − − − 0 L

Val (V) 12 604 bp 12 676 bp 73 − − TAC 0 L

12S 12 677 bp 13 494 bp 818 − − − 0 L

CR 13 495 bp 14 178 bp 684 − − − 0 H

Gln (Q) 14 179 bp 14 246 bp 68 − − TTG 50 L

Ile (I) 14 297 bp 14 363 bp 67 − − GAT 6 H

Met (M) 14 370 bp 14 436 bp 67 − − CAT 0 H

ND2 14 437 bp 15 444 bp 1 008 335 ATG/TAG − −2 H

Trp (W) 15 443 bp 15 511 bp 69 − − TCA 3 H

Cys (C) 15 515 bp 15 579 bp 65 − − GCA 0 L

Tyr (Y) 15 580 bp 15 645 bp 66 − − GTA 0 L

      Note: − represents no data. CR is abbreviation of control region.
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via post-transcriptional polyadenylation (Ojala et al., 1981).
The amino acid composition and relative synonymous codon

usage of 11 sesarmid crabs are roughly identical. The most fre-
quently used amino acids are Leu, Ser, Phe, and Ile in these mito-
genomes (Fig. S2). In consistent with other brachyuran species
(Lu et al., 2020; Wang et al., 2020a, b), the usage of two- and four-
fold degenerate codons in these sesarmid crabs is biased toward
the use of codons abundant in A or T (Fig. 1, Table S2). In addi-
tion, the codons Arg (CGC) and Cys (UGC) are absent in Epi-
sesarma lafondii and P. pictum mitogenomes, and Arg (CGC) is
also absent in the other five Sesarmidae species (Chiromantes de-
haani, Chiromantes haematocheir, Clistocoeloma sinense, N.
minutum, and P. affine) (Fig. S2, Table S2). Both of the missing
codons are preferred to end with “C” in the third codon position.

The mitogenome of P. eumolpe contains 22 tRNA genes
scattered throughout the genome. The tRNAs size range from 65 bp
to 73 bp with a total length of 1 480 bp. Most tRNAs display a typ-
ical cloverleaf secondary structure except for tRNA-Ser (TCT) that
lacks the dihydrouridine (DHU) arm (Fig. S3), which is thought to
be a common phenomenon in metazoan mitogenomes (Lü et al.,
2019; Ruan et al., 2020; Wang et al., 2020a). Except for the normal
base pairing and G-U, three kinds of mismatches are found in
tRNAs. One C-U base pair is predicted in tRNA-Lys, one C-A base
pair is predicted in tRNA-Ser (S1) and two U-U base pairs are pre-
dicted in tRNA-His and tRNA-Leu (L1). The total length of the two
rRNAs in P. eumople is 2 150 bp. Of the two genes, the 16S rRNA

is 1 332 bp located between tRNA-Leu (L1) and tRNA-Val, while
the 12S rRNA is 818 bp and resides between tRNA-Val and CR
(Fig. S1, Table 1).

