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Research Article

Abstract

DNA barcode databases for marine invertebrates faces significant challenges, with 
several species revealing taxonomic issues like misidentification, ambiguity or 
shared barcodes. This highlights the importance of the availability of robust genetic 
data to resolve taxonomic uncertainties and improve species identification, which 
in many groups of invertebrates, like crustaceans, is lacking. Based on molecular 
data from the Cytochrome c oxidase I 5′ gene region (COI) for barcoding, this study 
highlights some of these challenges by addressing existing taxonomic ambiguities 
and highlighting the scarcity of genetic data for several of the shore crab genus 
Pachygrapsus Randall, 1840. As expected, molecular data availability is highly skewed 
towards taxa more prevalent in the Northern Hemisphere. Our analysis reveals a clear 
barcoding gap amongst Pachygrapsus species, with average interspecific p-distances 
of 18.75%, exceeding previously reported values for crustaceans. Furthermore, 
high intraspecific variation (0.70% average) suggests potential taxonomic issues, 
particularly within P. gracilis (de Saussure, 1857). East and west Atlantic P. gracilis 
populations exhibit substantial divergence (3.6% p-distance), raising the possibility 
of ongoing speciation due to limited gene flow across the Atlantic Ocean. Similarly, 
populations of P. crassipes in the east and west North Pacific exhibit substantial 
divergence (3.3% p-distance), which suggests possibly another speciation process. 
COI barcoding proves effective for species identification within Pachygrapsus and 
in unravelling intraspecific patterns indicative of cryptic diversity guiding further 
taxonomic revisions integrating morphological, genetic and ecological data.
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Introduction

Accurate species identification and the production of checklists validated by 
experts are fundamental to biodiversity and biogeography studies, conserva-
tion efforts and ecological monitoring (Bresler et al. 1999; Bedulli et al. 2002; 
Ávila et al. 2019). The morphology-based system used for identifying species 
in a traditional taxonomic approach is challenging given the current taxonomic 
gap, i.e. the trend for reduction in the number of expert taxonomists (Hebert et 
al. 2003; Ebach and Holdrege 2005), the discovery of cryptic diversity (Hebert et 
al. 2004) and accurate species identification of larval and juvenile forms (Kroh 
et al. 2012; Keskin and Atar 2013). To solve these issues, researchers started 
combining traditional approaches with molecular data, such as DNA barcoding, 
a method that mostly relies on the sequence of the 5’ end of the mitochondri-
al Cytochrome c oxidase I gene (COI) to provide unique molecular identifiers 
– “barcode” – specific for each species (Hebert et al. 2003). The single-use 
of mitochondrial markers has been a subject of ongoing debate and research 
(Eberle et al. 2020), with studies that support the barcoding initiative, yet ac-
knowledging the need for adjustment of the DNA region and length to produce 
an accurate representation of the total genetic variability in the gene, leading 
to proper species delimitation (Roe and Sperling 2007). The standardisation of 
the usage of a specific genomic region as a barcode led to a coordinated ef-
fort between researchers, allowing the creation of homologous sequence data, 
facilitating the construction of more comprehensive genetic libraries and com-
plex studies (Caterino et al. 2000). It can be used as powerful tool for the eval-
uation of broader taxonomic and geographical evolutionary patterns (Munch 
et al. 2008) or even the investigation of intraspecific patterns (Hajibabaei et 
al. 2007). Furthermore, barcode libraries play a crucial role in the building of 
custom reference databases for metabarcoding studies providing, for example, 
full use of non-destructive/non-lethal sampling protocols, such as those used 
in environmental DNA to describe species habits and biological communities 
(Taberlet et al. 2012; Djurhuus et al. 2020).

The ability of DNA barcoding to reliably distinguish between closely-related 
species depends on the existence of a “Barcoding Gap (BG)”, which can be 
observed whenever the divergence amongst conspecific organisms is smaller 
than that amongst organisms from different species (Puillandre et al. 2012). 
In the GenBank and BOLD databases, several barcode markers – COI, MatK, 
RbcL, RbcLa, trnH-psbA, ITS, ITS2 – make up reference libraries used in me-
tabarcoding studies. During the 8th International Barcode of Life Conference 
(Trondheim, Norway, 2019), a sub-sample of major taxonomic groups (crus-
taceans, echinoderms, molluscs and polychaetes) from BOLD data was cu-
rated and revealed significant issues in the barcoding coverage of marine 
invertebrates, with 39% of species reviewed having problems like misiden-
tification, ambiguity or shared barcodes (Radulovici et al. 2021). According 
to a gap-analysis of the Iberian macroinvertebrate community (especially 
Crustacea, Mollusca and Polychaeta), around 63% of the species lacked a 
DNA barcode and a relevant proportion of species were flagged for signifi-
cant intraspecific divergence and possible hidden diversity (Leite et al. 2020).