3.3  Control region
The CR of P. eumople is located between 12S rRNA and tRNA-

Gln, with an extremely high AT content (81.7%). The CR is the
most variable region because of a faster evolution rate compared
with the other genes. Nevertheless, the alignment of 11 Sesarmid-
ae CRs reveals five conserved sequence blocks (Fig. 1). Their con-
sensus sequences are as follows: ATATATGTATAT (CSB-A),
TACGGAT-ATATA (CSB-B), GTAATTTCAATGGTTTAGA (CSB-
C), TCTAA-ACCAATGAAAT-TAC (CSB-D), and ATTATATTATA-
TTTAA-TTAAATGTATATATA--TATATAT (CSB-E) (the under-
lined letters represent the fluctuant nucleotide among the 11 Ses-
armidae species). Additionally, several tandem repeat units are
detected in the CRs in almost all sesarmid crab mitogenomes ex-
cept for P. affine and P. eumolpe (Fig. 2). The motif length and
copy number of tandem repeat units present dramatic differ-
ences among these analyzed Sesarmidae mitogenomes. The
longest motif is 72 bp occurred in N. minutum CR, followed by 38 bp
in Chiromantes haematocheir CR; the largest copy number is 4
occurred in Chiromantes haematocheir and Metopaulias depres-
sus CR. Notably, Chiromantes neglectum and Chiromantes de-
hanni CR share two identical tandem repeat units almost in the
same location; however, no similar tandem repeat unit is detec-
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Fig. 2.   Organization of the CRs in 11 Sesarmidae mitogenomes. Purple ellipses indicate the tandem repeat units; the remaining
regions are shown in light gray boxes. The tandem repeat with copy number is displayed in the format of (motif)n.
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ted in other CRs. So far, there have been few studies on the con-
served blocks, especially their potential functions in invertebrate
mitogenomes (Ray and Densmore, 2002; Guo et al., 2003; Zhao
et al., 2011). Comparative analyses of more distantly related spe-
cies and several imperative functional experiments are needed to
uncover the conserved sequence blocks related to its function
and further to illuminate the functional importance of CR.

3.4  Synonymous and nonsynonymous substitutions
To detect the selective pressure of 13 PCGs in sesarmid crabs,

we conduct pairwise Ka/Ks analyses for each PCG. It is com-
monly accepted that Ka>Ks, Ka=Ks, and Ka<Ks generally indic-
ate positive selection, neutral mutation, and purifying selection,
respectively (Yang, 2006). The results show that all 13 PCGs
among the 11 Sesarmidae mitogenomes are evolving under a
purifying selection. COI gene exhibits the strongest purifying se-
lection, whereas the NADH family genes (especially ND6) exhib-
its a slightly relaxed purifying selection; ATP8 is an outlier, with
pairwise comparison values ranging from neutral selection
(0.000) to positive selection (1.039) (Fig. 3). The lowest Ka/Ks ra-
tio for COI gene indicates strong evolutionary conservation,
which results in the COI gene often being used as a potential mo-
lecular marker (Hebert et al., 2003). In contrast, the ATP8 gene
exhibits the highest evolutionary rate of all the PCGs, which im-
plies that the ATP8 gene can be used to evaluate intraspecific re-
lationships (Wang et al., 2015). Furthermore, the Ka/Ks values in
Sesarmidae species reveal that the environment variation is not
great enough to change their genetic function.

3.5  Gene rearrangement
So far, three main types of gene rearrangement events have

been observed in the mitogenomes of animal, including translo-
cation, shuffling, and inversion (Thyagarajan et al., 1996; Macey
et al., 1997; Tsaousis et al., 2005; Zhuang and Cheng, 2010). Here,
two translocations are detected in P. eumolpe mitogenome. One
is the translocation of tRNA-His (H). Compared with the gene or-
der of the ancestor of Decapoda, the tRNA-His (H) is rearranged
from the downstream of ND5 (Fig. 4a) to the position between
tRNA-Glu (E) and tRNA-Phe (F), forming a new gene block (E-H-
F-ND5-ND4) in P. eumolpe mitogenome (Fig. 4b). The transloca-
tion of tRNA-His gene is a relatively common event in brachyur-
an mitogenomes (Lu et al., 2020; Wang et al., 2020a, b). The other
translocation is identified in tRNA-Gln (Q) when selecting the an-
cestral mitochondrial gene order of Brachyura as a reference. The
typical IQM arrangement (tRNA-Ile-Gln-Met) is changed to QIM
order (tRNA-Gln-Ile-Met), which is identical with other pub-
lished Sesarmidae mitogenomes (Wang et al., 2018, 2019) (Fig. 4c).