In 2005, Poupin et al. (2005) revised the genus Pachygrapsus Randall, 1840 
(Arthropoda, Crustacea) and acknowledged 12 species, but suggested that 
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P. propinquus De Man, 1908 should be a consensually accepted junior synonym 
of P. minutus A. Milne-Edwards, 1873. This remained until March 2025, when 
P. propinquus was considered as Metopograpsus thukuhar (Owen, 1839), which 
is another entirely different species, by Sammy De Grave (WoRMS taxonom-
ic editor). Additionally, in 2005, Schubart et al. (2005) recovered the species 
P. socius Stimpson, 1871 for all Pacific representatives of P. transversus (Gibbes, 
1850), given morphological and genetic differences detected amongst the pop-
ulations. Today, a total of 13 species are accepted and listed in the WoRMS da-
tabase (WoRMS 2025). The genus Pachygrapsus is dispersed through intertidal 
zones at tropical and temperate latitudes (Fig. 1), being found amongst rocks, 
algae, rubble and mangroves (Poore and Ahyong 2023).

In the present study, we evaluated the possible presence of barcoding and 
databases gaps in the crustacean genus Pachygrapsus. Considering the impor-
tance of complete barcode libraries and the ecological role of marine crusta-
ceans in macroinvertebrate communities, we assessed the available barcodes 
and genetic data of Pachygrapsus specimens and contributed a new DNA bar-
code sequence for the species P. maurus (Lucas, 1846) to BOLD. Furthermore, 
we explored whether the existing database is informative to undercover wider 
phylogeographic patterns across species.

Methods

Specimen collection

Eight samples of P. maurus were collected from the intertidal zone at two is-
lands of the Azores Archipelago: three samples of one pereopod per individual 
and four samples of full adult crabs, collected in Negrito (Terceira Island) in 
September 2021 and February 2024, respectively; one pereopod sample from 
Lajes do Pico (Pico Island) was collected in August 2021. The crabs were 
hand-caught during low tides. For the collection of pereopods, some pressure 
was applied and the crab itself released the member through autotomy. The 
samples were preserved in ethanol 96% until DNA extraction.

DNA Extraction, Amplification and Sequencing

DNA extraction from the pereopod muscle tissue was performed using the 
commercial kits EasySpin® Genomic DNA Tissue (Citomed, Lisbon, Portugal) 
for P. maurus samples of 2021 and EZ-10 Spin Column Plasmid DNA Miniprep 
Kit (Bio Basic Inc.) for P. maurus samples of 2024. DNA quality and integrity 
were evaluated with 0.8% agarose gel electrophoresis.

Fragments of the mitochondrial gene Cytochrome c oxidase subunit I (COI) 
were amplified by PCR, performed in 10 μl volumes, containing 1 μl of DNA, 5 μl of 
Master Mix (Qiagen), 1 μl of each primer (10 μM) and 2 μl H2O. Primers jgLCO1490 
/ jgHCO2198 (Geller et al. 2013) were used with the following cycling profile: 95 °C 
for 15 min; 35 cycles of 95 °C for 30 s, 52 °C for 30 s, 72 °C for 30 s; 72 °C for 10 min. 
The efficiency of the amplification reactions and the quality of the DNA products 
were assessed with electrophoretic runs in 2% (w/v) agarose gel with GelRed (DNA 
fluorescent dye, BioTarget™). PCR product purification was performed via ExoSAP 
cleanup 10 μl volumes, entailing 1 μl of DNA, 1 μl of TRR Buffer, 1 μl of TRR, 0.5 μl 
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of Primer and 7 μl of H2O. The cycling conditions were as follows: 37 °C for 15 min 
and 87 °C for 15 min. Finally, bi-directional Sanger sequencing with amplification 
primers was conducted at CTM – Centre for Molecular Analysis (Vairão, Portugal).

Dataset assemblage

At the time of data collection, all COI 5′ region sequences (the norm used for 
DNA-barcoding in metazoa) available for the Pachygrapsus genus were retrieved 
from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and BOLD (https://
boldsystems.org/). This amounted to 332 haplotypes (Table 1) belonging to 
10 species, plus eight COI sequences from P. maurus obtained specifically for 
this study. New sequences of P. maurus were deposited in GenBank under the 
accession numbers PQ570873-76. The four specimens’ representatives for the 
species barcode are deposited in BOLD under the bin number AGP6456. After 
inspection, several sequences were found to be shared haplotypes and, when 
available, meta-information regarding geographical origin was retrieved from 
supplementary material of the original publications allowing us to reconstruct 
the original datasets of Cassone and Boulding (2006) for P. crassipes (Randall, 
1840), and Fratini et al. (2016) for P. marmoratus (Fabricius, 1787). The full 
Pachygrapsus dataset of 1,032 sequences is available in Suppl. material 1.

Data analyses

The sequences were edited and aligned using the Clustal Omega algorithm 
executed on Unipro UGENE (Okonechnikov et al. 2012). Sequences of the mi-
tochondrial coding COI gene were translated into amino acids with AliView 

Figure 1. Geographical distribution of all species of the Pachygrapsus genus (modified from Poupin et al. (2005)). This 
map was created using the open-source software QGIS 3.10.1 (http://www.qgis.org/).

https://www.ncbi.nlm.nih.gov/genbank/
https://boldsystems.org/
https://boldsystems.org/
http://www.ncbi.nlm.nih.gov/nuccore/PQ570873-76
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGP6456
http://www.qgis.org/
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(Larsson 2014), for the detection of stop codons and frameshifts in their open 
reading frames. For phylogenetic analysis, the programme IQ-TREE 2 (Minh et 
al. 2020) was used to construct a Maximum Likelihood phylogenetic tree from 
the COI alignment to infer the evolutionary history. This was conducted under 
the TN+F+I+G4 model of molecular evolution, estimated as the most adequate 
by a built-in model selection tool in IQ-TREE 2 using the Akaike Information 
Criterion. As outgroup, four sequences of Grapsus adscensionis (Osbeck, 1765) 
from GenBank (Acc. numbers MZ368560 to MZ368563) were added to the 
analysis. The outgroup species was selected, based on its phylogenetic prox-
imity to the ingroup, as established in previous studies (e.g. Ip et al. (2015)). 
Branch support was calculated using 1,000 bootstrap replicates (Felsenstein 
1985). Tree graphics were formatted using FigTree (Rambaut 2015).

Table 1. Dataset of 340 COI 5′ region sequences of Pachygrapsus species used in this study. The new sequences of 
P. maurus are highlighted in bold.

Taxa Data Repository COI Accession numbers

P. crassipes Randall, 1840 BOLD ARIS007-19, BIPP137-17, BIPP149-17, BIPP150-17, BIPP176-17, BIPP182-
17, BIPP188-17, DISA118-18, DISA120-18, DISA121-18, DISA562-19, 

DISA632-19, DISA774-19, DISA881-19, YUN001-16, YUN002-16, ZPC024-13, 
ZPC033-13, ZPC042-13, ZPC046-13, ZPC056-13, ZPC057-13, ZPC058-13, 
ZPC060-13, ZPC062-13, ZPC066-13, ZPC072-13, ZPC074-13, ZPC078-13, 

ZPC079-13, ZPC088-13, ZPC1206-20, ZPC205-14, ZPC211-14, ZPC212-14, 
ZPC227-14, ZPC291-15, ZPC311-15, ZPC341-15, ZPC342-15, ZPC343-15, 

ZPC346-15, ZPC404-15, ZPC415-15, ZPC432-15, ZPC458-15

GenBank AY951986 - AY952139

GenBank NC_021754

BOLD ZPC056-13–ZPC058-13

P. fakaravensis Rathbun, 1907 GenBank MN184703

P. gracilis (de Saussure, 1857) GenBank KU163295

GenBank KU163296, MF490106, MN183930, MN183941

P. laevimanus Stimpson, 1858 GenBank MH931286 - MH931291

P. marmoratus (Fabricius, 1787) GenBank JF930650 - JF930653

GenBank JF930655 - JF930682

GenBank JQ305921, KT988331, KY639429, MN185365, MT920155

GenBank JQ306087–JQ306092

GenBank KX529672–KX529696

GenBank KX549320–KX549335

BOLD MLALE002-09, MLALE018-09, MLALE020-09, MLALN027-10

P. maurus (Lucas, 1846) BOLD AGP6456

GenBank PQ570873–PQ570876

P. minutus A. Milne-Edwards, 1873 GenBank KANBI1398, KANBI1554, KANBI261, KANBI450, MBMIA092, MW277877, 
MW278021, MW278717, MW278837