How did the mitogenome structure of P. eumolpe emerge?
Based on the rearrangement features and principle of parsimony,
the TDRL is adopted to explain the rearrangement events in P.
eumolpe mitogenome. The hypothesized intermediate steps are
as follows, starting with the typical ancestral order of the Deca-
poda mitogenome (Fig. 4a). First, the F-ND5-H genes underwent
a complete copy, forming a dimeric block (F-ND5-H)- (F′-ND5′-
H'). Consecutive copies were then followed by a random loss of
supernumerary genes, namely F-ND5-H-F′-ND5′-H′ (the under-
lined letters represent the deleted genes). Thus a new H-F-ND5
gene order was formed (Fig. 4b). In the following step, the gene
order of the gene block (CR-I-Q-M) was changed to CR-Q-I-M
through the same mechanism (Fig. 4c).

Considering these 11 Sesarmidae mitogenomes analyzed in

this study share the same gene arrangement (Fig. 4c), which was
resulted from the translocation of two tRNAs (tRNA-His and
tRNA-Gln). So is there a universal mechanism to account for the
rearrangement events? The TDRL model used in P. eumolpe mi-
togenome is generally featured by the presence of intergenic
spacers as a result of incomplete deletion of the duplicated genes
(Moritz et al., 1987; Arndt and Smith, 1998). Here, different levels
of intergenic spacers were found in the two rearranged regions
(H-F-ND5 and CR-Q-I-M) in these 11 Sesarmidae mitogenomes.
The intergenic spacers in the rearranged regions are as follows: 1 bp
to 9 bp between E and H (G1); 1 bp to 2 bp between H and F (G2);
1 bp to 7 bp between F and ND5 (G3); 15 bp to 50 bp between
ND5 and ND4 (G4); 14 bp to 211 bp between Q and I (G5); and 6 bp
to 63 bp between I and M (G6) (Fig. 4). These features in rearranged
regions support that the novel gene order in Sesarmidae mito-
genomes can be well explained by the TDRL model.

3.6  Phylogenetic analysis and intergenic spacers in Sesarmidae
In this study, we reconstructed the phylogenetic relation-

ships of Brachyura based on the nucleotide and amino acid se-
quences of 13 PCGs using ML and BI methods (Figs 5, S4 and S5).
The phylogenetic trees (ML tree and BI tree) based on the nucle-
otide sequences produce an identical structure. Here, only one
topology (BI) with both support values is displayed (Fig. 5).
However, the phylogenetic trees based on the amino acid se-
quences are not consistent, and both trees are slightly different
from the nucleotide trees (Figs S4−S6). In both the nucleotide
and amino acid trees, all Sesarmidae species cluster into a clade
and consist of two sister groups. Nevertheless, the phylogenetic
position of Nanosesarma within this family is not consistent. The
BI tree of the nucleotide sequences shows that N. minutum forms
a sister clade with four Parasesarma species, while N. minutum
interfuses the Parasesarma clade in the BI tree of the nucleotide
sequences and the amino acid trees. Because the genus
Nanosesarma has only one representative, long-branch attrac-
tion (Philippe, 2000; Boussau et al., 2014) may lead to this topo-
logy. Future researches that include more sample volume are es-
sential to confirm the phylogenetic placement of Nanosesarma.

Of the 29 families included in the phylogenetic trees, the
monophyly of each family is strongly supported except Xanthid-
ae and Homolidae (Figs 5, S4 and S5). However, it is worth not-
ing that the monophyly of Gecarcinidae is presented in the
amino acid trees, whereas it consists of two clades in the nucle-
otide trees, one of which forms a sister clade with Sesarmidae.
Viewed from a higher taxonomic level, the polyphyly of three su-
perfamilies (Eriphioidea, Ocypodoidea, and Grapsoidea) is well
supported in both the nucleotide and amino acid trees (Figs 5, S4
and S5). However, within the polyphyly of Ocypodoidea and
Grapsoidea, the relationships among different families are incon-
sistent (Fig. S6). The ML tree of the amino acid sequences places
Ocypodidae at a relatively basal position, which is in accord with
Tan’s result (Ma et al., 2019). Whereas the nucleotide trees and
the BI tree of the amino acid sequences show that Ocypodidae
forms a sister clade with Xengrapsidae, which in turn affects the
positions of the other families as well. Therefore, the interrela-
tionships among these two taxa need further analysis by integrat-
ing more molecular data. Besides, the superfamily status of Por-
tunoidea has been constantly debated, with its constituent famil-
ies varying among different authors. The latest results support a
more conservative classification of Portunoidea with three in-
stead of eight extant families: Geryonidae (Geryonidae+Ovalipid-
ae), Carcinidae (Carcinidae+Pirimelidae+Polybiidae+Thiidae+
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Coelocarcinus) and Portunidae (Evans, 2018). However, the cur-
rent phylogeny suggests different relationships among the three
major Portunoidea groups. Here, Ovalipidae and Geryonidae
cluster together as sister groups, which supports the latest classi-
fication of Portunoidea. While in previous researches, Ovalipid-
ae is revealed to be more closely related to the Carcinidae+Poly-
biidae clade (Ma et al., 2019) or Portunidae (Tsang et al., 2014).