P. planifrons De Man, 1888 BOLD MBMIA059-06, MBMIA093-06

GenBank MW277908, MW278022, MW278714, MW278729, MW278770

P. plicatus (H. Milne Edwards, 1837) BOLD KANBI298-19, MBMIA042-06

BOLD MBMIA575-06–MBMIA577-06

GenBank MW277904

P. transversus (Gibbes, 1850) BOLD DSCMX007-21, DSCMX010-21, DSCMX038-21, DSCMX041-21

BOLD FPMAR177-08

GenBank KU313192, MN184059, MN184072, MN184077

http://www.ncbi.nlm.nih.gov/nuccore/MZ368560
http://www.ncbi.nlm.nih.gov/nuccore/MZ368563
http://www.boldsystems.org/index.php/Public_RecordView?processid=ARIS007-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP137-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP149-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP150-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP176-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP182-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP182-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=BIPP188-17
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA118-18
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA120-18
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA121-18
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA562-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA632-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA774-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=DISA881-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=YUN001-16
http://www.boldsystems.org/index.php/Public_RecordView?processid=YUN002-16
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC024-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC033-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC042-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC046-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC056-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC057-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC058-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC060-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC062-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC066-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC072-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC074-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC078-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC079-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC088-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC1206-20
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC205-14
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC211-14
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC212-14
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC227-14
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC291-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC311-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC341-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC342-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC343-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC346-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC404-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC415-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC432-15
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC458-15
http://www.ncbi.nlm.nih.gov/nuccore/AY951986
http://www.ncbi.nlm.nih.gov/nuccore/AY952139
http://www.ncbi.nlm.nih.gov/nuccore/NC_021754
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC056-13
http://www.boldsystems.org/index.php/Public_RecordView?processid=ZPC058-13
http://www.ncbi.nlm.nih.gov/nuccore/MN184703
http://www.ncbi.nlm.nih.gov/nuccore/KU163295
http://www.ncbi.nlm.nih.gov/nuccore/KU163296
http://www.ncbi.nlm.nih.gov/nuccore/MF490106
http://www.ncbi.nlm.nih.gov/nuccore/MN183930
http://www.ncbi.nlm.nih.gov/nuccore/MN183941
http://www.ncbi.nlm.nih.gov/nuccore/MH931286
http://www.ncbi.nlm.nih.gov/nuccore/MH931291
http://www.ncbi.nlm.nih.gov/nuccore/JF930650
http://www.ncbi.nlm.nih.gov/nuccore/JF930653
http://www.ncbi.nlm.nih.gov/nuccore/JF930655
http://www.ncbi.nlm.nih.gov/nuccore/JF930682
http://www.ncbi.nlm.nih.gov/nuccore/JQ305921
http://www.ncbi.nlm.nih.gov/nuccore/KT988331
http://www.ncbi.nlm.nih.gov/nuccore/KY639429
http://www.ncbi.nlm.nih.gov/nuccore/MN185365
http://www.ncbi.nlm.nih.gov/nuccore/MT920155
http://www.ncbi.nlm.nih.gov/nuccore/JQ306087
http://www.ncbi.nlm.nih.gov/nuccore/JQ306092
http://www.ncbi.nlm.nih.gov/nuccore/KX529672
http://www.ncbi.nlm.nih.gov/nuccore/KX529696
http://www.ncbi.nlm.nih.gov/nuccore/KX549320
http://www.ncbi.nlm.nih.gov/nuccore/KX549335
http://www.boldsystems.org/index.php/Public_RecordView?processid=MLALE002-09
http://www.boldsystems.org/index.php/Public_RecordView?processid=MLALE018-09
http://www.boldsystems.org/index.php/Public_RecordView?processid=MLALE020-09
http://www.boldsystems.org/index.php/Public_RecordView?processid=MLALN027-10
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGP6456
http://www.ncbi.nlm.nih.gov/nuccore/PQ570873
http://www.ncbi.nlm.nih.gov/nuccore/PQ570876
http://www.ncbi.nlm.nih.gov/nuccore/MW277877
http://www.ncbi.nlm.nih.gov/nuccore/MW278021
http://www.ncbi.nlm.nih.gov/nuccore/MW278717
http://www.ncbi.nlm.nih.gov/nuccore/MW278837
http://www.boldsystems.org/index.php/Public_RecordView?processid=MBMIA059-06
http://www.boldsystems.org/index.php/Public_RecordView?processid=MBMIA093-06
http://www.ncbi.nlm.nih.gov/nuccore/MW277908
http://www.ncbi.nlm.nih.gov/nuccore/MW278022
http://www.ncbi.nlm.nih.gov/nuccore/MW278714
http://www.ncbi.nlm.nih.gov/nuccore/MW278729
http://www.ncbi.nlm.nih.gov/nuccore/MW278770
http://www.boldsystems.org/index.php/Public_RecordView?processid=KANBI298-19
http://www.boldsystems.org/index.php/Public_RecordView?processid=MBMIA042-06
http://www.boldsystems.org/index.php/Public_RecordView?processid=MBMIA575-06
http://www.boldsystems.org/index.php/Public_RecordView?processid=MBMIA577-06
http://www.ncbi.nlm.nih.gov/nuccore/MW277904
http://www.boldsystems.org/index.php/Public_RecordView?processid=DSCMX007-21
http://www.boldsystems.org/index.php/Public_RecordView?processid=DSCMX010-21
http://www.boldsystems.org/index.php/Public_RecordView?processid=DSCMX038-21
http://www.boldsystems.org/index.php/Public_RecordView?processid=DSCMX041-21
http://www.boldsystems.org/index.php/Public_RecordView?processid=FPMAR177-08
http://www.ncbi.nlm.nih.gov/nuccore/KU313192
http://www.ncbi.nlm.nih.gov/nuccore/MN184059
http://www.ncbi.nlm.nih.gov/nuccore/MN184072
http://www.ncbi.nlm.nih.gov/nuccore/MN184077
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The genetic structure amongst the Pachygrapsus species was analysed 
with TCS 1.22 (Clement et al. 2000) using COI, generating a statistical parsi-
mony haplotype network at the 95% connection limit. The tcsBU web-based 
programme (Santos et al. 2016) was utilised to integrate the genetic structure 
derived from TCS with the geographical distribution by countries, where the 
Pachygrapsus specimens were collected. Levels of COI nucleotide divergences 
amongst conspecific and congeneric individuals were assessed by calculation 
of pairwise distances using both the p-distances and the Kimura 2-Parameters 
model (K2P), with standard error estimated by a bootstrap procedure (1,000 
replicates), following the approach of Srivathsan and Meier (2012). These nu-
cleotide divergences were obtained using the programme MEGA11 (Tamura et 
al. 2021). The BG was assessed for each species by calculating the difference 
between the minimum interspecific distance and the maximum intraspecific 
distance, amongst a set of congeneric species.

Results

Currently, the Pachygrapsus genus includes 14 species that have been unequal-
ly researched since the initial description of the genus by Randall (1840). For 
the species P. loveridgei Chace, 1966, which was solely described and stored 
in museum collections, genetic data are not available for further studies and to 
confirm the species status. Genetic data availability also appears to be depen-
dent on abundance and geographic distribution for other Pachygrapsus spe-
cies. The mitochondrial markers COI and gene encoding for the small ribosom-
al subunit RNA (16S) are the most utilised in studies (Table 2). Three species 
(P. corrugatus (von Martens, 1872), P. maurus and P. socius) did not contain 
any information for the barcoding region (5’ end of COI). Of note is P. socius, 
that, despite having sequences available for COI (22 sequences from the Jerry-
Pat region), none covered the established ‘Folmer’ barcode region. Based on 
sequence data availability alone, the species P. crassipes, P. marmoratus and 
P. transversus are the most studied species of the genus, with a broad range of 
research topics (e.g. ecology, genetics, physiology).

In total, 340 unique sequences from 10 ingroups and one outgroup species 
were analysed and results are shown in the Maximum Likelihood tree (Fig. 2; 
extended tree at Suppl. material 2). Members of the same species formed 
monophyletic groups with high support values (SH-aLRT ≥ 90%, UFBoot ≥ 98%). 
The pairs of species that formed clades with high support were P. crassipes 
+ P. transversus (SH-aLRT: 94%, UFBoot: 88%) and P. marmoratus + P. maurus 
(SH-aLRT: 99.6%, UFBoot: 100%).

The TCS haplotype network displays the genetic relationships amongst the 
Pachygrapsus species (Fig. 3), inferred from sequences of the mitochondrial 
COI barcoding region. The network reveals distinct clusters corresponding to 
species delimitation, suggesting clear genetic differentiation between all of 
them. A genetic divergence pattern amongst west and east Atlantic populations 
of P. gracilis (de Saussure, 1857) was observed forming two small and separat-
ed clusters. P. crassipes also revealed high intraspecific variance with two major 
clusters – corresponding to USA (east North Pacific) and South Korea (west 
North Pacific, Sea of Japan) populations (Fig. 3) – separated by six mutational 
steps between the closest haplotypes and with some derivative haplotypes.
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The intraspecific COI divergences for P. fakaravensis Rathbun, 1907 could not 
be assessed given that a single individual composes the entire sample pool in this 
study. The remaining taxa had low intraspecific divergences (Table 3), apart from 
P. gracilis (average 3.6%) and P. crassipes (maximum 3.3%). Congeneric divergences 
varied from 11.3% to 19.6% as comparisons were established between P. marmor-
atus - P. maurus and P. planifrons - P. transversus, respectively. In all Pachygrapsus 
species – except P. fakaravensis, for which calculation was not possible due to 
low sample size – a barcoding gap was detected (BG > 0) and, since the average 
between‐species sequence divergence (18.75%) is higher than intraspecific dis-
tances (0.70%), it enables clear molecular species identification (Table 3).

Table 2. Summary of the genetic data available in GenBank for the species of the genus Pachygrapsus (data collection 
in June 2024).
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Heat shock protein, mRNA 4 4
Hyperglycemic hormone CHH A OX 1 1
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Mitochondrial genome 2 1 2 5
Na-K-ATPase alpha-isoform subunit C 1 1
NA-K-ATPase alpha-isoform subunit D 1 1
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COI Folmer barcoding region 155 1 6 6 88 10 7 6 9 288
COI Jerry-Pat region 48 22 66 136
Enolase 1 1 1 1 1 1 1 2 1 1 9
Flanking regions of mariner-like 
transposon

22 22

Heat shock protein, mRNA 7 1 7
Histone (H3) 1 1 1 1 2 1 1 1 2 1 2 11
LSU, rRNA 4 3 7
L-lactate dehydrogenase 1 0
Na-K-ATPase subunit alpha 1 1
GAPDH 1 1 1 2
Pgcra spliceosome-associated protein 1 1 1 1 4
Pgcra ATP synthase beta subunit 1 1 1 3
Pgcra arginine kinase 2 1 1 1 2 1 7
Phosphoenolpyruvate carboxykinase 1 2 3
Ribosomal protein L10 2 0
Small subunit ribosomal RNA 1 1
Sodium-potassium adenosine 
triphosphatase