Previous findings showed that the evolution process of mito-
genomes could be revealed by the length of gap spacer in the re-
arranged area (Kumazawa and Nishida, 1995; McKnight and
Shaffer, 1997; Gong et al., 2020a). In order to explore the relation-
ship between the phylogeny of Sesarmidae species and the gaps
in the CR-Q-I-M region, four phylogenetic trees (two nucleotide
trees and two amino acid trees) were constructed including 11
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estimated in the various mitochondrial genes. The estimates were based on pairwise alignments of samples.
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sesarmid crabs (Fig. 6). Except for the phylogenetic position of N.

minutum, the ML tree of the amino acid sequences has the same

topology as the other three phylogenetic trees. Although the dif-

ference exists, an obvious correlation between the gaps in the re-

arranged CR-Q-I-M region and the phylogenetic position of each

sesarmid crab is observed (Fig. 6). Our results show that with the

evolution of sesarmid crabs, the gap spacers (G5 and G6) de-

crease progressively under the degradation pressure of non-func-

tional genes.

4  Conclusions
In this study, the complete mitogenome of P. eumolpe was se-

quenced. The 15 646 bp mitogenome contains 37 genes and one

AT-rich region, as is typical of metazoan mitogenome. Com-

pared to other previously reported complete mitogenomes of

Sesarmidae, all of them have similar molecular characteristics.

Although all 13 PCGs evolve under purifying selection, the ATP8

gene evolves under a highly relaxed selection. All of these ana-

lyzed Sesarmidae mitogenomes capture the same gene re-
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arrangements, which can be fully explained by the TDRL model.
The most comprehensive molecular phylogenetic analysis of Bra-
chyura was constructed, and the polyphyly of three superfamil-
ies (Eriphioidea, Ocypodoidea, and Grapsoidea) is reconfirmed.

However, large-scale taxonomic samplings are still needed to fur-
ther investigate the genomic evolution within Sesarmidae and
better understand the taxonomical and phylogenetic studies of
Brachyura.