1 0

Na-K ATPase alpha subunit 1 1 1 1 1 1 1 2 1 1 9
Vacuolar ATP synthase subunit B 1 1
12S 1 1 1 1 2 1 2 2 2 1 2 13
16S 1 13 2 7 2 9 2 2 1 3 13 27 41
28S 1 1
Microsatellites 25 25
Total 1 182 13 66 12 181 6 17 11 22 41 113
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Table 3. Pairwise mitochondrial COI nucleotide uncorrected p-distances for calculation of the BG in the genus Pachy-
grapsus. BG was calculated subtracting the maximum intraspecific distance from the minimum congeneric distance.

Taxon Divergence Min distance Mean distance Max distance BG

P. marmoratus Intraspecific 0.000 0.005 ± 3.83E-05 0.017 0.096

Congeneric 0.113 0.190 ± 0.010 0.236

P. maurus Intraspecific 0.000 0.002 ± 2.17E-04 0.003 0.109

Congeneric 0.113 0.188 ± 0.010 0.222

P. laevimanus Intraspecific 0.000 0.001 ± 2.18E-04 0.002 0.144

Congeneric 0.146 0.171 ± 0.008 0.203

P. minutus Intraspecific 0.000 0.003 ± 0.001 0.014 0.132

Congeneric 0.146 0.180 ± 0.009 0.224

P. gracilis Intraspecific 0.000 0.036 ± 0.009 0.062 0.106

Congeneric 0.168 0.185 ± 0.009 0.220

P. planifrons Intraspecific 0.000 0.003 ± 2.96E-04 0.005 0.191

Congeneric 0.196 0.198 ± 0.012 0.236

P. plicatus Intraspecific 0.000 0.003 ± 0.001 0.005 0.172

Congeneric 0.177 0.195 ± 0.011 0.222

P. transversus Intraspecific 0.000 0.002 ± 2.65E-04 0.005 0.151

Congeneric 0.156 0.186 ± 0.010 0.234

P. fakaravensis Intraspecific – – – –

Congeneric 0.187 0.191 ± 0.010 0.225

P. crassipes Intraspecific 0.000 0.009 ± 4.871E-05 0.033 0.121

Congeneric 0.154 0.190 ± 0.010 0.220

Figure 2. Maximum Likelihood tree depicting genetic distance amongst Pachygrapsus species, based on the 340 unique 
haplotypes from the barcoding region of the COI marker (collapsed sequences per species: 201 P. crassipes, 9 P. transver-
sus, 88 P. marmoratus, 8 P. marmoratus, 8 P. maurus, 1 P. fakaravensis, 6 P. laevimanus, 6 P. plicatus, 9 P. minutus, 5 P. grac-
ilis and 7 P. planifrons). The selected model of evolution was TN+F+I+G4 for 10 Pachygrapsus species and four outgroup 
taxa. Log-likelihood of consensus tree: -5598.470, proportion of invariable sites 0.536, gamma shape alpha: 0.789. Node 
labels refer to SH-aLRT support (%) / ultrafast bootstrap support (%). Nodes with both SH-aLTR and UF support values 
above 90% have the respective values highlighted in green. Picture representative of the Pachygrapsus species included 
in the phylogenetic reconstructed, not to scale. Phylogenetic tree inferred with IQ-TREE 2 (Minh et al. 2020).
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Discussion

The sequences from 10 species of the Pachygrapsus genus examined in this 
study are contained in the COI 5′ region, usually addressed as the barcoding re-
gion. Despite recent efforts to create a baseline of barcode libraries by projects 
such as the International Barcode of Life Consortium, many species still lack ge-
netic information available. An example of this in the genus Pachygrapsus is the 
lack of COI sequences available for the species P. corrugatus and P. loveridgei. In 
the case of P. socius, the COI sequences available are from the so-called Jerry-
Pat marker region, which, despite its informative value, constitutes a different re-
gion of COI (3’ direction) and is not comparable with the remaining species in 
this study. Even though most of the science community uses the barcoding re-
gion, some indicate that this region is no better than other regions downstream in 
COI and recommend maximising the sequence length to optimise the chance of 
sampling regions of high phylogenetic informativeness and minimise stochastic 
variation when estimating total divergence (Roe and Sperling 2007). The use of 
the full-length COI gene might be facilitated with the establishment of long-read 
sequencing as the go-to sequencing technology for the integration of both regions 
(Jeong et al. 2021). In Table 2, the bias in genetic information availability between 
the Pachygrapsus species is evident, with almost no data on species with no 
commercial interest in underdeveloped countries (Fig. 1). At the other end of the 

Figure 3. Haplotype network, at 95% parsimony connection limit, for 1,032 COI sequences of individuals from 10 species 
of the Pachygrapsus genus labelled, based on the geographic location of the sampling sites. Each location is represented 
by distinct colours and each cluster corresponds to a different species. Circle size is proportional to haplotype frequency.
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spectrum lies the crab species, such as P. crassipes and P. marmoratus, which 
stand out in the number of studies done since they are highly abundant species 
(Fusi et al. 2016; Lord and Barry 2017) and inhabit the west coast of the United 
States of America and the coasts of European countries, respectively. These char-
acteristics tend to influence the research effort dedicated to these species. Even 
with citizen-science initiatives, these two species also stand out amongst the 
other Pachygrapsus in the number of observations: their reported observations 
in iNaturalist take on 68.2% and 22.7%, respectively, from the registered observa-
tions of this genus (data collected on 2/12/2024 at https://www.inaturalist.org/).

The shore crab genus Pachygrapsus was assembled, based on a set of selected 
morphological diagnosing characters (Poupin et al. 2005), which may not reflect 
true evolutionary histories. Schubart (2011) was amongst the first to suggest poly-
phyly in Pachygrapsus, based on a molecular phylogeny of the family Grapsidae 
using the 16S rRNA gene. Additionally, a later study with a higher phylogenetic res-
olution from Ip et al. (2015) confirmed that the Pachygrapsus genus may not form 
a natural group, as species were dispersed throughout the Grapsidae family tree, 
based on both mitochondrial (16S rRNA and 12S rRNA genes) and nuclear mark-
ers (sodium-potassium adenosine triphosphatase α-subunit, enolase and histone 
3). In our Maximum Likelihood phylogenetic tree (Fig. 2), the relationships between 
P. marmoratus – P. maurus and P. crassipes – P. transversus were congruent with 
the species delimitation of the genus Pachygrapsus in literature. Nevertheless, it 
revealed clades with varying levels of statistical support (SH-aLRT/UFBoot val-
ues). Some of the low values may be a result of the polyphyletic nature of this 
genus (Ip et al. 2015). Phylogenies constructed through the COI gene can be very 
useful, despite some already known caveats. Being a mitochondrial gene, it only 
shows relationships reflecting the maternal lineage (Zhang and Hewitt 1996). 
Furthermore, its high mutation rate may increase the possibility of homoplasy that 
compromises the resolution of deeper relationships, as well as increased possibil-
ity of long-branch attraction, especially when some taxa are missing (Phillips and 
Penny 2003). Thus, the phylogenetic relationships of this genus should consider 
multi-locus approaches and include information from all species from the ingroup, 
including from the remaining related genera. Future studies regarding a taxonomic 
revision of Pachygrapsus could reduce taxonomic problems, considering morpho-
logic, genetic (a combination of mitochondrial and nuclear genes) and ecological 
traits data, to suggest new genus placements for some of its species.

In our results, P. gracilis populations from east and west Atlantic had a com-
plete separation of the networks at 95% connection limit (Fig. 3), suggesting that 
gene flow across the Atlantic is very limited and that it may be a case of cryptic 
speciation (Hart and Sunday 2007). However, given the small sample used for 
this study, further sampling will be necessary to ascertain this hypothesis. The 
geographical distribution of P. gracilis in the east Atlantic is described as restrict-
ed from Senegal south to Angola (Poupin et al. 2005), despite two records on 
European waters. The first record happened in hull samples at Bremerhaven in 
Germany (Gollasch 1999) and the second record in 2013 from the intertidal of a 
marina in Galician waters (Spain; Cuesta et al. (2016)). One of the clusters of P. 
gracilis (Fig. 3) corresponds to the sequences obtained of the Galician population, 
which represents an introduction of a non-indigenous species. Given that individ-
uals of Pachygrapsus have already been reported on ship’s hulls (Wolff 1954) and 
the 16S gene was an identical match between individuals from Galicia and Ivory 

https://www.inaturalist.org/
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Coast, it is thought that P. gracilis have reached Galician waters by ship hull foul-
ing of tuna vessels originating from the Ivory Coast (for details see: Cuesta et al. 
(2016)). Additionally, Thiercelin (2016) concluded that P. gracilis populations from 
the northern and southern tropical west Atlantic showed reduced differentiation; 
hence, no clear geographic pattern existed for the species in this region.

All other Pachygrapsus species revealed single clusters at 95% connection 
limit in the haplotype network analysis (Fig. 3). Of notice was P. crassipes which 
showed a clear differentiation pattern (six mutational steps) between eastern 
Pacific and Korean populations. Cassone and Boulding (2006) detected highly 
significant levels of genetic structuring between these populations, concluding 
that trans-Pacific gene flow has been restricted for quite some time and sug-
gesting their separation as two different species. Even though populations with 
large effective sizes tend to accumulate more mutations and have a higher 
number of mutations, for this study, it is not possible to establish such a con-
nection since the size of datasets by species was highly disproportional.