0.2

Tubuca polita

Potamiscus motuoensis

Longpotamon kenliense

Cranuca inversa

Tubuca paradussumieri

Scylla olivace

Matuta planipes

Leptodius sanguineus

Pyrhila pisum

Ranina ranina

Segonzacia mesatlantica

Etisus anaglyptus

Pachygrapsus marmoratus

Somanniathelphusa boyangensis

Austinograea alayseae

Ocypode ceratophthalmus

Myomenippe fornasinii

Helice latimera

Tubuca arcuata

Gandalfus yunohana

Xenograpsus testudinatus

Gaetice depressus

Cyclograpsus granulosus

Pilumnus vespertilio

Longpotamon yangtsekiense
Sinopotamon xiushuiense

Scylla serrata

Cardisoma carnifex

Atergatis integerrimus

Grapsus tenuicrustatus

Mictyris longicarpus

Pachygrapsus crassipes

Scylla tranquebarica

Gecarcoidea natalis

Eriocheir hepuensis

Majuimithrax spinosissimus

Macrophthalmus japonicus

Charybdis natator

Ocypode cordimanus

Callinectes sapidus

Tubuca rosea

Metopograpsus quadridentatus

Helice tientsinensis

Gelasimus borealis

Eriocheir japonica

Echinoecus nipponicus

Ovalipes punctatus

Thalamita crenata

Charybdis feriata

Ilyoplax deschampsi

Portunus gracilimanus

Austruca lactea

Metaplax longipes

Hemigrapsus penicillatus

Gandalfus puia

Dotilla wichmanni

Epixanthus frontalis

Pseudohelice subquadrata

Pseudocarcinus gigas

Chaceon granulatus

Sinopotamon yaanense

Metopograpsus frontalis

Umalia orientalis

Huananpotamon lichuanense

Portunus pelagicus

Tubuca capricornis

Helicana wuana

Eriocheir sinensis

Chaceon sp.

Orithyia sinica

Neoeriocheir leptognathus

Austinograea rodriguezensis

Scylla paramamosai

Hemigrapsus sanguineus

Xenograpsus ngatama

Pagurus nigrofascia

Varuna yui

Monomia gladiator

Thalamita sima

Charybdis japonica

Geothelphusa dehaani

Chionoecetes pacificus

Portunus trituberculatus

Ashtoret lunaris

Atergatis floridus

Maja squinado

Portunus sanguinolentus

Maja crispata

Geothelphusa sp.

Macrophthalmus darwinensis

Charybdis bimaculata

Lyreidus brevifrons

54/0.88

48/0.82

100/0.99

99/0.99

98/0.99

67/0.99

97/0.99

53/0.69

68/0.99

98/0.99

77/0.93

60/0.96

85/0.99

72/0.99

Pagurus gracilipes

Dynomene pilumnoides

Homologenus malayensis

Latreillia valida

Homola orientalis
Moloha majora

Nanosesarma minutum
Parasesarma affine

Clistocoeloma sinense

Parasesarma tripectinis

Chiromantes neglectum

Parasesarma pictum

Chiromantes haematocheir

Metopaulias depressus

Chiromantes dehaani

Episesarma lafondii
Parasesarma eumolpe81/0.99

92/0.96

99/1.00

95/1.00

97/1.00

99/1.00

90/1.00

93/1.00

96/1.00

97/1.00

98/1.00

99/1.00
78/1.00

68/0.91

71/1.00

99/1.00

74/1.00

95/1.00

81/0.99

85/1.00

84/1.00

93/1.00

98/1.00

95/1.00

99/1.00

Dynomenidae

Majidae

Geryonidae

Portunidae

Matutidae

Leucosiidae

Menippidae

Bythograeidae

Xanthidae

Pilumnidae

Orithyiidae

Ocypodidae

Xenograpsidae

Sesarmidae

Gecarcinidae

Dotillidae

Grapsidae

Macrophthalmidae

Varunidae

Mictyridae

Potamidae

Gecarcinucidae

Raninidae

Homolidae

Outgroup

Ovalipidae

Portunoidea

Bythograeoidea

Ocypodoidea 2

Potamoidea

Homoloidea

Raninoidea

Majoidea

Dromioidea

Eriphioidea 1

Xanthoidea

Pilumnoidea

Ocypodoidea 1

Leucosioidea

Calappoidea

Dorippoidea

Oziidae Eriphioidea 2

Mithracidae

Latreilliidae

Oregoniidae

Ocypodoidea 3

Grapsoidea 2

Grapsoidea 1

this study

Gecarcinucoidea

 

Fig. 5.   Phylogenetic tree of brachyuran species inferred from the nucleotide sequences of 13 PCGs based on maximum likelihood and
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Fig. 6.     Relationship of Sesarmidae species and gap spacers between tRNA  and QIM.  G5 and G6 indicate the intergenic spacer
between Q  and I  and between I  and M,  respectively. Phylogenetic trees of Sesarmidae species inferred from 13 PCGs based on
different methods. a. Nucleotide sequences based on maximum likelihood and Bayesian inference analysis, amino acids sequences
based on maximum likelihood analysis; b. the length of intergenic spacers in the rearranged region; c. amino acid sequences based on
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