Despite the high sampling and geographical coverage of the sequences ob-
tained for P. marmoratus, no apparent intraspecific divergence patterns were ob-
served. This is a species that forms large populations and its resilience – either 
thermal or salinity tolerance (Jayasundara et al. 2007; Fusi et al. 2016) – allows it 
to colonise a wide range of habitats, which, possibly combined with other life-his-
tory traits, originates the panmixia observed in the haplotypes network (Fig. 3).

In DNA barcoding, a COI-based system has been demonstrated to be efficient 
in discerning at species-level resolution for large taxonomic assemblages of 
animals, such as insects, birds, fishes and crustaceans (Costa et al. 2007). To 
discern between congeneric species, a BG has to occur, which was detected 
for all the Pachygrapsus species in this study with enough genetic data avail-
able (excluding P. fakaravensis; Table 3). For species identification, based on 
the COI gene, it is not possible to set a specific threshold that works for all taxa. 
For instance, some suggested in lepidopterans that it is 3%, in Thecostraca and 
Copepoda between 2.1% and 2.6% and in aquatic oligochaete 10% (Hebert et al. 
2003; Vivien et al. 2017; Young et al. 2017). Note that divergence values calcu-
lated in this study are p-distances, while literature values presented here are K2P 
distances. In this study, it can be ascertained that the COI is informative for the 
decapod genus Pachygrapsus, given the presence of BG. Levels of p-distances 
sequence divergence amongst congeneric species averaged 18.75%, which is 
higher than the 17.16% already reported for decapods (Costa et al. 2007). The 
relatively wide range of congeneric distances may suggest varying degrees of 
divergence amongst species, potentially reflecting differences in evolutionary 
history or the presence of cryptic lineages. Furthermore, the polyphyletic nature 
of this genus may inflate some of these values since it may need to be broken 
into multiple ones. Regarding levels of intraspecific variation, common values 
in various taxa range from 0.25% to 0.30% (Costa et al. 2007), with decapod, 
or crustacean values in general being described as around 0.38% and 0.48%, 
respectively (Raupach et al. 2015). In Pachygrapsus, the intraspecific variation 
was higher than the previously described maximum for crustaceans, with an av-
erage of 0.70%. Perhaps the level of barcode variation within Pachygrapsus spe-
cies has been overestimated due to the current taxonomic system established 
for the genus, overlooking possible new species. Given that K2P is reported to 
inflate genetic divergence, the fact that we have higher divergence values than 
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reported literature gives us confidence on the existence of the BG and potential 
cryptic diversity within the Pachygrapsus genus. In the case of P. gracilis, with 
an average intraspecific p-distance of 3.6%, it has contributed the most to rais-
ing the genus-wide average for this measure. Despite this study having a small 
sample size for P. gracilis specimens, the results align with another study based 
on the 16S gene from Mexican and Galician populations, where Cuesta et al. 
(2016) also noticed high intraspecific variation of 2.9%. These extremely diver-
gent values contribute to the possibility of a future separation of east and west 
Atlantic populations of P. gracilis as two different species.

Conclusions

This study highlights the utility of barcoding for discerning congeneric 
Pachygrapsus species, given the presence of a BG for all analysed species, hence 
confirming the informativeness of the COI gene for species-level identification 
within this crustacean group. The average interspecific p-distances divergence 
of those observed amongst Pachygrapsus species is higher than previously re-
ported averages for decapods (Costa et al. 2007). The higher intraspecific COI 
variation observed, averaging 0.70% and exceeding previously reported maxima 
for crustaceans (Raupach et al. 2015), merits further investigation. This relevant 
intraspecific variation may be influenced by the current taxonomic classifica-
tion of Pachygrapsus, potentially overlooking cryptic species. The particularly 
high intraspecific p-distance in P. gracilis (3.6%), corroborated by previous 16S 
gene analysis (Cuesta et al. 2016) and the complete separation of the parsimo-
ny networks at 95% connection limit suggest the possibility of distinct east and 
west Atlantic lineages as potential cryptic species. This reinforces the need for 
a thorough taxonomic revision of the genus Pachygrapsus, integrating morpho-
logical, genetic and ecological data. Furthermore, the observed genetic struc-
turing within Pachygrapsus, particularly the trans-Pacific divergence in P. cras-
sipes, supports previous findings of restricted gene flow and underscores the 
potential for speciation within this genus. These common trans-oceanic intra-
specific patterns highlight the utility of DNA barcoding in going beyond species 
identification and strengthens the use of DNA barcodes also for broad scale 
assessments via metabarcoding. The bias in genetic databases towards certain 
Pachygrapsus species, likely due to economic and geographic factors, empha-
sises the need for increased research efforts on less-studied species to gain a 
more comprehensive understanding of its evolutionary history and biodiversity.
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